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ABSTRACT

The Late Neoproterozoic Ediacara Member of the Rawnsley Quartzite in South
Australia has been considered aeolian, fluvial, intertidal and deep marine by
various authors. Palaeosols would not be expected for the deep marine
interpretation, but some palaeosols should be evident for the aeolian–fluvial–
intertidal interpretations, and this is the first study to examine the Ediacara
Member at a petrographic and geochemical scale appropriate to recognize
potential palaeosols. Recognition of palaeosols and floodplain facies in
Neoproterozoic rocks is a challenge because such rocks are too ancient for
diagnostic non-marine fossils such as root traces. The varied thickness of
Ediacara Member red siltstones and white sandstones is distinct from laterally
persistent overlying and underlying grey shales and limestones with
acritarchs, stromatolites and other marine fossils. The sandstones are trough
cross-bedded and fill palaeovalleys. The red siltstones have poorly sorted,
highly angular, silt-size grains characteristic of loess. Particular sandy and silty
beds were sampled for detailed petrographic and geochemical studies, because
they include desiccation cracks, sand crystals, ice cracks, carbonate nodules
and soft-sediment deformation like those of palaeosols. Chemical and grainsize variations within these beds reveal surficial clay formation and oxidation
from feldspar as in soils. Petrographic studies also revealed surficial disruption
of these palaeosols by filamentous structures comparable with microbial ropes
of biological soil crusts. This array of palaeosol features may be of use for
recognizing palaeosols in other Neoproterozoic siliciclastic sequences.
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INTRODUCTION
Neoproterozoic red beds of South Australia were
considered non-marine by Mawson & Segnit (1949)
for two reasons that remain persuasive: oxidation
with hematite and silt-dominated microtexture
identical to loess. When Sir Douglas Mawson’s
student Reginald Sprigg (1947) discovered and
interpreted fossils from red beds of the Ediacara
Member (of the Rawnsley Quartzite) as marine
jellyfish, this palaeoenvironmental contradiction
was resolved by a compromise interpretation of
jellyfish thrown up onto tidal flats by storms
(Fig. 1A; Glaessner, 1961; Jenkins et al., 1983), or
1208

palaeosol,

Precambrian,

South

preserved in shallow coastal lagoons (Goldring &
Curnow, 1967). In contrast, Mount (1989) and
Gehling (2000) considered that the Ediacara Member of the Flinders Ranges was deposited as
turbidites in deep submarine canyons (Fig. 1B).
This study re-evaluates these hypotheses with the
first comprehensive petrographic studies of granulometry and chemical analyses of selected beds
within the Ediacara Member.
Photographic documentation of sedimentary
features such as polygonal cracking patterns,
flaser and linsel bedding, trough cross-bedding
and ripple marks by Jenkins et al. (1983) and
Gehling (2000) has been exemplary, and will not
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The Ediacara Member of the Rawnsley Quartzite is famous for megafossil vendobionts, whose
biological affinities and environmental preferences remain uncertain (Jenkins et al., 1983;
Gehling, 2000; Retallack, 2007; Fedonkin et al.,
2008). This study is limited to whether their
sedimentary environment was coastal, and included palaeosols, or was deep marine, with no
evidence of exposure or weathering (Fig. 1).
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Fig. 1. Alternative sedimentary interpretations of the
Ediacara Member of the Rawnsley Quartzite (Neoproterozoic, South Australia) highlight the difficulty of
interpreting Neoproterozoic sedimentary rocks that
lack the array of fossils found in sedimentary rocks.

be duplicated in this study. This account emphasizes instead features and laboratory data of
selected beds in the Ediacara Member previously
interpreted as turbidites (by Mount, 1989 and
Gehling, 2000) as possible palaeosols, which
would be expected in the coastal interpretation
of Sprigg (1947), Mawson & Segnit (1949), Glaessner (1961), Goldring & Curnow (1967), Jenkins
et al. (1983) and Retallack (1994). Recognition of
palaeosols in rocks pre-dating the advent of
vascular plants and their rooting structures is
difficult (Driese et al., 1995; Mitchell & Sheldon,
2009), and criteria include evidence of filamentous bioturbation, sand crystals, chemical weathering and cracking. Facies interpretations are also
critical to the question: fining upwards sequences
in alluvial–estuarine facies have distinctive convex or more complex grain-size profiles due to
clay production in soil (Driese et al., 1995), in
contrast to concave grain-size profiles of turbidites with their fine tails of interturbidite deposition (Bouma, 1962).

