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Advances in isotopic age determinations increasingly point to an episodic nature
of the evolution of lithosphere and crust. The purpose of this paper is to review
well documented field and geochemical evidence which indicates that, at least
some of these episodes were associated with large asteroid impacts. Observed
overlaps between early Precambrian impacts (~3.47 Ga, ~2.63 Ga, ~2.56 Ga,
~2.48 Ga, ~2.023 Ga [Vredefort] and 1.85 Ga [Sudbury]) and isotopic age
frequency peaks, defined within age errors, while not constituting proof of
cause-effect relationships, invite tests of field evidence relevant to this
question. Evidence for major dynamic and thermal effects of large impact
clusters on the early Precambrian crust is provided by ejecta fallout units
associated with (1) unconformities; (2) tsunami boulder debris; (3)
compositional contrasts between supracrustal sequences which underlie and
overlie the ejecta units; (4) onset of episodes of iron-rich sedimentation, and
(5) near-contemporaneous intrusion of granitoid magmas. An impact cluster
~3.26-3.24 Ga-old documented in the Barberton greenstone belt, South Africa,
is associated with unconformities and granite activity correlated with
unconformities and olistostromes in the Pilbara Craton, Western Australia. In
both cratons a 300 million years-long period of greenstone-granite evolution is
terminated abruptly by unconformities overlain by impact ejecta, turbidite and
banded iron formations. The 3.26 and 3.24 Ga terminations involve major
faulting, uplift, erosion, and onset of high-energy sedimentation which includes
detrital components from contemporaneous granites. An onset of ferruginous
sedimentation, including banded iron formations, in the wake of the ~3.47,
~3.26, ~3.24, ~2.63 and ~2.56 Ga impacts suggests weathering and soluble
transport of ferrous oxide under low-oxidation atmosphere and hydrosphere
conditions, possibly reflecting extensive mafic volcanic activity triggered by the
impacts. Extensive dyke formation during 2.48-2.42 Ga (Matachewan, Scourie,
Karelian, Widgiemooltha, Bangalore, Antarctica dykes) may be related to deep
crust/mantle fractures triggered by the ~2.48 Dales Gorge mega-impact.
Tentative observations are consistent with, but do not demonstrate, possible
overlaps between Phanerozoic impacts and the onset of faulting and plate
tectonics episodes
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INTRODUCTION

Scientists studying extraterrestrial Impact events have long suspected that large
asteroid impacts may have had a profound, hitherto unrecognized, effect on the
history of the Earth crust (Dietz, 1964; Green, 1972, 1981; Grieve, 1980; Jones,
1987; Oberbeck et al., 1992; Boslough et al., 1994; Alt et al., 1998; Glikson, 1993,
1994, 1995, 2007A, 2008). Several authors pointed out circumstantial evidence for
temporal relations between large asteroid impacts and major Phanerozoic faulting
and onset of plate tectonic events, including stages in the break up of Gondwana (Alt
et al., 1988; Oberbeck et al., 1992). These include correlations between large impact
clusters, hot spots, continental basalts (Morgan, 1981; Richards et al., 1989;

Courtillot et al., 1999), continental rifting and opening of oceanic gaps (Table 1).

Due to a dominant Earth-centric focus to date only limited account has been taken in
most models of crustal evolution of the effects of large asteroid impacts (cf. Windley,
1977; Condie, 1995, Myers, 1995; Smithies et al., 2005; Van Kranendonk, 2007).
Attempts to correlate Phanerozoic magmatic, rifting and plate tectonic events with
large asteroid impacts (Hughs and McGetchin, 1977; Jones, 1987; Alt et al., 1988;
Oberbeck et al., 1992; Marvin, 1990) based on unproven age overlaps, remain

subject for tests by field work and precise age correlations.
Possible candidates for such tests include (Table 1):

A. Late Triassic asteroid bombardment (Manicouagan - ~214 Ma D: 100 km;
Rochechouart ~213 Ma D: 23 km), succeeded by rifting of the Atlantic ocean at
~200 - 180 Ma.

B. Late Jurassic asteroid bombardment (Morokweng 145+0.8 Ma D: 70 km;
Gosses Bluff 142.5+£0.8 D: 24 km; Ma; Mjolnir 143+£2.6 Ma D: 40 km)

succeeded by stages of Gondwana break up.

C. End-Cretaceous impacts (Chicxulub 64.98+0.05 Ma D: 170 km; Boltysh
65.17+0.64 Ma D: 25 km); opening of the Indian-Arabian gulf.

In this paper I refer to the well-documented 3.26 - 3.24 Ga asteroid impact cluster
in the Barberton greenstone belt, Kaapvaal Craton, South Africa (Lowe and Byerly,
1986; Lowe et al., 1989, 2003; Kyte et al., 1992; Byerly and Lowe, 1994;
Shukolyukov et al., 2000; Glikson, 2007B), and contemporaneous events in the

Pilbara Craton (Glikson and Vickers, 2005; Glikson, 2008), as a reference test case



for potential relationships between large impact events and tectonic and magmatic

events potentially triggered by these events.

PRECAMBRIAN ASTEROID IMPACTS

The Late Heavy Bombardment (LHB) of the Moon about 3.85-3.95 Gyr-ago (Ryder,
1990, 1991, 1997), evidenced by the large Mare basins (Imbrium, Tranquilitatis,
Serenitatis, Crisium, Orientalis), are likely to have involved the Earth, coupled with
the Moon during the first hundred million years of accretion from the solar nebula.
On Earth the LHB must have terminated prior to the deposition of the Isua
supracrustal sequence (~3.80 Ga; Nutman et al., 2007) and Akilia tonalite (~3.83
Ga; Mojzsis and Harrison, 2002) in South West Greenland, which to date disclose

little evidence of large subsequent impacts.

