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Ediacaran ice-rafting and coeval asteroid impact, South
Australia: insights into the terminal Proterozoic
environment
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Earth and Environmental Sciences, University of Adelaide, SA 5005, Australia.

Isolated quartzose pebbles, clusters of quartz granules, orthogonal aggregates of poorly sorted
quartzose coarse sand, and ovoid pellets (!2 mm long) of quartz silt occur in hemipelagic marine
mudstone of the mid-Ediacaran Bunyeroo Formation exposed in the Adelaide Geosyncline (Adelaide
Rift Complex), and ovoid pellets of quartz silt in cores of the correlative marine Dey Dey Mudstone from
deep drillholes in the Officer Basin, South Australia. This detritus is interpreted respectively as dropstones,
dumps, and frozen aggregates dispersed by sea ice possibly of seasonal origin, and till pellets
transported by glacial ice. The ice-rafted material in the Bunyeroo Formation only has been
found510 m stratigraphically below and above a horizon of dacitic ejecta related to the 90 km
diameter Acraman impact structure in the Mesoproterozoic Gawler Range Volcanics 300 km to the
west. Furthermore, till pellets have been identified 4.4 to 68 m below distal Acraman ejecta in the Dey
Dey Mudstone4500 km northwest of the impact site. The Acraman impact took place at a low
paleolatitude (*12.58) and would have adversely affected the global environment. The stratigraphic
observations imply, however, that the impact occurred during, but did not trigger, a cold interval
marked by sea ice and glacial ice, although the temporal relationship with Ediacaran glaciations
elsewhere in Australia and on other continents is unclear. Release from the combined environmental
stresses of a frigid, glacial climate near sea-level and a major impact in low latitudes may have been a
factor influencing subsequent Ediacaran biotic evolution.

KEY WORDS: South Australia, Adelaide Geosyncline, Officer Basin, Ediacaran, ice rafting, glaciation,
impacts, evolution.

INTRODUCTION

The Ediacaran Period (!635–542 Ma) is a key interval in

Earth history, witnessing the first convincing appear-

ance of the Metazoa and major environmental changes

(Narbonne 2005; Vickers-Rich & Komarower 2007). The

‘Golden Spike’ brass plaque marking the Global Strato-

type Section and Point (GSSP) for the Ediacaran System

and Period is placed near the base of the early Ediacaran

Nuccaleena Formation in Enorama Creek in the north-

ern Flinders Ranges, South Australia (Figure 1; Knoll

et al. 2004, 2006; Preiss 2005; Williams et al. 2008). The
Ediacaran succession in South Australia holds evidence

of important biotic events: a prominent negative carbon

isotopic excursion (Calver & Lindsay 1998; Calver 2000),

the diversification of planktonic microfossils (Grey et al.
2003; Grey 2005), unusual hydrocarbon signatures

(McKirdy et al. 2006; Webster et al. 2007; Hallmann

et al. 2010), and the rise of the Ediacara biota (Preiss

1987a; Narbonne 2005). While fluctuations in sea-level

provided a background to these events (Preiss 2000), the

Acraman asteroid impact in South Australia (Gostin

et al. 1986; Williams 1986, 1987, 1994) strongly affected the

mid-Ediacaran environment (Williams & Wallace 2003;

Williams & Gostin 2005; McKirdy et al. 2006) and

possibly also the biosphere (Grey et al. 2003; Grey 2005).

The Acraman impact structure occurs in the Meso-

proterozoic (1592+ 2 Ma; Fanning et al. 1988) Yardea

Dacite of the Gawler Range Volcanics on the Gawler

Craton (Figure 1). The!25 cm thick Acraman impact

ejecta horizon (AIEH) of dacitic fragments is widely

distributed in mudstone *80 m above the base of the

mid-Ediacaran Bunyeroo Formation exposed in the

Adelaide Geosyncline (Adelaide Rift Complex) region

238–385 km east of Acraman (Figures 1 and 2; Gostin

et al. 1986, 1989; Wallace et al. 1996; Williams & Wallace

2003; Williams & Gostin 2005). A distal facies of the AIEH

has been identified in cores of the correlative Dey Dey

Mudstone from deep drillholes in the eastern Officer

Basin up to 541 km northwest of the impact site (Wallace

et al. 1989, 1996; Williams & Wallace 2003; Hill et al. 2004,
2007).

