

[image: image1]
Komatiites From Mantle Transition Zone Plumes












	 
	HYPOTHESIS AND THEORY
published: 17 September 2020
doi: 10.3389/feart.2020.540744





[image: image]

Komatiites From Mantle Transition Zone Plumes

Derek Wyman*

School of Geosciences, The University of Sydney, Sydney, NSW, Australia

Edited by:
Kristoffer Szilas, University of Copenhagen, Denmark

Reviewed by:
Pedro Waterton, University of Copenhagen, Denmark
J. Elis Hoffmann, Freie Universität Berlin, Germany
Allan Wilson, University of the Witwatersrand, South Africa

*Correspondence: Derek Wyman, derek.wyman@sydney.edu.au

Specialty section: This article was submitted to Petrology, a section of the journal Frontiers in Earth Science

Received: 06 March 2020
Accepted: 14 August 2020
Published: 17 September 2020

Citation: Wyman D (2020) Komatiites From Mantle Transition Zone Plumes. Front. Earth Sci. 8:540744. doi: 10.3389/feart.2020.540744

During the Archean, episodic volcanism commonly included both plume- and arc-type magmatism, raising the issue of a possible link between “bottom up” and “top down” geodynamic processes. Rather than plume-initiated subduction, the best-preserved cratons demonstrate that komatiitic magmatism postdated at least some of the subduction linked volcanism. Several factors suggest that komatiite-generating plumes were sourced in the mantle transition zone. Komatiites contain 0.6 wt.% or more H2O, which is contrary to earlier predictions for plume ascent through the transition zone. Geodynamic reconstructions indicate that multiple subducted slabs penetrated the transition zone in the region of future plume ascent and the related trench configurations limit the size of any associated plume heads. The implied plume head sizes are inconsistent with those required for a plume to ascend from the core-mantle boundary but match those predicted for plumes sourced from the lower transition zone. Transition zone plumes have mainly been advocated for in post-Archean “big wedge” scenarios involving subducted slabs that stall at the base of the transition zone but they are also an outcome of the “basalt barrier” featured in some geodynamic models for the Archean and early Proterozoic. The latter models suggest the basaltic components of Archean subducted slabs were too buoyant to descend into the lower mantle and formed a boundary layer that isolated the upper mantle and lower mantle on the early Earth, except in times of mantle overturns. The basalt barrier was a significant thermal boundary layer that, in principle, could act as the nucleation site of upwelling plumes anywhere on the globe. The evidence discussed here, however, suggests that the mainly peridotitic mantle upwellings were enhanced by the nearby injection of closely associated slabs into the transition zone. The simplicity of the Mantle Transition Zone (MTZ) plume-forming mechanism ensured that komatiites could be generated throughout the Archean even as Earth moved toward a regime involving modern-style subduction, globe-encompassing oceanic ridge systems and tectonic plates. The distinctive geodynamic setting of Gorgona Island produced relatively low-temperature komatiites at the only place along the margin of North and South America where it was possible to reproduce the bowl-like subduction configurations commonly associated with their Archean and Paleoproterozoic counter parts.
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INTRODUCTION

Recent years have seen significant advances in the quality of mantle plume imaging, the sophistication of numerical models for the upwellings themselves and their interaction with tectonic plates (Mittelstaedt and Ito, 2005; Bredow et al., 2017; Nelson and Grand, 2018). A wide range of plume types have been suggested, including shallow and deep types (Courtillot et al., 2003), sheet-like and pulsating varieties (Mjelde et al., 2010; Namiki et al., 2013) that only rarely define simple symmetrical upwellings (Zhao, 2007). Without the capacity for the direct measurement of Archean plume features, the literature on Archean geodynamics and crustal growth has not witnessed a comparable in-depth re-assessment of the purported craton-forming upwellings from the core – mantle boundary. Geodynamic controversies for this time interval mainly focus on whether an Archean mantle plume scenario is appropriate for a particular terrane or the period in time when mushroom-shaped plumes were joined by recognizable plate tectonic processes. If there is any takeaway from the study of Phanerozoic plumes, however, it is that we must still have much to learn about their older counter parts.

Many commonly held beliefs concerning Archean plumes rest on scant evidence and became entrenched more than 20 years ago. This paper will argue that many features commonly attributed to Archean plume models are difficult to reconcile with each other or with other evidence presented by the geological record. A potential source for komatiites in the Mantle Transition Zone, as suggested by Shimizu et al. (2001) and Wyman (2018), but also implied by some earlier papers (e.g., Davies, 1995, 2008), is explored as a possible means to resolve outstanding issues relating to Archean geodynamics and komatiite genesis from the Paleoarchean to the Phanerozoic.



ARCHEAN PLUME MODELS


Previous Archean Plume Models

Arndt et al. (2008) summarized the evolution of our understanding of komatiites from the early recognition of their distinctive high-Mg volcanic character (Viljoen and Viljoen, 1969) through to progressively more comprehensive major and trace element studies (e.g., Sun and Nesbitt, 1978) and isotopic characterizations (e.g., Sm-Nd: Claoué-Long et al., 1988; Lu-Hf: Gruau et al., 1990). Green et al. (1975) undertook the initial komatiite experimental studies and concluded that the eruption temperature of the studied Barberton greenstone belt sample was 1650 ± 20°C and that its water content was less than 0.2%. As Arndt et al. (2008) also make clear, although controversies regarding komatiite magma water content would sporadically arise, the groundwork for models of dry and hot Archean thermal mantle plumes was established quite early on, based on the high temperatures implicated in these pioneering studies. The alternative view, supporting hydrous komatiite melts, was most forcefully argued in papers such as Grove and Parman (2004) and has persisted with some support ever since.

Campbell and Griffiths (1990, 1992, 1993) noted that there are two possible locations for mantle thermal plumes: the boundaries between upper and lower mantle and between the mantle and core (CMB). Considering factors such as the plume dynamics required to generate ∼1000 km plume heads (e.g., high buoyancy flux rates: Courtillot et al., 2003), the (approximately) fixed position of present-day hotspots, and their estimate of modern plume contributions to the Earth’s heat budget, they argued that major plumes must originate at the CMB. The conclusion was then transferred to Archean plumes, apparently based on the inferred size of the Yilgarn plume head and their estimate of ∼300 km as the maximum diameter for plumes formed in the upper mantle.

The concept that Archean mantle plumes generated komatiites and associated tholeiitic magmas was argued in papers such as Campbell et al. (1989). Their “isochemical” starting plume experiments, involving cool and warm glucose syrup, suggested that komatiites were derived from the plume tail, which was dominated by material rising from the core-mantle boundary, and tholeiitic basalts were derived from the plume head that included significant amounts of entrained upper mantle. Campbell and Hill (1988) suggested a two-stage, mantle plume-driven, model for the granite-greenstone terranes of the Kalgoorlie-Norseman area of the Yilgarn Craton. The model was highly influential for interpretations of Yilgarn evolution and Campbell and Hill (1988) considered it likely to have widespread applicability. Key features of the model included large plume heads (∼2000 km diameters or wider after flattening: Figure 1) and crustal thinning driven by plume ascent, which facilitated the eruption of shallow mantle magmas that generally underwent ∼10% fractionation of olivine. Post-komatiite Yilgarn granites generally display abundant isotopic and xenocrystic evidence for crustal reprocessing, which was accounted for by crustal melting driven by heating of the lithosphere by the underlying flattened plume head. The present granite-greenstone belt geometry was suggested to result from the ascent of the plume-generated felsic magmas to shallow crustal levels.
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FIGURE 1. A comparison of the Superior Province, Yilgarn Craton and Pilbara Craton showing the approximate sizes of mantle plume heads as inferred by Mole et al. (2014) for the Yilgarn ∼2900 (blue circle) and ∼2700 Ma (red circle) plumes and Dostal and Mueller (2013) for the Abitibi. The Abitibi plume is shown as a green dashed ellipse, based on the plume head shape implied in Dostal and Mueller (2013). No size estimates are available for the suggested eight mantle plume events of the 3530–3230 Ma Pilbara Supergroup inferred by Hickman and Van Kranendonk (2012). The historically inferred size of Yilgarn mantle plume heads is inconsistent with Superior Province geological field relations or the Archean plume events ascribed to the craton. See text for a discussion of the plume size estimates. Areas marked with yellow diagonal lines are overlain by Phanerozoic sedimentary cover. Superior Province map from Percival et al. (2012). Location of the Superior Province Craton is shown in the inset. The locations of the Yilgarn and Pilbara Cratons are shown in Figure 3.


As observed by Kamber and Tomlinson (2019), among others, the relatively abrupt decline in komatiite production near the end of the Archean was accompanied by significant disruptions in other secular trends such as the styles of felsic magmatism, compositional changes in both clastic and hydrogenous sedimentary rocks, and others. Diverse competing models for the evolution of the Earth’s mantle have resulted in multiple explanations for these changes. Campbell and Griffiths (2014) invoke an Archean transition from drip to subduction tectonics. The increasing abundance of subducted slabs allowed for formation of the core-enveloping D” insulating layer, which they link to a step-like drop in maximum magma MgO contents and calculated mantle temperatures between 2.7 and 2.0 Ga. This development also corresponds to the switch from komatiite-bearing plumes to ocean island basalt (OIB)-related post-Archean examples.