However, the end of the LHB far from signifies the end of major extraterrestrial
impact effects on Earth, with major impact events documented by impact ejecta
units and by impact craters at ~3.46, 3.26, 3.24, 2.63, 2.56, 2.48, 2.023 and 1.85
Ga (Table 2). The discovery of millimeter-scale spherules in Archaean sediments in
South Africa and Western Australia (Figures 1 and 2), identical with microkrystite
spherules as defined by Glass and Burns (1988) from the 65 Myr-old Cretaceous-
Tertiary asteroid impact boundary (Lowe and Byerly, 1986; Lowe et al., 1989, 2003;
Kyte et al., 1992; Byerly and Lowe, 1994; Shukloyukov et al., 2000), has allowed
new insights into the impact history of Earth pre-2.4 Ga.

Simonson and colleagues (Simonson, 1992; Simonson and Hassler, 1997; Simonson
and Glass, 2004; Simonson et al., 2000, 2006) identified several impact spherule
units and associated tsunami deposits of three different ages (2.63, 2.56, 2.48 Ga)
in the Hamersley Basin of Western Australia and the Transvaal Basin, South Africa.
Whereas field identification of microkrystites is hampered by their millimeter-scale,
the common occurrence of tsunami deposits above the spherule units provides a

helpful criterion (Simonson and Hassler, 1997; Glikson, 2004).

Microkrystite spherules are produced by condensation of impact-ejected vapor
released when large bolides collide with Earth. On impact, target materials are
shattered, brecciated, and the core surrounding the exploding bolide is evaporated.
Crust and mantle underlying exploding projectile rebound elastically to form a dome

(Grieve and Dence, 1979; Grieve and Shoemaker, 1994; Grieve and Pesonen, 1996;



Grieve and Pilkington, 1996; Shoemaker and Shoemaker, 1996; French, 1998). The
impact vapor is dispersed in the atmosphere, transported by winds, cools and
condenses as a myriad melt droplets solidified as tiny glass spheres preserved in

submarine sediments (Glass and Burns, 1988; Melosh and Vickery, 1991)

Microkrystite spherules are distinguished from volcanic melt droplets formed by
volcanic fountaining by virtue of their inward-radiating quench crystallites and
centrally offset vesicles, evidence of aerodynamic imbalance (Figures 5D, 7B, 8C).
Microkrystites may contain nickel-rich spinels, rare micron-scale metallic nuggets of
nickel and platinum group elements, and geochemical and isotopic signatures
including platinum group element anomalies including high iridium levels, high Ir/Pd
ratios, and °3Cr/>2Cr isotope anomalies (Kyte et al., 1992; Byerly et al., 1994;
Shukolyukov et al., 2000; Simonson and Glass, 2004; Glikson, 2005A,B). Iridium,
with chondritic abundance more than 3 orders of magnitude higher than in the
Earth’s mantle, provides the telltale clue used by Alvarez et al. (1982) to prove the

impact connection of the K-T boundary 65 Myr-ago.

To date eight major Precambrian impacts and impact clusters have been identified in
South Africa, Western Australia, Canada and Greenland (Table 2), indicating events
at 3.47, 3.26, 3.24, 2.63, 2.56 and 2.48, 2.023 and 1.85 Ga. The impact ejecta units
are closely associated with tsunami deposits, which range from cross beds (Figure
7C) to fragmented material and large erratic boulders and debris flow (Figures 1C,
1D, 5B, 5C), to in-situ disrupted submarine beds (Figure 6). In the case of the 2.63
Gyr Carawine Dolomite, where spherule-bearing megabreccia 20 to 30 metre thick
extends over more than 100 kilometers (Simonson and Hassler, 1997; Glikson,
2004), the tsunami wave affected pelagic (below-wave-base) carbonates, testifying

to possibly over 200 meter-deep wave amplitudes affecting the sea bed.

Geochemical mass balance calculations based on iridium and on chromium isotopes
and on spherule size distributions (Melosh and Vickery, 1991), suggest asteroids
about 20-50 km in diameter (Byerly and Lowe, 1994; Kyte et al., 1992; Shukloyukov
et al., 2000; Glikson, 2005A), raising the question of the potential structural and
magmatic effects of impacts on this scale. Lowe and Byerly (1989) noted a
juxtaposition between multiple 3.26 - 3.24 Gyr-old impact fallout units in the
Barberton greenstone belt and the boundary between ultrabasic volcanics of the
Mendon Formation (Onverwacht Group) (3298+3 Ma; Byerly et al., 1995) and an

overlying sequence of turbidities, sandstones, siliceous volcanics, banded ironstones



and conglomerates of the Fig Tree (3259+3 Ma) and Moodies Groups (Figures 2).
Given the estimated Eros-scale dimension of the parental asteroids (Eros: 33x13
km), could this impact cluster have triggered crust-mantle upheavals leading to the

fundamental break in the evolution of the Barberton greenstone belt?

A search for equivalent 3.26-3.24 Gyr microkrystite spherule units in the Pilbara
Craton, a needle in a haystack exercise, has shown that the approximate
stratigraphic where the ~3.24 Ga impact spherule units may be found is overlain by
a large boulder deposit, or olistostrome, including blocks up to 250 metre across
(Glikson and Vickers, 2005) (Figure 3B), suggesting strong faulting and collapse. To
date no microkrystite spherules were disclosed at this stratigraphic level, possibly
due to the quartz-rich composition of sediments overlying the unconformity, i.e.
between the underlying volcanic Sulphur Springs Group (3251-3235 Ma) and
unconformably overlying arenites of the Soanesville Group (Hickman, 2004; Van
Kranendonk et al., 2007). In both the Pilbara and the Barberton terrains major
intrusion of granite magmas occurs at ~3.24 Ga. Age overlaps between large

impacts, unconformities, breccias and tsunami events are listed in Table 3.