During initial mapping of the AIEH in 1983–1986 by

Vic Gostin, Peter Haines, Nick Lemon and Richard

Jenkins (all then from the University of Adelaide),

rare, isolated quartzite pebbles and quartzose granule
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clusters were observed in mudstone of the lower

Bunyeroo Formation in well-exposed sections over a

north–south distance of *35 km between the Bunyeroo

Creek area and Parachilna Gorge 300 km east of Acra-

man. This coarse detritus was observed only within an

interval of several metres below and above the AIEH,

with the quartzose lithologies being quite distinct from

the dacitic ejecta. The idea that the lonestones were ice-

rafted was supported by later detailed studies of the

Bunyeroo Formation and the Dey Dey Mudstone at and

near the AIEH. Here we discuss the evidence for ice-

rafting and its possible relationship to Ediacaran

glaciation elsewhere in Australia and on other con-

tinents, and consider the implications for the Ediacaran

environment and biotic evolution of the effects of an

asteroid impact during an interval of frigid climate and

glaciation.

EDIACARAN STRATIGRAPHY AND
GEOCHRONOLOGY IN SOUTH AUSTRALIA

Stratigraphy

Ediacaran strata in the Adelaide Geosyncline (Figure 2)

are part of the folded Neoproterozoic and early Paleozoic

succession that forms the Flinders Ranges in the north

and Mount Lofty Ranges in the south (Forbes & Preiss

1987; Preiss 1993, 2000). The terminal Cryogenian Elatina

Formation and equivalent units at the top of the

glaciogenic Yerelina Subgroup are disconformably to

unconformably overlain across most of the Adelaide

Geosyncline by the thin (commonly510 m), marine

Nuccaleena Formation ‘cap carbonate’ at a basin-wide

sequence boundary that marks the base of the Ediacar-

an Wilpena Group (Preiss 2000; Williams et al. 2008, 2010;
Schmidt et al. 2009). In the southwestern Adelaide

Geosyncline the Seacliff Sandstone is up to 340 m thick

and intertongues with the Nuccaleena Formation and

overlying Brachina Formation (Forbes & Preiss 1987;

Preiss 1993). Paleomagnetic evidence implies that the

sequence boundary at the base of the Wilpena Group

represents a break in deposition of up to several million

years (Schmidt et al. 2009).
The succeeding formations of the Wilpena Group

constitute two major upward-shallowing/coarsening

(transgresssive–regressive) cycles (Forbes & Preiss

1987; Preiss 1993, 1999, 2000; Haines 1988, 1990; Grey &

Calver 2007). The lower cycle commences with transi-

tion beds of mudstone and dolostone at the top of the

Nuccaleena Formation that pass upwards to mostly red

brown and minor olive green siltstone and mudstone

and local sandstone of the Brachina Formation (500–

1200 m), which accumulated in a marine-shelf setting.

The Brachina Formation passes upwards to the deltaic

and shallow-marine ABC Range Quartzite (500–2000 m)

at the top of the first cycle. A rise in relative sea-level

initiated the second major cycle, which commenced

with the deposition below storm wave base of mostly red

mudstone of the Bunyeroo Formation (400–700 m) in a

low-energy marine-shelf setting. The Bunyeroo Forma-

tion is followed by dolomitic and calcareous marine-

shelf and turbidite facies of the Wonoka Formation

(*500–700 m; Haines 1988, 1990). The shallow-marine

and estuarine Bonney Sandstone (255 m) and Rawnsley

Quartzite (413 m) complete the second cycle. Cambrian

deposits overlie the Wilpena Group with disconformity

or very low-angle unconformity.

The Ediacaran succession in the eastern Officer

Basin (Figure 2) generally is more argillaceous than

that in the Adelaide Geosyncline. The Dey Dey Mud-

stone (*200–600" m) in its lower part comprises red

brown mudstone with graded siltstone–mudstone lami-

nae deposited below storm wave base distally from

turbidite slope deposits (Calver & Lindsay 1998; Arouri

et al. 2000). The AIEH, which has a maximum thickness

of 7 mm in the lower Dey Dey Mudstone, provides a high

quality marker horizon between the two basins (Wallace

et al. 1989, 1996; Williams & Wallace 2003; Hill et al. 2004,
2007).

The Ediacaran successions in the Adelaide Geosyn-

cline and Officer Basin record other coeval events.

Canyons initiated in the Wonoka Formation and

the correlative Munyarai Formation were incised to

levels well below the AIEH (Figure 2). During Wonoka

deposition the Bunyeroo Formation and equivalents

were exposed along the eastern margin of the Gawler

Craton and subsequently overlain unconformably

by Cambrian strata, and extensional faulting in the

Figure 1 Map of South Australia showing the Acraman
impact structure and localities of the Acraman impact ejecta
horizon in the Bunyeroo Formation, Adelaide Geosyncline
region, and in the Dey Dey Mudstone, eastern Officer Basin.
Triangles indicate ice-rafted detritus and ejecta seen in close
stratigraphic proximity in outcrop, solid circles ejecta seen
in outcrop, and open circles ejecta recorded in drill core. 1,
Bunyeroo Gorge; 2, Brachina Gorge; 3, Parachilna Gorge; 4,
Munta 1; 5, Observatory Hill 1; 6, Murnaroo 1. The Ediacaran
GSSP is located in Enorama Creek 5 km east of Brachina
Gorge. Ejecta localities modified from Williams & Wallace
(2003) and Hill et al. (2004).
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Adelaide Geosyncline accompanied canyon incision

