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Abstract

The role of asteroid and comet impacts as triggers of mantle–crust processes poses one of the fundamental questions in Earth science. I present
direct field evidence for close associations between impact ejecta/fallout units, major unconformities and lithostratigraphic boundaries in Archaean
and early Proterozoic terrains, including abrupt changes in the composition of volcanic and sedimentary assemblages across stratigraphic impact
boundaries, with implications for the nature and composition of their provenance terrains. As originally observed by D.R. Lowe and G.R. Byerly,
in the Barberton Greenstone Belt, eastern Kaapvaal Craton, South Africa, 3.26–3.24 Ga asteroid mega-impact units are closely associated with the
abrupt break between an underlying simatic mafic–ultramafic volcanic crust and an overlying association of turbidites, banded iron formations,
felsic tuff and conglomerates of continental affinities. Contemporaneous stratigraphic relationships are identified in the Pilbara Craton, Western
Australia. Evidence for enrichment of seawater in ferrous iron in the wake of major asteroid impacts reflects emergence of new source terrains,
likely dominated by mafic compositions, attributed to impact-triggered oceanic volcanic activity. Relationships between impact and volcanic
activity are supported by the onset of major mafic dyke systems associated with ~2.48 Ga and possibly the 2.56 Ga mega-impact events.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The role of large asteroid and comet impacts as triggers of
major tectonic, plate tectonic, thermal, magmatic and envi-
ronmental episodes (Price, 2001; Green, 1981; Grieve, 1980;
Hughs et al., 1977; Jones, 1987; Jones et al., 2002; Jones et al.,
2005; Alt et al., 1988; Oberbeck et al., 1992; Boslough et al.,
1994; Glikson, 2001; Glikson, 2005; Glikson, 2006; Ingle and
Coffin, 2004; Ivanov and Melosh, 2003; Glikson et al., 2004a,b;
Elkin-Tanton et al., 2004; Elkin-Tanton and Hager, 2005)
constitutes a fundamental question in Earth science. D.R. Lowe
and G.R. Byerly (Lowe et al., 1989; Lowe and Byerly, 1990)
identified a juxtaposition between three 3.26 and 3.24 Ga

impact ejecta/fallout units (S2, S3, S4) in the Barberton Green-
stone Belt (BGB), eastern Kaapvaal Craton, South Africa, and
the abrupt break between (A) 3.55 and 3.26 Ga mafic–
ultramafic volcanic crust (Onverwacht Group and Mendon For-
mation) (Figs. 1, 2) and unconformably overlying b3.26 Ga
turbidite, banded iron formation (BIF), felsic volcanic, and
conglomerate-dominated continental type association (Fig Tree
Group, Moodies Group), which includes the earliest observed
granite derived detritus. Glikson and Vickers (2006) correlated
the BGB 3.26–3.24 Ga impacts with contemporaneous
stratigraphic units in the Pilbara Craton, Western Australia
(Fig. 3). Here an abrupt break occurs between a 3.51–3.235 Ga
mafic–ultramafic sequence (Cooterunah, Warrawoona and
Sulphur Springs Groups, Pilbara Craton) and a b3.235 Ga
turbidite–felsic volcanic–BIF association and overlying con-
glomerates (Gorge Creek Group, de Grey Group), a boundary
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accompanied by multiple olistostromes overlain by siltstone
and ferruginous sediments (Fig. 4). A similar break occurs in the
western Pilbara Craton at ~3.27–3.25 Ga.

The significance of ferruginous argillite, jaspilite and BIF
which overlie 3.46, 3.26, 3.24, 2.63 and 2.56 Ga-old impact
ejecta/fallout units in the Pilbara and Kaapvaal Craton was
considered in terms of changes in provenance terrains as-
sociated with tectonic and magmatic effects of these impacts
(Glikson, 2006). Here I elucidate the field evidence for
geodynamic episodes triggered by impacts by Eros-scale
(D~30 km) asteroids in Archaean to early Proterozoic terrains,
with implications for the structure and evolution of the
Archaean and early Proterozoic Earth. Criteria for the iden-
tification of extraterrestrial impact ejecta units include presence

of microkrystite spherules (Glass and Burns, 1988) which
display inward-radiating quench textures, central-offset vesi-
cles, relic nickel-rich spinels, high siderophile and platinum
group elements (PGE) (Byerly and Lowe, 1994), high Ni/Cr and
Ir/Pd ratios (Glikson, 2007) and anomalous Cr isotopic ratios
(Shukolyukov et al., 2000; Kyte et al., 2003). Impact ejecta
units may be conformable, transgress different facies bound-
aries or overlie unconformities (Lowe et al., 1989; Lowe and
Nocita, 1999; Lowe et al., 2003). Quench-textured Ni-
chromites (NiOb23%) with high Co, Zn and V abundances
display disequilibrium crystallization and may contain nickel-
rich and PGE-rich micronuggets (Glikson, 2005; Glikson,
2007). Chondrite-normalized patterns display a marked deple-
tion in the volatile PGE species (Pd, Au) relative to refractory

Fig. 1. Geological sketch map of the SW Barberton Greenstone Belt, east Kaapvaal Craton, South Africa, showing distribution of the S1, S2, S3 and S4 Impact
spherule units (Lowe et al., 2003) (courtesy D.R. Lowe and G.R. Byerly).
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species [Ir, Pt) which, excepting depleted mantle harzburgite,
are distinct from terrestrial PGE profiles (Glikson, 2007). Neg-
ative 53Cr/52Cr isotopic indices correspond to values of car-

bonaceous chondrites and K–T boundary impact fallout unit
(Shukolyukov et al., 2000; Kyte et al., 2003).