New evidence for potential connections between asteroid impacts and crustal events
emerged when a 2.63 Ga Jeerinah Impact Layer was identified above the Jeerinah
Shale (Simonson et al., 2000), directly beneath the Marra Mamba Iron Formation
(Figures 4, 5C). Further investigations indicate that, likewise, the 3.47, 3.26, 3.24
and 2.56 Gyr-old impact ejecta layers are located below iron-rich sediments
(Glikson, 2006; Glikson and Vickers, 2006). Under the low oxygen levels of the early
atmosphere weathering of iron in its soluble divalent form (FeO) would occur,
resulting in leaching, transportation, saturation and colloidal precipitation of iron-rich
cherts and banded ironstones. The ferro-magnesian composition of the impact ejecta
testifies to impacts impinging on sima-dominated crust, necessarily triggering
catastrophic mantle melting beneath the impact basins and consequent mafic
volcanism. Could the large volumes of ferrous iron contained in Archaean banded
iron formations been derived by weathering of such volcanic rocks and iron-rich

hydrothermal fluids?

A conceptual model of the relationships between the 3.26 - 3.24 Ga impact cluster
and contemporaneous geodynamic events, culminating in emergence of continental
nuclei, is portrayed in Figure 11. From the Mg and Fe-rich composition of the

Barberton spherules (Lowe et al., 2003; Glikson, 2005B) and the paucity, with some



exceptions (Rasmussen and Koeberl, 2004), of shocked quartz-rich ejecta, the
asteroids likely impacted on mostly mafic crust. For an asteroid 20 to 50 kilometer in
diameter, impact basins several hundreds kilometer large and several tens of
kilometer deep would be excavated, piercing the Earth’s mantle, triggering mantle
rebound, mantle diapirs and massive volcanic activity, with possible rearrangement

of mantle convection systems.

In terms of an impact model, recurrent episodic accretion of volcanics and sediments
lasting over a period longer than 300 million years and accompanied with protracted
intrusion of tonalite-trondhjemite-granodiorite plutons (Glikson 1972), was abruptly
terminated by a mega-impact cluster. During this >300 million years-long period,
high geothermal gradients in the range of 15 - 25°C/km resulted in buoyancy of the
oceanic crust, retardation of subduction and arrest or partially arrest of plate tectonic
processes (Green, 1972, 1981). Lateral accretion of arc-trench-like volcanic rocks in
post-3.2 Ga greenstone belts (Sleep, 2008) resulted in a zonation of age provinces,
as in the Superior Province (Goodwin, 1974; Folinsbee et al., 1968; Card, 1990),
West Pilbara Craton (Van Kranendonk et al., 2007), and part of the Yilgarn Craton
(Mary Gee and Swager, 2008).

SIGNIFICANCE OF ISOTOPIC AGE FREQUENCY PEAKS

The origin of isotopic age frequency peaks has been interpreted alternatively in
terms of episodic thermal and magmatic events, intermittent plate tectonics events,
or mantle dynamics and plume activity (Davies, 1995; Condie, 1995; Smithies et al.,
2005). A compilation of 5509 U-Pb zircon ages by O'Reilly et al. (2008) defines at
least 9 prominent age distribution peaks at ~3336, ~3212, ~2675, ~2560, ~2030,
~1625, ~1165, ~570 and ~290 Ma (Figure 9). This includes 1680 zircon U-Pb age
determinations with high initial 8!’°Hf values signifying derivation of magmas from
juvenile mantle with peaks at ~3336, ~3212, ~2750, ~2560, ~1650, ~1198, ~290
Ma. Mantle-derived magmas are distinguished from reworked crustal magmas by
their high 8*’°Hf values (>0.2807), which reflect high *’®Lu/*”’Hf of >0.02 (Pietranik
et al. 2008). The statistical significance and the origin of these peaks remain to be

determined.

Davies (1995) modeled global thermodynamic peak events in terms of episodic
mantle overturn events related to temporal cooling, changes in phase transformation

barriers, changes in the mantle layering structure, and subduction of plates. In this



model 1.0 to 2.0 Ga phase changes are correlated with peak thermodynamic events,
with preferred model peaks at ~3.85, ~3.4, ~2.7, ~1.85, ~1.18 and ~1.05 Ga
(Davies 1995, figure 5 model [a]). The model peaks correspond in part to the

following events (Figure 9):

1. The ~3.85 Ga peak correlates with the end of the Late Heavy Bombardment
(Ryder, 1990, 1991, 1997);

2. The ~3.4 Ga and ~2.7 Ga peaks correlate with periods of maximum volcanic

activity in Archaean greenstone belts (Nelson, 2008);

3. The ~1.85 Ga peak correlates with the Sudbury mega-impact event (D ~ 250
km) (Davis, 2008) (Table 2) and with thermodynamic events in Proterozoic
mobile belts, for example the Capricorn orogeny, Western Australia (Nelson,
2008);

4. The ~1.6 Ga and 1.18 Ga peaks correlate with extensive thermodynamic events
in Proterozoic mobile belts, for example in northwestern Queensland and central
Australia (O'Reilly et al., 2008).

However, U-Pb zircon age peaks at ~3.34, ~3.21, ~2.03, ~0.57 and ~0.29 Ga
(O'Reilly et al., 2008; Nelson, 2008) are not expressed on Davies’ (1995) model (a).

These ages correlate with the following crustal events:

1. The ~3.34 Ga peak correlates with extensive volcanic activity (Euro Basalt,
Pilbara Craton; Hickman, 2004; Hickman and Van Kranendonk, 2004; Van
Kranendonk et al., 2007)

2. The ~3.21 Ga peak postdates the Barberton asteroid cluster of 3.26-3.24 (Figure

10) within error.

3. The ~2.03 Ga peak overlaps within error with the Vredefort mega-impact (D: 298
km), Kaapvaal Craton, and the Glenburgh orogeny in Western Australia (Nelson,
2008).