Exposures of the Ediacara Member of the Rawnsley Quartzite were examined in 10 well-known
sections in the Flinders Ranges of South Australia
(Figs 2 and 3): Castle Rock, 2 km north of
Hawker (S31Æ89118 E138Æ44346); central
Chace Range (S31Æ70282 E138Æ64444); Arkaroo
Rock (S31Æ619240 E138Æ63922); Bunyeroo
Gorge (S31Æ41400 E138Æ54212); Brachina
Gorge (S31Æ34422 E138Æ55763); Bathtub Gorge
(S31Æ24711 E138Æ53655); Parachilna Gorge
(S31Æ12522 E138Æ506754); Ediacara Hills
(S30Æ79307 E138Æ13865); south-west of Hookapunna Well (S30Æ58518 E138Æ30904); and
south-east of Beltana (S30Æ881300 E138Æ33844).
Also examined were drill cores from the central
Ediacara Hills: Ediacara 3 (from S30Æ7964645
E138Æ1411306) and Ediacara 4 (from S30Æ797238
E138Æ139437), stored at Primary Industries and
Resources, South Australia (PIRSA), in the
Adelaide suburb of Glenside. A new geological
section was measured in Brachina Gorge, where
field sketches and orientations were taken of
especially enigmatic beds. Some beds of the
Ediacara Member have been regarded as turbidites (Mount, 1989; Gehling, 2000) and ocean
chemistry may have changed substantially since
the Proterozoic to allow red turbidites (Canfield
et al., 2007). For these reasons, field work also
re-examined
undisputed
early
Ediacaran
(ca 600 Ma) turbidites (Fig. 4A) of the Poudingue
de Granville, on the marine rock platform
(N48Æ837256 W1Æ606302), 550 m south-west of
the Casino, at Granville, Normandy, France
(Eyles, 1990).
Samples were collected for a variety of petrographic and geochemical studies, which aimed to
characterize in detail the mineral composition,
grain size, major element and stable isotopic
composition of selected beds, where least affected
by modern weathering in Brachina Gorge and
Ediacara cores 3 and 4. Petrographic thin sections
were point counted (500 points) for grain size and
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Fig. 2. Ediacaran palaeotopography (A) and geological map (B) of the Flinders Ranges, South Australia. Palaeotopographic contours below top of Ediacara Member of Rawnsley Quartzite are isopachs of Gehling (2000).

mineral content, using a Swift automatic point
counter and stage (Hacker Instruments, Fairfield,
New Jersey, USA). In addition, grain lengths of
1000 grains were measured from selected thin
sections using a calibrated eyepiece micrometer
in order to determine graphical grain-size distributions in the Krumbein phi scale [/ = )log2
(mm)], used in sedimentology (Nemecz et al.,
2000; Sun et al., 2004). X-ray diffraction traces for
the determination of clay and other minerals and
their crystallinity were obtained from powdered
samples deposited from distilled water on glass
slides, irradiated in a Rigaku goniometer (Rigaku
Corporation, The Woodlands, Texas, USA) in the
Department of Geological Sciences, University of
Oregon, with data extracted using a FORTRAN
program written for this purpose (Table 1). Chemical and petrographic observations were made
using a Cameca X100 electron microprobe (Cameca Instruments, Madison, Wisconsin, USA) with
Noran System 6 Phase recognition software, and
an FEI Quanta environmental scanning electron
microscope (FEI Corporation, Hillsboro, Oregon,
USA), both instruments administered by CAMCOR at the University of Oregon (Tables 2 and 3).
The microprobe mapped 17926 chemical analyses from an area of rock 2Æ5 mm · 2 mm. Many
specimens were analysed for major elements
using X-ray fluorescence, and for ferrous iron
using Pratt titration (Table 4), by ALS Chemex of
Vancouver, BC, against CANMET standard
SDMS2 (British Columbia granodioritic stream