(Williams & Gostin 2000; Foden et al. 2001). The presence

of an unconformity between the Munyarai Formation

equivalent and Cambrian strata at the northwestern

margin of the Gawler Craton (Gravestock & Lindsay

1994) and contemporaneous extensional faulting suggest

that canyon incision in the Officer Basin was triggered

by slope failure during tectonic activity (Calver &

Lindsay 1998). These findings imply late Ediacaran

tectonism that exposed platforms on opposite margins

of the craton and triggered canyon incision in bordering

basins (Williams & Gostin 2000).

Geochronology

Few high-quality radiometric ages are available for late

Neoproterozoic strata in South Australia. The Elatina

glaciation has yet to be dated directly, although

Hoffmann et al. (2004) suggested an age of 635+ 1.2 Ma

based on U–Pb zircon dating of volcanic rocks associated

with the late Cryogenian, glaciogenic Ghaub Formation

in Namibia. Zhou et al. (2004) gave a maximum age of

663+ 4 Ma and Condon et al. (2005) a minimum age of

635.2+ 0.6 Ma for the Nantuo glaciation in China, which

they likewise thought was coeval with the Elatina

glaciation. Zhang et al. (2008) reported a SHRIMP U–Pb

zircon age of 636+ 4.9 Ma for a tuff near the base of the

Nantuo Formation. However, the global synchronism of

respective Cryogenian glaciations has yet to be demon-

strated (Allen & Etienne 2008), and further research is

required to verify the age of the Elatina glaciation.

Ages for the Ediacaran succession in South Australia

are limited to Rb–Sr whole-rock shale isochrons and

ages for detrital grains. Compston et al. (1987) obtained a

Rb–Sr isochron of 609+ 64 Ma for the Brachina Forma-

tion, which is a pooled mean of isochrons of 601+ 68 Ma

for the Brachina (Webb 1981; Webb et al. 1983) and

676+ 200 Ma for its stratigraphic equivalent on the

Stuart Shelf, the Woomera Shale (Webb et al. 1983).

Webb (1980) and Webb et al. (1983) provided a Rb–Sr

isochron age of 588+ 35 Ma for the Yarloo Shale on the

Stuart Shelf, equivalent to the Bunyeroo Formation.

Compston et al. (1987) excluded the data for three of the

seven samples analysed (Webb 1980; Webb et al. 1983)
that evidently were obtained from the basal part of the

Wonoka Formation, and provided a revised mean age of

593+ 32 Ma for the Bunyeroo Formation. Chemostrati-

graphy suggested to Walter et al. (2000) that an age of

*580 Ma for the Bunyeroo Formation may be a better

estimate.

Figure 2 Ediacaran stratigraphy of
the Adelaide Geosyncline and
eastern Officer Basin. The aster-
isks mark the stratigraphic posi-
tion of the Acraman impact ejecta
horizon (AIEH). Deep canyons are
incised from a correlative strati-
graphic level within the Wonoka
Formation and Munyarai Forma-
tion (see text). The bar scales are
approximate. Modified from Cal-
ver & Lindsay (1998) and Williams
& Gostin (2000).
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Haines et al. (2004) provided eleven 40Ar–39Ar ages for

detrital muscovite from the Bonney Sandstone, the

youngest being 601+ 17 Ma. A U–Pb age of 556+ 24 Ma

for a single zircon grain from the Bonney Sandstone

(Ireland et al. 1998) possibly records penecontempora-

neous volcanism (Preiss 2000) and provides a maximum

age for the overlying Rawnsley Quartzite, whose

Ediacara Member hosts the famous metazoan fossil

assemblage (Preiss 1987a). Martin et al. (2000) obtained a

U–Pb zircon age of 555+ 0.3 Ma for volcanic ash

interstratified with Ediacaran fossil-bearing shallow

marine strata in the White Sea region of Russia. They

suggested that taxa of the ‘White Sea Association’ and of

the type Ediacaran in South Australia are coeval, which

implies an age of *555 Ma for the Ediacara Member

near the base of the Rawnsley Quartzite.

The Acraman impact has not been dated directly, but

its age may be taken as mid-Ediacaran through correla-

tion with the Bunyeroo Formation (Gostin et al. 1986, 1989;
Williams 1986; Schmidt & Williams 1991, 1996; Williams &

Wallace 2003; Williams & Gostin 2005). Paleomagnetic

data for the Bunyeroo Formation provided a positive fold-

test (99% confidence level) and a paleolatitude of

15.7+ 6.58 for site-mean results and 15.0+ 2.28 for sam-

ple-mean results (Schmidt & Williams 1996).