It appears that, whereas no single factor can be invoked for the observed isotopic
age peaks, several Precambrian isotopic age frequency peaks indicated by up-to-date
compilations of igneous and detrital zircon U-Pb ages (O'Reilly et al., 2008; Nelson,

2008; Poujol et al., 2003) overlap with major asteroid impact events:

~3.47-3.44 Ga: This period includes peak magmatic events in the Kaapvaal Craton
(Poujol, et al., 2003) and in the Pilbara Craton (Nelson, 2008). An impact cluster



event occurs at 3470.1+2.3 Ma (Byerly et al., 2002) within the felsic volcanic
Hooggenoeg Formation (~3.47 - 3.44 Ga; Poujol et al., 2003), correlated with an
impact cluster at the base of the Apex Basalt (Warrawoona Group), dated at
3470.1+£1.9 Ma (Byerly et al., 2002; Glikson et al., 2004)

~3.212 Ga: This peak (O'Reilly et al., 2008) and peaks in the range of ~3.22 - 3.26
Ga (Poujol et al., 2003) (Figure 10) correspond to the asteroid impact cluster at the
base of the Fig Tree Group, Barberton greenstone belt, which include impacts at
~3.24 Ga and ~3.26 Ga (Lowe et al., 2003; Glikson, 2008).

~2.675 — 2.56 Ga: This peak period includes the tentatively dated 2629+5 Ma
Jeerinah Impact Layer (JIL) (Simonson et al., 2000) and the 2565+9 Ma Spherule
Marker Bed, Hamersley Basin (Simonson, 1972) (the age of the JIL is uncertain as it
is based on an unconfirmed stratigraphic correlation: A.F. Trendall, pers. Com.). Both
impact units are overlain by ferruginous shale and banded iron formations, possibly
signifying iron derived from mafic volcanic and hydrothermal activity (Glikson and
Vickers, 2006). Western Australian age frequency data define peaks at 2.6 - 2.75 Ga
(Figure 9).

The age of the SMB impact unit overlaps the Sm-Nd 2586+16 Ma age of the
Zimbabwe Great Dyke (Mukasa et al., 1998), but is marginally younger than U-Pb
ages of the dyke (2587+8 Ma; Mukasa et al., 1998; 2578+0.9 Ma; Collerson et al.,
2002), and Re-0s ages (2576+1 Ma; Schoenberg et al., 2003). No firm conclusions

can be derived from these correlations.

~2.48 Ga: An age overlap occurs between the DGS4 impact unit and onset of
Huronian mafic igneous activity (2473+16/—-9 Ma; Heaman, 1997), marking the
onset of large-scale mafic dyke systems 2473-2446 Ma. The Matachewan-Hearst
dyke systems involve volumes of at least 50,000 km? of basaltic magma intruding an
area 250,000 km2 large (Halls and Bates, 1990). Remnants of a global ~2.50-2.42
Ga magmatic province are identified in many Archaean cratons, including the ~2.42
Ga Scourie dyke swarm (Scotland), ~2.45-2.44 Ga Karelian layered mafic intrusions,
flood basalts, and dyke swarms (Finland and Russia), ~2.42 Ga Widgiemooltha dyke
swarm and Jimberlana intrusion (Western Australia), dyke systems in the Vestfold
Craton (Antarctica) and the ~2.42 Ga Bangalore dyke swarm (Dharwar Craton,
India). The temporal coincidence of the ~2.48 Ga-old Dales (DGS4)-Kuruman
asteroid mega-impact within the onset of global dyking events 2.48-2.42 Ga may be

interpreted in terms of impact-induced crustal fracturing.



~ 2.030 Ga: Corresponds within error with the Vredefort impact structure dated at
2023+4 Ga (Kamo et al., 1996).

~1.870 Ga and age frequency distribution plots for the Precambrian of Western
Australia (northwest Yilgarn and Gascoyne) define peaks at ~1.8 and 1.87-2.0 Ga
(Nelson, 2008) (Figure 9). A partial correspondence with error with the Sudbury

impact structure and its ejecta layers (1850+1 Ga, Davies, 2008) is possible.

Peaks not known to correlate with impact events include ~3336, ~1625, ~1165,
~570 and ~290 Ma (Figure 9). In the Pilbara Craton peaks at ~3.3, ~3.15, ~3.0,
~2.92 and 2.75 Ga are not known to overlap impact events. In the Yilgarn Craton
peak events at ~2.75 to 2.6 Ga overlap the ~2.63 Ga Jeerinah Impact Layer toward
the end.

A search for correlations between impact events and peak thermal and magmatic
events is hampered by the skewed nature of the database, where only few
documented well dated large impact events are known, as contrasted with thousands
of accurately dated magmatic events. This imbalance likely reflects the fact that, to
date, very few geologists have undertaken the “needle in the haystack” search for
impact ejecta units, complicated by post-depositional corrosion and erosion of the

mm-scale microkrystite spherules.

DISCUSSION: UNIFORMITARIAN MODELS AND THE ROLE OF ASTEROID
IMPACTS IN CRUSTAL EVOLUTION

The increasingly detailed definition of thermal events and peak crust formation
episodes through the geological record, initially by Rb-Sr isochron ages (Moorbath,
1975), and subsequently by whole grain and ion probe U-Pb zircon studies, including
studies of both igneous and detrital zircons (Compston et al., 1986; Compston and
Kroner, 1988; Nelson, 2008; O'Reilly et al., 2008; Valley, 2008), has progressively
defined isotopic age peaks (Figures 9, 10), raising the question of the origin of the

corresponding thermal events.

Isotopic age studies identify rocks crystallized or metamorphosed as early as about
4.0 Gyr, including the Acasta Gneiss, Slave Province (lizuka et al., 2007) and in
Antarctica (Harley and Kelly, 2007). These terrains include banded granite gneiss
derived from metamorphosed igneous and sedimentary formations, for example in

Greenland, Labrador, Slave and Superior Provinces of the Canadian Shield, Finland,
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South Africa, India, Western Australia and Brazil. Until the mid-20*" century a long-
held axiom maintained these rocks formed a primordial sial basement on which
younger volcanics and sediments were deposited (Hunter, 1970; 1974; Sutton,
1971; Oversby, 1975; Bridgwater et al., 1976; Ramakrishnan et al., 1976;
Moorbath, 1977; Windley, 1977; Chadwick et al., 1978; Hickman, 1981). This
assumption re-emerged in the context of the discovery of pre-volcanic zircons in
greenstone belts (Compston et al., 1986) and of detrital zircons up to 4.4 Gyr-old in

the Narryer Terrain of the Yilgarn Craton, Western Australia (Harrison et al., 2005).

