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macroscopic fossils preserved mostly as casts and molds





on the Marinoan ice age include recent U-Pb dates of ca.

635.59/1.2 Ma (Hoffmann et al . 2004) and 6639/4 Ma

(Xiao et al . 2003) from ash beds within and beneath

glacial strata, respectively, and U-Pb ages of 635.29/0.6

Ma and 6219/7 Ma for zircons in ash beds within and

immediately above the cap carbonate that veneers

Nantuo tillites in southern China (Condon et al . 2005;

Zhang et al . 2005; see also Yin et al . 2005, who report an

age of 628.3�//�/5.8 Ma for an ash bed ‘near the base of

the Doushantuo Formation’). U-Pb dates also indicate

later glaciation of regional extent (Bowring et al . 2003).

Patterns of C-isotopic variation as well as the

lithological features of cap carbonates serve to distin-

guish among glacial deposits of differing ages (Kennedy

et al . 1998; Halverson et al . 2005). Thus, GSSP

placement above a Marinoan diamictite-bearing unit

in South Australia does not introduce intractable

problems of correlation �/ quite the opposite. Records

of Marinoan glaciation outside of Australia include the

Nantuo Formation in China (Wang et al . 1981; Jiang et

al . 2003a, 2003b), Laplandian deposits in Russia

(Chumakov 1990), the Ghaub Formation in Namibia

(Hoffman et al . 1998; Kennedy et al . 1998), the

Wilsonbreen Formation in Spitsbergen and its equiva-

lents in central East Greenland (Fairchild & Hambrey

1995), at least the upper part of the Blaini Formation in

India (Gupta & Kanwar 1981; Kumar et al . 2000; Jiang et

al . 2003b), and the Ice Brook Formation in north-

western Canada (Aitken 1991; Narbonne & Aitken 1995;

James et al . 2001). In contrast, the Moelv (Nystuen

1976; Knoll 2000) and upper Varanger diamictites in

Scandinavia and the Gaskiers Formation (Eyles & Eyles

1989) in Newfoundland appear to record a younger,

regional event centered on the peri-North Atlantic

(Halverson et al . 2005); U-Pb dates on ash beds below,

within, and above the Gaskiers Formation, indicate that

this short-lived event took place about 580 million years

ago (Bowring et al . 2003; Condon et al . 2005).

Biostratigraphy. �



Much the same can be said of other biostratigraphic

indicators. Among the oldest unambiguous records of

animal life are eggs, embryos, and camerate tubes found

in phosphorites of the Doushantuo Formation, China,

that lie stratigraphically above Nantuo diamictites (Xiao

& Knoll 2000; Xiao et al . 2000). Barfod et al . (2002)

obtained a Pb-Pb date of 5999/4 million years for the

fossiliferous beds, although in combination, carbon

isotopes and recent U-Pb dates on Doushantuo ash

beds suggest an age range of ca . 560�/580 Ma, over-

lapping with early Ediacara assemblages in Newfound-

land. Trace fossils and calcified megafossils (e.g.

Cloudina) are widely distributed in younger rocks of

terminal Proterozoic age, but have not been identified

unequivocally in rocks older than 555 million years

(Martin et al . 1999). While they may in time prove

useful in the subdivision of the Ediacaran Period, these

remains do not help to define its beginning. Diverse

assemblages of morphologically complex acritarchs are

also known from older Ediacaran rocks on several

continents (Fig. 1C, D; Vidal 1990; Jenkins et al . 1992;

Zang & Walter 1992; Zhang et al . 1998; Grey 2005), and

in Australia, at least, their stratigraphic distribution

allows for the recognition of several assemblage zones

(Grey 2005). But, once again, statistical evaluation of

first appearances yields large error bars. Stromatolites,

seaweeds, hydrocarbon biomarkers of algae, and pro-

karyotic microfossils all occur in terminal Proterozoic

rocks, but none provides a high resolution guide to

boundary definition.