sand). Analyses of d13C and d18O were made of
Ediacaran marine and pedogenic carbonate, as
well as Cambrian palaeosols described by
Retallack (2008), using a Finnigan MAT 253 mass
spectrometer (Thermo Electron Corporation,
Marietta, OH, USA) in the Department of Geological Sciences, University of Oregon, in permil
notation relative to Vienna Pee Dee Belemnite
(PDB) (Table 5). Analytical uncertainties are
listed in Tables 4 and 5.
A variety of soil-forming chemical reactions
were approximated by calculating simple molar
ratios, such as ferrous to ferric iron, for gleization, and alumina to alkalies plus alkaline earths
for hydrolysis (Retallack, 1991). A more comprehensive chemical accounting followed Brimhall
et al. (1992) in computing mass transfer of
elements in a soil at a given horizon (sw,j in
mole fraction) from the bulk density of the soil
(qw in g cm)3) and parent material (qp in g cm)3)
and from the chemical concentration of the
element in soils (Cj,w in wt%) and parent
material (Cp,w in wt%). Changes in volume of
soil during weathering are called strain by
Brimhall et al. (1992), and estimated from an
immobile element in soil (such as Ti used here)
compared with parent material (i,w as a fraction). The relevant Eqs 1 and 2 (below) are the
basis for calculating divergence from parent
material composition (0 strain and 0 mass transfer by definition), chosen as less weathered rock
lower within the observed profile:
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The Ediacara Member of the Rawnsley Quartzite
is a sequence of quartzofeldspathic sandstones
and red siltstones filling palaeorelief cut into
underlying orthoquartzites of the Chace Quartzite
Member, and overlain by orthoquartzites of the
upper Rawnsley Quartzite (Fig. 3). The type
locality of the member in the Ediacara Hills has
a condensed section (12 to 28 m; Jenkins et al.,
1983), nearly flat-lying on the flanks of hills
capped with a thin (77 m in Ediacara 4 core)
cover of Cambrian limestones and black shales
(Goldring & Curnow, 1967). In contrast, the
Ediacara Member in Brachina Gorge is thick
(150 m; Gehling, 2000) and dips 55 west with
strike azimuth 35, to form strike ridges (Fig. 4B).
The Ediacara Member thus thins westward from
Brachina Gorge towards the Ediacara Hills, which
reflects emergent source terranes of the Gawler
Craton in that direction (Fig. 1).
Burial depth and diagenesis of the Ediacara
Member in Brachina Gorge has been controversial. Shallow estimates of burial depth (1Æ5 km of
Gehling, 1999) infer dramatic westward thinning
of overlying Cambrian units. In contrast, deep
burial estimates of as much as 5Æ8 km (Retallack,
1994, 2007) include an additional 332 m of
Rawnsley Quartzite in Brachina Gorge (Mawson,
1939a), as well as 4Æ8 km of Cambrian rocks in the
eastern Flinders Ranges (Mawson, 1939b), and
organic matter thermal maturity in Cambrian
rocks (Zang, 2002). Deep burial is also indicated
by Ordovician deformation of the northern Flinders Ranges (Foden et al., 2006), and regional
fission track unroofing (<170C) ages as young as
Carboniferous to Cretaceous (Mitchell et al.,
2002), which are also compatible with the subbituminous rank of coals in the Leigh Creek Basin
to the north (Parkin, 1969).
Controversy concerning depth of burial of the
Ediacara Member is resolved here by clay crystallinity indices calculated from X-ray diffraction traces of specimens from Brachina Gorge
(Table 1). Crystallinity indices calculated from
X-ray diffraction traces include the Weaver index
(ratio of 10 to 10Æ5 Å peak above background:
metamorphic if >2Æ3), Kübler index (2h width of
10 Å peak at half height: metamorphic if <0Æ42)
and Weber index (100 times 2h width at half
height of 10 Å over comparable measurement of
the 4Æ26 Å peak: metamorphic at <181). Many
pockets of clay are recrystallized to near silt size
(Fig. 5), as if subjected to deep-burial Ostwald
ripening (Eberl et al., 1990). All crystallinity
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Table 1. Clay mineral crystallinity indices of burial diagenesis.
Burial depth (km)