The sial basement paradigm was challenged in the early 1960’s. Canadian geologists
(Goodwin et al., 1974; Folinsbee et al., 1968; Card, 1990), regarded andesite
volcanics and intercalated sediments infolded within Archaean gneiss as ancient
analogues of circum-Pacific island arc-trench systems. Geochemical evidence and
isotopic age and initial 3**Nd and &'7°Hf data (McCulloch and Bennett, 1994;
Kamber, 2007; Pietranik et al.; 2008; Valley, 2008) were increasingly interpreted in
terms of plate tectonic models (Naqvi, 1976; Tarney et al., 1976; Card, 1990;
Glikson, 1972, 1983, 1984, 1999; Myers, 1995; Kroner et al., 1996). To-date plate
tectonic-based Archaean crustal models continue to dominate, for example on the
basis of eclogite xenolith and mantle depletion studies (James and Fouch, 2002).
Some authors regard rifts, marginal basins and volcanic rifted margins as the closest
modern analogues to the environments of Archaean basalt-komatiite-rhyolite-

dominated greenstone successions Bleeker (2002)

At the root of the debate is a fundamental question: Could the maxim “the present is
the key to the past” be upheld? Have early Earth environments and processes
significantly differed from modern plate tectonic regimes? A minority school of
thought points to significant differences between Archaean greenstone belts and

circum-Pacific ophiolite-turbidite accretion wedges (Glikson, 1980, Hamilton, 1998).

Engel (1966), following field studies in the Barberton mountain land, Eastern
Transvaal and Swaziland (Viljoen and Viljoen, 1971; Anhaeusser, 1973), interpreted
the >10 kilometer-thick sequence of pillowed Mg-rich quench basalts, peridotitic
lavas and intrusive dolerite and gabbro of the "3.55 - 3.26 Ga Onverwacht Group,
intercalated with thin units of quartz and feldspar-rich tuff and chert, as ancient
oceanic crust. Trace element studies by Sun and Nesbitt (1978) showed the
production of these Mg-rich lavas required high degrees of melting of the early

mantle and high geothermal gradients.
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The ubiquitous occurrence of supracrustal enclaves within granitoid gneiss, and the
U-Pb and Sm-Nd evidence for sialic precursors of some of these sediments, resulted
in a ‘chicken and egg’ impasse. Thus some of the deformed enclaves contain isotopic
207ph/2%pp and &'**Nd signatures of yet older granitoids, for example entrained
zircons in volcanic and sedimentary units of the Kalgoorlie greenstone belts, Western

Australia (Compston et al., 1986).

Principal differences between ancient and modern volcanic and sedimentary
environments include the vertical accumulation in greenstone belts of more than 10
kilometer-thick volcanics and sediments over time spans as long as 300 million
years, for example from about ~3.5 to ~3.2 Gyr in the Pilbara Craton and Kaapvaal
Craton (Hickman, 2004; Hickman and Van Kranendonk, 2004; Poujol et al., 2003;
Van Kranendonk et al., 2007). This contrasts with the lateral accretion of ophiolites-

turbidite wedges over shorter time spans in circum-Pacific island arc-trench chains.

An important distinction between Archaean and Phanerozoic tectonic patterns is the
unique structure of granite-greenstone terrains, referred to by MacGregor (1951,
p.27) as ‘gregarious batholiths’. As isotopic age studies progressed it has become
clear that Archaean granite-greenstone systems formed through multiple
geodynamic episodes, each including both volcanic and plutonic components, distinct
from the more continuous accretion of circum-Pacific ophiolite-turbidite wedges
(Hamilton, 1998, 2007).

Experimental petrological studies by Green (1972, 1981) suggested that, due to high
geothermal gradients on the early Earth, oceanic crust was more buoyant than at
present, constraining transformation of basalt into high-density garnet bearing
eclogite, retarding circum Pacific-like gravity-driven subduction of oceanic crust. A

variation of this concept is the low-angle subduction model by Smithies et al. (2003).

Mantle plume-based models for the origin of Archaean mafic-ultramafic volcanism
(Smithies et al., 2005; Van Kranendonk et al., 2007) face the difficulty in
discriminating between basaltic magmas extracted by melting of convecting upper
mantle, adiabatic melting of asthenosphere triggered by deep fracturing, and deep
upwelling mantle plumes. The mantle plume model remains unresolved with regard
to modern volcanic systems (Hill, 1991; Griffiths and Campbell, 1991; Davies, 1999;

Campbell and Davies, 2006), let alone ancient volcanic provinces.

The difficulties with Archaean models which assume extensive continental crust
(Sutton, 1971, Oversby, 1975; Baragar and McGlynn, 1976; Archibald and Bettenay,
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1977; Chadwick et al., 1978, Harrison et al., 2005), modified plate tectonic regimes
(Tarney et al., 1976; Windley, 1977; Card et al., 1990; Krapez, 1993; Condie, 1995;
Myers, 1995; de Wit, 1998; Smithies et al., 2003), mantle plume-based models
(Smithies et al., 2005; Van Kranendonk et al., 2007), as highlighted by Hamilton
(1998, 2003, 2007), require tests of alternative or additional factors underlying

Precambrian tectono-thermal events.

The evidence indicated above for likely relationships between the 3.26-3.24 Ga
multiple impacts, related unconformities and plutonic events in the Barberton
greenstone belt, and contemporaneous unconformities and megabreccia units in the
Pilbara Craton, as well as sharp compositional contrasts between units underlying
and overlying impact fallout beds (Table 3), invites tests of potential relationships
between large impacts, deep crust-lithosphere faults and onset of plate tectonic

movements by further field and isotopic age investigations.
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FIGURES
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Figure 1
Pilbara —3.47 impact ejecta units.