ICE-RAFTING IN THE BUNYEROO FORMATION
AND DEY DEY MUDSTONE

Lonestones and granule clusters in the lower Bunyeroo

Formation only have been observed510 m below and

above the AIEH, being most common 1–2 m below that

horizon (Young 1995). This coarse detritus has been

found sporadically in exposures of the Bunyeroo Forma-

tion extending from the mouth of a tributary to Wilcolo

Creek, 1 km south of Bunyeroo Creek (latitude 31825.570S,
longitude 138833.770E) to the Parachilna Gorge section

*35 km to the north (latitude 31808.310S, longitude

138831.730E). The clasts comprise 2 mm, rounded quartz

granules and subangular to rounded pebbles 2–5 cm in

diameter (Young 1995). Pebble lithologies are siltstone,

sandstone and quartzite; no volcanic clast has been

identified. The pebbles occur in fissile, finely laminated

mudstone (shale) that shows no evidence of grading and

slumping. Laminae are partly compacted around the

pebbles. Scanning electron microscopy (SEM) of the

mudstone revealed that most detrital mica plates lie

along the lamination (Young 1995), implying hemipelagic

deposition (O’Brien et al. 1980). Figure 3a shows a 3 cm

diameter, subangular quartzite pebble situated 8.5 m

above the AIEH in a tributary near Bunyeroo Creek

(latitude 31824.950S, longitude 138833.520E). Ovoid pel-

lets!2 mm long, comprising poorly sorted quartz silt

in an ultrafine matrix, have been identified in mudstone

collected from *8–9 m above the AIEH in Bunyeroo

Creek near this locality.

A near-rectangular aggregate of poorly sorted quart-

zose coarse sand, with sharp margins and measuring

136 13 cm in plan (Figure 3b), was found exposed on the

upper surface of a mudstone bed 2 m below the AIEH

1.5 km north of Bunyeroo Creek (latitude 31824.340S,
longitude 138833.820E). Young (1995) observed patches of

rounded quartz granules and subrounded to rounded

lonestones, one measuring 4.06 2.6 cm, at the same

stratigraphic level near this locality.

The AIEH occurs in the lower Dey Dey Mudstone at

1884.36 m depth in Munta 1 well (Hill et al. 2006, 2007),
and microscopic examination was carried out on speci-

mens from 1952.13, 1941.92, 1923.04 and 1895.56 m depth

(Webster 2001). The specimen from 1923.04 m comprises

graded laminae and wavy wisps interpreted as oxidised

hemipelagic organic matter. All specimens contain

fresh feldspars, including plagioclase, and detrital micas

are common. Specimens from 11–68 m below the AIEH

contain ovoid pellets *200–700 mm long of poorly sorted

quartz silt in an ultrafine matrix (Figure 4). Similar

pellets have been identified in finely laminated mud-

stone 4.4 m below the AIEH at 283.96 m depth in

Murnaroo 1 well *73 km south of Munta 1.

Young (1995) concluded that the pebbles in the

Bunyeroo Formation were ice-rafted and deposited in a

quiet environment rather than vigorously transported

and deposited through slumping or gravity flows.

Compaction makes it difficult to discern if laminae

beneath the lonestones are penetrated, but such a

feature may be slight or absent below dropstones

(Ovenshine 1970). None of the pebbles we examined

exhibits surface striations, nor did SEM (Young 1995)

reveal surface features of the quartz granules ascribable

unequivocally to glacial abrasion.

The lack of slumps and graded bedding associated with

the coarse, quartzose detritus in the Bunyeroo Formation,

and the nature and variety of the coarse material itself,

militate against transport by density flows or downslope

mass transport of debris shed from diapirs within the

basin. Such diapirs are not in close proximity to the

exposures of the Bunyeroo Formation discussed herein,

the nearest diapirs being at least 10–18 km to the east

(Reid & Preiss 1999). Following the terminology of Gilbert

(1990), we interpret the lonestones as ‘drops,’ that is, ice-

rafted material deposited as single particles, and the

granule clusters as ‘dumps,’ agglomerations of more than

one particle. The orthogonal aggregate of coarse sand

(Figure 3b) is interpreted as an ice-rafted ‘frozen aggre-

gate,’ that is, sediment held together by interstitial ice

and released as a coherent block by disruption of the ice

raft. Such detritus is derived from sea ice that earlier had

been in contact with the shore (Gilbert 1990). The detritus

may have been rafted by non-permanent, seasonal sea ice,

as envisaged for the origin of dropstones in Mesozoic

strata in Australia (Frakes & Krassay 1992) and ice-rafted

material in middle Eocene deposits of the central Arctic

(Stickley et al. 2009).
The stratigraphic positions of the ovoid pellets in the

Bunyeroo Formation and Dey Dey Mudstone and their

lack of concentric zones indicate that the pellets are not

accretionary lapilli such as have been identified in debris

produced by several large impact events (Cannon et al.
2010). We interpret the ovoid pellets as till pellets, now

partly compacted. Till pellets can originate as fine-grained

sediment filling interstices in glacial ice and carried

seawards by icebergs, to be released as cohesive pellets

upon melting, as occurs in Glacier Bay, Alaska (Oven-

shine 1970). van der Meer (1993) and Piotrowski et al.
(2006) ascribed till pellets in Pleistocene tills in Europe to