2. The 3.26–3.24 Ga impact cluster

In the Barberton Greenstone Belt (BGB), eastern Kaapvaal
Craton, the ~3.26 Ga S2 impact unit coincides with the base of
the clastic Mapepe Formation of the Fig Tree Group. The
~3.24 Ga S3 and S4 impact units occur within clastic sediments
and felsic pyroclastics 110–120 m above the basal contact of the
Fig Tree Group. In places the S3 impact unit is unconformable,
cutting into underlying Mendon Formation komatiites. The
~3.26 Ga S2 impact ejecta unit is overlain by 20-to 30-m-thick
banded ferruginous chert of the basal Mapepe Formation (Lowe
and Nocita, 1999; Lowe et al., 2003). These iron-rich
sediments, termed Manzimnyama Jaspilite Member, include
oxide facies BIF, jaspilite, hematite-rich shale and shale located
at lowermost stratigraphic levels of the Mapepe Formation. In
the southern part of the BGB the jaspilite is either separated
from the S2 unit by up to 50 m of terrigenous sediments and
felsic pyroclastics, or directly overlies the S2 impact unit. In the
northern part of the Barberton Greenstone Belt the ~3.24 Ga S3
impact spherule unit underlies iron-rich sediments of the Ulundi
Formation, including jaspilite, ferruginous chert and black chert
deposited under quiet deep-water conditions. By contrast
deposition of S2 and S3 unit in the Onverwacht anticline
zone, which formed an antecedent rise located between the
deeper basins to the northwest and southeast, took place under
high-energy shallow-water conditions, which likely precluded
colloidal precipitation of iron and silica, which may account for
the lack of iron-rich sediments in this sector (Lowe et al., 2003).

Evidence consistent with potential magmatic consequences
of the Barberton impact cluster is provided by U–Pb zircon ages

Fig. 2. Schematic stratigraphic section and isotopic ages of the Onverwacht
Group and Fig Tree Group, Barberton Greenstone Belt.

Fig. 3. Geological sketch map of the Pilbara Craton and Hamersley Basin.
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of the Nelshoogte trondhjemite (3236±1 Ma) and the Kaap
Valley tonalite (3227±1 Ma), which closely follow the S3
and S4 impact units (3243±4 Ma). The high precision of these
U–Pb zircon ages may imply that anatexis, segregation and rise
of plutonic magmas occurred within ~5–10.106 yrs from the

S3 and S4 impacts. The tonalite–trondhjemite geochemistry of
the granitoids suggests anatexis involved mainly mafic crustal
rocks.

In the Sulphur Springs area, central Pilbara Craton (Fig. 4A,
B), stratigraphic levels closely correlated with the BGB

Fig. 4. Olistostromes of the Sulphur Springs area, central Pilbara Craton. (A) Aerial photograph of part of the Sulphur Springs area, central Pilbara Craton. O1— lower
olistostrome; O2— upper olistostrome. For other geological units refer to part B, defined by the framed area in the aerial photograph. (B) Geological map of part of the
Sulphur Springs area (after (Hill, 1977)). MV — mafic volcanics of the Sulphur Springs Group; Rd — rhyodacite sills emplaced in the SSG; FS — ferruginous
siltstone; Ch1—Marker Chert at the top of the SSG; Ch2— chert at the top of the upper Olistostrome; O1— lower olistostrome; O2— upper olistostrome; FSV—
ferruginous siltstone including felsic pyroclastics; d— dolerite. (C) Photo-panorama showing the top Marker Chert of the Sulphur Springs Group (MC), olistostromes
(O1 and O2) and overlying ferruginous sediments (FS) and siltstone (S), looking southwest across Sulphur Springs Creek. (D) Aerial photograph displaying the
unconformity between the Kangaroo Cave Formation (KCF: 3235±5 Ma), top Sulphur Springs Group (3255–3235 Ma) and conglomerate and quartzite of the
Soanesville Group (SG: 3190±10 Ma). UNC— unconformity. (E) Aerial photograph displaying high-angle unconformity between the Wyman Rhyolite (WR: 3308±
4 Ma) and the Budjan Creek Formation (BCF: 3228±6 Ma), Kelly greenstone belt. UNC — unconformity.
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sequence which hosts the S2–S4 impact units include the mafic
to felsic volcanic Sulphur Springs Group (SSG: ~3255–
3235 Ma) and unconformably overlying conglomerate and
arenite (Soanesville Group: 3190±10), argillite, banded iron
formation and felsic tuff of the Pincunah Hill Formation (PHF)
of the Gorge Creek Group (Glikson and Vickers, 2006; Van
Kranendonk, 2000; Van Kranendonk et al., 2002; Van
Kranendonk et al., 2005; Van Kranendonk et al., 2006; Buick
et al., 2002; Hill, 1977). Locally a major olistostrome lens
~600 m thick overlies the unconformity, consisting of two to
three boulder to mega-boulder debris flows containing up to
250 m-large blocks of chert, argillite and felsic volcanics (Hill,
1977). Each debris flows is overlain by ferruginous argillite and
chert (Fig. 4C). Low-angle post-SSG unconformity is displayed
in the Sulphur Springs area (Fig. 4D) and high-angle
unconformity in Kelly greenstone belt, where the Budjan
Creek Conglomerate overlies mafic volcanics with a high
angular unconformity over Wyman Formation felsic volcanics
(3308±4 Ma) and Euro Basalt mafic volcanics (3395–
3325 Ma) (Fig. 5E) (Fig. 4E).