~3.47 Ga impact fallout units, Antarctic Chert Member, base Apex Basalt, North Pole
dome, Pilbara Craton.

A. Type locality of the ~3.47 Ga impact unit, Antarctic Chert Member (ACM), base
Apex Basalt, north of Miralga Creek. North Pole dome, Abbreviations: ACM-S3,
spherule-bearing diamictite; ACM-S2, spherule-bearing chert and arenite; FV -
felsic volcanics or sill; DOL - dolerite; FeCh - jaspilite. Miralga Creek:
21°08'37.41"S5/119°.28'52.12"E.

B. Jaspilite at the top of the ACM overlying the impact fallout unit. Miralga Creek:
21°04'21.06"S/119°2803.57"E.

C. Microkrystite-bearing chert diamictite of impact unit ACM-S3. Slide AG-MC-01.

D. Microkrystite spherule-bearing breccia-conglomerate of ACM-S2. Miralga Creek:
21°08'37.41"S5/119°.28'52.12"E.
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Figure 2
Barberton —3.26 — 3.24 impact ejecta units.

Barberton greenstone belt: Simplified columnar section of the contact between the
Mendon Formation komatiite-basalt-chert unit, overlying S2, S3 and S4 impact
ejecta units, volcaniclastic sediments, pyroclastics and jaspilite (after Lowe et al.,
2003). Note the variation in scale.

A. Banded chert and jasper of the Manzimnyama Jaspilite Member.

B. Impact spherule of the S3 spherule unit, showing microlites of chlorite after
pyroxene. Slide AG_BGB-S3-01.
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Fig 3
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Figure 3
Pilbara equivalents of the Barberton —3.24 Ga impact level.

A. Schematic columnar section of the transition from volcanics of the Sulphur
Springs Group (dacite of Kangaroo Caves Formation; 3235+3 Ma), capped by Marker
Chert, overlain by 3 olistostrome units separated by ferruginous shale. 0,5 -
Olistostrome units 1 - 3

B. Large blocks of chert, siltstone and siliceous volcanics in the Sulphur Springs
area, central Pilbara Block, occupying a stratigraphic position similar to that of 3.24
Gyr impact fallout units in the Barberton Mountain land, South Africa, signifying
major faulting near-contemporaneous with asteroid impacts. 0;.3 — Olistostrome
units 1 - 3; S - shale; FS - ferruginous shale; MC - Marker Chert. Looking west
from Sulphur Springs Creek: 119°12'18.32"E/21°0847.01S.

C. Jaspilite and banded iron formation of the ~3.2 Ga Paddy Market Formation,
Soanesville Group, stratigraphically above the stromatolite. Coppin
Gap:120°07'06.08"E/20°52'59.31"S.
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Fig. 4
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Figure 4

Schematic stratigraphic column of Hamersley Basin stratigraphy and ages (Isotopic
ages after Trendall et al., 2004). Right: stratigraphic position of the ~2.63 Ga
Jeerinah Impact Layer.
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Fig. 5

Figure 5
~2.63 Ga Jeerinah Impact Layer.

A. Type locality of the Jeerinah Impact Layer (JIL) (Simonson et al., 2000) at Hesta
Railway Siding, central Pilbara. JS - Jeerinah Shale; JSC - ]S shale and c]jert; MM -
Marra Mamba Iron Formation. Hesta siding: 22°11'18.06"S/119°01'48.77

B. Basal breccia of JIL consisting of fragments of ferruginous shale, microkrystite
spherules (MKS) and tektites (T). Slide AG-JIL-HES-01

C. Debris flow consisting of fragments and boulders of chert, overlying JIL. Hesta
siding: 22°11'18.06"S/119°01'48.77

D. Microkrystite spherule consisting of inward-radiating fans of quenched potassium
feldspar crystallites enveloping an offset core of carbonate and chlorite, set in
fragmental arenite matrix. The Iridium-rich spherule condensed from impact-
released vapor. Slide AG-JIL-HES-02
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Fig. 6

Figure 6

Concordant, subconcordant and vein breccia (B) injected into Carawine Dolomite
(CD) carbonate south of Woodie-Woodie, the East Hamersley Basin, Pilbara Craton.
The matrix of the fragmented breccia contains microkrystite impact spherules. South
of Woodie Woodie manganese mines: 21°46'35.04"S/121°13'59.75"E
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Figure 7
~2.56 Ga Spherule Marker Bed (SMB), Hamersley Basin.

A. Bee Gorge section, showing the SMB horizon above the Bee Gorge carbonate-
shale member (BGM) of the Wittenoom Formation, below the Sylvia Formation (SF)
(ferruginous shale and chert), below the Mount McRae ferruginous shale and banded
iron formation (MMS). Bee Gorge: 22°13'20.83"S/118°15'47.14"E

B. Microkrystite spherules of the SMB. q — quench K-feldspar crystallites; V - outline
of vesicle; d —devitrification features of radiating K-feldspar crystallites. Slide AG-
MUN-SMB-01.

C. Munjina Gorge section of the SMB showing two impact cycles, SMB-1 and SMB-2,
overlain and underlain by carbonate, siltstone, and chert (CSC). Each cycle includes
a basal layer or series of lenses of microkrystite spherules (MKZ) overlain by
rhythmic turbidites (seismic zone, SZ), overlain by a cross rippled tsunami zone
(TZ). The two cycles are separated by a stratigraphically consistent layer of silicified
black siltstone denoted as a “Quiet Zone” (QZ). Munjina Gorge:
22°24'31.43"S/118°41'18.47"E
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Figure 8

Impact ejecta of the ~2.48 Ga Shale Macroband of the Dales Gorge Member,
Brockman Iron formation.

A. Schematic columnar diagrams showing main units of the Hamersley Group and
U-Pb zircon isotopic ages (after Trendall et al., 2004). JIL - Jeerinah Impact Layer;
SMB - Spherule Marker Bed.