862 V. A. Gostin et al.
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subglacial reworking and deformation. Till pellets have

been identified in other Precambrian glacial deposits, for

example from the Ediacaran in Norway (Nystuen 1976),

Cryogenian (Sturtian age) in South Australia (Link &

Gostin 1981) and Paleoproterozoic in Canada (Ovenshine

1970; Mustard & Donaldson 1987).

No dropstones were found in cores of the Dey Dey

Mudstone, but given their rarity in the Bunyeroo

Formation it is unlikely they would be intersected by

drilling. The presence of fresh feldspars and mica in the

Dey Dey Mudstone indicates limited chemical weath-

ering in the source region, which is consistent with a

frigid climate.

DISCUSSION

Mid-Ediacaran paleoclimate

The occurrence of detritus interpreted as dropstones,

granule clusters, frozen aggregates, and till pellets in

mudstones of the lower Bunyeroo Formation and lower

Dey Dey Mudstone implies the transport of detritus

by sea ice and glacial ice offshore from a source area (or

areas) with a frigid climate near sea-level. Possible

source areas suggested by the paleogeographic scenario

for South Australia in Bunyeroo times (Preiss 1987b, p.

401) include the exposed Stuart Shelf to the present west,

the exposed Curnamona Province to the present east,

and emergent diapiric islands within the marine basin.

However, the absence of dacitic fragments in the ice-

rafted material found stratigraphically above the AIEH

may imply a more distant source.

Importantly, Neoproterozoic strata in South Austra-

lia record three epochs of glaciation and frigid climate—

the middle to late Cryogenian Sturt glaciation (Coats &

Preiss 1987; Preiss et al. 2010), the latest Cryogenian

Elatina glaciation (Coats & Preiss 1987; Williams et al.
2008, 2010), and the mid-Ediacaran Bunyeroo cold

interval. Ediacaran glacial deposits are known else-

where in Australia. The Croles Hill Diamictite in

northwestern Tasmania (Calver et al. 2004) is up to

250 m thick and contains intercalations of laminated

siltstone and mudstone with dropstones, strongly sug-

gesting a glacial origin. The formation overlies rhyoda-

cite with a U–Pb zircon age of 582+ 4 Ma and is

succeeded by 10–50 m of red mudstone. The glaciogenic

Egan Formation in northwestern Australia is stratigra-

phically well above latest Cryogenian glacial deposits,

implying an Ediacaran glacial event in that region

(Corkeron & George 2001; Corkeron 2007). The age and

origin of other late Neoproterozoic diamictites in south-

eastern Australia are contentious. Cottons Breccia in

King Island, Tasmania, has been interpreted variously

as a glacial deposit of Ediacaran age (Calver et al. 2004)
and latest Cryogenian age (Hoffman et al. 2009) and an

Ediacaran gravity slump deposit (Direen & Jago

2008). A lenticular, sandy diamictite with associated

slump-folded sandstone stratigraphically above the

Wonoka Formation in the northern Flinders Ranges

was interpreted as an olistostrome (von der Borch &

Figure 4 Photomicrograph of a pellet of poorly sorted quartz
silt in an ultrafine matrix, interpreted as a partly compacted
till pellet, in mudstone of the lower Dey Dey Mudstone at
1952.13 m depth in Munta 1, eastern Officer Basin, South
Australia. Plane polarised light. Scale bar 500 mm.

Figure 3 (a) Quartzite pebble, interpreted as a dropstone, exposed on a vertical joint face in mudstone of the Bunyeroo
Formation 8.5 m above the Acraman impact ejecta horizon, tributary near Bunyeroo Creek, Flinders Ranges, South
Australia (latitude 31824.950S, longitude 138833.520E). Scale graduated in millimetres. (b) Near-rectangular aggregate of poorly
sorted quartzose coarse sand, interpreted as a frozen aggregate, exposed on a bedding plane of mudstone in the Bunyeroo
Formation 2 m below the Acraman impact ejecta horizon, 1.5 km north of Bunyeroo Creek (latitude 31824.340S, longitude
138833.820E). Scale graduated in millimetres.
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Grady 1982; Forbes & Preiss 1987) and as glaciogenic

(Dibona 1991).