An alternative model for the Archean mantle, proposed by Davies (1995, 2008), suggests that there was a “basalt boundary” layer in the upper mantle during the Archean. The boundary developed because subducted basaltic material accumulated at the bottom of the transition zone due to its relative buoyancy (vs. peridotite) under the prevailing mantle temperatures. The barrier divided the mantle into two isolated regions, except during episodes of mantle overturn, and prevented subducted oceanic crust from entering the deep mantle while also creating a temperature difference of up to 300°C between the upper and lower mantle at the interface. In the Davies (1995, 2008) models, it is the permanent removal of this upper mantle “basalt barrier” that marks a major geodynamic change during the Paleoproterozoic. The Davies model has very different implications for Archean plumes compared to the scenario favored by Campbell and Griffiths. Although Davies (1995) indicated that Archean deep mantle CMB plumes may have existed, the upper mantle boundary would have prevented their ascent to surface. Conversely, a temperature contrast between the cooler upper and warmer lower mantle would have facilitated the development of small shallow-mantle plumes that Davies (1995) estimated would have head diameters on the order of 200–300 km. In the models of Davies (2008), breakthroughs of the cooler upper mantle that drain into the lower mantle are accompanied by upward movement of hot lower mantle. Davies (2008) notes that the models are highly generalized, but such breakthroughs could be significant for Archean plumes given the intrinsic link between the upwellings and subduction.



Big Wedges and Inward-Facing Subduction

The basalt barrier of Davies’ (2008) Archean Earth numerical model produces stalled slabs in the upper mantle that are similar to those imaged from seismic data in some present-day subduction zones (Goes et al., 2017), although the younger examples are not associated with such a pronounced thermal boundary at the base of the MTZ. These shallow slab settings are key features in a variety of “big wedge” models that involve recycling of subduction-related material into the MTZ followed by mantle upwelling toward the shallow crust (Maruyama et al., 2009; Zhao et al., 2009; Zhao, 2017). Similar ideas have been proposed by numerous workers to account for specific observations with or without the “big wedge” label (Figure 2). Wang et al. (2015) showed that late Cenozoic continental flood basalts, which originated directly above the edge of the Pacific stagnant slab beneath China, could be accounted for by subducted fluids triggering wet melting. Yu et al. (2017) also provided evidence from seismic tomography for similar events beneath Southeast Asia.
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FIGURE 2. Simplified illustrations of Phanerozoic Big Wedge processes proposed by various studies. (A) Dehydration of the inner slab leading to formation of a wet buoyant mantle upwelling (e.g., Yang et al., 2018). (B) Generation of volatile-rich melts from the slab, which metasomatize parts of the wedge causing melting and ascent of the buoyant melt-zone (e.g., Li et al., 2017). (C) Focused mantle convection (pink arrow) inducing displacement of hot and wet material from the MTZ (e.g., Faccenna et al., 2010). (D) Upward displacement of the MTZ by slab movement and accumulation (e.g., Wang et al., 2016; Geng et al., 2019). If applied to the Archean, these models could include a ∼300°C thermal-step boundary layer near the base of MTZ, according to the basalt barrier theory. (E) Basalt barrier breakthrough: if such a barrier existed then it would have provided a thermal boundary near the base of the MTZ that was a potential site for shallow mantle plume generation. Additionally, as shown here, occasional boundary breakthrough by accumulated slabs would generate compensating upwellings from the hotter lower mantle (see Davies, 2008).


Thermochemical plume models emphasize the importance of both temperature and chemical composition rather than the artificially generated thermal anomalies commonly used to initiate mantle upwelling in numerical models (Farnetani and Samuel, 2005). He et al. (2017) used this approach in their MTZ study and concluded that wet thermochemical plumes can develop off of the top of flat slabs moving along the 660 km boundary. Yang et al.’s (2018) modeling indicates that such upwellings may contribute to the partial melting and loss of continental lithosphere. Long et al. (2019) also employed numerical modeling to examine the role of stagnant slabs and the fate of water in the MTZ from the context of present-day intra-plate volcanism. They argue that any thick (>60 km) hydrated layer formed in the MTZ would not survive over long time scales and would evolve to an upwelling mantle body.

Although many “big wedge” models invoke magmatism induced via the focused loss of slab volatiles, others indicate that slab movement within the MTZ can also promote intra-plate mantle upwellings. Faccenna et al.’s (2010) numerical modeling predicts that focused mantle return flow upwelling can be generated ahead of a slab as it travels along the 660 km boundary and along slab edges. Volcanism produced ahead of the slab would commonly be located 100’s of km inboard of the trench. They argued that slab-induced mantle flow could produce “intraplate off-volcanic arc-volcanism” due to decompression melting that in some cases is assisted by dehydration from the slab. These “subduction-triggered plumes” are distinct from CMB plumes and result from slab-induced upward displacement of volumes of upper mantle. Given that “the melting temperature of the mantle increases with pressure or depth more rapidly than the adiabatic temperature, any small upward displacement of a parcel of upper mantle at or very near its melting temperature will cause decompression melting (p. 64).” Faccenna et al. (2010) also note that the melting creates buoyancy forces that potentially lead to a self-sustaining process of plume generation. These types of big wedge processes alone could not be responsible for the excess temperatures implicated for Archean komatiites, which would require thermal input from the basalt boundary to heat Transition Zone mantle. The big wedge setting, however, can focus upwelling and contribute to the displacement of peridotitic mantle in the vicinity of subduction zones.

Citing examples such as the West Philippine Basin, Faccenna et al. (2010) also considered the special case of inward-facing double subduction where they attribute the development of intra-basin spreading centers and volcanism to slab-driven mantle upwellings. Double subduction zones are potentially of great importance to the global late Archean cratonization event. For example, numerical studies of same-dip double subduction (e.g., 80–50 Ma India – Eurasia: Holt et al. (2017) could clarify the rapid amalgamation of the Superior Province via multiple subduction zones (Percival et al., 2012). Almost unique to studies of the early Earth are circular subduction initiation scenarios around modeled cratons, which are extreme versions of the inward-facing subduction scenario. In some models, it is proposed that mantle plumes provided the impetus for such symmetrical subduction (Ueda et al., 2008). Bolide impacts have also been proposed as the initiators of circular subduction processes (Hansen, 2007). The attributes of pre-existing early Archean proto-cratons, the associated global stagnant lid and contemporaneous mantle processes have been assessed numerically to establish the parameters required for the onset of subduction. Rey et al. (2014) described how the lateral spreading of early continents may have “kick-started” subduction in the adjacent lithosphere. The modeling of Rolf and Tackley (2011) also considered idealized circular cratons in order to establish the effects of stress focusing around the earliest continents. They found that the ratio of cratonic lithosphere thickness vs. oceanic lithosphere was a key factor in determining whether stagnant lid, plate tectonic or episodic stagnant-mobile lid regimes would occur on the early Earth. These studies did not consider the presence of the MTZ or a basalt barrier but inward-facing double subduction zones or enclosed ∼ circular subduction zones likely favor strong mantle upwelling.



Damp Komatiite Models

Shimizu et al. (2001) reported komatiite magma H2O contents of 0.8–0.9 wt%, based on magma melt inclusion studies in chromites from “unusually fresh” Belingwe greenstone belt samples. They inferred that a hydrous plume from the MTZ was the probable komatiite source. Their results were initially considered suspect (Arndt et al., 2008) but are entirely consistent with the more recent evidence for damp komatiites. For example, Kamenetsky et al. (2010) reported that melt inclusions from Phanerozoic komatiites from Gorgona contained 0.2–1.0 wt% H2O that required a hydrated mantle source. A classic subduction-modified wedge was not favored, based on the absence of negative Nb anomalies. Subsequently, however, Gurenko and Kamenetsky (2011) reported B isotopic evidence that not only supported the concept of wet komatiites but also suggested that subduction fluids may have been injected into a rising plume.

Based on melt inclusion studies in olivines, Sobolev et al. (2016) reported that the magmas responsible for well-known Archean komatiites in the Abitibi belt contained amounts of water (0.6 wt%) similar to those reported from Gorgona. The water was accounted for by the ascent of a core-mantle boundary plume through the MTZ, thereby allowing for entrainment of the hydrous melt predicted to occur at 410 km by Bercovici and Karato (2003) in their transition zone water filter model. Sobolev et al. (2016) ruled out a supra-subduction environment based on trace element patterns and the low oxygen fugacity of komatiite melts. The geodynamic context of arc-plume interaction associated with the Abitibi komatiites (Ayer et al., 2002; Wyman et al., 2002) was not considered a factor. Similar findings were also reported for 2.7 Ga Belingwe komatiites by Asafov et al. (2018) and for 3.3. Ga Barberton komatiites by Sobolev et al. (2019) who also invoked the MTZ-entrainment model. In a sense, the classic Archean CMB plume model had failed to meet predictions, given that Bercovici and Karato (2003) had suggested they were too big and hot to allow any significant ingress of MTZ water during their ascent.

The results reported by Sobolev et al. (2016) prompted a re-assessment of the Abitibi komatiites by Herzberg (2016), who stated that the volatile-rich komatiites “create ambiguities concerning the thermal properties of the source and all geodynamic interpretations” (p. 2279). Citing the earlier work of Shimizu et al. (2001), he also noted the possibility that the primary magmas had undergone degassing prior to olivine crystallization, which creates significant uncertainties regarding mantle potential temperatures. He tentatively suggested that the volatiles were derived from “wet spots” in either plumes or ambient mantle that they had been sequestered in the mantle since the Hadean.

Wyman (2018) arrived at a model for MTZ-sourced komatiites from three main observations. First, the Archean record for specific cratons, and globally, displays episodic occurrences of volcanism separated by substantial time gaps (10’s to 100’s of million years), but the volcanic episodes commonly included both plume- and subduction-style rock types, raising the issue of whether their genesis was closely linked. Second, Late Archean komatiitic volcanism in the Superior Province occurred along the margin of the already amalgamating craton, rather than being consistent with any plume-induced subduction scenario. Third, persistent controversy over the plausibility of Abitibi belt CMB plume-arc interaction, based on space problems linked to CMB plume size and the alternations of plume and arc rock types, requires that the plume models also be scrutinized along with those for Archean subduction. The findings of Sobolev et al. (2016) were taken as evidence that the resolution of these issues could plausibly require that komatiites were derived from plumes that originated in the Transition Zone mantle, which must have far smaller plume heads than CMB plumes, assuming that they resemble classic models at all. This scenario does not conflict with petrological literature on komatiite genesis because their melts develop above the Transition Zone mantle. The key issue is the excess temperatures implicated in their formation and, on this subject, Wyman (2018) referred to the basalt barrier models described by Davies (2008) and Kamber (2015). The remainder of this paper considers recent evidence in support of the damp MTZ plume model and the implications of such a process from Earth’s geodynamic evolution since the early Archean.