In summary, then, fossils provide an increasingly

refined view of life just before the Cambrian explosion,



numerous studies have refined our understanding of

secular changes in the Neoproterozoic carbon cycle (for

a recent summary, see Walter et al. 2000). In particular,

the isotopic record of terminal Proterozoic carbonates is

well-established (e.g. Kennedy 1996; Kaufman et al.

1997; Calver, 2000; Halverson et al. 2005). It begins with

d13C values of ca. �/1 to �/3� that decline upsection

within post-Marinoan cap carbonates to values as low as

-8�, before beginning a climb to values as high as �/

8� (Fig. 3). In combination with unusual carbonate

depositional textures, barite deposition, and rising
87Sr/86Sr, this C-isotopic pattern provides a unique

geological signature of Marinoan deglaciation (Kennedy

et al. 1998; Halverson et al. 2005; Jiang et al. 2003a).

Even meter-thick caps deposited at high latitudes

contain the full range of C-isotopic variation documen-

ted in thick, low latitude sections, suggesting that the

variable thicknesses of cap carbonates in different areas



Fig. 4. Location map of the Enorama Creek locality (from Reid & Preiss 1999), with insets showing an enlargement of the proposed GSSP site and
location within a broader area of South Australia.
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Zone 54, 2748259/5 mE, 65312359/5 mN (GDA 94), or

318 19? 53.2ƒ S, 1388 38? 0.2ƒ E.

Access to Enorama Creek is by paved road from

Adelaide, the closest city with an international airport,

400 km to the south, and by well-maintained unpaved

roads within the Flinders Ranges National Park. It is less

than a day’s drive from Adelaide. The Flinders Ranges is

a tourist region visited by tens of thousands of people

every year. Motels, hotels, camping grounds and shops

are available in several places. The tourist resort at

Wilpena Pound provides a convenient local base.

Geological location. �/ The Flinders Ranges are made up

of rocks of the Neoproterozoic to Middle Cambrian

Adelaide Rift Complex (formerly Adelaide Geosyncline).

The geology of this region has been studied intensively

for more than a century. Geological maps at 1:250,000

and 1:63,360 scale (Dalgarno et al. 1964; Dalgarno &

Johnson 1965, 1966) are currently available from the

Geological Survey of South Australia (now Primary

Industries and Resources South Australia) and else-

where. The recently published second edition of the

PARACHILNA 1:250,000 geological map (Reid & Preiss

1999) with Explanatory Notes (Preiss 1999) incorpo-

rates the area of the proposed GSSP. There is a large

published literature on the region, including numerous

monographs. This has recently been synthesized in a

series of volumes (Preiss 1987, 1990, 1993). Color aerial

photographs and satellite imagery are readily available.

The Ediacara Biota (Fig. 1A, B) is generally regarded

as the prime distinguishing characteristic of the terminal

Proterozoic (no matter how such a unit might be

defined). With the single possible exception of a dubious

pennatulid-like fossil found 26 m below the base of the

Nuccaleena Formation at Horrocks Pass near Wilming-

ton (Dyson 1985), subsequently regarded as inorganic

(Jenkins 1986), and the contentious structure Bunyer-

ichnus dalgarnoi Glaessner low in the Wilpena Group

(see Fig. 5 for stratigraphic units), all known examples

of the Ediacara Biota in South Australia have been

described from the upper part of the Wilpena Group

(Jenkins 1995), with the best known members of the

assemblage being restricted to the Pound Subgroup in

the upper part of the Wilpena Group.

Searches for pre-Marinoan fossils of similar aspect in

this region and in central and northern Australia have a

history, and over the last 30�/40 years in particular such

searches have been repeated and intensive. None has

been found at these lower stratigraphic levels; nor have

sedimentological studies conducted over the same



Gawler Ranges west of the Flinders Ranges (Gostin et al .

1986; Williams 1986; Wallace et al . 1989; Grey et al .