The following correlations pertain between the BGB S2–S4
impact fallout units and stratigraphic units in the central Pilbara
Craton (Fig. 5):

(A) The Leilira Formation (LF) — which consists of a basal
conglomerate, silici-clastic arenite, argillite, and felsic
volcanics dated as 3255±3 Ma at the base of the 2500–
3000 m thick SSG (Buick et al., 2002), correlates with
the 3258±3 Ma BGB-S2 impact ejecta unit. The LF
unconformably overlies volcanics of the 3.35–3.30 Ga
Kelly Group. The overlying komatiites and basalt of the
Kunagunarrina Formation are in turn overlain by basalt–

andesite–rhyolite of the 3235±5 Ma Kangaroo Cave
Formation (KCF), capped by a marker chert composed of
fine grained epiclastic and silici-clastic rocks. The SSG is
intruded by the co-magmatic 3238±3 Ma Strelley
Monzogranite laccolith.

(B) The 3235±5 Ma KCF is overlain unconformably by con-
glomerate, quartzite, turbidite, felsic volcanics and banded
iron formations of the Soanesville Group and the Gorge
Creek Group. The unconformity is correlated with strati-
graphic discontinuities associated with the 3243±4 Ma S3
and S4 impact units of the Mapepe Formation, BGB. In the
Soanesville area the SSG is overlain by chert, in turn
overlain by arenite and micro-conglomerate of the Cardinal
Formation (Van Kranendonk et al., 2005).

Arenites of the Soanesville Group unconformably overlap
and cut into the marker chert at the top of the SSG, indicating
older faulting. The Pincunah Hill Formation (PHF) of
ferruginous shale and felsic volcanics is overlain by BIF and
ferruginous shale of the Paddy Market Formation (PMF) (Van
Kranendonk, 2000). As in the Barberton Greenstone Belt, end-
SSG felsic volcanism is accompanied with major plutonic
activity which produced ~3.25–3.235 Ga granitoids of the
Cleland Supersuite in central parts of the Mount Edgar, Muccan
and Warrawagine batholiths (east Pilbara), Carlindi batholith,
Strelley Granite and Tambourah Monzogranite (central Pilbara).
In the west Pilbara Craton the break between mafic volcanics of
the Roebourne Group (Ruth Well Formation) and silici-clastic
deposits (Nickol River Formation) may be somewhat older at
3.27–3.25 Ga, and is likewise accompanied by plutonic activity
(3.27–3.26 Ga Karratha Granodiorite) (Van Kranendonk et al.,
2002). The BIF units of the Gorge Creek Group may correspond

Fig. 5. Isotopic age correlations between 3.28 and 3.22 Ga units in the Kaapvaal Craton and Pilbara Craton. Solid squares and error bar lines—U–Pb ages of volcanic
and plutonic units; stars — impact ejecta layers; circled crosses — ferruginous sediments; MF — Mapepe Formation; UF — Ulundi Formation; NT — Nelshoogte
tonalite; KVG — Kaap Valley Granite; LF — Leilira Formation; KCV — Kangaroo Cave volcanics; EPG — Eastern Pilbara granites; NRF — Nickol River
Formation (including an older xenoclast); KG — Karratha Granite.
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to the 3243±4 Ma to 3225±3 Ma age range of BIFs of the
Mapepe Formation of the Barberton Greenstone Belt.

Despite a long search in outcrop and drill cores, no impact
ejecta have been identified at the base of the Leilira Formation
or the Soanesville Group. Had microkrystite spherules settled in
these quartz rich conglomerates and arenites, they would have
been corroded and crushed in the high-energy environment.

3. Significance of iron enrichment of sea water associated
with asteroid mega-impact events

The ~3.47 Ga impact fallout unit of the central Pilbara
Craton (Lowe et al., 1989; Byerly et al., 2002; Glikson et al.,
2004a,b), hosted by the Antarctic Chert Member at the base of
the Apex Basalt, Warrawoona Group, is overlain by a distinct
regional jaspilite marker unit which can be traced around the
North Pole dome (Van Kranendonk, 2000). The jaspilite,
correlated with the Marble Bar Chert of the Towers Formation,
near Marble Bar, varies in thickness from under 0.5 m in the
western part of the North Pole dome to a total of over 10 m in
the eastern part of the North Pole dome to near-100 m in the
Marble Bar area about 40 km to the east. The jaspilite is
intercalated with carbonated felsic to intermediate tuffs and
derived sediments. No iron-rich sediments are reported from
above the contemporaneous S1 impact spherule unit of the
Hooggenoeg Formation, Barberton Greenstone Belt (Lowe
et al., 2003).