DISTINGUISHING CMB AND MTZ PLUMES


Criteria Types

Although initially extrapolated from evidence for deep Phanerozoic plumes, the Archean CMB plume hypothesis is well established in the literature, and key predictions have been made concerning the komatiite-associated upwellings. The big wedge literature includes a large array of models but there are recurring features that are characteristic of proposed MTZ plumes that distinguish them from CMB counterparts. These two sets criteria and those suggested by Wyman (2018) based on the Superior Province as a whole are summarized in Table 1.


TABLE 1. Distinguishing features of core-mantle boundary and mantle transition zone plume models.

[image: Table 1]
The temporal and spatial scales required to assess some of the criteria listed in Table 1 are notable. There are very few cratons where the thermal consequences of a ∼2000 km flattened plume head can be assessed. Conversely, all varieties of Phanerozoic big wedge models require millions of years of prior subduction to start the mantle upwelling and the resultant volcanism may be 100’s of km distant from contemporaneous arc-style volcanism near the trench (Faccenna et al., 2010). Therefore, we first assess whether big wedge models for the formation of Archean komatiites, based on the criteria in Table 1, are applicable to the large and well-studied Yilgarn Craton and Abitibi belt. Following this assessment, the broader implications for komatiite generation through time are considered based on the Paleoarchean East Pilbara, when the basalt barrier should have been at its most effective; the Paleoproterozoic Circum-Superior Belt, formed when the barrier is predicted to still be present but in its waning stages; and the Gorgona Island occurrences where the youngest known komatiitic rocks greatly post-date any possible basalt barrier.



Plume Size

As previously noted, the Yilgarn Craton has been considered the type example of cratonic events associated with a large Archean plume head (Campbell and Hill, 1988). Alternative plume models incorporated into craton geodynamic reconstructions have sometimes been rejected on the basis that they are not consistent with the large-scale flattened plume head implied by the CMB model and “are at the wrong scale by at least an order of magnitude, if not two.” (Barnes et al., 2012, p. 731). Such upwellings would, however, be broadly consistent with the maximum ∼300 km diameter plume heads of MTZ plumes and with the big wedge concepts now being applied to many Phanerozoic convergent margins.


Yilgarn Plume Dimensions

Many key elements of the Campbell and Hill (1988) model have been retained in more recent Yilgarn papers and, for example, the experiments of Campbell et al. (1989) are cited by Barnes et al. (2012). Mole et al. (2014, 2015) and Barnes et al. (2016) also provide examples of the prevalent Yilgarn plume model, although Mole et al. (2014, 2015) do allow for a minor contribution to the Yilgarn’s evolution from subduction processes. For convenience, the mantle plume features described by Mole et al. (2014) and Barnes et al. (2016) can serve as a reference for a theoretical Yilgarn core-mantle boundary plume (Figure 1). It has been suggested that two thermal plumes ascended beneath the western Yilgarn at ∼2.9 and ∼ 2.7 Ga. Their plume heads had estimated diameters on the order of 1600–2000 km. Chemical and isotopic variations in the plume-associated volcanism are attributed to differences in depth of melting enforced by the sub-cratonic lithosphere architecture combined with variable extents of crustal interaction and inheritance from compositionally diverse crustal blocks. In the Eastern Goldfields Superterrane, komatiitic magmatism occurred between 2720 and 2700 Ma and was followed by multiple pulses of felsic activity to 2600 Ma (Mole et al., 2015) that have been attributed to the effects of the mantle plume.

Many workers have argued that there is evidence for subduction or both subduction and plume processes in the eastern Yilgarn (e.g., Begg et al., 2010; Czarnota et al., 2010; Cassidy and Wyche, 2012), although it has been difficult to fully reconcile these models because of the inferred size of the plume head. The ages and approximate locations for inferred subduction events are given in Figure 3. Also shown are subduction events reported for the western Yilgarn. Although subduction models had been invoked several decades ago, more recent western Yilgarn geodynamic scenarios have shifted from plume-based (Van Kranendonk et al., 2013) to plume plus subduction (Wyman and Kerrich, 2012) and back toward subduction-only models for the interval between 2830 Ma and ∼2700 Ma in recent years (Smithies et al., 2018; Wyman, 2019; Lowrey et al., 2020). Taken together with numerous studies that support subduction processes in the eastern Yilgarn, the most recent evidence from the western Yilgarn implies that the ∼2700 Ma plume must have ascended between two opposing and at least partially contemporaneous subduction zones. This observation carries several major implications and one of them is that the Late Archean Yilgarn plume was probably much smaller than suggested by the classic models. Although it might be argued that these constraints still allow for a Yilgarn plume tail scenario, the Archean CMB plume model is strongly tied to the purported dimensions of a Yilgarn plume head.
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FIGURE 3. Geological summary map of the Yilgarn Craton. Also shown: approximate plume stem and head locations for the ∼2900 Ma (dashed blue circles) and ∼2700 Ma (dashed red circles) komatiite source plumes from Mole et al. (2014). The younger komatiites in the Eastern Goldfields Superterrane (EGS) erupted between arc-type volcanism dated between 2830 and 2700 Ma to the west and >2720–2660 Ma arc-type volcanism to the east. Similarly, 3100–2900 Ma arc-type volcanism occurred to the east and west of the 2900 Ma komatiites, although exposures of these rocks are not as voluminous. Map adapted from Martin et al. (2015) and Witt et al. (2018). Komatiite locations from Barnes et al. (2016). See also Wyman (2019) for further discussion of Yilgarn Craton volcanism. Dates from the cited literature for inward-facing subduction zones. Narryer Terrane – stitched to Yilgarn by 2750 Ma (Spaggiari et al., 2007); Murchison Domain: 2830–2700 Ma subduction-linked volcanism (Wyman, 2019; Lowrey et al., 2020); South-West Terrane: 2790–2650 Ma greenstone belts (Wilde et al., 1996); Burtville and Yamarna Terranes: ∼2800 Ma based on similarities with Youanmi (Wyman, 2019 and references therein; >2750–2730 Ma based on Begg et al., 2010; Pawley et al., 2012; 2715–2660 Ma based on Kositcin et al., 2008; Czarnota et al., 2010; Pawley et al., 2012). Kalgoorlie Terrane Large Igneous Province (shaded green): 2720–2690 Ma based on Hayman et al., 2015). EGS = Eastern Goldfields Superterrane. MC (yellow star) Marda Complex sanukitoids ∼2730 Ma (Nelson, 2001). Blue diamonds: Locations of calc-alkaline/shoshonitic ∼2684–2640 Ma orogenic lamprophyres from Choi et al. (2020) and Egan (2020). Note that the present post-orogenic locations of the subduction-related rocks does not correspond exactly to the locations of the associated subduction zones. Inset: Locations of the Yilgarn and Pilbara Cratons relative to Western Australia.




Abitibi Plume Dimensions

One of the few other areas that might provide an indication of Archean plume size is the Abitibi greenstone belt of the Wawa-Abitibi terrane. Dostal and Mueller (2013) assessed the size of the 2724–2722 Ma Stoughton-Roquemaure Group (SRG), which represents early plume magmatism following its eruption through the Hunter Mine arc caldera (Dostal and Mueller, 1997; Mueller et al., 2009). Based on the extent of the komatiites and komatiitic basalts of the SRG, Dostal and Mueller (2013) argued that in its earliest stages, the Abitibi plume had a minimum diameter of ∼70 km. Mapping the extent of the two subsequent main Abitibi komatiite events at 2717–21714 Ma and 2708–2704 Ma suggested the lateral extent of the plume grew to about 250 km (Figure 1). As also argued by Wyman et al. (2002), the hypothesized setting involves only one plume and subduction step-back in the vicinity of the Abitibi belt. Although the distribution of komatiites provides only an indication of plume extent, Dostal and Mueller (2013) considered these dimensions to be a good approximation of the final plume size. Rather than assessing the age and distribution of subsequent felsic magmatism, they considered the small-scale compositional heterogeneity within the SRG eruptions and other Abitibi komatiite-bearing sequences. Given the juvenile nature of the Abitibi arc at 2724 Ma, and the fact that main “granite bloom” did not occur until after 2700 Ma (Corfu, 1993), invocation of a Yilgarn-style variably thick lithosphere and crust is implausible as a control on the nature of plume eruptions. Instead, an alternative explanation was invoked to account for the multiple magma types found in the SRG. The authors cite the numerical modeling by Farnetani et al. (2002), which assessed thermo-chemical plumes rather than homogeneous thermal plumes. That paper showed that the heterogeneities within plume-related volcanic sequences may be linked to compositional variations, a few km-thick, originating within the starting plume itself rather than via the incorporation of large amounts of upper mantle. Dostal and Mueller (2013) considered the small-scale compositional variations found in plume-related volcanic sequences of the Abitibi belt (and elsewhere) to be consistent with the melting of filaments on a scale of 10’s to 100’s of m developed by stretching and folding of heterogeneities within a small plume. The proposed smaller Abitibi plume of Dostal and Mueller (2013) is more consistent with shallow mantle origins (e.g., Davies, 1995) than a classic large CMB plume, although the authors did not discuss plume sources in any detail. They also rejected the idea of multiple (CMB) plumes as implausible. This alternative would imply that, after a 100 m.y. or longer absence from the Superior Province, one plume arrived to cut through an existing arc at 2722 Ma, another at 2717–2714 Ma to overlay slightly younger arc assemblages and a third ascended to produce komatiites between 2708 and 2704 Ma and partly coincided with calc-alkaline volcanism.