Ediacaran glacial deposition and ice-rafting occurred

across much of Australia evidently in low (*10–158)
paleolatitudes (Figure 5), although it is unclear whether

these events were localised or related to more wide-

spread, synchronous glaciation. The Cryogenian Sturt

and Elatina glaciations in South Australia (Williams

et al. 2008, 2010; Preiss et al. 2010) also took place in low

paleolatitudes (*108; Schmidt et al. 2009) and were

followed by carbonate deposition. In contrast, carbonate

rocks do not overlie the level of ice-rafted material in the

Bunyeroo Formation and Dey Dey Mudstone (Figure 2),

the Croles Hill Diamictite lacks a cap carbonate (Calver

et al. 2004), and carbonate rocks associated with the Egan

Formation are lithologically distinct from those capping

Cryogenian glacial units (Corkeron & George 2001;

Corkeron 2007), being analogous to Phanerozoic warm-

water carbonate platform deposits. Indeed, Pazos et al.
(2008) observed that an absence of cap carbonates appears

to be a common feature of Ediacaran glacial deposits.

Gostin et al. (2008) suggested that Ediacaran glacia-

tions in Australia may correlate with the Gaskiers

glaciation, which has been dated at *580 Ma in

Newfoundland, Canada (Bowring et al. 2003). Kawai

et al. (2008) described ice-rafted dropstones in hemi-

pelagic mudstones with an age of *550–595 Ma in

Anglesey, UK, and likewise suggested they were depos-

ited during the Gaskiers glaciation. Interpreted glacial

deposits possibly related to the Gaskiers glaciation have

been also identified in the United States, China, Norway,

Scotland, Brazil and Uruguay (Alvarenga et al. 2007;

Etienne et al. 2007; Pazos et al. 2008; Pecoits et al. 2008).
However, in the absence of accurate radiometric ages

for these various glacial deposits, it is premature to

argue that they record a single glacial episode of

worldwide extent. Gaucher et al. (2004) proposed several

Ediacaran glacial events and Pazos et al. (2008) pointed
out the possibility of diachronism of the glacial deposits

and multiple glacial advances and retreats. Moreover,

post-Gaskiers glacial deposits have been reported in

Ediacaran successions in Namibia, Uruguay, West

Africa and Central Asia (Gaucher & Germs 2008;

Chumakov 2009). The uncertainty in correlation of

Ediacaran glacial deposits emphasises the necessity of

accurately dating the Bunyeroo Formation and Dey Dey

Mudstone, which would best be accomplished through

dating the Acraman impact.

It should be noted that the Ediacaran glacial events

in Australia and other continents occurred during the

Marinoan Epoch (Preiss 1987b), which as defined in

South Australia encompasses both the late Cryogenian

and the Ediacaran (Williams et al. 2008). Hence, the term

‘Marinoan glaciation,’ as widely applied to late Cryo-

genian glaciation, is ambiguous, and its use should be

discontinued.

MAGNITUDE AND ENVIRONMENTAL EFFECTS OF
THE ACRAMAN IMPACT

The magnitude and potential environmental effects of

the Acraman impact were discussed by Williams &

Wallace (2003) and Williams & Gostin (2005).

Acraman has undergone deep erosion since the

impact in the Ediacaran. Apatite fission track data for

shattered dacite from the centre of Acraman (Williams

1994) and for the Gawler Craton (Kohn et al. 2002)

suggest *3 km of erosion since 300 Ma. If a relatively

high paleogeothermal gradient is assumed for the

Gawler Craton in the late Paleozoic, *2 km of erosion

since 300 Ma is suggested. Hence, total erosion probably

well exceeds 2 km, consistent with geological observa-

tions that the present level of erosion is below the

original crater floor.

The shattered nature of dacite exposed within the

circular, 30 km diameter Acraman Depression marking

the impact site indicates that bedrock below the

depression is strongly disrupted and hence readily

weathered and eroded (Williams 1994). Outcrop near

the centre of the depression exhibits shatter cones and

planar deformation features in quartz grains; such

shock effects are confined to the centre of a large

impact structure and attenuate radially and with

depth (Grieve & Pilkington 1996). The diameter of the

Acraman Depression provides a minimum estimate

of the extent of the transient cavity. Faults do not

border the depression, hence faults marking the rim of

the final collapse crater must be located at a greater

diameter.