The identification of the Jeerinah Impact Layer (JIL), a
6 mm-thick lamina of microkrystite spherules above argillite–
chert sequence of the Jeerinah Formation at Ilbiana Well, was
followed by the discovery of an outcrop at Hesta siding,
Newman–Port Hedland railway line (Simonson and Glass,
2004; Hassler et al., 2005; Glikson, 2004; Simonson et al.,
2000; Simonson and Hassler, 1997). JIL constitutes an up to
60 cm-thick unit of microkrystite spherules and spherule-
bearing rip-up clast breccia located above argillite and chert of
the Jeerinah Formation and overlain by boulder-size debris flow
(Fig. 6). The age of JIL is constrained by U–Pb zircon date of
2629±5 Ma of an overlying volcanic tuff (Trendall et al., 2004)
and U–Pb age of 2684±6 Ma from the base of the underlying
Jeerinah Formation (Arndt et al., 1991). The age of the
overlying Marra Mamba Iron Formation is indicated by a U–Pb
zircon age for its uppermost member (Mount Newman Mem-
ber — MNM) of 2597±5 Ma (Trendall et al., 2004). The age
gap of ~20.106 yrs between the JIL and MNM signifies long-
term deposition of the ferruginous sediments or, more likely,
discontinuous deposition and presence of undetected deposi-
tional gaps (paraconformities) between the JIL and the banded
iron formations or within the Marra Mamba Iron Formation.

A 20–30-m-thick microkrystite and microtektite-bearing
carbonate-chert stratiform megabreccia (CMB) unit, identified
by Simonson (1992) at the lower part of the Carawine Dolomite,
extends over a distance of nearly 100 km northwest–southeast
between Ripon Hills and Warrie Warrie Creek, eastern outlier of
the Hamersley Basin (Glikson, 2004) (Fig. 3). The megabreccia
is located about 30–100 m above the contact with underlying
siltstone of the Jeerinah Formation, where crystal tuff was dated

as 2630±6 Ma (Rasmussen et al., 2005). The megabreccia is
either excavated into, or conformably overlies, layered
carbonate (Glikson, 2004), and consists of chert and dolomite
fragments and up to 7 m-large blocks derived from the
underlying carbonates and chert-rich dolomite. Locally the
megabreccia is only ~5–10 m thick. The top of the megabreccia
pile is marked by several centimetres-thick lenses of micro-
krystite spherules and microtektites. Isolated spherules occur
within the breccia piles, mainly in downward-injected veins.
Carbonate sequences underlying the CMB vary from about
100 m thick in the northwest Ripon Hills, to about 30 m in the
southern Ripon Hills, to a few tens of metres in the southern part
of the Warrie Warrie belt.

The CMB was initially regarded as a tsunami facies of the
~2.56 Ga Spherule Marker Bed (SMB) of the central Hamersley
Basin, due to their associated carbonate facies sediments and Pb
isotope age (Simonson, 1992). However, unless the Jeerinah
Formation and the CMB are separated by an undocumented
depositional gaps, the age overlap between the JIL (2629±
5 Ma) and the sub-CMB tuff (2630±6 Ma) militates for a
correlation between stratigraphic levels immediately below the
Marra Mamba Iron Formation and the base of carbonate facies
in the eastern Hamersley Basin (Hassler et al., 2005; Simonson
and Hassler, 1997). Alternatively, the JIL and CMB represent
separate, though geochronologically indistinguishable, impact
events. A possible equivalent of the CMB was identified in the
Transvaal Group, West Griqualand Basin, South Africa where
an impact layer occurs at lower parts of the thick carbonate
sequence of the ~2.6–2.65 Monteville Formation (Simonson
et al., 2006). Due to possible depositional gaps within strat-
igraphic sections in both, the Hamersley Group and the Trans-
vaal Group, as well as errors inherent in the isotopic ages, the
inter-continental correlation of the JIL and SMB remains un-
certain (Simonson and Glass, 2004), which leaves open the
possibility of distinct impact events.

The 2.56 Ga SMB (Simonson, 1992) forms a unique 10–
130 cm-thick black-weathering microkrystite and microtektite-
bearing turbidite at the top of the ~230 m-thick carbonate–
marl–siltstone sequence of the Bee Gorge Member, Wittenoom
Formation. It consists of centimetre-scale densely packed spher-
ule layers and discontinuous lenses overlain by decimetre-thick
graded and cross-layered turbidite units. The maximum age of
the spherules is defined by U–Pb ages on an underlying tuff unit
dated as 2565±9 Ma (Trendall et al., 2004). A possible equi-
valent of the SMB occurs in the ~2567 Ma Reivilo Formation,
West Griqualand Basin, Transvaal, located within carbonaceous
shale and stromatolitic carbonate about 250–300 m above the
Monteville impact layer (Simonson and Glass, 2004; Simonson
et al., 2006).

