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Abstract 

The application of sequence stratigraphy to Neoproterozoic successions is important for improving the resolution of time- 
correlation within individual sedimentary basins and potentially at a global scale. The methodology is illustrated in this paper 
by reference to two contrasting examples from the Hinders Ranges (Adelaide geosyncline) of South Australia, where the 
younger part of the Neoproterozoic to earliest Cambrian succession ( ~ 770 Ma to ~ 540 Ma) has been divided into thirteen 
unconformity-bounded depositional sequences. One of the most prominent sequence boundaries, at or near the base of the 
Wonoka Formation, is characterized by a series of buried canyons as much as 1 km deep. High-resolution sequence-stratigraphic 
studies at Umberatana syncline continue to support the view that the canyons were cut subaerially and filled by fluvial and 
shallow-water sediments. In contrast to the Wonoka canyons, sequence boundaries interpreted at the base of the Nuccaleena 
Formation/Seacliff Sandstone and near the top of the ABC Range Quartzite are relatively subtle, with only limited evidence for 
erosion and valley incision. Four sequence boundaries, at the level of the Sturtian and Marinoan (Varanger?) glacial deposits 
and in the vicinity of the Precambrian-Cambrian boundary, are thought to correlate with surfaces in the Amadeus basin of central 
Australia. Other prominent sequence boundaries, including the Wonoka canyons and surfaces within the upper part of the 
Wonoka Formation and at the base of the Ediacara Member of the Rawnsley Quartzite, correspond with a relatively condensed 
section in the Amadeus basin, and their lateral persistence beyond the Adelaide geosyncline is therefore difficult to evaluate. 
Given the lack of precision in biostratigraphy and isotope geochemistry in Neoproterozoic rocks, and in a marked departure 
from Phanerozoic practice, we recommend placement of a terminal Proterozoic GSSP at a sequence boundary. A prime candidate 
in Australia is the sequence boundary at the base of the Nuccaleena Formation/Seacliff Sandstone, immediately above the 
Marinoan glacial rocks in the Adelaide geosyncline, and its likely correlative at or near the base of the Gaylad Sandstone in the 
Amadeus basin. 

1. Introduct ion  

The stratigraphic record is fundamentally discontin- 
uous, and this has profound implications for the inter- 
pretation of  Neoproterozoic earth history 
(Christ ie-Blick and Levy,  1985; Lindsay, 1987; Chris- 
t ie-Blick et al., 1988; v o n d e r  Borch et al., 1988). 
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Although approximate continuity has long been the 
practical paradigm in Neoproterozoic studies (e.g., 
Young, 1979; Christie-Blick, 1982; Preiss, 1987; 
Shanker and Mathur, 1992; Siedlecka and Roberts, 
1992; Xing, 1992), concordant strata are not necessar- 
ily conformable. Instead, subtle but objectively iden- 
tifiable unconformities are commonly present, 
especially in successions for which the average rate of  
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sediment accumulation is low ( < 10 m/m.y.) ,  and in 
some cases they represent significant breaks in sedi- 
mentation. Unconformities are more likely to be over- 
looked in strata of Neoproterozoic age than in 
Phanerozoic counterparts owing to poor biostrati- 
graphic resolution and the need to rely on physical 
stratigraphic evidence for breaks, evidence that is com- 
monly only locally developed. Most relevant to efforts 
at integrating diverse stratigraphic signals at a global 
scale is the fact that failure to recognize cryptic uncon- 
formities may result in the mistaken perception of syn- 
chrony and hence in the miscorrelation of 
biostratigraphic, geochemical, paleomagnetic or other 
"events" that are in reality of different ages. 

The study of sedimentary successions in terms of 
repetitively arranged facies and associated discontinu- 
ities has become known as sequence stratigraphy (Vail, 
1987; Van Wagoner et ai., 1988, 1990; Christie-Blick, 
1991a; Christie-Blick and Driscoll, 1995). It is a tech- 
nique that can be traced back to the work of Sloss et al. 
(1949), Sloss ( 1950, 1963) and Wheeler (1958), but 
which became widely employed only after the devel- 
opment of seismic stratigraphy, the stratigraphic inter- 
pretation of seismic reflection profiles (Vail et al., 
1977, 1984, 1991; Berg and Woolverton, 1985; Cross 
and Lessenger, 1988; Sloss, 1988; Christie-Blick et al., 
1990a; Van Wagoner et al., 1990; Vail, 1992; Christie- 
Blick and Driscoll, 1995). Amongst the earliest 
attempts to apply sequence stratigraphy to Neoproter- 
ozoic and Early Cambrian geology were studies begun 
in 1984 in the western United States (Christie-Blick 
and Levy, 1985, 1989; Link et al., 1987; Christie-Blick 
et al., 1988; Levy, 1991; Levy and Christie-Blick, 
1991 ; Levy et al., 1994), and at about the same time in 
the Flinders Ranges of South Australia (Christie-Blick 
and vonder  Borch, 1985; vonder  Borch et al., 1986, 
1988, 1989; Christie-Blick et al., 1988, 1990b; Gra- 
vestock and Hibburt, 1991; Mount and McDonald, 
1992; DiBona and vonder  Borch, 1993) and in the 
Amadeus basin of central Australia (Lindsay, 1987, 
1993; Lindsay and Korsch, 1989, 1991). Since the mid- 
1980s, sequence stratigraphy has become increasingly 
applied in Proterozoic and Cambrian geology in Can- 
ada (Grotzinger et al., 1989; Bowring and Grotzinger, 
1992; Myrow and Hiscott, 1993; Myrow, 1995), China 
(Qiao Xiufu et al., 1991; Wang Chengshu, pets. com- 
mun., 1993), Siberia (Pelechaty and Grotzinger, 

1993) and Africa (Deynoux et al., 1991; Saylor et al. 
1995). 

The purpose of this paper is to review how concepts 
of sequence stratigraphy can be applied to Neoproter- 
ozoic successions, to draw attention to some practical 
difficulties of the technique, and to discuss implications 
for an emerging global framework for Neoproterozoic 
time. Examples are drawn primarily from recent work 
in the Flinders Ranges (Adelaide geosyncline) of 
South Australia, which represents one of the areas 
being considered for defining a Global Stratotype Sec- 
tion and Point (GSSP) for the base of a new terminal 
Proterozoic system. 

2. Sequence stratigraphy in Neoproterozoic 
successions 

2.1. Conceptual framework 

The basic concepts and methodology of sequence 
stratigraphy are described in numerous articles, espe- 
cially Haq et al. (1987), Vail (1987), Baum and Vail 
(1988), Loutit et al. (1988), Posamentier and Vail 
(1988), Posamentier et al. (1988), Sarg (1988), Van 
Wagoner et al. ( 1988, 1990), Christie-Blick (1991a), 
Haq ( 1991 ), Mitchum and Van Wagoner ( 1991 ), Vail 
et al. (1991), Posamentier and James (1993) and 
Christie-Blick and Driscoll (1995). The fundamental 
unit is the "sequence", which is defined as a relatively 
conformable succession of genetically related strata 
bounded by unconformities and their correlative con- 
formities (Fig. 1; Mitchum, 1977; Van Wagoner et al., 
1988, 1990; Christie-Blick, 1991a). In this context, the 
term unconformity is restricted to those surfaces that 
are related (or are inferred to be related) at least locally 
to the lowering of depositional base level, and hence to 
subaerial erosion or bypassing (Vail et al., 1984; Van 
Wagoner et al., 1988). However, the term includes 
many surfaces that in classical stratigraphy would be 
described as disconformities or paraconformities 
(Dunbar and Rodgers, 1957) or ignored as insignifi- 
cant. Sequences are composed of systematically 
arranged "parasequences"--successions of geneti- 
cally related beds bounded by flooding surfaces and 
their correlative surfaces. Parasequences are most eas- 
ily recognized in nearshore deposits, where they tend 
to shoal upwards. Sequences are also divisible into 
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Fig. 1. Conceptual cross-sections showing stratal geometry, systems tracts and the distribution of siliciclastic facies within unconformity-bounded 
depositional sequences (modified from Vail, 1987; Christie-Blick, 1991a; Posamentier et al., 1992; Walker and Plint, 1992). The three examples 
depicted, passive margin (A), terraced shelf (B), and shallow ramp (C), represent depositional settings with progressively less physiographic 
differentiation and at progressively decreasing scale. Systems tracts: SMST= shelf margin; HST= highstand; TST=transgressive;  
LST= lowstand. Sequence boundaries (sb) : sb2 = type 2; sbl  = type 1. Other abbreviations: iss = interval of sediment starvation; 
ts = transgressive surface; iv = incised valley; lsw = lowstand prograding wedge; sf= slope fan; bff= basin floor fan. Note that in the seismic 
stratigraphic literature the term submarine fan includes a variety of turbidite systems and sediment-gravity-flow deposits that are not necessarily 
fan-shaped. 