Relative Timing of Mid- to Late-Archean Plumes

Associations of plume- and subduction-style magmas are often considered the product of crustal contamination of plume magmas or as evidence that plumes and associated oceanic plateaus might induce early forms of mobile lid geodyanamics (Nair and Chacko, 2008; Barnes and Van Kranendonk, 2014; Stern and Gerya, 2018). Mantle plume events might also be interpreted as the initiators of volcanic cycles when it can be shown that they erupted through significantly older cratonic crust. If big wedge tectonics apply to komatiite-forming plumes, then this apparent scenario should actually be reversed when assessed in a larger temporal and spatial context. The previously cited recent studies of the western Yilgarn demonstrate that the well-known komatiites of the Eastern Goldfields did in fact postdate subduction tectonics and the distribution of those komatiites follows a rifting event that was oriented broadly parallel to the two opposing trenches. If the Eastern Goldfield komatiite magmatism was studied in isolation, it might be concluded that a random plume head event had again fortuitously occurred near the center of the craton. In fact, the timing and location of the Eastern Goldfield events relative to earlier and contemporary arc-style volcanism that included boninites, calc-alkaline andesitic centers, and sanukitoids (e.g., Czarnota et al., 2010; Wyman, 2019) provides an indication of the scales that are most appropriate for assessing Archean geodynamics.

The 2.7 Ga event was actually the second time that a mantle plume had arisen beneath the Yilgarn Craton in ∼200 m.y. The possible relationships of the earlier ∼2.9 Ga komatiites to subduction are less well preserved but they are distributed in a similar orientation to that of their ∼2.7 Ga counterparts (Figure 3; Barnes et al., 2016). There is also a record of ∼3–2.9 Ga volcanism preserved in the craton, including the andesite-dacite host rocks of the Golden Grove area in the west (Whitford and Ashley, 1992; Wang et al., 1998). Dacitic volcanic rocks of this age range also occur in the eastern Yilgarn and as basement in the Kalgoorlie terrane (Pawley et al., 2012). When considered at a time scale of 10’s of m.y., it becomes clear that plumes twice followed subduction in the Yilgarn. Accordingly, the craton provides evidence of two small mantle plumes ascending within “cradles” of earlier and contemporary arc-style volcanism. These relationships suggest that inward facing double subduction contributed to focused input of oceanic crust into the sub-Yilgarn MTZ while the opposing arcs induced extension with the craton itself, providing suitable pathways for the ascent of komatiitic magmas from MTZ plumes.

Wyman (2018) reviewed the case of late Archean komatiites in the Abitibi-Wawa subprovince of the Superior Province. The Abitibi plume erupted along the margin of an already assembling Superior Province Craton (Wyman et al., 2002; Percival et al., 2012). It is first observed near the top of the ∼2750–2735 Ma Pacaud Assemblage where komatiitic units overly tholeiitic and calc alkaline sequences and as eruptions of basaltic komatiites though the 2730 Ma Hunter Mine Group oceanic arc (Dostal and Mueller, 1997; Ayer et al., 2002). In a broader context, the older terranes of the Superior Province had already begun to develop renewed volcanism 10’s of m.y. earlier in response to plate motions that would lead to their amalgamation in a sequence of seven or more orogenies between 2720 and 2680 Ma (Percival et al., 2012). The amount of oceanic crust consumed in the lead up to these collisions is presently impossible to quantify but the orogens themselves are well documented by structural, sedimentological and volcanological studies, igneous geochemistry, U-Pb geochronological data for igneous and xenocrystic zircons, plus deep seismic and magnetotelluric data (Percival et al., 2012). Given the number of orogens and the quick succession of accretionary events, they likely resembled the accretion of the Cimmerian terranes to Europe (Stampfli and Borel, 2002) more than the collision of India with Asia. Nonetheless, the injection of multiple slabs into the sub-Superior from the (present-day) south, north and east provided an ideal setting for big wedge processes to occur.



Cratonization – Thermal Imprints and Keel Development

Since Campbell and Hill (1988), estimates of the thermal impact of large CMB plumes on cratons and field observations have been combined to validate deep plume models and improve understanding of the cratonization process. For the Yilgarn, there is a long history of conflicting interpretations for specific features, such as the origins of individual granite suites or the spatial and temporal extent of plume-generated volcanism (Cassidy et al., 1991; Hill et al., 1992). With recognition that the 2.7 Ga Yilgarn plume head was much smaller than originally envisioned, a larger role for late Archean plate tectonic events can be considered. There are intrinsic difficulties in tracing the heat source for granite rocks and space does not allow a full assessment of all of the features that have been ascribed to the thermal impact of the younger ∼2000 km plume head beneath the Yilgarn or the rarity of granite suites or inherited zircons that might be attributed to the older plume. Instead, we consider calc alkaline (or shoshonitic) lamprophyres to provide an alternative means of assessing the impact of a sub-cratonic flattened plume head. These types of lamprophyres include some Archean examples that have high MgO and Ni contents combined with strongly enriched incompatible element abundances that ensure their subduction-style geochemical signatures are not the product of crustal contamination. They have occurred in late orogenic settings since the Archean, commonly in association high-K intrusive rocks (e.g., syenites) and in proximity to orogenic Au districts (Wyman and Kerrich, 1988; Kerrich and Wyman, 1990). Some Archean examples in the southern Superior Province carry pyroxenite xenoliths typical of Phanerozoic sub-arc mantle suites and the xenoliths themselves display classic subduction-style trace element patterns (Wyman et al., 2015).

Choi et al. (2020) have most recently reported on calc alkaline lamprophyres of the Yilgarn craton and provided radiogenic isotope data for number of samples. In the eastern Yilgarn, these lamprophyres have emplacement ages between ∼2684 and 2640 Ma. Although the lamprophyres display strong enrichment in terms of Th/Yb signatures, Choi et al. (2020) report that they have juvenile εNdi values averaging + 0.9. The result is consistent with enrichment from juvenile arc sources along the eastern margin of the Yilgarn rather than via assimilation of older Yilgarn crust during magma ascent. This data demonstrates that prolonged thermal perturbation of the sub-Yilgarn craton linked to ∼2720–2690 Ma komatiite volcanism (Hayman et al., 2015) was unlikely, given that millions of years of subduction prior to ∼2684 Ma would typically be expected before a suitably hydrated lamprophyre source could be developed. In summary, this evidence suggests that granite rocks of the Eastern Goldfields and elsewhere in the Yilgarn are almost certainly not the product of CMB mantle plume heads re-working the existing craton.

Archean deep mantle plumes have also been widely held to be responsible for the development of buoyant refractory keels following the extraction of komatiitic volcanic suites (e.g., Herzberg, 1993, 1999). Wyman and Kerrich (2002) accepted the theory of a link between mantle plumes and keels but, like Griffin et al. (2003), they recognized that the model had problems. They cited geochronological evidence for late keel formation (or at least docking) relative to the crustal evolution of the Kaapvaal and Slave Cratons and the fact that plume ascent in the Abitibi belt was followed by shallow mantle arc and back-arc style magmatism and the development of subduction-related orogenic gold deposits, all of which precluded the presence of a refractory plume-generated cratonic keel. Additionally, the shallowest lithospheric mantle in the Superior Province underlies the southern margin where late Archean komatiite magmatism developed (Wyman, 2018), which is counter to the expectation of a link between plumes, komatiites and deep keels. Griffin et al. (2003) noted that the shallowest parts of cratonic keels resembled “modern” lithosphere derived from subduction processes, consistent with the arc-style pyroxenite xenoliths contained in southern Superior Province orogenic lamprophyres. In the case of the Abitibi-Wawa region, Wyman and Kerrich (2002) proposed delayed ascent of the plume melt residue due to insertion of the slab associated with the Pontiac subprovince, while Griffin et al. (2003) suggested that mantle overturns or superplumes may have developed “lifebuoys” of depleted mantle that later coupled to otherwise impermanent cratons, thereby saving them from destruction.

Other examples of delayed crust-root coupling continue to be reported, such as the North Atlantic Craton and the Sask Craton in Canada (Wittig et al., 2010; Czas et al., 2020). The big wedge model for Archean plumes does not necessarily rule out the possibility that subducted slabs obstructed keel ascent beneath some cratons or that mantle overturn events independently generated “lifebuoy” keels after late Archean greenstone belts underwent crustal-level orogenic processes. The model may, however, allow for other explanations. In the ∼2700 Ma Yilgarn or Abitibi, for example, the plumes may have been elongate features oriented parallel to the associated subduction zones. Only detailed future modeling can establish whether, in these more sheet- or curtain-like structures, the ascent of buoyant mantle melt residues was delayed or disrupted until orogeny eliminated the effects of wedge-related mantle convection.



KOMATIITES THROUGH TIME

If the basalt barrier – big wedge scenario was a key component of the geodynamic setting for Late Archean komatiites, then it could be argued that these processes should have made a contribution to the generation of komatiites further back in time and more recently than ∼2700 Ma. In this section, three additional cases are examined. The Paleoproterozoic Circum-Superior belt is considered first because its broad geodynamic context is understood quite well (e.g., Corrigan et al., 2009) and it developed in what has been predicted to be the closing stages of a viable basalt barrier (Davies, 2008). The East Pilbara is then examined as an example of early komatiitic magmatism that is widely considered to be the product of multiple mantle plumes. Finally, the komatiites of Gorgona Island are considered, given that they are the youngest known occurrence of komatiites and post-date any basalt barrier by more than 1000 m.y.