Grieve (1988) noted that erosion reduces the surface

expression of the transient cavity of an impact struc-

ture. He concluded that the original diameter of the

transient cavity at the 368 Ma Siljan impact structure

Figure 5 Ediacaran ice-rafted and glacial deposits in
Australia (triangles), the Acraman impact structure (dot)
and known limit of its ejecta blanket (stippled circle, radius
540 km), and paleolatitudes based on paleomagnetic data for
the Bunyeroo Formation, other Ediacaran units in South
Australia, and paleomagnetic and aeromagnetic data for the
Acraman impact structure (Schmidt & Williams 1991, 1996;
Williams et al. 1996; Williams & Wallace 2003; Schmidt et al.
2009), employing the geographic polarity indicated for late
Neoproterozoic Australia (Li et al. 2008). 1, Bunyeroo
Formation; 2, Dey Dey Mudstone; 3, Croles Hill Diamictite
(Calver et al. 2004); 4, Egan Formation (Corkeron & George
2001; Corkeron 2007).
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in Sweden was 13–18% greater than the estimated

present diameter of 22–30 km for a depth of erosion of

1.5–2.0 km. Assuming a comparable mean rate of

post-impact erosion implies that the diameter of the

transient cavity at Acraman was *40 km, some 30%

greater than that of the Acraman Depression. Impor-

tantly, Williams & Wallace (2003) showed that plots of

thickness of the AIEH corrected for compaction vs
radial, unfolded distance from the centre of Acraman

indicate a transient cavity diameter of *40 km, employ-

ing the equation of McGetchin et al. (1973) that provides
a non-linear relationship among ejecta thickness, dis-

tance from crater centre and transient cavity diameter.

The final crater rim at Acraman may be marked by

the partly fault-controlled, arcuate Yardea Corridor at

85–90 km diameter, a valley conspicuous on digital

topographic data and satellite images (Williams, 1994;

Williams et al. 1996; Williams & Wallace 2003; Williams

& Gostin 2005). The lack of geological and topographic

evidence for concentric faulting in the zone between the

Acraman Depression and the Yardea Corridor refutes

the suggestion (Hawke 2003) of a final rim diameter

within that zone. Shoemaker & Shoemaker (1996)

claimed that the apparent lack of shock effects in

bedrock outside the Acraman Depression implies the

final crater at Acraman was unlikely to have been much

more than 30 km in diameter. However, obvious shock

effects would not be expected in the bedrock beyond the

Acraman Depression, because shock pressures of !1

GPa are generally accepted as marking the limit of the

transient cavity for terrestrial impact structures

(Grieve & Head 1983) and shatter cones are initiated

most frequently at shock pressures of 2–6 GPa (Grieve &

Pilkington 1996). Shoemaker & Shoemaker (1996) based

their opinion on a brief visit to Acraman in 1986, before

the acquisition of apatite fission track and other data

indicating deep erosion of the structure and sedimento-

logical study of the AIEH in the Adelaide Geosyncline

and its discovery in the Officer Basin.

Hence, geological, geophysical, geochronological and

topographic data for Acraman and the sedimentology of

the AIEH together indicate a deeply eroded complex

impact structure that originally had a transient cavity

*40 km in diameter and a final structural rim at

*90 km diameter (Williams & Wallace 2003; Williams

& Gostin 2005; Hill et al. 2007). Accordingly, Acraman

ranks among the largest 4% of known terrestrial impact

structures (Earth Impact Database 2009). The inferred

original dimensions of the Acraman crater match those

for other large terrestrial impact structures. The well

preserved Eocene Chesapeake Bay crater, USA, has a

transient cavity *40 km in diameter and a final crater

85–90 km in diameter (Poag et al. 2004; Catchings et al.
2008). The diameters of the transient cavity and final rim

for Acraman are in a ratio comparable with that for the

same structural elements of the Paleoproterozoic Vre-

defort impact structure in South Africa (Therriault et al.
1997). At Acraman, arcuate features at 150 km diameter

may mark disturbance beyond the final rim (Williams

1994; Williams & Gostin 2005); similarly, the 100 km

diameter, Triassic Manicouagan impact structure in

Canada has arcuate features at 150 km diameter (Grieve

& Head 1983).

The geochemistry of the AIEH suggests that the

impactor had a chondritic composition (Gostin et al.
1989). A 40 km diameter transient cavity could have

been formed by an asteroid 4.7 km in diameter and of

density 3500 kg m–3 (appropriate for a chondritic

impactor) travelling at 25 km s–1 (Williams 1994).

Paleomagnetic data for the Bunyeroo Formation, other

Ediacaran units in South Australia, and paleomagnetic

and aeromagnetic data for Acraman (Schmidt &

Williams 1991, 1996, 2010; Williams et al. 1996; Schmidt

et al. 2009) indicate that the impact occurred at a low

(*12.58) paleolatitude (Figure 5). The impact energy of

Acraman exceeded the threshold of 106 Mt (TNT) set by

Toon et al. (1997) for global catastrophe (Williams &

Wallace 2003). According to the data of Toon et al. (1997),
an impact of such magnitude would cause earthquakes

and ocean-wide tsunami far exceeding those of human

experience, possible destruction of the atmospheric

ozone shield, significant injections of stratospheric

water vapour, widespread fires, and the global dispersal

of a dust cloud that would lower light levels below those

required for photosynthesis. Given the low paleolatitude

of the Acraman impact, the resulting atmospheric

perturbations likely affected both the northern

and southern hemispheres (Williams & Wallace 2003;

Williams & Gostin 2005).