" sys t ems  t racts"  associat ions of  facies composed of  
one or more  parasequences,  and they are defined on the 

basis o f  stratigraphic posi t ion and according to whether 
successive parasequences  tend to shoal or deepen 
upwards overall  (Fig .  1). Sequences  and parasequ- 
ences over lap in scale and in some cases their bound ing  
surfaces coincide.  As a practical matter, successions 
are divided as far as possible  into sequences,  and par- 
asequence te rminology  is used when  objective recog- 

ni t ion of  laterally persistent  sequence boundar ies  is no 

longer  possible. 
Much of  the early work in seismic and sequence 

stratigraphy was done in intracratonic and passive-mar-  
gin settings characterized by relatively simple patterns 
of  subsidence,  and in many  cases by a well  developed 
shelf  break. It has become increasingly clear that in 
detail sequences are of  variable character and origin,  
according to tectonic setting (and  subsidence his tory) ,  
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physiography of the depositional site, sediment type, 
terrigenous flux, and whether or not sedimentation was 
modulated by glacial-eustasy (Vail, 1987; Sarg, 1988; 
Van Wagoner et al., 1990; Reynolds et al., 1991; Green- 
lee et al., 1992; Walker and Plint, 1992; Holmes and 
Christie-Blick, 1993; Christie-Blick and Driscoll, 
1995; Driscoll et al., 1995). Most preserved Neopro- 
terozoic deposits accumulated in extensional, foreland, 
other intracratonic and passive-margin settings char- 
acterized by shallow depositional ramps lacking pro- 
nounced breaks in slope. These deposits correspond to 
the parts of Figs. 1A and 1B landward of the shelf break 
and/or to the shallow ramp illustrated in Fig. 1C. 
"Deep-water" syn-rift and early post-rift deposits and 
carbonate platforms with steep seaward margins, 
described by Preiss (1987), Ross (1991) and Myrow 
(1995) from the Neoproterozoic of North America and 
South Australia, are exceptions. 

2.2. Recognition of sequence boundaries in 
Neoproterozoic successions 

Objective recognition and tracing of sequence 
boundaries is fundamental to reliable sequence-strati- 
graphic interpretation. To the extent that Neoprotero- 
zoic rocks pose special difficulties, the following are 
some practical suggestions. 

( 1 ) At an outcrop scale, the most useful criteria for 
the interpretation of  a sequence boundary are: (a) 
evidence for subaerial exposure and~or erosion 
(incised valleys); ( b ) the presence of a facies discon- 
tinuity characterized by abrupt upward shoaling; and 
( c ) a change in the stacking pattern of parasequences 

from a forestepping to a backstepping motif ( Van Wag- 
oner et al., 1990; Christie-Blick, 1991a). Note that 
evidence for exposure (e.g., a paleosoi or vadose dia- 
genesis) is not sufficient if it cannot be demonstrated 
that base level was lowered during development of the 
surface, and evidence for erosion does not by itself 
require subaerial exposure. Also, in the absence of suit- 
able paleontological indicators, the interpretation of a 
facies discontinuity must depend entirely on physical 
sedimentological evidence, which introduces addi- 
tional uncertainties. Where a flooding surface amalga- 
mates with a sequence boundary (e.g., Fig. 1C), the 
prior history of the surface may be obscured. However, 
if in examining a section parasequences begin to back- 
step before an obvious sequence boundary is encoun- 

tered, it is worth going back down section a few metres 
to tens of metres and walking laterally. We have dis- 
covered several previously undocumented examples of 
incised valleys in this way. 

(2) Incised valleys differfrom fluvial or distributary 
channels in a normal shoaling-upward succession 
(Van Wagoner et al., 1990). Valleys are associated 
with a mappable surface, and their erosional relief is 
commonly greater than that of channels within the same 
succession. They are typically filled by a combination 
of fluvial and estuarine deposits, which in many Prot- 
erozoic examples are unusually coarse-grained and 
compositionally distinct from strata below the valley 
(Levy et al., 1994). Valley walls in some cases exhibit 
evidence for a hiatus in sedimentation between erosion 
and subsequent deposition (e.g., evidence that the wall- 
rocks were already consolidated or lithified, or the pres- 
ence of paleosols). 

(3) Sequences and sequence boundaries are most 
easily defined where shallow-marine and non-marine 
sediments intertongue, near the seaward margins of 
carbonate pla(forms, and where sequences and/ or par- 
asequences are strongly forestepping (regressive). In 
contrast, interpretation is commonly difficult in suc- 
cessions lacking significant facies variation, and where 
the overall motif is transgressive. 

(4) Sequence stratigraphy is undertaken most suc- 
cessfully where the structure is relatively simple and 
exposure is relatively continuous along strike. Ideas 
can be developed in a single measured section, but 
mapping of physical surfaces is required to test specific 
interpretations. Incised valleys, which are critical to the 
interpretation of sequence boundaries in ramp settings 
(iv in Fig. 1), may not be encountered in a random 
section. Mapping is needed also to sort out structural 
complications that might be missed in a measured sec- 
tion (Christie-Blick, 1991 b). Surfaces are traced most 
efficiently with the help of aerial photographs (ster- 
eopairs, at a scale of between 1:40,000 and 1:5,000) 
and, where cliff exposures are available, by means of 
photographic panoramas. 

(5) Thick stratigraphic sections ( > 5 km in the case 
of Neoproterozoic examples) provide the best oppor- 
tunity for resolving the greatest number of sequences. 
In thin stratigraphic sections, unconformity surfaces 
tend to amalgamate producing composite breaks. Con- 
trary to the conventional perception of unconformities, 
the abundance of sequence boundaries in a thick Neo- 
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proterozoic succession (such as in the Flinders 
Ranges) should be regarded as an indicator of the rich 
preservation of geological events rather than of the 
absence of stratigraphic completeness. 

3. Examples from the Neoproterozoic of South 
Australia 

Ongoing studies in the Neoproterozoic and Cam- 
brian of South Australia (Fig. 2) reveal the presence 
of numerous unconformity-bounded sequences in a 
succession that is as much as 15 km thick. Our current 
interpretation of sequences in the upper two-thirds of 
this succession is shown by means of a composite strat- 
igraphic section in Fig. 3. The numbering of sequence 
boundaries is informal, and included only for the sake 
of clarity. Sequence boundaries are referred for con- 
venience to conventional lithostratigraphic units, but 
the precise position of many boundaries varies at a 
regional scale along with both the lithic character 
(facies) and thicknesses of the units involved. The 
apparent abundance of sequence boundaries in the Wil- 
pena Group relative to the underlying Umberatana 
Group is in part a function of the greater field effort 
undertaken in the Wilpena Group, and in part due to 
the great thickness of rather monotonous siltstone and 
glacial-marine diamictite in the Umberatana Group. 
Much of our detailed work has been in the interval from 
the upper part of the Elatina Formation to the Wonoka 
Formation, and it is in this interval that our sequence- 
stratigraphic interpretations are best established. Inter- 
pretations for the interval between the Bonney 
Sandstone and Uratanna Formation are based largely 
on the work of J.G. Gehling, J.F. Mount and C. Mc- 
Donald (references in the figure caption) along with 
our reconnaissance of critical outcrops. Interpretations 
of the Umberatana Group are taken in part from the 
geological synthesis of the Adelaide geosyncline by 
Preiss (1987), in part from the work of G.M. Young, 
N.M. Lemon and V.A. Gostin on the glacial deposits, 
and in part from reconnaissance by the first author. 
Space restrictions preclude detailed documentation of 
the evidence, which has and will be published else- 
where. Included here are two examples from the lower 
part of the Wilpena Group that serve to illustrate the 
methodology and uncertainties in interpretation at 
regional to local scale. 