Further studies suggest that the SMB may include two
distinct impact cycles, each consisting of a discontinuous basal
layer or lenses of spherules overlain by Bouma-cycle turbi-
dites and/or cross-layered tsunami-type calcareous arenite, com-
monly including turbulence structures (Glikson, 2004). The
SMB extend for at least 325 km E–W throughout the
Hamersley Basin, over an area ~16000 km2, showing thick-
ness and facies variations from centimetre-scale layers and
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discontinuous lenses of densely packed spherules in carbonate-
argillite matrix to several decimetre-thick turbidite units with or
without dispersed spherules. The thickness of spherules gen-
erally decreases from north to south and from east to west.
Marked variations were observed between fully developed
~1 m-thick spherule-bearing turbidites, comprising two distinct
spherule-bearing cycles (SMB-1 and SMB-2), and thin
spherule-poor or spherule-free equivalents consisting of one,
two or three spherule-bearing and/or spherule-free turbidite
units.

Examination of the stratigraphy of the SMB suggests that the
impact unit coincides with the boundary between contrasted
lithological assemblages (Fig. 7), including:

1. An underlying sequence dominated by carbonate and cal-
careous siltstone, accompanied with minor shale, chert, felsic
tuff (Bee Gorge Member), and locally pockets of intra-
formational conglomerate and cross-layered turbidites,
including rip-up clasts suggestive of tsunami effects. Sec-

tions in the Bee Gorge Member below the SMB have a high
ratio of calcareous siltstones+carbonate to siltlstone (~10 at
Wittenoom Gorge), including banks of near-pure carbonate,
which include chert intercalations.

2. An overlying sequence dominated by siltstone, chert, fer-
ruginous chert and minor calcareous sediments, with in-
creasing ferruginous components upward in the sequence
(Mount Sylvia Formation). The first few metres of sections
overlying the SMB have a ratio of ~2.5 calcareous siltstone
and siltstone to carbonate, grading upward into less cal-
careous siltstone and increasingly ferruginous sediments. At
Bee Gorge a calcareous bank about 20 m above the SMB
represents the stratigraphically uppermost manifestation of
carbonate facies.

The observed spatial and temporal association between
Archaean mega-impact ejecta/fallout units, lithological disconti-
nuities, unconformities, increased high-energy clastic sedimentation
and appearance of banded iron formations, is suggestive of

Fig. 6. Jeerinah Impact Layer (JIL), Hesta type section, central Pilbara Craton. (A) Columnar section of the Jeerinah Impact Layer (JIL) and host sediments (Glikson,
2004). (B) Railroad-side exposure at Hesta siding, central Pilbara, showing Jeerinah Formation siltstone (JS) and siltstone–chert (JSC), the Jeerinah Impact Layer (JIL)
and laterite-altered base of the Marra Mamba Iron Formation (M). (C) Boulder debris flow above JIL, containing tabular and rounded decimetre-scale fragments. Swiss
knife — 8 cm. (D) Basal rip-up clast breccia of JIL consisting of spherule-rich microbreccia (white) containing rip-up clasts of ferruginous siltstone (red).
(E) Microscopic view of spherule-rich breccia with rip-up clasts of ferruginous siltstone, showing K-feldspar-rimmed chlorite-cored microkrystite spherules and
feldspar-dominated microtektites (large fragment at the bottom). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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rejuvenation of source terrains and of enrichment of sea water in
soluble ferrous iron. Barring possible undocumented long-term
depositional gaps between the impact layers and the overlying BIF
and clastic sediments/BIF association, enrichment in iron has been
temporally associated with, and thus possibly related to, the impact
events. The absence of ferruginous sediments above impact
spherule-bearing Carawine megabreccia, east Hamersley Basin
(Simonson, 1992; Glikson, 2004), Monteville and Reivilo impact
layers, West Griqualand Basin, Transvaal (Simonson and Glass,
2004; Simonson et al., 2006) may be related to the stromatolitic
nature of the host carbonates, which likely formed in partly pro-
tected shallow reef environmentswhere high pH alkaline conditions
would preclude deposition of banded iron formations.

The origin of iron enrichment above 3.47 Ga, 3.26 Ga,
3.24 Ga, 2.63 Ga and 2.56 Ga impact layers and their associated
tsunami deposits may be interpreted in terms of mafic volcanic
and Fe-rich hydrothermal activity triggered by the impacts
(Glikson, 2006). The onset of detrital sedimentation following
the 3.26 Ga and 3.24 Ga impacts suggests enhanced high-
energy sedimentation derived from rejuvenated source terrains,
possibly due to impact-triggered seismic faulting. Mantle iso-
topic signatures recorded in banded iron formations of the
Hamersley Basin include positive εNd, values (+1.0±0.5)where-

as associated shale bands yield mixed continental–oceanic εNd
signatures (−0.9±0.6; Alibert and McCulloch, 1993). Iron
isotope 56Fe/54Fe signatures tend to cluster about the igneous
field, with departures attributed to diagenetic changes (Beard
et al., 2003). Ge/Si trace element studies suggest alternation
between volcanic or hydrothermal sources of the iron-rich bands
and continental weathering sources of silica bands (Hamade et al.,
2003). Decrease in carbonate sedimentation at the top of the
Wittenoom Formation and onset of BIF/chert/argillite deposition
of the Mount Sylvia and Mount McRae formations reflects
chemical changes from high pH conditions of carbonate (+minor
chert) precipitation to low pH conditions which allow transport of
ferrous iron. However, intermittent carbonate sedimentation
occurs above the Wittenoom Formation, including siderite-rich
carbonate units intercalated with banded iron formations. Fluc-
tuations between moderate Eh conditions, which allow oxidation
of ferrous to ferric iron, and low Eh conditions required for
deposition of reduced black shale, are manifest in the Mount
Sylvia and Mount McRae formations. Microbial mediation of
ferrous to ferric iron oxidation is supported by fine-scale stra-
tigraphic correlations of iron–silica microbands throughout the
Hamersley Basin (Trendall and Blockley, 1970; Cloud, 1973;
Morris, 1993; Konhauser et al., 2002).