M level

Sample

Weaver index

Kübler index

Weber index

6Æ956
6Æ957
6Æ958
6Æ966

4653
4652
4651
4643

3215 Muru
3221 sediment
3224 Warrutu
3206 Yaldati

3Æ1
4Æ4
3Æ4
3Æ3

0Æ55
0Æ60
0Æ40
0Æ65

138
171
160
163

Table 2. Microprobe analyses of phases (area %) in Ediacaran palaeosols.
Pedotype

Horizon

Sample

Quartz

K-feldspar

Fe–Mg–illite

Fe–illite

Muru
Warrutu
Inga

C
By
A

R3213
R3226
R3229

67Æ97
78Æ60
97Æ93

24Æ37
16Æ60
2Æ07

3Æ17
1Æ17
0

4Æ00
3Æ68
0

Table 3. Microprobe elemental analysis (wt%) of clays in Ediacaran palaeosols.
Pedotype

Horizon

Sample

O

Si

Al

K

Fe

Mg

Mineral

Muru
Muru
Warrutu
Warrutu

C
C
By
By

R3213
R3213
R3226
R3226

56Æ41
63Æ37
60Æ44
58Æ50

21Æ98
31Æ07
30Æ98
36Æ17

4Æ94
2Æ69
3Æ28
2Æ28

2Æ87
2Æ55
1Æ95
1Æ55

2Æ25
0
2Æ22
1Æ20

1Æ04
0
1Æ12
0Æ30

Fe–Mg–illite
Illite
Fe–Mg–illite
Fe–illite

indices are within the lower greenschist facies of
metamorphism (Frey, 1987); this is evidence for
deep burial (5 to 6 km) and mild metamorphism
of the Ediacara Member in Brachina Gorge (Retallack, 2007, 2008), not shallow (1 to 1Æ5 km)
burial (Gehling, 1999).

SEDIMENTARY FEATURES

Thickness variations
The basal contact of the Ediacara Member is a
system of palaeocanyons up to 300 m deep and
branching towards the source terrane to the west
(Fig. 2). The underlying Chace Quartzite and Bonney Sandstone are locally eroded as a breccia of
blocks of these formations adjacent to steep palaeoslopes (Gehling, 2000). Higher within the fill
sequence are two to six massive to trough crossbedded, white, quartzite units (Fig. 6A), which
have basal scours with sub-horizontal breccia,

including clasts of calcareous green limestone of
the Wonoka Formation and of fossiliferous quartzites of the Chace and Bonney formations.

Massive sandstone
Palaeolows in the gullied basal contact of the
Ediacara Member contain 3 to 35 m of medium
to coarse-grained sandstone that is largely devoid
of sedimentary structures, other than discontinuous faint lamination. Angular clasts of sandstone in local breccias of this massive sandstone
facies (Table 6) are identical to those of Chace
Quartzite walls to the palaeovalleys, and include
expansion cracks common in that unit (Gehling,
2000).