The rocks are not well dated (see summary in Chris- 
tie-Blick et al., 1990). The best constraint is a U-Pb 
zircon age of 802 _ 10 Ma on the Rook Tuff (Fanning 
et al., 1986), a unit that lies stratigraphically well below 
the Umberatana Group. In Fig. 3, we have tentatively 
assumed on this basis that the thick Sturtian glacial 
rocks in the lower part of the Umberatana Group are 
younger than about 770 Ma, an age that is consistent 
with an Rb-Sr date of 750 Ma from the overlying 
Tapley Hill Formation (Webb and Coats, 1980) and 
with the timing of widespread and purportedly coex- 
tensive glaciation in western North America (Hoffman, 
1991; Link et al., 1993; Powell et al., 1993). Given the 
large uncertainties in Rb-Sr dating of sedimentary 
rocks, a somewhat younger age for the base of the 
Umberatana Group is possible, perhaps as young as 
700 Ma. However, a recent suggestion that the Umber- 
atana Group might be younger than 650 Ma (Walter et 
al., 1995) is speculative, and requires most available 
dates from Australia to be disregarded, along with the 
proposed positioning of Australia with North America 
in the Proterozoic supercontinent Rodinia. The base of 
the Elatina Formation in the upper part of the Umber- 
atana Group is tentatively assigned an age of ~ 610 Ma 
on the assumption that the Elatina (Marinoan glacial 
unit) correlates at least in part with the Varanger glacial 
deposits of the North Atlantic region (Conway Morris, 
1989; Harland et al., 1990; Knoll and Walter, 1992). 
The main uncertainty in this now widely quoted age 
for the Varanger glaciation is that in the Avalon terrane 
of Newfoundland, where much of the U-Pb geochro- 
nology has been obtained, it is not clear whether the 
glacial rocks (Gaskiers Formation) represent the entire 
span or only part of the Varanger interval (Harland et 
al., 1990). It is therefore conceivable that the base of 
the Elatina Formation is either older than or younger 
than 610 Ma. The age of 545 Ma for the Precambrian- 
Cambrian boundary (Fig. 3) is taken from the recent 
work of Bowring et al. (1993) in Siberia. 

The Umberatana and Wilpena groups are each divis- 
ible into two major cycles of sedimentation. Each cycle 
is characterized by overall shoaling and/or upward 
coarsening, and informally numbered in Fig. 3 to draw 
attention to the gross characteristics of the succession. 
Episodic rifting during deposition of the lower part of 
the Umberatana Group (lower part of cycle 1 ) is indi- 
cated by pronounced lateral variations in stratigraphic 
thickness and by the development of angular uncon- 
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Fig. 2. Location map of the Adelaide geosyncline (from Preiss, 1987). Bold lines indicate selected prominent faults. Open squares represent 
outcrops with incised valleys or canyons within the Wonoka Formation (sequence boundary 9 in Figs. 3 and 5; from Christie-Blick et al., 
1990b). These are grouped into sites in the northern Flinders Ranges and southern Flinders Ranges (broken white lines). The striped line and 
filled squares represent the location of a stratigraphic cross-section for the interval from the Elatina Formation to the ABC Range Quartzite (Fig. 
7). Abbreviations: HC = Hallett Cove; K = Kulpara; AG = Alligator Gorge; A V= Aroona Valley; TG = Trebilcock Gap; MW= Maynards Well; 
BC = Bolla Bollana Creek. The inset (modified from Preiss and Forbes, 1981 ) shows the distribution in Australia of Archean to Mesoproterozoic 
crust (shaded) and of b&sins with appreciable thicknesses of Neoproterozoic sedimentary rocks (black), Cross-hatched ellipses within the inset 
map represent the distribution of the Wonoka canyons in the Adelaide geosyncline and of correlative features in the subsurface of the eastern 
Officer basin (from Sukanta et al., 1991 ). 
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formities (cf. Driscoll et al., 1995). In contrast, the 
succession above the Serle Conglomerate is character- 
ized by lateral stratigraphic continuity, and appears to 
represent predominantly post-rift sedimentation. One 
difficulty with this simple picture is that if the ages 
indicated in Fig. 3 are assumed, it is not possible to 
account for the thickness of the Wilpena Group solely 
in terms of post-rift thermal subsidence, given a thermal 
time constant for lithospheric cooling of about 60 m.y. 
(Parsons and Sclater, 1977). This means either that the 
base of the Umberatana Group is substantially younger 
than 770 Ma (not our preferred interpretation) or that 
an additional source of driving subsidence is required. 
Marked deepening during deposition of the Bunyeroo 
Formation and Uratanna Formation, corresponding 
with the termination of cycles 3 and 4, may indicate 
tectonic events, as yet poorly understood, but possibly 
related to the onset of crustal shortening and the devel- 
opment of a foreland basin to the north (W.V. Preiss, 
pers. commun., 1993). The termination of cycle 3 cor- 
responds with a major reorganization and northward 
tilting of the Officer basin ( Fig. 2; S ukanta et al., 1991 ), 
and is clearly not simply a function of eustatic change. 

3.1. Wonoka canyons 

A series of deeply incised valleys or canyons at or 
near the base of the Wonoka Formation (Figs. 2 and 4; 
sequence boundary 9 in Fig. 3) has been the focus of 
attention and controversy for more than a decade 
(Coats, 1964; Thomson, 1969; vonder  Borch et al., 
1982, 1985, 1989; Haines, 1987; Eickhoffet al., 1988; 
DiBona, 1989; Christie-Blick et al., 1990b; Jenkins, 
1990; Christie-Blick, 1993). These valleys were ini- 
tially interpreted as submarine canyons, cut and filled 
in a relatively deep marine setting. The discovery of 
evidence for shallow-water and perhaps fluvial depo- 
sition at the lowest levels of valleys as much as 1 km 
deep casts doubt on that interpretation, but the lack of 
evidence for subaerial exposure in areas where valleys 
are absent (e.g., Bunyeroo Gorge in Figs. 2 and 5), and 
which, at the time of erosion, would have been many 
hundreds of metres above sea level has prompted 
efforts to explain away the supposed shallow-water 
indicators. 

For the purpose of this paper, there is now little doubt 
about the scale of the erosional relief, and that correl- 
ative features are present over a broad region of the 

Flinders Ranges and at what is very likely the same 
horizon in the eastern Officer basin (Fig. 2) some 600 
km to the northwest (Sukanta et al., 1991). The ero- 
sional relief alone, an order of magnitude greater than 
typical incised valleys, argues for the presence of a 
sequence boundary. Although the inference of an 
abrupt lowering of base level depends critically on the 
interpretation of the canyon fill, the presence of frac- 
tured clasts of Brachina siltstone in Wonoka conglom- 
erate and breccia (Eickhoff et al., 1988) and map 
evidence for marked differential compaction where 
wall-rocks are composed of Brachina Formation are 
together consistent with the existence of a significant 
break in sedimentation (compare with criteria dis- 
cussed above). We elaborate on the facies evidence in 
the next section. 