Fig. 7. Bee Gorge section (see Fig. 3). Columnar section and outcrops of the Bee Gorge Member (BGM) of the Wittenoom Formation, Spherule Marker Bed (SMB)
and Mount Sylvia Formation; C— carbonate; M— marl and calcareous siltstone; H— chert; S— siltstone; F— ferruginous siltstone and chert. (A) A view of Bee
Gorge Creek section east of the opening of Bee Gorge. Arrow points to the location of the SMB. (B) Outcrop of the SMB overlain by siltstone, ferruginous siltstone
and minor carbonate. The brown bank at mid-distance is the uppermost carbonate unit in the section, overlain by ferruginous siltstone and Fe-chert. (C) Bee Gorge
Member: Calcareous siltstone (marl) including a carbonate layer (white). (D) Bee Gorge Member: carbonates (grey layers) and calcareous siltstone (red). (E) SMB:
Microkrystite spherule-bearing cross-layered turbidite. (F) Mount Sylvia Formation: Fe-chert layers (black) within ferruginous siltstone. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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4. Discussion: Magmatic and tectonic consequences of
mega-impacts

Correlations between the ages of large impact events and
mafic igneous events are hampered by statistical imbalance,
namely the large number of isotopically dated mafic igneous
events as contrasted with the few known Precambrian impact
events. Further, the mere overlap of isotopic ages does not
provide sufficient evidence for genetic relationships between
impact and volcanic events. The age of the SMB impact unit
(2565±9 Ma; Trendall et al., 2004) 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–Os ages (2576±1 Ma; Schoenberg et al., 2003).
The DGS4 (Dales Gorge Shale No. 4 Macroband) of the
Brockman Iron Formation (Simonson, 1992; Glikson and
Allen, 2004), dated at 2481±4 Ma and 2495±16 Ma (Trendall
et al., 2004), and the correlated Kuruman Iron Formation in the
Griqualand West Basin, South Africa (Simonson et al., 2006),
occur about 37 m above the base of these banded iron formation
sequences. Iridium mass-balance estimates of the ~20 cm-thick
DGS4 suggest an asteroid diameter on the scale of ~20
kilometres (Fig. 8) (Glikson and Allen, 2004). 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 km3 of basaltic magma intruding
an area N250,000 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 dike
swarm (Scotland), ~2.45–2.44 Ga Karelian layered mafic
intrusions, flood basalts, and dike swarms (Finland and Russia),
~2.42 Ga Widgiemooltha dike swarm and Jimberlana intrusion
(Western Australia), dyke systems in the Vestfold Craton
(Antarctica) and the ~2.42 Ga Bangalore dike swarm (Dharwar
Craton, India). The temporal coincidence of the ~2.48 Ga-old
Dales (DGS4)-Kuruman asteroid mega-impact with the onset of
global dyking events 2.48–2.42 Ga may be interpreted in terms
of impact-induced crustal fracturing.

To date suggested cause–effect relations between large
asteroid/comet impacts and igneous, tectonic or plate tectonic
events (Price, 2001; Green, 1981; Grieve, 1980; Hughs et al.,
1977; Jones, 1987; Jones et al., 2002; Jones et al., 2005; Alt
et al., 1988; Oberbeck et al., 1992; Boslough et al., 1994;
Glikson, 2001; Glikson, 2005; Glikson, 2006; Ingle and Coffin,
2004; Ivanov and Melosh, 2003; Glikson et al., 2004a,b; Elkin-
Tanton et al., 2004; Elkin-Tanton and Hager, 2005; Abbott and
Isley, 2002) have not been accompanied with field evidence.
Ivanov and Melosh (2003) placed constraints on the likeli-
hood of impact-triggered volcanic activity, referring to it as a
rare coincidence in Earth history. However, these authors also
state: “Indeed, a few giant impact events certainly occurred on
Earth in post-LHB history, and a few might have encountered
the fortuitous circumstances necessary for them to enhance
magma production.” (in Glikson et al., 2004b). The likelihood

of impact-triggered melting is increased in geothermally active
oceanic crustal regions. For an impact flux of craters of
DsN20 km (Ds=outer diameter) in the order of 4.3–
6.3.10−15 km−2 yr−1 (Shoemaker and Shoemaker, 1996) on a
post-3.8 Ga Earth occupied by N80% time-integrated oceanic
crust (McCulloch and Bennett, 1994), for a cumulative aster-
oid and crater size/frequency distribution ND α D10−1.8

(ND=number of craters of diameter D), some 360 craters
with DN100 km and some 40 craters with DN300 km would
form in oceanic basins (Glikson, 2001). A steeper size/
frequency distribution of ND α D10−2.2 (Neukum et al.,
2001) would result in 125–250 craters of DN100 km and 6–12
craters of DN300 km. The more conservative estimate implies
that, in so far as the 3.26 Ga, 3.24 Ga, 2.63 Ga, 2.56 Ga,
2.48 Ga, 2.03 Ga (Vredefort) and 1.85 Ga (Sudbury) impacts
correspond to craters of D≥300 km, the majority of very large
impact structures on Earth has at this stage been recorded.