Current bedding
The most common form of cross-bedding in the
Ediacara Member is medium-scale (20 to 30 cm
thick), trough cross-bedding (Fig. 4E); this domi-

Fig. 4. Turbidites of the lower Edicararan Poudingue de Granville, in marine rock platform at Granville, Normandy,
France (A), compared with fluvial red beds of the Ediacara Member of the Rawnsley Quartzite in Brachina Gorge (B)
to (D), Ediacara Hills (E) and Arkaroo Rock (F), South Australia: (C) red siltstones showing different degrees of
destruction of bedding and soft-sediment deformation (hammer is on face lower right); (D) red mud-cracked siltstone
(to left) compared with flaser bedded grey siltstone; (E) trough cross-bedding; (F) linguoid ripples. Hammer for scale
in (A) and (C) to (E) is 25 cm long, pen in (F) is 15 cm long and Fig. 6 is a measured section of panel B.
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Table 4. Chemical compositions (wt%) from XRF.
Pedotype No.

SiO2

Al2O3 Fe2O3 FeO CaO MgO Na2O K2O Cr2O3 TiO2 MnO

P2O5 SrO

BaO LOI

Total

Yaldati
Yaldati
Yaldati
Yaldati
Yaldati
Yaldati
Yaldati
Muru
Muru
Muru
Muru
Muru
Muru
Wadni
Wadni
Warrutu
Warrutu
Warrutu
Warrutu
Warrutu
Warrutu
Inga
Inga
Inga
Inga
Warrutu
Warrutu
Yaldati
Yaldati

77Æ32
77Æ87
77Æ93
77Æ8
78Æ67
79Æ17
93Æ58
81Æ26
84Æ07
82Æ74
83Æ79
85Æ57
93Æ2
87Æ69
79Æ01
88Æ23
80Æ83
79Æ47
81Æ58
79Æ71
82Æ08
93Æ21
93Æ19
94Æ14
94Æ25
74Æ61
85Æ15
83Æ56
64Æ41

10Æ6
10Æ92
11Æ17
11Æ32
11Æ35
10Æ53
2Æ73
9Æ14
7Æ41
7Æ64
7Æ51
6Æ82
2Æ78
5Æ48
9Æ56
5Æ04
8Æ36
8Æ96
7Æ75
9Æ42
8Æ14
3Æ63
2Æ65
2Æ57
2Æ94
12Æ02
6Æ51
4Æ23
5Æ75

0Æ08
0Æ06
0Æ09
0Æ07
0Æ04
0Æ05
0Æ01
0Æ06
0Æ07
0Æ04
0Æ06
0Æ07
0Æ02
0Æ08
0Æ1
0Æ06
0Æ09
0Æ08
0Æ06
0Æ05
0Æ08
0Æ02
0Æ01
0Æ01
0Æ02
0Æ074
0Æ065
0Æ055
0Æ039

0Æ07 3Æ03
0Æ05 3Æ17
0Æ08 3Æ24
0Æ07 3Æ32
0Æ03 3Æ28
0Æ03 3Æ25
0Æ01 0Æ94
0Æ03 3Æ48
0Æ07 1Æ75
0Æ04 1Æ89
0Æ06 1Æ83
0Æ08 1Æ45
0Æ03 0Æ6
0Æ1
1Æ03
0Æ11 2Æ01
0Æ08 0Æ88
0Æ1
1Æ96
0Æ1
1Æ78
0Æ09 1Æ67
0Æ07 1Æ85
0Æ1
1Æ54
0Æ01 1Æ11
0Æ01 0Æ84
0Æ01 0Æ89
0Æ02 0Æ9
0Æ04 2Æ24
0Æ05 1
0Æ08 2Æ48
0Æ04 11Æ7

98Æ07
98Æ92
99Æ05
98Æ79
98Æ96
98Æ4
98Æ87
98Æ11
98Æ94
98Æ21
98Æ57
99Æ09
99Æ24
98Æ57
98Æ31
98Æ57
98Æ71
98Æ21
98Æ13
99Æ32
99Æ33
99Æ63
98Æ49
98Æ54
99Æ56
99Æ8
99Æ73
99Æ72
99Æ78

Error

3205
3206
3207
3208
3209
3210
3211
3214
3215
3216
3217
3218
3219
3220
3221
3222
3223
3224
3225
3226
3227
3228
3229
3230
3231
3472
3473
3474
3475
All