One of the uncertainties in the sequence-strati- 
graphic interpretation concerns the precise location of 
the sequence boundary in areas removed from the can- 
yons. The Wonoka Formation in the central Flinders 
Ranges has been divided by Haines ( 1987, 1988, 1990) 
into a series of eleven informal lithic units (Fig. 5). At 
several localities in the northern Flinders Ranges, the 
canyon-cutting unconformity appears to rise in the stra- 
tigraphy to a horizon as high as the upper part of unit 
3 (Haines, 1987). Yet detailed sedimentological stud- 
ies in the reference section at Bunyeroo Gorge (Figs. 
2 and 5) reveal no evidence for a major discontinuity 
at this level, which consists everywhere of finely lam- 
inated calcareous siltstone and is amongst the deepest- 
water intervals of the Wonoka (Haines, 1990). In 
contrast, unit 5 consists predominantly of silty lime- 
stone inferred on the basis of hummocky cross-strati- 
fication and wave ripples to have accumulated in 
significantly shallower water, with the most marked 
facies change (abrupt shoaling) being localized at the 
base of the unit (Haines, 1987). We suggest on this 
basis that the sequence boundary may rise southward 
within the lithic stratigraphy from unit 3, through unit 
4 (only 150 m thick at Bunyeroo Gorge) to the base 
of unit 5 (Christie-Blick, 1993). This interpretation is 
consistent with available stratigraphic data, but admit- 
tedly difficult to test owing to the absence of appropri- 
ately continuous outcrop at the critical horizon. If large 
base-level changes were involved in the cutting of the 
canyons, it is also necessary to account for the apparent 
absence of evidence for subaerial exposure at the base 
of unit 5 at Bunyeroo Gorge. Among several possible 
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E X P L A N A T I O N  
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Diamictite and 
conglomerate 

WALL ROCKS OF 
WONOKA CANYON 
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UMBERATA;IA 
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GENERALIZED 
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Fig. 4. Generalized geological map of the Fortress Hill canyon complex in the Wonoka Formation at Umberatana syncline in the northern 
Flinders Ranges (see Fig. 2 for location), modified from von der Borch et al. (1985) and Eickhoff et al. (1988). The box in the centre of the 
figure represents the area recently studied in detail, and the source of stratigraphic data summarized in Fig. 5. 

factors are a relatively dry climate, relatively stable 

original mineralogy (e.g.,  low-magnesium calcite 
rather than aragonite) ,  exposure for only a limited time 
and /o r  the removal  of  evidence during subsequent 
transgression. The preserved record of  subaerial expo- 
sure in carbonate successions is commonly quite subtle 
(e.g., Garcia-Mond6jar  and Ferndndez-Mendiola,  
1993; Holmes and Christie-Blick, 1993). Although the 
Wonoka  canyons are unusual in many respects, they 
illustrate the general point that the character of  a single 
physical  surface may vary greatly from one place to 
another, and that apparent concordance even over large 

areas does not preclude the existence of  a very signifi- 
cant stratigraphic discontinuity. 

3.2. High-resolution sequence stratigraphy o f  the 

Wonoka canyons 

In an attempt to resolve some of  the continuing dis- 
agreements about the sedimentological significance of  
the Wonoka canyons, the first author has begun to re- 
evaluate the facies in a high-resolution sequence-strat- 
igraphic context, and initial results are summarized 
here as an example of  high-resolution studies. The best 
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from a series of 54 measured sections as indicated. Surfaces W1 to W9 are interpreted high-order sequence boundaries within the Wonoka 
canyon. Horizons a to x are other mapped surfaces, mainly flooding surfaces (parasequence and parasequence set boundaries). 

p rese rved  and best  exposed  canyon  is at Umbera t ana  

syncl ine  (Figs .  2 and 4; v o n d e r  Borch  et al., 1985; 

E i c k h o f f  et  al., 1988; Chr is t ie -Bl ick  et al., 1990b).  

There,  the W o n o k a  Format ion  crops  out in a series of  

three " i n c i s i o n s "  into the Brachina  Format ion  ( in  this 

area te rmed Ulupa  Si l t s tone) .  The Bunye roo  Forma-  
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tion and sub-canyon Wonoka Formation are preserved 
only locally above the Brachina on the shoulder of the 
northernmost incision (actually a double incision in the 
shape of a W) and locally on the southern limb of 
Umberatana syncline, the latter not shown in Fig. 4 
( v o n d e r  Borch et al., 1985; Eickhoff et al., 1988; 
DiBona, 1989). In places, the erosion surface cuts 
almost to the level of the Nuccaleena Formation, and 
relief in the preserved Brachina Formation alone is in 
excess of 500 m. An unusual feature of the Wonoka at 
this locality is that the incisions appear to correspond 
to successive oblique sections through a single sinuous 
valley, which is characterized by systematic changes in 
paleocurrent orientation from one incision to the next 
(von der Borch et al., 1985; Eickhoff et al., 1988). A 
total of 54 closely spaced, bed-by-bed sections have 
been measured along the northern part of the second 
incision (Figs. 4 and 5), and correlated by means of 
mapping at a scale of 1:10,000 of physical surfaces on 
stereopairs of enlarged colour aerial photographs. On 
the basis of this work, it is now evident that the canyon 
fill is highly cyclic and, we argue, composed of a series 
of high-order sequences and parasequence sets. A 
cross-section documenting one of the sequence bound- 
aries (W5) is shown in Fig. 6. 

The principal components of the canyon fill are cal- 
careous siltstone and sandstone, for the most part fine- 
to very fine-grained, and ranging from diffusely to 
well-stratified. Typical sedimentary structures in these 
rocks are flute casts and grooves, even parallel laminae 
with well-developed parting lineation, and three- 
dimensional current ripples and climbing ripples. Less 
common, although present throughout the lower 275 m 
of the succession in somewhat coarser-grained sand- 
stone, is large-scale trough cross-stratification. Ripples 
previously interpreted by Eickhoff et al. (1988) and 
Christie-Blick et al. (1990b) as due to combined flow 
(unidirectional flow with a superimposed oscillatory 
component) are now regarded by the first author as for 
the most part current ripples. However, rare examples 
of symmetrical ripples, in some cases with sharp crests, 
and with tuning-fork bifurcations in plan view, appear 
to be wave ripples or wave-modified ripples, as previ- 
ously reported. Subsidiary components of the canyon 
fill are carbonate--clast conglomerate/breccia and silt- 
stone-clast diamictite, especially along the northern 
margin of each incision. The conglomerate is important 
to the sequence-stratigraphic interpretation because, 

although some is relatively disorganized, particularly 
at the base of the succession, much is well-stratified to 
cross-stratified, with few of the attributes of mass-flow 
deposits (Walker, 1992). The diamictite, which is typ- 
ically disorganized, was derived by mass wasting of 
the canyon walls, and in places is interstratified with 
the other facies. The least abundant facies consists of 
thin beds of laminated silty micritic limestone. These 
are observed preferentially on the upper reaches of the 
canyons walls, but are now known to grade laterally 
within the canyon fill into cross-laminated calcareous 
siltstone (e.g., Fig. 6), and their distribution within the 
stratigraphy is reciprocal to the conglomerate and diam- 
ictite. Some of the limestone has laminae that are of 
possible microbial origin, and in places disrupted by 
gas- or fluid-escape structures. 

As recognized initially by K.-H. Eickhoff, several 
aspects of the Wonoka canyons seem to require depo- 
sition in a shallow-water environment (Christie-Blick 
et al., 1990b). Although our perception of the evidence 
has evolved in detail, the overall picture has survived 
close scrutiny. The main arguments are as follows. 

( 1 ) Paucity o f  mass-flow deposits. With the excep- 
tion of the diamictite and relatively disorganized con- 
glomerate near the base of the succession, very little of 
the canyon fill accumulated as a result of mass-flow 
processes. Much of the conglomerate is stratified to 
cross-stratified, and although associated sandstone and 
siltstone has some attributes of "event layers" (for 
example, sole marks), few if any beds resemble clas- 
sical turbidites with Bouma sequences, in spite of 
appropriate grain size (R.G. Walker and others, pers. 
commun., 1986). Rather, the event layers appear to 
have accumulated from turbulent streamflows under 
conditions of rapid but waning discharge. No dish 
structures or other fluid-escape features have been 
observed in sandstone associated with conglomerate in 
the Wonoka canyons, in contrast to numerous pub- 
lished examples of such features in mass-flow deposits 
elsewhere (Hein and Walker, 1982; Pickering et al., 
1989; Mutti, 1992; Stow, 1992; Walker, 1992). 