2003). Acritarchs have also been found in the preserved

portion of this same interval on the intervening Stuart

Shelf, where the rocks are undeformed and have never

been deeply buried, and abundant drill core is available

(Zang 1997; Grey 2005; Grey et al . 2003). Most, and

perhaps all, convincing glaciogenic deposits known from

the Flinders Ranges and correlative units elsewhere in

Australia underlie the Wilpena Group and its equiva-

lents. The well known Sturtian glacial deposits substan-

tially pre-date the Wilpena Group (Preiss 1987, 1990;

Young & Gostin 1991; Preiss 1993), and the Marinoan

glacial deposits immediately underlie it (Mawson 1949;

Preiss et al . 1978; Preiss 1987, 1990, 1993; Lemon &

Gostin 1990).

The Marinoan Elatina Formation is of particular

significance for yielding the most convincing evidence

to date for continental glaciation at low latitude (7.58



and inferred that they might be of glacial origin.

However, the restricted distribution of these deposits

and their sediment gravity flow association cast doubt

on the glacial interpretation. Grey & Corkeron (1998)

proposed that the youngest glaciation in the Kimberley

region of northwestern Australia could be post-Mar-

inoan on the basis of correlation using the distinctive

stromatolite Tungussia julia. This correlation, however,

requires testing.

The Marinoan cap carbonate is a distinctive strati-

graphic unit located at the base of the Nuccaleena

Formation and locally within the correlative Seacliff

Sandstone. It is well exposed and readily mapped in the

Flinders Ranges over many hundreds of square kilo-

Fig. 7. Outcrop view of Enorama Creek section, showing the Nuccaleena cap carbonate overlying the uppermost diamictites. The right foot of the
geologist stands on the top of the uppermost diamictite bed; the GSSP falls within the layer on which his left rests, at a point where carbonate
cemented siltstone is topped by pure carbonate containing sheet cracks (see Fig. 7). At Enorama Creek, the uppermost dimictite is overlain by 0.85 m
of grayish red, very fine grained sandstone and siltstone with current ripples, parallel laminae and wavy laminae. Regional mapping places this unit
with the Elatina and separate from the precipitated carbonate layer above it.

Fig. 8. Closer view of GSSP level within Enorama Creek section. GSSP level is just below the mid-point of the fourth paleomag drill hole from the
bottom, where carbonate cemented siltstone is overlain by sheet-cracked carbonate.
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meters. The carbonate is typically no more than a few

meters thick and is composed primarily of finely

laminated cream and pink microspar and dolomicrite

(Plummer 1979; Williams 1979; Preiss 1987, 1990, 1993;

Lemon & Gostin 1990; Dyson 1992; Kennedy 1996;

Calver 2000). The most common facies consists of

normally graded event layers (turbidites), in places

arranged into constructional meter-scale tepee-shaped

structures aligned parallel with paleocurrents (Fig. 2).

Less common, but found widely within the Nuccaleena

and cap carbonates in general, are facies characterized by

abundant sheet cracks, bedding disruption, brecciation,



Permission must be obtained for rock and fossil

sampling, and with the international ratification of the

GSSP, conservation regulations will be strictly enforced.

Current access is by a well-maintained unsealed road

that passes within 100 m of the GSSP.

Principal correlation events at the GSSP level. �/ Three

distinct but causally related events mark the initial GSSP

of the Ediacaran Period. First is the rapid decay of

Marinoan ice sheets, clearly observed locally but docu-

mented globally. Second is the onset of sedimentologi-

cally, texturally, and chemically distinct cap carbonates,

again recorded clearly in the GSSP but observed

throughout the world. And third is the beginning of

the distinctive pattern of secular change in carbon

isotopes recorded in the cap carbonates, like the other

events documented globally.