The Circum-Superior Belt

Davies (2008) models suggest that the decline in Earth’s radioactive heat generation gradually led to a cooler mantle and subducted plates that were thick and heavy enough to penetrate and disrupt the basalt barrier. As a result, the models indicate that after about 1.8–1.6 Ga there was no further mantle layering. Big wedge and basalt barrier scenarios up to that point, however, could have played a significant role in developing early Proterozoic mobile belts. The basalt barrier and an early example of the plate tectonic Wilson Cycle (Corrigan et al., 2009) should have co-existed during the 2070 M–1800 Ma life of the Manikewan Ocean that terminated with the Trans-Hudson orogen. Although the Trans Hudson has been referred to as a “proto-type of a modern orogen” (Corrigan et al., 2009), it was preceded by the eruption of Winnipegosis komatiites and other plume-style magmas of the Circum-Superior Belt that potentially indicated interaction between mantle plume and subduction processes (Waterton et al., 2017). A 2.0 Ga Minto-Povungnituk Large Igneous Province, also occurs in the Cape Smith Belt and has been linked to a variety of other approximately co-magmatic events in the craton (Kastek et al., 2018).

Ciborowski et al. (2017) considered the preserved remnants of the Circum-Superior Belt (CSB) to be a Large Igneous Province that encircled the Archean Superior Province Craton (Figure 4A). From south of Lake Superior, these remnants occur in the Marquette Range Supergroup and, proceeding in a clockwise direction, include the Gunflint Formation, Thompson Nickle Belt, Fox River Belt, Sutton Inlier, Belcher Islands and other Hudson Bay islands, the Cape Smith Belt and the Labrador Trough. Prominent sets of dikes, such as the ∼1880 Ma Molsen mafic dykes, along with carbonitites and lamprophyres are considered to be genetically related to the circum-cratonic magmatism.
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FIGURE 4. (A) Map of the Superior Craton and ∼1885–1864 Ma Circum-Superior Belt. Red lines: ∼ coeval dikes; blue stars: ∼1885–1864 carbonitites. Dashed gray line: possible deep crustal extension of cratonic margin (see: Corrigan et al., 2009). MRV, Minnesota River Valley Terrane. Map adapted from Ciborowski et al. (2017) with modifications from Percival et al. (2012) and Waterton et al. (2017). ∼1885–1864 Ma mafic magmatism: BI, Belcher Islands; CS, Cape Smith Belt; FA, Fort Albany dykes; FR, Fox River Belt; GF, Gunflint Formation; LT, Labrador Trough; MR, Marquette Range Supergroup; MD, Molson dykes; OI, Ottawa Islands; PC, Pickle Crow dyke; SI, Sleeper Islands; SU, Sutton Inlier; TB, Thompson Nickel Belt; WP, Winnipegosis Belt. (B) Convergent margin processes around the Superior Province Craton at ∼1900 Ma. Blue dashed lines indicate possible locations of the Superior Craton margins at ∼1.9 Ga (Corrigan et al., 2009). Given the co-temporal flips to craton-facing subduction in the Penokean Orogeny and the Makkovik Province, a similar flip may have occurred all along the southern Superior Craton. Simplified from Ketchum et al. (2002), with additions from sources for map in panel (A), and St-Onge et al. (2006) and Schulz and Cannon (2007).


The CSB been the subject of multiple genetic models due its unusual combination of features and its association with large-scale plate tectonic events leading up to the formation of the Nuna supercontinent. Corrigan et al. (2009) discussed the belt in the context of these accretionary events leading to the Trans-Hudson Orogen. They noted that some prior interpretations of the CSB have invoked plume interaction with the cratonic margin but argued for an “active geodynamic setting” based on the presence of older and coeval calc-alkaline magmatism along that margin. Given that the Superior Province acted as the lower plate in the later Trans-Hudson Orogen (Weller and St-Onge, 2017), it is difficult to discount the possibility that calc-alkaline counterparts to the Thompson Nickel Belt have been lost elsewhere along the boundary zone. Heaman et al. (2009) undertook a geochemical and U-Pb geochronological study of the dykes, sills and volcanic rocks that comprise the “Molsen Igneous Events” in the Fox Lake and Thompson Nickel belts of northern Manitoba. They found that most of the rocks fell within a narrow 8 million-year age range between 1885 and 1877 Ma. In assessing the setting of the magmatism, they noted arguments against a plume including lack of a radiating dyke swarm or cratonic uplift, the absence of Ocean Island Basalt-type magmas and the widely dispersed nature of the volcanism. They favored “an unusual tectonic setting that has no modern or ancient analog” (p. 160). Other workers, such as Ciborowski et al. (2017) and Bleeker and Kamo (2018) remain in favor a mantle plume scenario with the latter stating “we interpret the overall geodynamic setting in terms of a hot mantle upwelling, possibly a deep-seated mantle plume, that impinged on the base of Superior Craton’s subcontinental lithosphere (p. 10).”

In the context of the MTZ model of komatiite generation, Heaman et al.’s (2009) description of a unique CSB event with neither older or younger analogs is notable, given that the time in question combines Himalayan-scale accretionary processes (Weller and St-Onge, 2017) and a “prototype modern orogen” with the proposed last stages of an effective basalt barrier. Although the Superior Craton acted as the lower plate in the Trans-Hudson orogen, its margins were associated with a range of geodynamic events a few million years prior to, and around the time of, eruption of the Winnipegosis Komatiites.

The large-scale geodynamic context of the CSB starts with the Manikewan Ocean. It had reached its maximum extent by 1920 Ma and was contracting as Archean cratonic blocks and intra-oceanic arcs accreted to the west and north in the Western Churchill Province and the Reindeer Zone respectively (e.g., Ansdell, 2005). On the other side of the ocean, emplacement of calc-alkaline plutons dated back to at least 1891 Ma in the Thompson Nickel Belt (Percival et al., 2005), CSB magmatism was coeval with calc alkaline magmatism in the Snow Lake belt and Cape Smith Belt magmatism overlapped that of the Parent Arc (Corrigan et al., 2009). Along the south west embayment of the Superior margin, the circa 1880 Ma collision of the Pembine-Wausau terrane at the onset of the Penokean Orogeny was associated with a flip to craton-facing subduction (Figure 4B; Schulz and Cannon, 2007). Events further to the north-east along the Superior Craton margin are now obscured by the Grenville orogen. The Penokean Orogen, however, was part of the extensive Laurentia-Baltica active margin that reemerges in Labrador and then continues further east into Greenland and Karelia (Ketchum et al., 2002). The collision of the Paleoproterozoic Makkovik Province with the composite Nain Craton is preserved in Labrador following a switch to craton-facing subduction sometime between 1895 and 1870 Ma (Ketchum et al., 2002). Meanwhile, within the Superior Province, the Kapuskasing Uplift Zone developed at circa 1900 Ma in what is widely considered to be a response to stresses applied to the margins of the Superior Province Craton (e.g., Perry et al., 2006). Evans and Halls (2010) undertook a study to establish the Superior Province configuration prior to the uplift that, based on the geochronological evidence they summarized, mainly occurred at 1880 Ma. They considered whether the uplift might have been solely related to the contemporary and nearby Penokean Orogeny but discounted this possibility on the basis of the soft Penokean collision inferred by Schulz and Cannon (2007). They preferred a scenario where other plate-boundary forces drove the western Superior Craton southward relative to the eastern section, but conceded it remains difficult to test such a model.

Based on the summary of circum-Superior events presented here, and the numerous uncertainties involved, only a broad application of the basalt barrier – big wedge model is possible. The available evidence suggests that the most significant large-scale geodynamic change around the time was a switch from encirclement by converging, outward-facing, subduction zones in the Manikewan and pre-Penokean Oceans to the near-simultaneous development of craton-facing subduction in the western Superior and perhaps around the majority of the craton. As a result, a scenario resembling the ∼2700 Ma Yilgarn Craton would have been created in at least the western Superior and perhaps more widely. A plume originating in the MTZ could develop in response to the changed geodynamic conditions whereas involvement of a CMB plume, if that was even feasible at this time, would be highly coincidental. Once again, a CMB plume would be required to ascend between subducting slabs. The north-facing subduction was terminated by 1850 Ma when the Marshfield Terrane accreted to the Pembine-Wausau Terrane along the southern Superior margin leading to development of the Penokean fold and thrust belt (Schulz and Cannon, 2007).

A basalt barrier model allows for resolution of many of the key issues invoked in support of both a convergent margin setting and contemporary plume magmatism and provides another example of how komatiites were associated with inward-facing subduction zones. The lack of a classic set of radiating dikes may signify that the upwellings did not form a flattened mushroom-shaped head but instead took the form of irregular sheets consisting of warmed and displaced transition zone mantle (±contributions from the region just below the 660 km boundary). Thrusting and crustal uplift along the Kapuskasing Zone would be a consequence of plate tectonic events along the margins of the Superior Province craton but a short-lived thermal anomaly beneath the region may have been associated with the MTZ plume or other big wedge processes that provide smaller scale thermal anomalies (e.g., Figure 2; Geng et al., 2019). In the basalt barrier – big wedge scenario, the carbonitites shown in Figure 4A are not required to originate in the plume but could instead be a manifestation of large-scale production of carbonatic melts from the subducted slab itself (Li et al., 2017). In summary, the basalt barrier – big wedge model provides a unique way to resolve the main controversies associated with the Circum-Superior Belt while also highlighting features such as the association of inward-facing double subduction zones and komatiitic magmatism that it shares in common with the Yilgarn Craton.