(2) Wave-influenced sedimentation. In spite of the 
reinterpretation by the first author of most previously 
interpreted wave-influenced structures as largely of 
current origin, consistent with deposition in a sinuous 
canyon system that would surely have been protected 
from significant wave activity, some sharp-crested 
symmetrical ripples appear to be vortex wave ripples, 
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Fig. 6. Details of stratal and facies relations at the level of sequence boundary W5 in the Fortress Hill canyon complex at Umberatana syncline, 
from relevant parts of sections 15 and 19 to 25 (see Figs. 4 and 5 for location). The distance between sections 15 and 25 is approximately 400 
m, measured from south to north, approximately perpendicular to the orientation of paleocurrents and towards the canyon wall, with slightly 
more than haif of this distributed between sections 15 and 19. Surface 9 is the canyon-cutting unconformity (see Fig. 3). Horizons j, k, l, m', 
m and o' are selected mapped para~quence boundaries. Column width indicates lithology and grain size, with abbreviations from the Wentworth 
scale (sl= siltstone; ~f to vc = sandstone range; g and cg = conglomerate range). Triangles indicate systematic grain-size changes (upward 
fining). Note the erosional relief and facies discontinuity at composite surface W5, and the lateral facies changes away from the canyon wall 
from silty limestone to calcareous siltstone, from conglomerate to sandstone, and from sandstone and siltstone to calcareous siltstone. The 
interval between horizons j and l thickens southward away from the canyon wall as a result of differential compaction. The interval from I to 
o' thickens anomalously towards the canyon wall, perhaps owing to regional northward tilting of the depositional surface. 

and  they s t rong ly  suppor t  the in te rpre ta t ion  o f  sha l low-  

wate r  cond i t ions .  

(3) High-order sequences. C o n g l o m e r a t e  is not  dis- 

t r ibu ted  r a n d o m l y  t h r o u g h  the  success ion ,  but  c lose ly  

assoc ia ted  wi th  e ros ion  sur faces  cha rac t e r i zed  by as 

m u c h  as 10 -15  m of  r e l i e f  (F ig .  6 ) .  These  fea tures  are 

in te rpre ted  as va l leys  at  h i g h - o r d e r  s equence  bounda -  

r ies r a the r  than  large  c h a n n e l s  on  the bas is  of  thei r  

g rea te r  scale  in c o m p a r i s o n  wi th  typical  c h a n n e l s  in the 

success ion ,  and  b e c a u s e  fac ies  d i scon t inu i t i e s  ( u p w a r d  

c o a r s e n i n g )  are p r e sen t  e v e n  w h e r e  the  local e ros iona l  

re l ie f  is m in ima l  and  c o n g l o m e r a t i c  rocks  are absen t  

(e.g. ,  sec t ions  19 and  20  in Fig. 6 ) .  A l t h o u g h  the suc- 

cess ion  tends  to fine upwards  at  the  1 0 - 1 0 0  + m scale,  

upward  c o a r s e n i n g  at the 10 m scale  is o b s e r v e d  

benea th  severa l  infer red  sequence  b o u n d a r i e s  (e.g. ,  W 3  

in Fig. 5 ) .  In addi t ion ,  at the  scale  o f  a few metres ,  the  

success ion  is c o m p o s e d  o f  pa r a sequences  tha t  coarsen ,  

th icken  and  b e c o m e  inc reas ing ly  c h a n n e l i z e d  upwards ,  

and  which  are ove r l a in  by  s i l t s tone  at la tera l ly  pers is t -  

en t  sur faces  in te rpre ted  as f looding sur faces  ( m a n y  of  

the sur faces  des igna ted  by let ters in Figs.  5 and  6 ) .  
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Systematic upward coarsening of this sort is not the 
motif expected from the cutting and filling of random 
thalweg channels in a deep-water submarine canyon. 
The possibility that these features are levees can also 
be discounted because they do not pass laterally into 
channels of equivalent scale. Perhaps the most surpris- 
ing new discovery is that the interpreted high-order 
sequences are of remarkably consistent thickness 
(approximately 28 m; Fig. 5). This observation is read- 
ily explained if the sediments accumulated in shallow 
water, where they would be sensitive to episodic (peri- 
odic?) base-level change, but not if sedimentation took 
place in deep water. Even if the supply of coarse- 
grained sediment was modulated by some periodic 
mechanism, there seems to be no reason for erosion 
surfaces to be equally spaced in deep water. Note that 
some of the variability in sequence thickness apparent 
in Fig. 5 is due to the intersection of valleys (surfaces 
W3 and W8); the interval from W5 to W6 represents 
a double cycle. 

Interpretation. The high-order valleys are inter- 
preted by the first author to have been cut in a subaerial 
environment as a result of episodic lowering of depo- 
sitional base level. The conglomerate is thought to rep- 
resent rapid tractional sedimentation in a fluvial or 
fluvially dominated, shallow drowned-valley setting. 
Transgression was accompanied by marked fining of 
the sediment presumably because underflows respon- 
sible for sandstone and siltstone event layers were not 
sufficiently competent to transport coarse detritus more 
than a short distance from the river mouth. The event 
layers may be explained in two ways. If the valleys 
were drowned by saline water, the underflows could 
have been generated by episodic failure of a delta front. 
Alternatively, if the valleys were drowned by fresh 
water ( or at least water of low salinity), then the under- 
flows could represent direct input of river water during 
times of flood, with hyperpycnal conditions being 
maintained by the excess density of the sediment-laden 
flows with respect to the ambient water. The beds of 
laminated limestone are here interpreted as subaqueous 
hardgrounds deposited during intervals of maximum 
flooding. Limestone is preserved preferentially along 
the canyon walls not because it is a subaerial tufa (Eick- 
hoff et al., 1988; Christie-Blick et al., 1990b) but 
because only there was it not subject to dilution by 
terrigenous mud and reworking by currents. 

Overall, the canyon fill is interpreted to deepen 
upwards--a large-scale transgressive systems tract 
composed of backstepping high-order sequences (cf. 
fig. 2 of Jenkins et al., 1992). Individual high-order 
sequences tend to be asymmetrical, with thick trans- 
gressive intervals composed of backstepping parase- 
quences, and thinner regressive intervals associated 
with forestepping parasequences (high-order high- 
stands). The degree of asymmetry tends to increase 
upwards from one sequence to the next, although a 
distinct if relatively fine-grained highstand unit is pres- 
ent immediately below sequence boundary W9. Above 
that level, sequence boundaries can no longer be objec- 
tively identified, and the succession is divided into 
backstepping parasequence sets (not shown in Fig. 5). 
The development of prominent high-order sequences 
within a large-scale transgressive systems tract is unu- 
sual, and may indicate base-level changes that were of 
relatively large amplitude and/or of high frequency. 
The possibility that the high-order cyclicity is related 
to astronomical forcing of the Earth's climate (Milan- 
kovitch band) is currently being evaluated quantita- 
tively. Although we recognize that no consensus has 
yet been reached on the origin of the Wonoka canyons, 
this example illustrates the utility of high-resolution 
sequence stratigraphy in sedimentological interpreta- 
tion. 

3.3. Nuccaleena Formation/Seacliff Sandstone to 
ABC Range Quartzite 

A second example discussed here concerns the 
sequence stratigraphy of the interval from the Nucca- 
leena Formation/Seacliff Sandstone to the ABC Range 
Quartzite (Fig. 3). It is an important interval in the 
Flinders Ranges because it encompasses one candidate 
horizon for a GSSP, approximately at the level of the 
Nuccaleena. It also includes a large-scale transgres- 
sive-regressive cycle that is in places more than 1000 
m thick (cycle 3 in Fig. 3), as well as a good deal of 
higher-order cyclicity in the upper part of the Brachina 
Formation and in the ABC Range Quartzite. Hence, 
sequence boundaries might be expected to be well 
developed. Ironically, in spite of considerable effort on 
the part of all three authors, and in contrast to the upper 
part of the Wilpena Group (cycle 4 in Fig. 3), incised 
valleys have proven somewhat elusive. 
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Fig. 7. Regional stratigraphic cross-section for the interval between the top of the Elatina Formation and the B unyeroo Formation (B.F.). See 
Fig. 2 for location. Data for Hallett Cove, Kulpara, Alligator Gorge and Bunyeroo Gorge are from the work of Dyson. The remaining sections 
are generalized from detailed logs measured by Christie-Blick. The distance between Hallett Cove and Bolla Bollana Creek is approximately 
600 km along the line of the cross-section, and 520 km in a straight line. Datums are (left) the first major flooding surface within the Seacliff 
Sandstone (S.S.) or the base of the Nuccaleena Formation (N.F.), and (right) the top of the ABC Range Quartzite or Brachina Formation. 
Surfaces 5, 6, 7 and 13 are regional sequence boundaries shown in Fig. 3. 