Implications for the Ediacaran biosphere

Carbon isotopic, palynological and biomolecular data for

the lower Bunyeroo Formation and lower Dey Dey

Mudstone indicate important changes in the Ediacaran

biosphere around the time of the Acraman impact. A

negative excursion of 4–6% in d13Corg for the lower Dey

Dey Mudstone in Munta 1 and Observatory Hill 1 (Calver

2000; Calver & Lindsay 1998) signals the collapse in

primary productivity of the impoverished cyanobacterial

and leiosphere palynoflora that survived the Elatina

glaciation (Hill et al. 2006; Webster et al. 2007) or,

alternatively, the impact-induced combustion of terres-

trial and littoral biomass (Hallmann et al. 2010). This was

followed by a slow climb in d13Corg although never to pre-

impact values, and the appearance and rapid diversifica-

tion of large, complex acritarchs after the Acraman

impact (Grey et al. 2003; Grey 2005; Willman et al. 2006;
Willman & Moczydlowska 2008). These acanthomorphs

included cyst-forming chlorophyte algae that gave rise to

the ethylcholestane-dominant sterane signatures of sedi-

ments above the AIEH in Munta 1 and Observatory Hill 1

(McKirdy et al. 2006).
The oldest dated Ediacaran fauna is the Avalon

Assemblage in Newfoundland, which is bracketed by

U–Pb zircon ages of 575.4+ 0.4 and 565+ 3 Ma for

volcanic ash beds (Narbonne 2005; Gehling 2007). In

Newfoundland, therefore, the oldest known complex

Ediacara-type fossils appeared *5 million years after

the Gaskiers glaciation (Narbonne 2005). In South

Australia, a rapid diversification of acritarchs closely

followed the mid-Ediacaran frigid climate and Acraman

impact, with metazoans first appearing at the top of the

Wonoka Formation several hundred metres above the

AIEH and reaching their acme with the classic Ediacara

biota near the base of the Rawnsley Quartzite
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(Sprigg 1947; Glaessner & Daily 1959; Glaessner & Wade

1966; Preiss 1987a; Jenkins 1995)41 km stratigraphi-

cally above the AIEH. Grey et al. (2003) suggested that

the Ediacaran acritarch diversification record in Aus-

tralia may be a recovery event following the Acraman

impact, and speculated whether the Acraman impact

may have implications for the subsequent radiation of

the Metazoa. Narbonne (2005) argued, alternatively, that

the explosive diversification of acritarchs and Ediacara-

type biota soon after the Gaskiers glaciation reflects the

release of environmental stresses in the post-glacial

world. It may be asked, however, why no comparable

biotic changes followed termination of the more severe

Cryogenian glaciations; the Elatina glaciation, for

example, had no observable effect on acritarch evolution

(Grey et al. 2003).
As suggested by McKirdy et al. (2006), the mid-

Ediacaran frigid climate as recorded in South Australia

and the Acraman asteroid impact fortuitously may have

severely stressed the extant biota. Release from the

combined environmental stresses of both a frigid

climate near sea-level and a major impact in low

latitudes may have been a factor influencing subsequent

Ediacaran biotic evolution.

CONCLUSIONS

The following points are made in conclusion. Isolated

quartzose pebbles, clusters of quartz granules, orthogo-

nal aggregates of poorly sorted quartzose coarse sand,

and ovoid pellets of quartz silt observed in mid-

Ediacaran marine mudstone in the Adelaide Geosyn-

cline (Bunyeroo Formation) and ovoid pellets of quartz

silt in correlative mudstone in the Officer Basin (Dey

Dey Mudstone) are interpreted as detritus that was ice-

rafted by sea ice possibly of seasonal origin and by

glacial ice.

. The ice-rafted material has been only found510 m

stratigraphically below and above dacitic ejecta

related to the 90 km diameter Acraman impact

structure in the Mesoproterozoic Gawler Range

Volcanics on the Gawler Craton.

. The stratigraphic relationships imply that the Acra-

man impact occurred during, but did not trigger, a

cold interval marked by sea ice and glacial ice.

. Paleomagnetic data for the Bunyeroo Formation and

paleomagnetic and aeromagnetic data for Acraman

indicate a low (*12–158) paleolatitude for the ice-

rafted material and the Acraman impact.

. An impact the magnitude of Acraman in low

latitudes would have adversely affected the mid-

Ediacaran global environment.

. Release from the combined environmental stresses of

a frigid climate near sea-level and a major impact in

low latitudes may have influenced subsequent Edia-

caran biotic evolution.

. Uncertainty in correlation of Ediacaran glacial

deposits in Australia and on other continents in-

dicates the desirability of accurately dating the mid-

Ediacaran frigid episode in South Australia through

geochronological study of the Acraman impact.
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