2Æ705

3Æ1
3Æ06
2Æ8
2Æ23
1Æ6
1Æ57
0Æ75
1Æ91
2Æ08
2Æ08
1Æ54
1Æ58
1Æ01
1Æ11
2Æ3
1Æ25
2Æ53
2Æ83
2Æ4
3Æ02
2Æ67
0Æ98
1
0Æ49
0Æ85
4Æ28
2Æ76
4Æ15
3Æ02

0Æ825 0Æ395

0Æ32
0Æ38
0Æ32
0Æ32
0Æ38
0Æ32
0Æ39
0Æ32
0Æ25
0Æ38
0Æ26
0Æ32
0Æ32
0Æ32
0Æ26
0Æ38
0Æ26
0Æ38
0Æ25
0Æ38
0Æ45
0Æ83
0Æ85
0Æ38
0Æ7
0Æ96
1Æ28
0Æ51
0Æ51

0Æ12
0Æ14
0Æ08
0Æ08
0Æ07
0Æ09
0Æ08
0Æ1
0Æ05
0Æ12
0Æ11
0Æ05
0Æ04
0Æ04
0Æ08
0Æ02
0Æ03
0Æ03
0Æ08
0Æ04
0Æ04
0Æ03
0Æ01
0Æ05
0Æ02
0Æ21
0Æ14
1Æ89
7Æ97

0Æ74
0Æ77
0Æ77
0Æ78
0Æ81
0Æ79
0Æ26
0Æ52
0Æ58
0Æ64
0Æ59
0Æ53
0Æ19
0Æ41
0Æ75
0Æ33
0Æ7
0Æ72
0Æ59
0Æ7
0Æ59
0Æ19
0Æ18
0Æ16
0Æ19
0Æ81
0Æ38
0Æ44
3Æ87

0Æ17
0Æ12
0Æ09
0Æ09
0Æ09
0Æ07
0Æ04
0Æ08
0Æ09
0Æ1
0Æ13
0Æ11
0Æ08
0Æ1
0Æ17
0Æ15
0Æ28
0Æ14
0Æ18
0Æ15
0Æ15
0Æ13
0Æ04
0Æ08
0Æ1
0Æ18
0Æ15
0Æ11
0Æ13

2Æ23
2Æ15
2Æ14
2Æ3
2Æ34
2Æ19
0Æ44
1Æ01
2Æ44
2Æ6
2Æ64
2Æ57
1Æ24
2Æ42
3Æ84
2Æ35
3Æ44
3Æ62
3Æ38
3Æ83
3Æ51
0Æ32
0Æ35
0Æ14
0Æ27
4Æ75
3Æ23
2Æ02
2Æ15

0Æ22 0Æ18 0Æ11

0Æ13

0Æ01
0Æ01
0Æ01
0Æ01
<0Æ01
0Æ02
0Æ04
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ05
0Æ01
0Æ01
0Æ04
<0Æ01
0Æ02
0Æ01
0Æ01
0Æ04
<0Æ01
0Æ1
<0Æ01
<0Æ01
<0Æ01
<0Æ01
0Æ01
0Æ01

0Æ6
0Æ6
0Æ65
0Æ72
0Æ68
0Æ64
<0Æ01
0Æ5
0Æ31
0Æ31
0Æ29
0Æ24
<0Æ01
0Æ1
0Æ36
0Æ14
0Æ38
0Æ46
0Æ34
0Æ46
0Æ39
<0Æ01
0Æ11
<0Æ01
<0Æ01
0Æ56
0Æ23
0Æ16
0Æ36
0Æ06

<0Æ01
<0Æ01
<0Æ01
<0Æ01
<0Æ01
<0Æ01
<0Æ01
<0Æ01
<0Æ01
<0Æ01
<0Æ01
<0Æ01
<0Æ01
<0Æ01
<0Æ01
<0Æ01
<0Æ01
<0Æ01
<0Æ01
<0Æ01
<0Æ01
<0Æ01
<0Æ01
0Æ01
<0Æ01
0Æ01
0Æ06
0Æ02
0Æ31