For a present-day mid-ocean geotherm (25 °C km−1)
occupying ~10% of oceanic crust, assuming yet higher
Archaean geothermal gradients and possibly smaller-scale con-
vection cells and plate dimensions (Lambert, 1983), thin
(b5 km) crustal regions underlain by shallow asthenosphere
(b50 km) can be expected to have occupied perhaps a quarter of
the oceanic crust. Low-angle impacts in the deep ocean will be
partly to largely absorbed by the water column. A high-angle
impact by a ~20 km-diameter projectile on thin oceanic crust
underlying b2 km water depth would ensue in a 300±100 km-
diameter submarine crater. As originally modelled (Price, 2001;
Green, 1981), downward compression of the transient crater
followed by rebound of asthenosphere originally located at
~40–50 km would result in intersection of the peridotite solidus

Fig. 8. Correlation between Ir flux (in units of 10–4 mg cm−2) and diameter of
chondritic projectile (Dp), based on mass-balance calculations assuming mean unit
thickness, mean Ir concentration, and global distribution of ejecta. Unit symbols:
Rp (projectile radius)=√[Vp/ (4/3)π]; Vp=Mp/dp; Mp=FG/Cp; FG Earth=AE/
dS×TS×SEarth (Earth's surface area), where AE is measured element (E)
abundance in ejecta unit (in ppb); dS is mean density of ejected materials (mg/
cm3) (assumed as 2.65 g/cm3); CE=mass of element E (in mg/cm3);
(CE=AE×DS); TS=mean stratigraphic thickness of spherule unit (in mm);
FE=local mean flux of element E (in mg per cm2 surface; FE=CE×TS);
FG=inferred global flux (in mg/cm2) of element E; Cp=assumed concentration of
element E in projectile (ppb) (C1 chondrites have 450 ppb Ir); Mp=mass of
projectile; dp=assumed density of projectile (C1 chondrites' density=3.0 g/cm3).
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by rising mantle diapers and in rapid partial melting. In so far as
morphometric estimates (Grieve and Pilkington, 1996) may
apply to asthenospheric uplift, the amount of rebound may be
similar to that of a central uplift SU=0.086Ds1.03, namely
~30 km. However, such large degrees rebound, deduced from
craters formed in high-viscosity crust, may not apply to dense
low-viscosity asthenosphere.

Elkin-Tanton et al. (2004), Elkin-Tanton and Hager (2005)
modelled the magmatic consequences of very large impacts,
suggesting that a 300 km-radius crater excavating 75 km-thick
lithosphere will produce 106 km3 magma through instantaneous
in-situ decompression of the mantle and updoming of the as-
thenosphere, triggering longer-term mantle convection and
adiabatic melting, in particular under high geothermal gradients.
These volumes are similar to those estimated elsewhere (Ivanov
and Melosh, 2003). The short eruption spans of large volumes of
basalt in some instances (Decan: 2.106 km3 in 0.3 Ma; Emeishan:
9.105 km3 in 0.3 Ma; Siberian: 3–4.106 km3 in 0.4 Ma) are
consistent with volumes deduced by these authors for excavation
of large-radii impact craters. Impacts of this magnitude will have
world-wide effects for which “ample evidence could remain in the
rock record.” (Elkin-Tanton and Hager, 2005).

Ingle and Coffin (2004) suggested a possible impact origin for
the short-lived ~120 Ma Ontong Java Plateau (OJP). Jones et al.

(2002) and Jones et al. (2005) conducted hydrocode simulations
to test whether impact-triggered volcanism is consistent with the
OJP, using dry lherzolite melting parameters, a steep oceanic
geotherm and a vertical incidence by a dunite projectile (diameter
30 km: velocity 20 km/s). The thermal and physical states of target
lithosphere are critical for estimates of melt production. Model
calculations suggest impact-triggered melting in a sub-horizontal
disc of ~600 km-diameter down to N150 km depth in the upper
mantle forms within ~10 min of the impact, whereas most of the
initial melt forms at depths shallower than ~100 km. The volume
of ultramafic melt would reach ~2.5 106 km3, ranging from
superheatedmelts within 100 kmof ground zero to partial melting
with depth and distance. The total melt volume would reach
~7.5×106 km3 of basalt if heat was distributed to produce 20–
30% partial mantle melting.