The Pilbara Puzzle


A Problematic Model

The East Pilbara Craton is the archetypal early Archean craton and is widely accepted to have been derived from, or modified by, mantle plumes in its earliest preserved stages. Satellite images of the craton display no features that demand plate tectonics, lending credence to this scenario. It has been suggested that eight ∼15 m.y. (ultra)mafic to felsic cycles represent repeated plume events in the 3530–3230 Ma Pilbara Supergroup, which were punctuated by 75 and 60 m.y gaps in volcanism between the Warrawoona, Kelly and Sulphur Spring Groups (Van Kranendonk et al., 2007; Hickman and Van Kranendonk, 2012). The model challenges what is known about plumes based on the geological record. In fact, a paper by Van Kranendonk et al. (2002) includes a statement that, at that time, only two of its five authors favored nearly continuous mantle melting beneath the East Pilbara that may have been attributed to recurrent mantle plumes. Wyman (2013) also considered the eight-plume model to present a Pilbara dilemma. Why did so many plumes find the small Pilbara craton in quick succession? Was the Pilbara typical of the crust at that time but unique in its preservation of a massive global mantle plume event? Could globe-covering plume events exist, given that plumes are defined by their anomalous temperatures relative to the upper mantle? Mantle overturns, as commonly envisioned, do not suggest such pulses of plume events, global or otherwise. In any case, if the big wedge model is to be considered viable, then it should probably apply to the early Archean Pilbara as well as the Late Archean and Paleoproterozoic cases discussed up to this point.



A Case of Mistaken Identity

One possible explanation to the challenge presented by the Pilbara multi-plume model is that one or more of the underlying observations or interpretations is incorrect. The eight plume events are actually defined only by basaltic rocks and not true komatiites. If some of these basaltic units were not related to mantle plumes, then a very different scenario is possible. Technically, basaltic rocks should only be labeled as komatiitic basalts if they can be shown to have a genetic relationship to true komatiites (Arndt et al., 2008). These rocks commonly display pyroxene spinifex textures, which are the “principle diagnostic feature of komatiitic basalt” (Arndt et al., 2008, p. 93). For pyroxene spinifex to be uniquely associated with “komatitic basalt,” however, it would need to be closely related to some feature of komatiite composition or its thermal history, perhaps including earlier magma superheating, for example.

Several lines of evidence suggest that pyroxene spinifex textures, as found in komatiitic basalts, are not exclusively a function of magma composition but also of some other factors. Experimental studies to understand pyroxene spinifex formation lacked reproducibility (Bouquain et al., 2014), which is consistent with this possibility. Field observations from non-Pilbara localities are of relevance to the pyroxene spinifex issue. Like the Pilbara Supergroup, evidence for shallow marine environments based on stromatolites are common in the Archean Nondweni greenstone belt (Wilson et al., 1989; Wilson and Versfeld, 1994) and in the Paleoproterozoic Hekpoort Formation of the Transvaal sub-basin (Humbert et al., 2018). Given the occurrence of pyroxene spinifex across a wide range of compositions extending to andesites, Wilson et al. (1989) inferred that the shallow marine setting was responsible for the formation of pyroxene structures in the Nondweni lavas, including the meter-scale aggregates of giant spinifex. Wilson and Versfeld (1994) inferred that loss of steam in shallow water conditions was a key factor in the cooling history of these lavas. Such settings were common in Archean and Paleoproterozoic cratons. The presence of both pyroxene spinifex and basin-localized varioles in the Hekpoort formation was also suggested by Humbert et al. (2018) to be related to undercooling of lavas with typical MgO contents in the 5–8 wt% range. In the Youanmi Terrane of the western Yilgarn, pyroxene spinifex textures are also reported in flows with MgO contents as low as 5.6 wt% MgO (Van Kranendonk et al., 2013; Lowrey et al., 2017). It seems implausible that a parental komatiite magma, with perhaps 25 wt% MgO, passed on some unique “spinifex trait” to magma that evolved to 6 wt% MgO. Rocks from multiple western Yilgarn volcanic series display acicular to skeletal pyroxenes, which is likely the reason that boninites and boninite-like rocks (depending on the sample and classification system: Lowrey et al., 2020) were not recognized until reported by Wyman and Kerrich (2012).

Other aspects of the Pilbara geodynamic model also require careful assessment. Smithies et al. (2005) investigated the abundant basaltic volcanism of the 3515–3240 Ma Pilbara Supergroup and demonstrated that these rocks fell into two distinct groups of Low- and High-Ti types. The High-Ti type did not vary greatly over the 300 m.y. interval and were considered to be derived from a source resembling primitive mantle. The Low-Ti examples, however, were considered to display distinct secular trends to lower incompatible element abundances consistent with increasing depletion of a single long-lived source. Smithies et al. (2005) argued convincingly that the two basalt types could not have both been derived from within ascending plumes and that the progressive depletion of the Low-Ti basalt source must have happened outside of any plumes. Having attributed some occurrences of LREE enrichment in the Low-Ti suite to local crustal contamination, they concluded that the low La/Nb and La/Yb ratios of many of the basalts indicated that any subduction or other fluxing process was of “only local” importance, which was limited by the main trends to lower La/Yb and Gd/Yb over time. On this basis, a progressively depleted lithospheric source, repeatedly melted by ascending plumes was favored for the low-Ti basalts. The trends discussed by Smithies et al. (2005), however, are only defined by the lowest La/Nb (etc) for each of the various basalt populations. If the multi-plume scenario had been independently established by other means, then the rationale for using these “least contaminated” end-member samples to define events in the Pilbara would be clear. If, however, the details of the plume scenario are not assumed a priori, then the putative lithospheric source of the low-Ti basalts is less certain. In fact, the most incompatible element-depleted of these volcanic units exhibit several typical features of boninitic magmas, such as TiO2 < 0.5 wt%, Al2O3/TiO2 between 26 and 48, depletion of the MREE vs. the HREE and positive Zr anomalies (Smithies et al., 2005; Figure 5A). Phanerozoic boninites exhibit diverse trace element and rare earth patterns on normalized plots. At Troodos, for example, two boninites types have long been recognized. One of these, referred to as the depleted boninites suite by Osozawa et al. (2012), displays the well-known “spoon-shaped” rare earth patterns whereas the other boninite suite does not. A comparison of the Pilbara rocks with the Troodos occurrences (Figure 5A) demonstrates that they have mantle-normalized patterns intermediate between the two younger suites (Osozawa et al., 2012). In addition, many of the low-Ti Sulphur Springs samples of Smithies et al. (2005) fall in the high-silica boninite field on the recent discrimination plots of Pearce and Reagan (2019), as shown in Figures 5B,C. On this basis, the Pilbara samples are considered here to be true boninites.
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FIGURE 5. Geochemical data for selected rocks of the Pilbara Supergroup (from Smithies et al., 2005, 2009). (A) Primitive mantle-normalized multi-element plots for Paleoarchean boninites and boninitic rocks from the Sulfur Spring Group compared to plots for Troodos boninites. Sample numbers from Smithies et al. (2005) and Osozawa et al. (2012). (B,C) Pilbara samples from the Sulfur Spring Group (red squares) and Euro Basalts (blue circles) plotted on the discrimination plots of Pearce and Reagan (2019). LSB, low-silica boniites; HSB, high-silica boninites; PB, picro-basalt, BA, basaltic andesite, HMA, high-magnesium andesite; A, andesite; D, dacite. (D) ∼3510 Ma rocks of the lowermost preserved volcanic rocks of the Pilbara Supergroup showing basalts with enriched characteristics and a tonalite–trondhjemite–granodiorite (TTG) flow. Sample numbers from Smithies et al. (2009). Primitive Mantle normalizing values from McDonough and Sun (1995).


A subsequent paper by Smithies et al. (2009) argued that incompatible element enriched lowermost basaltic to andesitic rocks (Figure 5D) preserved in the Pilbara Supergroup (the Coucal Formation from the Coonterunah Subgroup) must be representative of large volumes of >3500 Ma mafic rocks required to generate the 3500–3420 Ma Pilbara tonalite–trondhjemite–granodiorite (TTG) suite. Based on the preserved structural and stratigraphic evidence, the authors argued that a modern-style convergent margin setting could be ruled out during the interval preserved in the Pilbara Supergroup deposition, but they acknowledged that some sort of early form of plate subduction may have been responsible for the incompatible element enrichments in the source of the Coonterunah basalts, although some of the rocks display Nb/Zr ratios greater than primitive mantle. Their overall compositions and lack of contamination (Smithies et al., 2009) suggest that they are what they appear to be: products of a subduction-style process. More specifically, the enriched basalts appear similar to some units in the Abitibi Belt’s Blake River Assemblage and the TTG flow is comparable to the adakitic Krist Fragmental unit, both of which erupted prior to the Abitibi’s main “granite bloom” (Wyman et al., 2002). Although it is now recognized that most Archean TTG are not adakitic, the southern Superior is one of several areas where Archean adakitic plutons do occur (Smithies, 2000) and the effect of slab melts on the sources of mafic volcanism can be monitored via trends on trace element plots (Wyman, 2003). The Coucal Formation rocks directly overlap mafic Blake River Group magmas on a plot of Nb/Y vs Zr/Y (Figure 6) and therefore are considered here to represent a similar subduction-related suite, despite the ∼800 million years separating the two sets of rocks and the strong possibility that a global set of tectonic plates did not exist at ∼3500 Ma. Notably, Smithies and Champion (2000) reported on a 2.95 Ga sanukitoid High-Mg diorite suite from the west Pilbara Craton with chemical characteristics that they inferred to be derived from an adakite melt-modified mantle source. The trend of the diorites in Figure 6 corresponds closely to both the Abitibi Blake River trend and the trend of the Coucal Formation rocks.
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FIGURE 6. A plot of Nb/Y vs. Zr/Y showing a comparison of the ∼3500 Ma Coucal Formation basalts, andesites and adakite with Abitibi belt volcanic rocks from the Blake River Group (BRG), including the adakitic Krist Fragmental unit. Also shown is the adakitic phase of the Abitibi belt Round Lake batholith and 2950 Ma sanukitoid high-Mg diorites from the west Pilbara. The low Zr/Y part of the BRG trend is inferred to correspond to melts derived from mantle plume-depleted sources. Most Superior Province mafic volcanic suites plot parallel to the main arrays, even when derived from areas of mature crust, such as the Uchi Subprovince margin. Wyman and Hollings (2006) interpreted the BRG trend as a product of adakitic metasomatism of mantle sources, as did Smithies and Champion (2000) for the similar High-Mg diorites. The plot and reference arrays are adapted from Fitton et al. (1997) and Wyman and Hollings (2006).