Demonstration of regional and global correlation. �/ The

level of the GSSP is recognizable throughout the central

and northern Flinders Ranges of South Australia as the

base of the Nuccaleena cap carbonate (Preiss 1987). In

the southern Flinders Ranges and Mount Lofty Ranges

near Adelaide, the Nuccaleena is thought to pass

laterally into the Seacliff Sandstone and correlative

strata, which appears locally to occupy incised valleys

cut into the underlying glacial deposits (Dyson & von

der Borch 1994; Christie-Blick et al. 1995). In those

sections, according to the way in which the GSSP is

defined above, the base of the Ediacaran System

corresponds approximately with the lowest dolomite,

typically no more than a few meters to tens of meters

below the top of the Seacliff Sandstone. In the Amadeus

basin of central Australia, the level of the GSSP

corresponds with the base of the cap carbonate at the

top of the glaciogenic Olympic Formation (Preiss et al.

1978; Kennedy 1996), and where the cap is missing,

approximately with the base of the Pertatataka Forma-

tion (marine siltstone comparable to the Brachina

Formation in the Flinders Ranges). In the eastern

Amadeus Basin, where the Olympic Formation inter-

tongues lithically with the Gaylad Sandstone (Field

1991; Freeman et al. 1991), the cap carbonate is cut

out by an unconformity that traces laterally into the

Gaylad. This same stratigraphic level corresponds in the

Ngalia Basin of central Australia with the cap carbonate

in the Mount Doreen Formation. Correlation with the

Kimberley region of northwestern Australia is currently

unresolved (Grey & Corkeron 1998).

A decade of intensive research on the cap carbonates

that lie above Neoproterozoic glacial deposits has

revealed consistent patterns of sedimentology, petrology,

and geochemistry that serve to unite caps of similar age

and separate caps related to the Sturtian, Marinoan, and

Moelv/Gaskiers ice ages (Kennedy et al . 1998; Halverson

et al . 2005). Marinoan-age glacial deposits lie above

older Neoproterozoic successions characterized by dis-

tinctive microfossils (Knoll 2000), carbonate C-isotope

compositions that change stratigraphically from

unusually positive values (to �/10�) to negative values

(�/5 to �/7�) just beneath the diamictites (Hoffman &

Schrag 2002; Halverson et al . 2004), and relatively low
87Sr/86Sr (Kaufman et al . 1993). Strata above Marinoan-

age glacial deposits contain different, but equally

distinctive microfossils (Knoll 2000), all known fossils

of the Ediacara Biota (Fedonkin 1990; Narbonne 1998),

distinctive C-isotopic profiles (Kaufman et al . 1997;

Walter et al . 2000), and much higher 87Sr/86Sr (Kauf-

man et al . 1993). Cap carbonates associated with

Marinoan-age glacial deposits characteristically have

C-isotopic profiles that decline upsection from their

base; an upsection transition from pinkish dolostones to

limestones, with barite deposits at the transition be-

tween lithologies; unusual sedimentary features that

include peloidal laminae, ‘pseudo-tepees’ interpreted by

some as aggradational oscillation megaripples, and

macroscopic crystalline precipitates (Kennedy 1996;

James et al . 2001; Hoffman & Schrag 2002; Allen &

Hoffman 2005). Caps associated with Sturtian glacial

deposits do not exhibit these features, nor do caps

(where present) above younger glacial deposits such as

the Gaskiers Formation in Newfoundland (Kennedy

et al . 1998; Myrow & Kaufman 1999).

With these features in mind, we suggest that rocks

deposited during the Ediacaran Period can be recog-

nized beyond Australia as follows (see Fig. 9 and



base of the Cambrian; and (8) the cap carbonate above

the Smalfjord Formation in northern Norway and

overlying strata up to the beginning of the Cambrian.

Age of the GSSP. �/ Datable igneous rocks have not been

identified in the terminal Proterozoic succession of the

Flinders Ranges. Attempts have been made to employ

Rb/Sr systematics on fine-grained siliciclastic rocks from

the adjacent Stuart Shelf, but the results are associated



a little earlier, when the first white pastoralists took up

lands in the far north western Flinders Ranges. Its

etymology links it to a place where water is or was

present close by or about, either in the sense of the

present or extending distantly into past wetter times. As

water is synonymous with life in the harsh, arid lands of
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strontium, carbon and sulfur in seawater, and some interpretative
models. Precambrian Research 100 , 371�/433.