B. Banded iron macrobands and shale macrobands of the Dales Gorge Member,
showing the DGS4.

C. Outcrop of impact spherule-bearing band (sp) at the top of DGS4, overlying finely
laminated stilpnomelane-dominated tuff/sediment bands (Stil.), and underlying
siderite-rich siltstone band (sid) and banded iron-formation (BIF). Dales Gorge:
22°28'55.2"5/118°33'14.34"E

D. Stilpnomelane-dominated impact spherules (microkrystites) rimmed by thin light
feldspar rims and cored by radiating centrally offset vesicle of stilpnomelane. Slide

AG-DGS4-01
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Fig. 9
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Figure 9
Isotopic U-Pb zircon age frequency distribution (relative probability)
diagrams
A. Global (after O'Reilly et al., 2008);

B.
C.
D
E

Pilbara Craton, Western Australia (after Nelson, 2008);
Yilgarn Craton, Western Australia (after Nelson, 2008);
Northwest Queensland (after Nelson, 2008).
Model mantle thermal events (Davies, 1995).

Stars represent recorded large asteroid impacts. Impact ages located above stars;
histogram peaks - pointed by horizontal arrows.
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Fig. 10
Kaapvaal Craton greenstone belts (Poujol et al., 2003)
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Figure 10
Age relative probabilities histogram for greenstone belts, Kaapvaal Craton, South
Africa (after Poujol et al., 2003). Stars denote asteroid impact events.
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Fig. 11
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Figure 11

A model (not to scale) portraying the principal stages in multiple 3.26 and 3.24 Ga
impacts in an oceanic region of the Achaean Earth and their geodynamic
consequences, including formation of oceanic impact maria, mantle rebound and
volcanic activity, ensuing rearrangement of mantle convection patterns, seismic
activity affecting pre-existing granite-greenstone sial nuclei (microcontinent),
faulting, uplift, erosion and formation of unconformities, anatexis at the roots of sial
nuclei and rise of granitoid magmas.

A. ~3.26 Ga - Formation of a multi-ring impact basin by a ~20 km asteroid,
seismically triggered faulting, mantle rebound and onset of a hew convection cell,
thermal and anatectic effects across the asthenosphere-lithosphere boundary below
sial nuclei.

B. ~3.26 Ga: Block faulting in sial nuclei, rise of anatectic granites, settling of S2
ejecta spherules, preservation of S2 spherules preserved in below-wave base
environments.

C. ~3.24 Ga - S3 and S4 impacts, ejecta fallout and preservation in below-wave
base environments, further faulting, block movements and rise of plutonic magmas.

D. Schematic representation of observed field relations between the ~3.55-3.26 Ga
mafic-ultramafic volcanic Onverwacht Group (ON), intrusive early tonalites and
trondhjemites (T), 3.26-3.24 Ga granites (NK), S2 ejecta, unconformity, S3, S4

ejecta, and the Fig Tree Group sediments (FT).
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TABLES

Table 1. Phanerozoic stage boundaries, large asteroid impacts and
correlated volcanic and tectonic events. Note: no genetic connection is

necessarily implied in this paper between age-correlated events.

Stage boundaries/epochs

Large asteroid impacts

large volcanic provinces

Mid-Miocene Langhian
15.97 Ma

Ries (24 km) 15.1+1.0 Ma

Columbia Plateau Basalt
16.2+1 Ma

Eocene-0Oligocene
boundary
33.940.1 Ma

Popigai (100 km) 35.7+0+2 Ma;
Chesapeake Bay (85 km)
35.5£0.3 Ma

Ethiopin Basalts
36.9+0.9 Ma

KT boundary 65.5+0.3
Ma

Chicxulub (170 km) 64.98+0.05
Ma;
Boltysh (25 km) 65.17+0.64 Ma

Deccan Plateau Basalts.
65.5+0.7 Ma (pooled Ar
Ages: 65.5+2.5 Ma)

Cenomanian-Turonian

Steen River (25 km) 95+7 Ma

Madagascar Basalts

93.5+£0.8 Ma 94.5+1.2 Ma

Aptian (Lower Carlswell (39 km) 115+10 Ma; Ontong-Java LIP 120 Ma;
Cretaceous) Tookoonooka (55 km) 128+5 Kerguelen LIP 120-112.7-
125 - 112 Ma Ma; 108.6 Ma; Ramjalal Basalts

Tallundilli (30 km) 128+5 Ma;
Mien (9 km) 121£2.3 Ma;
Rotmistrovka (2.7 km) 120+10
Ma

117+1 Ma

End-Jurassic 145.5+4 Ma

Morokweng (70 km) 145+0.8
Gosses Bluff (24 km) 142.5F0.8
Ma;

Mjolnir (40 km) 143F2.6 Ma

Dykes SW India 144+6 Ma

End-Pliensbachian

Peak Karoo volcanism

183+1.5 Ma Start 190+5 Ma;
Peaks 193, 178 Ma;
Lesotho 182+2 Ma
End-Triassic Manicouagan (100 km) 214%1 Central Atlantic Igneous
199.6+0.3 Ma Ma; Province: 203+0.7

Rochechouart (23 km) 213+8
Ma;

to 19942 Ma;
Newark Basalts 201+1 Ma

Permian-Triassic

Araguinha (40 km)

Siberian Norilsk

251+0.4 Ma 252.7+3.8 Ma, 251.7+0.4 to 251.1+£0.3 Ma
251.4+0.3 to

250.7+0.3 Ma

Late to end Devonian Woodleigh (120 km) 359+4 Ma; Rifting and 364 Ma Pripyat-
~374-359 Ma Siljan (52 km) 361%+1.1 Ma; Dneiper-Donets volcanism

Alamo breccia (~100 km) ~360
Ma;
Charlevoix (54 km) 342+15 Ma

End-Ordovician
443.7+1.5 Ma

Several small poorly dated
impact
craters

End-lower Cambrian
513+2 Ma

Kalkarindji volcanic Province,
northern Australia 507F+4
Ma
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Table 2. Early Precambrian asteroid impact fallout units and impact

structures.