The Alternative Transition Zone Model

The geodynamic model defined collectively by Smithies (2002), Van Kranendonk et al. (2002, 2007), Smithies et al. (2005), Smithies et al. (2009), and Hickman and Van Kranendonk (2012) remains prominent in the literature and includes some form of subduction prior to 3530 Ma, multiple short plume cycles interspersed with several quiet intervals between 3530 and 3230 Ma and mainly Phanerozoic-style subduction processes after 3230 Ma. In a revised scenario for the 3530–3230 Ma interval, based on the MTZ source model, the presence of boninites and other subduction-style magmas can be proposed that does not contradict the lack of evidence for a “a modern-style convergent margin setting” or require a set of globe-covering tectonic plates.

As envisioned in numerical models for incipient Archean subduction, or the global onset of plate tectonics, it is possible that between 3530 and 3230 Ma the conditions required for self-sustaining subduction were being approached but the overall global regime would still be classified as episodic between stagnant and mobile lid regimes. Even when conditions for subduction initiation were present around the Pilbara Craton (Figure 7), the process tended to fail quickly via the loss of subducted slab (e.g., van Hunen and Moyen, 2012). The new model for the early- to mid-Archean follows on from the results of numerical studies for subduction initiation, which envision localized stress focusing in the stagnant lid as thicker cratonic crust is forced along by mantle flow (Rolf and Tackley, 2011). In response, a subduction-like process is initiated on one side of the craton but instead of developing into a trench that extends outward from the craton to form a tectonic plate, the slab is soon lost at the initiation site, which leads to an unpeeling of similarly dense crust around the craton margin. The result is not self-sustaining subduction. Instead, a significant volume of stagnant lid crust is rapidly delivered to the sub-Pilbara MTZ and/or basalt barrier, leading to the development of a brief episode of mantle upwelling and komatiite (or komatiitic basalt) magmatism. At this point, the craton is ringed by a combination of old dense stagnant lid and younger buoyant crust generated in response to loss of stagnant lid around the craton. Once the “life buoy” of young crust has aged it no longer resists subduction initiation and another proto arc- MTZ plume sequence can develop. None of these short-lived subduction events impose a dominant structural fabric resembling a modern convergent margin.
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FIGURE 7. A linked subduction – plume model for early Paleoarchean evolution of the Pilbara and other cratons. It is assumed that subduction initiation is feasible but does not lead to self-sustaining subduction or a set of global plates. (A) Mantle convection drives the idealized circular proto-craton (as used in many numerical models), which is thicker than surrounding lid, in a preferred direction that results in focused stress in the opposing stagnant lid. Local subduction initiates, which leads to formation of some new lid crust. (B) Slab loss occurs rapidly but subduction initiation propagates around the edge of the craton. (C) Focused slab loss delivers abundant crust to the MTZ, where material is displaced upwards resulting in a komatiite-generating damp plume. The craton is surrounded by newly generated crust that must cool down before another episode of subduction and plume generation occurs.


In this model, the Pilbara and similarly aged cratons become “arc-plume circuits” that focus volcanism, plutonism and mantle heat loss but they existed in isolation (Figure 8) with little chance of accretion or other interaction unless their origins via mantle overturn, bolide impact, “heat pipes,” etc. (see Wyman, 2018 and references therein) caused them to originally occur in close proximity. Importantly, the specific processes associated with the formation of komatiites and boninitic rocks could persist through the Archean and into the Proterozoic even as plate tectonics developed. The later evolution of the Pilbara Craton appears to have resulted in 3.2 Ga rifting that resembled the classic plate tectonic Wilson Cycle (Van Kranendonk et al., 2010). In the model suggested here, however, the change in tectonic style only requires strengthening of the subducted plate due to either (a) changing global mantle properties and their impact on the remaining stagnant lid or (b) the subduction of new crust generated by relatively recent arc-plume circuits. Once infant subduction zones could persist for extended periods, the symmetry of the early proto-cratons would have been less likely to perpetuate. In any case, the 3015 Ma “intra-cratonic” boninites of the Mallina Basin described by Smithies (2002) cannot be considered geodynamically unique in the craton’s history. They relate to just one example of subduction initiation that occurred sporadically for 100’s of m.y. around the small Pilbara Craton.
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FIGURE 8. An idealized version of the pre-plate tectonic subduction – plume circuit. Relatively small (∼1000 km-scale) proto-cratons, such as the early Pilbara, focus stress in the adjacent stagnant lid and initiate subduction. Local failure of subduction occurs but the event propagates around the craton. Subducted slab accumulates in a small volume of the MTZ (above “the basalt barrier”), which displaces a mixture of mainly MTZ peridotitic mantle and lesser amounts of entrained slab crust to form a mantle plume beneath the craton. Cratonic margins may have been reworked by succeeding circuit episodes and later events. Note that the Pilbara craton’s present margins are mainly obscured under cover or offshore (e.g., Hickman and Van Kranendonk, 2012). Small diapirs shown outside the region of subducting slabs reflect the fact that, as a significant thermal boundary, the basalt barrier could generate minor peridotitic upwellings anywhere. The spatial and temporal association of arc and plume volcanism in the geological record, however, demonstrates that big wedge settings facilitated the formation of plumes that were large enough to ascend through the mantle. The early cratons developed independently but global variations in mantle convection intensity may establish peak periods for circuit activity. By the late Archean, other subduction configurations were possible (e.g., inward-facing double subduction zones) and may have led to more sheet-like mantle upwellings.


It should be noted that an alternative category of geodynamic model views early Archean cratons as reworked examples of typical Paleoarchean stagnant lid rather than anomalies within or on the stagnant lid. Pilbara examples include the models of Zegers and van Keken (2001) and Wiemer et al. (2018). The latter cites global patterns in the generation of <3600 Ma felsic crust as evidence for the impact of peak mantle potential temperature on volcanism and the Archean proto-crust. The dome and keel map patterns of Paleoarchean cratons are commonly invoked as evidence against subduction processes (generally framed in terms of plate tectonics) and in support of intra-crustal processes that create TTG batholiths. These processes would typically have resulted in delamination of dense garnet-bearing restite, although such delamination events are also commonly associated with post-Archean terranes (e.g., Wang et al., 2007). Briefly, the reasons such models are not favored here include: they imply (nearly) global stagnant lid reworking, resulting in a “Pilbara Earth” covered in stagnant lid-derived early craton; they do not recognize mantle overturn events (Griffin et al., 2014; Wyman, 2018), the associated thermal evolution of the mantle or the potential for some form of basalt barrier; the crustal starting material (for Wiemer et al., 2018) is the enriched basalts of Smithies et al. (2009), which resemble the basalt-andesites of the Abitibi belt’s ∼2700 Ma Blake River Group and other rocks derived from slab melt-modified mantle; multiple types of mantle-derived volcanism continue through the proposed periods of intra-crustal overturn and melting and in some instances includes incompatible element-depleted boninite (-like) rocks that are widely regarded to be uncontaminated or very weakly contaminated magmas (e.g., Smithies et al., 2005 and references therein).



Gorgona Island Komatiites

As previously noted, studies of the youngest known komatiites on Gorgona Island demonstrate that they were are also derived from magmas with 0.2–1.0 wt% H2O and display B isotope systematics consistent with derivation from fluids that originated in a subducted slab (Kamenetsky et al., 2010; Gurenko and Kamenetsky, 2011). Kamenetsky et al. (2010) also reported that initial komatiite crystallization temperature was 1330–1340°C, which is at the upper limit of temperatures recorded in mid-ocean rift basalts. Based on Sm-Nd and U-Pb data, Hauff et al. (2000) argued that basalts of the Caribbean Large Igneous Province (CLIP) was associated with rapid recycling of plume components, possibly in less than 300 m.y., depending on assumptions made about the nature of the source components. Given their depleted compositions, the Gorgona komatiites and picrites required additional source depletion within 200–300 m.y. that would be consistent with a component corresponding to the residues of MORB generation or recycled lower oceanic crust. These observations are broadly supportive of a transition zone source for the komatiites, particularly since big wedge models could supply a slight elevation of temperature within the plume without any heat contribution from the now extinct basalt barrier. But while the geodynamic context of the CLIP has been the subject of much debate for several decades, no model has invoked a shallow mantle source for the plume.

Recent key developments regarding the CLIP, as presently defined, include the fact that newer global plate reconstructions do not permit its derivation entirely from the Galapagos Hot Spot as had previously been assumed (Seton et al., 2012; Boschman et al., 2014). The uncertainties in these reconstructions increase further back in time, however, and it is more plausible or feasible that older CLIP assemblages in Costa Rico, such as the ∼178–172 Ma Nicoya Complex and the ∼125–84 Ma Manzanillo Terrane (host to the high-T Tortugal picrites described by Trela et al., 2017), did originate with the Galapagos plume (Andjić et al., 2019; Fletcher et al., 2020). This scenario would be consistent with, for example, the finding by Whattam and Stern (2015) that there were two distinct phases of magmatism associated with the LIP and that there was geochemical evidence for two oceanic plateaux in the region (Kerr and Tarney, 2005). Age determinations show CLIP volcanism extended through the Late Cretaceous (98.7 ± 7.7. Ma to 64.4 ± 5 Ma) with komatiitic volcanism being among the youngest events (Serrano et al., 2011). Dürkefälden et al. (2019) suggested that depleted ∼81 Ma magmas of the Nicaraguan Rise, located between Central America and the Greater Antilles, represent upwelling of still hot CLIP mantle in response to crustal thinning. As summarized by Whattam and Stern (2015), however, there is significant spatial and temporal overlap between plume- and arc-type lavas with no clear hiatus between them. A very wide range of geodynamic models has been proposed for the region. For the purpose of the present paper, two models are chosen for discussion.