The juxtaposition of S2–S4 Barberton impacts with the
fundamental boundary between the ~3.55–3.26 Ga Onverwacht
mafic–ultramafic volcanic sequence and the overlying Fig
Tree Group association of turbidite–felsic volcanic-banded
iron formation provides the first direct evidence for major
tectonic–magmatic effects of large impacts in terrestrial history.
The evidence suggests that the 3.26–3.24 Ga impact cluster
resulted in an abrupt termination of the protracted evolution of
greenstone-TTG (tonalite–trondhjemite–granodiorite) systems,

Fig. 9. A schematic model (not to scale) portraying the principal stages in asteroid impact-triggered cratering in simatic region of the Archaean Earth and ensuing
rearrangement of mantle convection patterns, seismic activity, faulting, uplift, formation of unconformities and igneous activity in an affected greenstone-granite
terrain. (A) 3.26 Ga — S2 impact: formation of a multi-ring impact basin by a 20 km asteroid impact, impact ejecta S2, seismically triggered faulting, mantle
convection underlying impact basin, secondary mantle cells, thermal and anatectic effects across the asthenosphere/lithosphere boundary and the MOHO below
greenstone-granite nuclei. (B) 3.26 Ga: Block faulting in greenstone-granite nuclei, rise of anatectic granites, S2 spherules preserved in below-wave base
environments. (C) 3.24 Ga — S3 and S4 impacts, ejecta fallout over below-wave base S2 ejecta and overlying sediments and over unconformities. 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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faulting, vertical movements and unconformities, and was ac-
companied by peak volcanic activity of the Sulphur Springs
Group and peak plutonic events in both the Kaapvaal Craton
(Nelshoogte and Kaap Valley plutons) and the Pilbara Craton
(Cleland plutonic suite). The full scale of the ~3.26–3.24 Ga
bombardment may not have been identified to date and the
3 recorded impact units may represent a minimum number.
Iridium and chrome isotope-based mass-balance calculations,
spherule size analysis and the ferromagnesian composition of
the impact ejecta suggest asteroids about 20–50 km-diameter
(Byerly and Lowe, 1994; Shukolyukov et al., 2000; Kyte et al.,
2003), resulting in impact basins in the range of 200–1000 km-
diameter, excavated in mafic–ultramafic crustal regions of the
Archaean Earth. A model consistent with these parameters and
experimental petrology (Price, 2001; Green, 1981) is summar-
ized in Fig. 9 in the following terms:

1. For an high-angle impact by a 20 km-diameter [Dp] asteroid, a
transient crater ~200 m in diameter and about 30 km depth
[d=1.5Dp] would form, penetrating through oceanic crust and
part of the shallow (~50 km) lithosphere, followed by rebound
ensuing in a complex crater of ~200–400 km diameter.

2. For geothermal gradients in the range of 12–25 °C/km, the
lithosphere–asthenosphere boundary, located about 100–
50 km depth, would be compressed downward by explosion
of the bolide, followed bydomal rebound and adiabaticmelting
producing volumes of ultramafic–mafic magma in the order of
several 106 km3 (Jones, 1987; Jones et al., 2002; Elkin-Tanton
et al., 2004). The origin of adiabatic melting paths depends on
both the geotherm and water content of mantle peridotite.

3. Melting takes place in 3 modes: A— shock vaporization and
melting of the projectile and associated crater materials; B—
decompression melting of crust and mantle; C — triggering
of asthenospheric convection (Elkin-Tanton and Hager,
2005). Modes A and B are of mainly local to regional
significance. However, impact by an asteroid N20 km in
diameter may have wider significance through triggering and
rearrangement of mantle asthenosphere convection patterns
on a regional to global scale (Fig. 9).

4. Initial effects of impact by a N20 km-diameter asteroid on
thin oceanic crust on neighbouring and distal greenstone-
granite nuclei would include seismic-triggered faulting, fall-
out of ejecta and tsunami. Triggering and reorganization of
mantle convection cells would be reflected by mafic to
ultramafic volcanic activity, enhanced geothermal gradients,
crustal anatexis producing felsic volcanic and plutonic
magma, faulting, uplift and resulting unconformities.

5. The thermal and igneous effects consequent on rearrange-
ment of mantle convection systems would affect greenstone-
granite nuclei. Block faulting, uplift and exposure of deep
crustal levels would result in erosion, represented by un-
conformities, and in high-energy sedimentation, including
turbidite and rudite. Exposure and denudation of mafic vol-
canic sequences, and possibly of impact-triggered mafic
volcanics, would result in enrichment of sea water in ferrous
iron under the low oxygen conditions of the Archaean hy-
drosphere and atmosphere.

Thesemodel predictions are consistent with field relationships
in the Barberton Greenstone Belt and correlated stratigraphy in
the central and western Pilbara Craton, as follows:

(1) ~3.255 Ga unconformable sediments and felsic volcanics
of the Leilira Formation are succeeded with major mafic
and ultramafic volcanic activity of the Sulphur Springs
Group;

(2) major faulting ~3235 Ma is evident from olistostromes in
the Sulphur Springs area;

(3) unconformities at the base of the S3 impact unit in the
Barberton Greenstone Belt cut deep into the underlying
Onverwacht Group (Lowe et al., 2003);

(4) plutonic granitoids of the Nelshoogte granite, Kaap
Valley granite and Cleland granite suite correlate with
the 3.26–3.24 Ga time span.

The field evidence militates for major tectonic movements
and igneous events concomitant with, and likely genetically
related to, Eros-scale impacts on the Archaean and early
Proterozoic Earth.
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