The main elements of  the succession are as follows. 
The Nuccaleena Formation is a regionally persistent 
marker no more than a few metres thick, composed of  
distinctive pink to buff-coloured laminated dolomite 
that unconformably to disconformably overlies Mari- 
noan glacial strata of  the Umberatana Group and grades 
upwards into siltstone of  the Brachina Formation (Dal-  
garno and Johnson, 1964; Plummer,  1978a; Preiss, 
1987; Chris t ie-Bl icket  al., 1990b; Dyson, 1992). Stro- 
matolites, possible tepee structures and intraclast brec- 
cias are present locally within the Nuccaleena, but in 
most sect ions shallow-water  indicators are absent, and 
the Nuccaleena is interpreted to have accumulated for 
the most part in a subt idal /sub-wave-base  environ- 
ment. The Brachina Formation consists of  a thick suc- 
cession (more  than 1000 m) of  siltstone and minor 
sandstone that in turn passes upwards into several tens 

to hundreds of  metres of cyclic quartzite, sandstone and 
siltstone of  the ABC Range Quartzite. With the excep- 
tion of  the lower part of  the Brachina, shallow-water 
indicators such as gutter casts, subaqueous shrinkage 
cracks, wave ripples, interference ripples, hummocky 
cross-stratification and trough cross-stratification asso- 
ciated with multimodal paleocurrents, are common, 
and they indicate gradual shoaling upwards through the 
succession (Dalgarno and Johnson, 1964; Plummer,  
1978b,c, 1990; Preiss, 1987; Christie-Blick et al., 
1990b; Dyson, 1992). In places, the Nuccaleena For- 
mation appears to pass laterally into cyclic sandstone 
and siltstone containing hummocky cross-stratifica- 
tion, facies that are generally assigned to the Seacliff  
Sandstone (Forbes,  1982; Preiss, 1987; Dyson, 1992; 
Dyson and v o n d e r  Borch, 1994). A regional strati- 
graphic cross-section for these units is shown in Fig. 7, 
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extending from Hallett Cove in the south to Bolla Bol- 
lana Creek in the northern Flinders Ranges (Fig. 2). 

The overall interpretation of this succession in terms 
of a large-scale transgressive-regressive cycle is rela- 
tively straightforward. However, debate continues 
about the precise placement of sequence boundaries. 
One of the main difficulties is that the base of the 
Nuccaleena (N.F. in Fig. 7) is a regional flooding sur- 
face that in many places is associated with abrupt deep- 
ening rather than shoaling of sedimentary facies (von 
der Borch et al., 1988). The interpretation of this con- 
tact as a sequence boundary amalgamated with a flood- 
ing surface (vonder  Borch et al., 1988; Christie-Blick 
et al., 1990b) is based on: (1) the very remarkable 
contrast in facies with respect to underlying clastic 
rocks of the Umberatana Group; and (2) evidence for 
erosional truncation of the uppermost Umberatana 
Group along the southern limb of Umberatana syncline 
(Fig. 2; Coats, 1973). Recent work in the Seacliff 
Sandstone (S.S. in Fig. 7) corroborates the presence 
of a sequence boundary at the Nuccaleena level 
(Dyson, 1992; Dyson and von der Borch, 1994). At 
Hallett Cove (HC in Fig. 2), the Seacliff overlies the 
Reynella Siltstone Member of the Elatina Formation at 
an erosional contact (Fig. 7). Pisolitic pebble conglom- 
erate is present at the same horizon at Kulpara (K in 
Fig. 2), where the base of the Seacliff also appears to 
cut out as much as several hundred metres of the 
Umberatana Group. Dyson and vonder  Borch (1994) 
tentatively interpret the contact as the edge of an incised 
valley. The evidence is equivocal, however, because it 
is not possible in available outcrop to demonstrate 
onlap of the Seacliff Sandstone. An alternative inter- 
pretation is that the inferred erosional truncation is 
related to tilting of the underlying strata prior to depo- 
sition of the Seacliff Sandstone, as appears to be the 
case beneath the Nuccaleena Formation at Umberatana 
syncline. 

Identification of a sequence boundary in the ABC 
Range Quartzite is still more problematical. Erosion 
surfaces described at the top of this unit at several 
localities (e.g., Plummer, 1978b, 1978c) have in nearly 
all cases proven to be incised valleys associated with 
younger sequence boundaries (such as the Wonoka 
canyons) or faults (Christie-B lick, 1991 b ). Facies dis- 
continuities characterized by subtle evidence for 
upward shoaling are present wi th in  the ABC Range 
Quartzite at Aroona Valley and Trebilcock Gap (Fig. 

7; AV and TG in Fig. 2), in both cases associated with 
a change in the stacking pattern of parasequences from 
forestepping to backstepping. Elsewhere (for example, 
Bunyeroo Gorge), the inferred sequence boundary 
appears to be amalgamated with a flooding surface at 
or near the top of the ABC (Christie-Blick et al., 
1990b). It is therefore possible that at Aroona Valley 
and Trebilcock Gap the sequence boundary is lower in 
the lithostratigraphy owing to the existence of a broad 
incised valley (or valleys), but the mapping needed to 
verify this interpretation has not yet been completed. 
Given the higher-order cyclicity in the ABC Range 
Quartzite, it is important to avoid miscorrelation of 
physical surfaces between sections. The sections at 
Maynards Well and Bolla Bollana Creek (MW and BC 
in Fig. 2) represent still more basinward settings. The 
sequence boundary is interpreted to lie within the 
coarse upper part of the laterally equivalent Brachina 
Formation at horizons corresponding to an abrupt 
increase in the sand/shale ratio, but is conceivably 
located still higher in the Brachina (cf. Fig. 1C). More 
proximal facies in the ABC Range Quartzite cannot be 
examined, for example at Kulpara, Alligator Gorge 
(AG in Fig. 2) and on the Stuart shelf, because they 
have been removed by subsequent erosion. 

4. Towards a Neoproterozoic global framework 

In Neoproterozoic rocks, sequence stratigraphy is 
useful primarily as a framework for synthesizing strat- 
igraphic observations at the scale of a single sedimen- 
tary basin. However, if at least some sequence 
boundaries are of global extent, as we have suggested 
ought to be the case (Christie-Blick et al., 1990b), it is 
useful to assess briefly the extent to which individual 
boundaries persist laterally from the Adelaide geosyn- 
cline to the Amadeus basin of central Australia (Fig. 
2). A prime objective of the International S tratigraphic 
Commission Working Group on the Terminal Proter- 
ozoic System is to select a section and horizon suitable 
for definition of a GSSP for the base of a new system. 
Here we consider selection criteria in a sequence-strat- 
igraphic context. 