The Whattam and Stern model (2015; see also Stern and Gerya, 2018) attempts to resolve the close association of plume and arc magmas with a plume induced subduction initiation, based on the numerical modeling of Ueda et al. (2008). The progressive additions of subduction-related contributions to the CLIP and overlapping isotopic compositions of the plume and arc magmas were considered strong evidence in favor of the model. The original plume was tentatively suggested to be the Galapagos Hotspot, but regarding the continuing plume magmatism they state “The Caribbean Plume event may have been some sort of backarc basin magmatism associated with the Greater Antilles Arc, but it is not necessary for the plume induced subduction initiation model that the precise nature of the plume event be understood.” (p. 57). Regarding the issue of why such subduction initiation events are not observed around other plateaus,Whattam and Stern (2015) raise the possibility that pre-existing subduction to the north and south may have contributed to the subduction initiation event. Nevertheless, they hold out the prospect that the model has relevance to the development of Archean cratons.

The suggestion of a possible back arc-related plume resembles the big wedge models cited as a basis for the MTZ damp komatiite model. A full-fledged MTZ plume model, however, can be presented as an endmember alternative to the Whattam and Stern (2015) model (Figure 9). Justifications would include: (i) the observation that in many cases (Pilbara, Yilgarn, Superior Province, Trans-Hudson) it was the komatiites that followed the arc magmatism, (ii) the fact that subduction initiation around Phanerozoic plumes is not observed elsewhere argues against the plume induced subduction initiation model and (iii) more broadly, it could be argued that the location of the CLIP relative to North, Central and South America cannot be coincidental. Subduction to the north and south are key features of its geodynamic context, as is the occurrence of the Greater Antilles Arc (GAA), which is considered to have initiated at ∼135 Ma (Pindell et al., 2012; Whattam and Stern, 2015). With the west dipping GAA slab and the preponderance of east dipping slabs on the North and South American margins, the location of the CLIP would be a prime candidate for big wedge processes linked to the focusing of slab material in a small volume of the MTZ (Figure 9). This is especially true if the suggestion of Pindell et al. (2006, 2012) involving local eastward to westward polarity reversal of subduction along the Farallon Plate is accurate. At 85 Ma in the Whattam and Stern (2015) model, the CLIP is surrounded on all sides by inward-facing subduction zones. The proposed MTZ origin of the CLIP plume readily accommodates the observations previously attributed to back arc upwelling or late upwelling of CLIP mantle in response to crustal thinning (Whattam and Stern, 2015; Dürkefälden et al., 2019). Moreover, in the MTZ model, the reason that the Galapagoes Hot Spot location through time does not match the CLIP is because it was not actually involved in the formation of many of the terranes commonly attributed to a single LIP.
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FIGURE 9. An MTZ – damp komatiite alternative model for the Caribbean Large Igneous Province. (A,B) Two panels for the plume-initiated subduction CLIP model of Whattam and Stern (2015), which invokes a deep mantle plume (likely the Galapagos Hot Spot) as the focus point of subduction initiation. The blue area in (A) is the site of slab sinking and subduction initiation around the early CLIP, following the model of Ueda et al. (2008). Brown areas in all panels are regions of active oceanic arc construction. (C) An endmember alternative model for an MTZ origin for the entire CLIP, based on evidence against a role for the Galapagos Hot Spot and the “coincidental” site of the CLIP in proximity to east- and west-dipping subduction zones at the gap between North and South America. (C) Shows the inferred location of the subducting Farallon slab just before polarity reversal and the location of the trench of the west-dipping subduction at 110 and 100 Ma (Pindell et al., 2006). The ∼120 Ma Farallon initially represents an east-dipping hanging slab in the mantle as west-dipping slab of the Greater Antilles Arc (GAA) retreats, prompting the initiation of an MTZ damp plume. By 89–85 Ma, the regional slab configurations match those proposed by Whattam and Stern (2015) and define a “bowl” of inward-facing subduction that maintains a “big wedge” CLIP plume.


The present paper cannot provide a definitive resolution to the multiple CLIP debates. A second published CLIP scenario is considered here, however, to demonstrate that a transition zone origin for the young komatiites remains possible under a wide array of recent models. Loewen et al. (2013) also invoked a “residual Galapagos plume head” to account for the extended period of CLIP volcanism. Even if future plate reconstructions allow an initial role for the Galapagos Hot Spot, it need not be the source of the ∼64 Ma Gorgona komatiites. Part of the Loewen et al. (2013) model is shown in Figure 10 where the head of the deep mantle plume, already extended by slab roll back to the east, is decapitated by the renewed eastward subduction of the Farallon plate. Given the context of a “bowl” of active and relict subduction zones illustrated previously in Figure 9B, however, the geodynamic context of the CLIP at 70 Ma bears obvious similarities to the Pilbara arc-plume circuit model. Accordingly, the proposed decapitated Galapagos plume head of Loewen et al. (2013) could actually be a second plume generated in the MTZ in response to focused slab subduction.
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FIGURE 10. MTZ partial alternative to a Galapagos Hot Spot model for CLIP as applied to damp 64 Ma komatiites. (A) Panel from the model of Loewen et al. (2013) at 70–60 Ma. In their model, the need to have plume mantle between the subduction zones is explained by the isolation of existing CMB-derived plume head (pink) between the two subducting oceanic slabs (blue with blue arrows). If, however, evidence for a link between most of the CLIP and a core-mantle boundary plume is established beyond dispute, then this finding would not negate the potential for a big wedge plume (light blue) to generate the Gorgona komatiites, as shown in (B).




CONCLUSION

A major challenge in the understanding of Archean cratons has been reconciling the apparent frequent association of plume- and arc-type sequences in the geological record. One approach has been to assert that the arc-type rocks are merely contaminated plume magmas (e.g., Barnes et al., 2012). Others have suggested that subduction may have developed around the margins of plumes or oceanic plateaus (Nair and Chacko, 2008; Ueda et al., 2008). Part of the problem may relate to the delayed acceptance of the idea that komatiite magmas contained >0.5 wt% H2O. Although it is logical to consider whether the water was acquired during dry plume passage through the MTZ, the earlier suggestion of Shimizu et al. (2001) of an MTZ origin for Archean plumes is at least as plausible from a petrologic perspective. It also avoids the challenge of thoroughly hydrating the dry plume and the need to reconcile MTZ water filter predictions with a damp plume reality (Bercovici and Karato, 2003; Sobolev et al., 2016). In addition, an MTZ origin for Archean plumes would be highly favored if the Archean basalt barrier concept of Davies (2008) and others is valid. The scenario would foster what Whattam and Stern (2015) referred to in the CLIP as a “plume and arc-related hybrid igneous environment,” which broadly resembles the one outlined for the Abitibi belt (Ayer et al., 2002; Wyman et al., 2002).

What Wyman (2018) and the present paper have attempted to do is to accommodate the fact of damp komatiites within the geologic record of specific cratons. This approach implicates a komatiite origin from MTZ-derived plumes as the only scenario that preserves the real association of arc and plume rocks throughout the Archean. Although it is now recognized that interactions between plumes and subduction zones occurred in the Phanerozoic (Fletcher and Wyman, 2015), the association of the volcanic rock suites in cratons is far too common to be directly analogous. Once the key concept of plume size is revised, many apparent challenges of the plume-arc interaction concept disappear, including the sporadic re-emergence of komatiitic volcanism within dominantly arc-type volcanic sequences (Ayer et al., 2002). In combination with the presence of a significant thermal boundary associated with a basalt barrier, the recent “big wedge” models provide the missing part of the puzzle as to how Archean subduction may have directly driven the temporally and spatially associated plumes. The simplicity of the MTZ plume forming mechanism ensured that komatiites could be generated throughout the Archean even as Earth moved toward a new global regime involving modern-style subduction, globe-encompassing oceanic ridge systems and tectonic plates.

In theory, the thermal boundary of the basalt barrier in the Archean might have been capable of producing small MTZ plumes anywhere on Earth. The examples considered here, however, demonstrate a close association of subduction with the well-known preserved komatiite occurrences that extends through time to Gorgona Island. This relationship is best explained if big wedge processes facilitated the formation of MTZ plumes of sufficient size to enable their ascent through the upper mantle. The evolution of early Archean cratons through a period of arc-plume circuits, driven by subduction of stagnant lid and replacement oceanic crust, has wide implications for radiogenic and stable isotope reservoirs on the early Earth. Many relatively well-preserved fractionated reservoirs could have been quite local features linked to semi-closed and long-lived (10’s to 100’s of m.y.) geodynamic systems. Conversely, ubiquitous weakly or unfractionated “plateau” basalts (Hollings et al., 1999) could correspond to ambient mantle leakage from outside the circuits, given that the circuits were geochemically and isotopically minor features at the global scale. The cratonic circuits may also have led to the local development of distinct habitats within isolated archipelagos where mildly oxygenated environments (etc.) developed but bore little resemblance to those found on the far more extensive stagnant lid crust. The model would also have implications for the development of Archean cratonic roots. If they were related to komatiite-generating plumes in a big wedge setting, then the roots likely formed from a mixture of residues from melting in and above the MTZ and added slab components that were commonly subject to modification during multiple arc-plume events.

The model applied to the Archean can also readily accommodate Paleoproterozoic komatiites where conflicting geodynamic interpretations also arise. It is suggested that the plumes responsible for these komatiites developed where subduction was localized around the margins of Archean cratons, and they did so prior to the demise of a basalt barrier near the base of the MTZ. Such a model is likely to have implications for early Proterozoic mobile belts and their distinctive metallogenic potential. Once the basalt barrier was gone, the frequency of komatiitic volcanism dropped markedly. The Gorgona occurrence may have required the conjunction of long-lived subduction along the west coast of the Americas and the presence of opposing contemporary subduction in the Greater Antilles Arc. The location of the Gorgona komatiites was therefore not random but instead was the direct consequence of inward-facing subduction zones and big wedge processes.
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