Geological unit

composition

Reference

3470.1+£1.9 Ma: ACM-1, Antarctic
Creek Member, Mount Ada Basalt,
Warrawoona Group, Pilbara Craton

Silica-sericite spherules in ~1 meter-thick
chert breccia/ conglomerate. Overlain by
felsic hypabyssal/volcanics

Byerly et al., 2002

3470.1+x1.9Ma: ACM-2, Antarctic
Creek Member, Mount Ada Basalt,
Warrawoona Group, Pilbara Craton

Silica-sericite spherules within ~14 meter-
thick chert, arenite. Overlain by ~ 10
meters-thick jaspilite overlying spherule
unit ACM-1

Byerly et al., 2002

3470.4+2.3 Ma: BGB-S1A & BGB-
S1B, upper Hooggenoeg Formation,
Onverwacht Group, Kaapvaal Craton

Two units of silica-chert spherules within
30-300 cm thick unit of chert and arenite.

Byerly et al., 2002

3258+3 Ma: BGB-S2, base of the
Mapepe Formation, Fig Tree Group,
Kaapvaal Craton

<310 cm-thick Silica-sericite spherules.
Overlain by Manzimnyama Jaspilite
Member:: BIF+ jaspilite +Ferruginous
shale (<20 m) and shale common above
BGB-S2

Lowe et al., 2003

3243+4 Ma to 3225+3 Ma: BGB-S3
and BGB-4, lower Mapepe Formation,
Fig Tree Group, Kaapvaal Craton

S3 - 10-15 cm-thick to locally 2-3 meters-
thick silica-Cr sericite-chlorite spherules,
overlain by ferruginous sediments of the
Ulundi Formation in the northern part of
the BGB.

S4 - 15 cm-thick arenite with chlorite-rich
spherules

Lowe et al., 2003

2629+5Ma (?): JIL, top Jeerinah
Formation, Fortescue Group,
Hamersley Basin.

Hesta - 80 cm-thick carbonate-chlorite
spherules and spherule-bearing breccia; 60
cm thick overlying debris flow. Overlain by
Marra Mamba Iron-formation, immediately
above ~60 cm-thick shale unit overlying
JIL

Simonson et al.
2000; Trendall et
al. 2004

2630+6 Ma, base of Carawine
Dolomite, Hamersley Group,
Hamersley Basin

Carbonate megabreccia-hosted
microkrystite spherules.
K-feldspar-carbonate-chlorite spherules in
tsunami-generated carbonate-chert
megabreccia.

Rasmussen et al.
2005

?2.63 Ga: Monteville Formation, West
Griqualand Basin, west Kaapvaal
Craton

5 cm-thick spherule layer. Carbonate
hosted

Simonson and
Glass, 2004

?2.56 Ga: Reivilo Formation, West
Griqualand Basin, western Kaapvaal
Craton.

1.8 cm-thick spherule unit. Carbonate-
hosted

Simonson and
Glass, 2004

2562+6 Ma: SMB-1, top of Bee
Gorge Member, upper Wittenoom
Formation, Hamersley Group,
Hamersley Basin

<5 cm-thick K feldspar-carbonate-chlorite
spherules in carbonate turbidite. Overlain
by Ferruginous siltstone (Sylvia
Formation), banded iron formations (Bruno
Member)

Simonson, 1992;
Trendall et al,
2004

2562+6 Ma: SMB-2,

top of Bee Gorge Member, upper
Wittenoom Formation, Hamersley
Group, Hamersley Basin

<20 cm-thick K feldspar carbonate-chlorite
spherules within turbidite. Overlain by
ferruginous siltstone (Sylvia Formation),
banded iron formations (Bruno Member)

Glikson, 2004;
Trendall et al.,
2004

24814 Ma: S4, Shale Macroband,
Dales Gorge Member, Brockman
Iron-formation, Hamersley Group,
Hamersley Basin

10-20 cm K feldspar-stilpnomelane
spherules at top of 2-3 meters of
ferruginous volcanic tuffs. Located 38
meters above the base of the Brockman
Iron-formation, Hamersley Basin.

Trendall et al.,
2004

~2.5-2.4 Ga: lower Kuruman
Formation, West Griqualand Basin,
west Kaapvaal Craton

1 cm-thick spherule unit overlain by 80 cm
breccia. Located 37 meters above base of
banded ironstones

Simonson and
Glass, 2004

2.023%4 Ga: Vredefort impact

Kamo et al., 1996.
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structure, Transvaal.

1.85-2.13 Ga: Graensco, Vallen, 20 cm-thick spherule unit. Carbonate- Chadwick et al.,
Ketilidean, southwest Greenland hosted spherules 2001

1850+1 Ma Sudbury impact Davis, 2008;
structure Addison et al.,
D~250 km 2005

Table 3. Geological elements associated with, or overlapping, asteroid impact ejecta
units

Impact event | Unconformiti | Breccia | tsunami Change in Igneous
es or para- Sedimentary Events (age
(Ga)
conformities facies overlap)
~3.47 Ga [1, 2] ? \Y Y Overlying jaspilite [2]
~3.26 [3, 4] Y Y \ Overlying turbidite and
BIF
~3.24 [4] Y Y \ Overlying turbidite and 3.227+1 KVP
BIF 3.236+1 NT
~2.63 (?) [5] ? \V \V Overlying BIF
~2.56 [6, 7] ? V Overlying Fe-Shale, BIF
~2.48 [8] \V Within BIF

Referneces: [1] Byerly et al., 2002; [2] Glikson et al., 2004; [3] Lowe et al., 2003;
[4] Glikson and Vickers, 2005 (KPV - Kaap Valley Pluton; NT - Nelshoogte Tonalite);
[5] Simonson et al., 2000; [6] Simonson, 1992; [7] Glikson and Vickers, 2006; [8]
Glikson and Allen, 2004.
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