4.1. C o m p a r i s o n  wi th  the A m a d e u s  bas in  

The sequence stratigraphy of the Adelaide geosyn- 
cline is compared with that of the Amadeus basin in 
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Fig. 8. Sequence-stratigraphic comparison of the Adelaide geosyncline and Amadeus basin, using data and interpretations from Fig. 3 and, for 
the Amadeus basin, modified from Lindsay ( 1987, 1993) and Lindsay and Korsch ( 1989, 1991 ), with input from M.J. Kennedy. Ages indicated 
for sequence boundaries are approximate only, and were obtained by linear interpolation between tie points in Fig. 3. The most prominent 
boundaries are indicated by asterisks. Annotations in parentheses in the column for the Amadeus basin indicate the approximate location of 
horizons in the stratigraphy where no specific correlative sequence boundary has been identified. Several potential sequence boundaries are 
present in the interval between the Pertatataka Formation and Arumbera Sandstone, which is relatively condensed at the level of the Julie 
Formation, but no firm correlations with several prominent sequence boundaries in the Adelaide geosyncline are yet possible. The context of 
the sequence-stratigraphic interpretation with respect to the timing of glaciation and rifting and published information on acritarchs, Ediacaran 
body fossils, trace fossils and shelly fossils is indicated on the right (from Webb and Coats, 1980; Dyson, 1985; Fanning et al., 1986; Preiss, 
1987; Walter et al., 1989; Zang and Walter, 1989, 1992; Lindsay and Korsch, 1991; Knoll and Walter, 1992; Mount and McDonald, 1992; 
Bowling et al., 1993; Jenkins et al., 1993). 

Fig. 8. The scheme shown is very tentative owing  to 
uncertaint ies  in the interpretat ion of  both basins,  and it 
is best regarded as a hypothesis  in need of  a good deal 
of  further evaluat ion.  W e  have done little detailed work 

in the Amadeus  basin,  and the interpretat ion for that 
area is modified from the publ icat ions  of  J.F. Lindsay 
and col leagues on the basis of  observat ions by the first 
author main ly  dur ing  and immedia te ly  fol lowing an 
internat ional  excurs ion arranged under  the auspices of  

IGCP Project  320 in May,  1993 (Jenkins  et al., 1993). 

W e  acknowledge critical input  from many  field trip 
participants,  especially M.J. Kennedy  for insights about  
the section be tween the Aralka  and Julie formations 
(Kennedy ,  1993, 1994).  Sequence boundar ies  in the 
Adelaide geosyncl ine  have been assigned approximate  
ages on the basis of  the very tentative cal ibrat ion sum- 
marized in Fig. 3 and the s impl i fy ing assumpt ion of 
constant  rates of  sediment  accumula t ion  be tween tie 
points. The Mar inoan  glacial deposits are assigned a 
span of 20 m.y., and for the purpose of  Fig. 8, 750 M a  
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is taken as the age of the base of the Serle Conglom- 
erate. In spite of the obvious uncertainties in this exer- 
cise, attempts to assign numerical ages to 
Neoproterozoic events in other sections have made use 
of similar assumptions (Knoll and Walter, 1992), and 
in view of its relative completeness, the Adelaide geo- 
syncline is arguably one of the better places to make 
such estimates. As more U-Pb ages become available 
from Neoproterozoic rocks, the scheme is testable and 
subject to revision. 

The most secure correlations are at the level of the 
Sturtian and Marinoan glacial deposits (sequence 
boundaries 1, 5 and 6 in Fig. 8) and in the vicinity of 
the Precambrian-Cambrian boundary (sequence 
boundary 13). Boundaries 1 and 5 (N770  Ma and 
~ 610 Ma) correspond with the onset of glaciation. 
Boundary 6 ( ~ 590 Ma) at the base of the Nuccaleena 
Formation/Seacliff Sandstone is of uncertain origin. It 
may be associated with glacial-isostatic rebound, and 
in that case it is arguably correlative at least within the 
region affected by the Marinoan ice sheet. The stratig- 
raphy of the Marinoan glacial rocks and immediately 
overlying strata in the Amadeus basin is complicated 
by lateral variations in facies and inconsistent usage of 
a plethora of lithostratigraphic names (Preiss et al., 
1978; Lindsay, 1989; Field, 1991; Freeman et al., 1991; 
Jenkins et al., 1993). Recent work by M.J. Kennedy 
(pers. commun., 1993) confirms the presence of a 
prominent sequence boundary at or near the base of the 
post-glacial (?) Gaylad Sandstone (depending on how 
that unit is mapped), and an attractive hypothesis is 
that this surface corresponds with boundary 6 in the 
Adelaide geosyncline. 

In the Adelaide geosyncline, the Precambrian-Cam- 
brian boundary is located on the basis of trace fossils 
in the lower part of the middle member of the Uratanna 
Formation, no more than a few tens of metres above 
sequence boundary 13 (at the base of the Uratanna; 

546 Ma), a surface characterized by incised valleys 
with many tens of metres of erosional relief (Daily, 
1973; McDonald, 1992; Mount and McDonald, 1992). 
In the Amadeus basin, the Precambrian-Cambrian 
boundary has been interpreted from trace and body 
fossils to be within unit 3 of the Arumbera Formation 
(Lindsay, 1987; Walter et al., 1989, 1995; Lindsay and 
Korsch, 1989, 1991). According to Lindsay (1987) 
and Lindsay and Korsch (1991), the nearest sequence 
boundary of late Neoproterozoic age is at the top of 

unit 2 of the Arumbera. We suggest that it may be 
slightly lower. At the reference outcrop section at Ross 
River (Lindsay, 1987), the top of unit 2 is a marine 
flooding surface, and objective evidence for the pres- 
ence of a sequence boundary at that horizon is lacking. 
In addition, seismic reflection data appear to have been 
misinterpreted. The presence of well-developed offlap 
(fig. 14 of Lindsay, 1987) indicates that the boundary 
is located one seismic cycle lower than the horizon 
interpreted by Lindsay (that is, within unit 2, a possi- 
bility raised also by Mount and McDonald, 1992). In 
the course of recent reconnaissance with M.J. Kennedy 
at Gaylad syncline, the first author documented a 23- 
m-deep incised valley within unit 2 as predicted. We 
infer that this sequence boundary may correlate with 
the one at the base of the Uratanna Formation in the 
Adelaide geosyncline. 

Sequence boundaries 2 and 3 at the base of the Lyn- 
dhurst Formation and base of the Serle Conglomerate 
in the Adelaide geosyncline formed during a time of 
crustal extension and fault-block tilting (Fig. 3), and 
may not be traceable beyond the local basin of sedi- 
mentation. The section in the Amadeus basin between 
the glaciogenic Areyonga and Olympic formations is 
relatively condensed, owing to a generally lower rate 
of subsidence. In spite of gross lithic similarities, no 
distinctive markers can be traced from the Adelaide 
geosyncline, and there is no way yet to evaluate poten- 
tial correlations. Similarly, in the section above the 
Olympic Formation, although sequence boundaries are 
suspected at several horizons, correlation is to a large 
extent an exercise in lithic comparison aided by impre- 
cise information about the distribution of trace and 
body fossil assemblages, acritarchs and isotopic excur- 
sions (Preiss et al., 1978; Walter et al., 1995). Incised 
valleys comparable in scale to those of the upper Wil- 
pena Group in the Adelaide geosyncline have not been 
observed in the Amadeus basin, and we infer on this 
basis that the "Centralian Superbasin" of Walter et al. 
(1995) may already have been partially disrupted, iso- 
lating the Amadeus basin from the Adelaide geosyn- 
cline, prior to the cutting of the Wonoka canyons 
(sequence boundary 9; ~ 566 Ma). 

In spite of these difficulties, several of the sequence 
boundaries within the Wilpena Group of the Adelaide 
geosyncline are very prominent, and depending to some 
extent on why this is the case, we cannot exclude the 
possibility that some are of eustatic origin. Evidence 



20 N. Christie-Blick et al. / Precambrian Research 73 (1995) 3-26 

for sequence boundaries at comparable stratigraphic 
horizons ought to be sought on other continents. The 
most prominent surfaces, all characterized at least 
locally by erosional relief of many tens of metres, are 
sequence boundaries 9 (Wonoka canyons; ~ 566 Ma), 
10 (upper Wonoka Formation; ~561 Ma) and 12 
(base of the Ediacara Member of the Rawnsley Quartz- 
ite; ~ 552 Ma). Boundaries 9 and 10 are both located 
above the level of "early Ediacaran" body fossils 
(Dyson, 1985) and large complex acritarchs (Zang 
and Walter, 1989, 1992; Knoll and Walter, 1992), but 
below the level of latest Proterozoic trace fossils 
(assemblage II of Walter et al., 1989) and the main 
Ediacaran interval (Jenkins et al., 1983). Boundary 12 
is below the main Ediacaran interval, but within the 
interval containing assemblage II trace fossils. 

4.2. Selection criteria for a Global Stratotype Section 
and Point 

An emerging consensus is that placement of a Global 
Stratotype Section and Point for the base of a new 
terminal Proterozoic system should reflect some com- 
bination of criteria, possibly including the timing of 
climate change (Varanger ice age), variations in C 
and/or Sr isotopes, acritarch appearances or extinc- 
tions, and the appearances of Ediacaran metazoans and 
trace fossils (Knoll and Walter, 1992). As a matter of 
philosophy the GSSP might be selected so as to sepa- 
rate, at least approximately, spans of geological time 
that are identifiably different. Alternatively, the GSSP 
could be chosen more or less arbitrarily but taking into 
account previous usage of such terms as Vendian, Sin- 
ian and Ediacaran (the view advanced by W.B. Har- 
land). In either case, as a purely practical matter, the 
GSSP ought to be selected within an interval that can 
be correlated globally and as precisely as possible by 
means of a number of independent techniques. 

In addition to these considerations, we propose that 
the GSSP be located also with respect to physical stra- 
tigraphy. In the Phanerozoic, virtually all important 
chronostratigraphic boundaries, including the recently 
ratified Precambrian-Cambrian boundary (Landing, 
1994), correspond with intervals of sediment starva- 
tion (iss in Fig. 1 ) because these are also the intervals 
for which evolutionary changes are best defined and in 
which basinal sedimentation tends to be most contin- 
uous and unifacial (Loutit et al., 1988). Unconformi- 

ties are avoided for the purpose of biochronology 
because they usually correspond with resolvable hia- 
tuses and with changes in sedimentary facies that tend 
to influence the distribution of fossils. However, given 
the lack of precision in biostratigraphy and isotope 
geochemistry in Neoproterozoic rocks, and in a marked 
departure from Phanerozoic practice, we recommend 
placement of the GSSP at a sequence boundary. The 
main justification for this is that in contrast to all of the 
other potential stratigraphic constraints in Neoproter- 
ozoic successions, sequence boundaries are surfaces. 

Amongst criteria that might be applied in the selec- 
tion of a suitable sequence boundary are the following: 
(1) great lateral extent within a single sedimentary 
basin or continental block; (2) a close association with 
other geological "events" useful in correlation, includ- 
ing proximity to horizons datable by means of U-Pb 
geochronology; (3) an associated hiatus that is rela- 
tively short and/or that can be minimized by tracing 
the sequence boundary laterally to a correlative con- 
formity; and (4) the likelihood that correlative 
sequence boundaries may be identifiable on other con- 
tinents. In the absence of adequate geochronology, the 
hiatus associated with a sequence boundary in a specific 
section may be difficult to assess quantitatively, but 
qualitative arguments can be made on the basis of phys- 
ical stratigraphic relations (regional onlap and offlap) 
if the sequence boundary is traceable over a large area. 
Problems that might arise hypothetically from the exis- 
tence of even a small hiatus at the chosen GSSP can be 
handled by specifying the age of the GSSP as the age 
of the correlative conformity of the chosen sequence 
boundary. Although it may never be possible to estab- 
lish conclusively that sequence boundaries on different 
continents are correlative, boundaries that are individ- 
ually present over large areas, temporally associated 
with continental glaciation and coeval within the limits 
of available dating techniques are good candidates. In 
practice, any attempt at global correlation would nec- 
essarily involve all available stratigraphic criteria, and 
this is not precluded by the selection of a GSSP at a 
sequence boundary using the above criteria. 

On the basis of these considerations, the most suit- 
able horizon for a GSSP would be at a sequence bound- 
ary at the level of the Varanger glacial strata. In the 
case of the Adelaide geosyncline, two candidates are 
available: sequence boundary 5 at the base of the Ela- 
tina Formation, and sequence boundary 6 at the base 
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of the Nuccaleena Formation/Seacliff Sandstone 
(Figs. 3 and 8). Both appear to be traceable over a 
distance of more than 1000 km. Both can be traced 
laterally within the Adelaide geosyncline into relatively 
thick basinal successions (Preiss, 1987; Lemon and 
Gostin, 1990), where the associated hiatus is likely to 
be small. Our preferred horizon is boundary 6, for three 
reasons. First, in proposing a GSSP we are swayed by 
the notion of attempting to separate an interval of wide- 
spread glaciation from one that was for the most part 
non-glacial. Second, boundary 6 directly underlies the 
Nuccaleena Formation, a so-called cap dolomite asso- 
ciated with a prominent and distinctive negative shift 
in/~13C (Williams, 1979; Calver, 1993; Frick and Gos- 
tin, 1995). Third, assuming an origin related to regional 
deglaciation, we suspect that this sequence boundary 
may represent a smaller hiatus in sedimentation than 
sequence boundary 5. If  sequence boundary 6 devel- 
oped primarily as a result of glacial-isostatic rebound 
rather than eustatic change, for example, then correla- 
tive boundaries exist on other continents only if degla- 
ciation was more or less synchronous. On the basis of 
emerging carbon-isotopic data (Kaufman et al., 1993; 
Kaufman et al., 1995) we regard such synchroneity as 
at least plausible at achievable age resolution, and we 
recommend a systematic study of the sequence-strati- 
graphic context of all purported Varanger cap carbon- 
ates. 

A prime area for defining a GSSP in the Adelaide 
geosyncline is in the vicinity of Bunyeroo Gorge and 
Brachina Creek (Figs. 2 and 7). The area is easily 
accessible, well mapped, and structurally simple. 
Although outcrop quality is variable, there are plenty 
of sections in this region at which exposure is contin- 
uous from the Elatina Formation into the Brachina For- 
mation. In view of the confidence with which this 
horizon can be traced laterally over many tens of kilo- 
metres, the precise geographic location of the GSSP is 
not an important issue. Indeed, it would make little 
practical difference if the GSSP was defined at the same 
horizon in the Amadeus basin (at or near the base of 
Gaylad Sandstone/Pertatataka Formation). Our only 
proviso is that the GSSP should be specified with 
respect to a regionally mappable surface, whether or 
not this is also a lithostratigraphic contact at the section 
selected. 

5. Conclusions 

In this paper we have attempted to address some of 
the practical issues inherent in the application of 
sequence stratigraphy to Neoproterozoic successions, 
and the implications of such analysis for the interpre- 
tation of Neoproterozoic earth history. The emergence 
of sequence stratigraphy does not imply that existing 
techniques or data ought to be discarded. Nor is it a 
panacea for stratigraphic problems; interpretive uncer- 
tainties exist at many levels. However, by focussing on 
the three-dimensional configuration of stratigraphic 
discontinuities within sedimentary successions, 
sequence stratigraphy can provide a unifying frame- 
work in which observations of intrinsic rock character- 
istics such as lithology, facies, fossil content, 
chemistry, magnetic remanence and age can be com- 
pared and correlated. Departing from Phanerozoic 
practice, we recommend placement of a terminal Prot- 
erozoic GSSP at a sequence boundary, specifically at 
the level of the Varanger glaciation. A suitable surface 
in Australia is the sequence boundary at the base of the 
immediately post-glacial Nuccaleena Formation/Sea- 
cliff Sandstone in the Adelaide geosyncline, and its 
likely correlative at or near the base of the Gaylad 
Sandstone in the Amadeus basin. 
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Note added in proof  The origin of the Wonoka canyons remains a mystery. The first author favours the idea that they were cut in a subaerial 
environment, for reasons discussed in this paper. I.A. Dyson and C.C. yon der Borch continue to entertain the possibility that there might be 
some way of accommodating the sedimentological and stratigraphic evidence in a deep-water model, in order to avoid the paleogeographic 
consequences in invoking kilometre-scale changes in base level. 