0Æ025 0Æ035

0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ005
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ005
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ01
0Æ005
0Æ01
0Æ005
0Æ005
0Æ01
0Æ01
0Æ02
0Æ01

0Æ35

Errors are from 10 replicate analyses of the standard, CANMET SDMS2 (British Columbia granodioritic sand).
Numbers starting with 32 are from Brachina Gorge, but numbers starting with 34 are from Ediacara Boreholes 3 and 4
and are analyses numbers 1553472 to 1553475 of the PIRSA core facility in Glenside, South Australia.

nates medium-grained to coarse-grained quartzofeldspathic sandstones from 0Æ5 to 4 m thick,
grading irregularly up to ripple-marked siltstone
and shale (Figs 4B and 6A). Thick cross-bedded
sandstones have erosive bases, and both the base
and trough foresets are lined with claystone and
dolostone breccia. A good example of hummocky
cross-bedding has been illustrated by Gehling
(2000, fig. 10f) from the upper Ediacara Member
in the Red Range, but hummocky cross-bedding
was not seen at the sites examined for the present
study.
The most common kinds of ripple marks
found in the Ediacara Member are linguoid
ripples (Fig. 4F) usually within the fine-grained
sandstone upper portions of medium to coarsegrained, trough cross-bedded sandstones. Many
beds also show wavy bedding: with the sinuous
profile of ripple marks but with subdued relief
and indistinct internal lamination (Jenkins et

al., 1983; fig. 7). One bed in Brachina Gorge
(Fig. 4D), and others at Mayo Gorge and the
Ediacara Hills (Jenkins et al., 1983) show current ripples isolated within grey silty shale
(lenticular beds), with troughs picked out by
grey clay (flaser beds), and with capped and
interfering symmetrical ripples (Jenkins et al.,
1983, fig. 12).
Palaeocurrent data on the Ediacara Member
presented by Jenkins et al. (1983), Gehling (2000)
and here (Fig. 7A to C) confirm isopach evidence
of palaeovalleys (Fig. 2A) for a source terrane
nearby to the west in the Gawler Craton (Fig. 1).
Trough cross-beds and palaeochannel axes show
moderate dispersion of orientation down valley
(Fig. 7A to C), but high dispersion was seen in
nodular sandstones (Table 6, facies G of Gehling,
2000) and ripple crests are typically bimodal in
orientation (grey siltstone facies of Table 6; facies
B of Jenkins et al., 1983).
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Table 5. Stable isotopic compositions of Cambrian and Precambrian palaeosols.
d13C d18O
d18O
d13C
vVPDB (&) 2·SD vVPDB (&) 2·SD

Locality

Formation

Palaeosol
or rock

Palaeosols
Ten Mile Creek
Ten Mile Creek
Ten Mile Creek
Ten Mile Creek
Ten Mile Creek
Ten Mile Creek
Ten Mile Creek
Ten Mile Creek
Ten Mile Creek
Ten Mile Creek
Ten Mile Creek
Ten Mile Creek
Ten Mile Creek
Ten Mile Creek
Ten Mile Creek
Ten Mile Creek
Ten Mile Creek
Ten Mile Creek
Ten Mile Creek
Ten Mile Creek
Ten Mile Creek
Ten Mile Creek
Parachilna Gorge
Parachilna Gorge
Hookapunna
Hookapunna
Brachina Gorge
Brachina Gorge
core E3, Ediacara
core E3, Ediacara
Brachina Gorge
Brachina Gorge
Brachina Gorge
Brachina Gorge
Brachina Gorge
Brachina Gorge
Brachina Gorge
Brachina Gorge

Balcoracana F.
Balcoracana F.
Moodlatana F.
Moodlatana F.
Moodlatana F.
Moodlatana F.
Moodlatana F.
Moodlatana F.
Moodlatana F.
Moodlatana F.
Moodlatana F.
Moodlatana F.
Billy Ck Fm
Billy Ck Fm
Billy Ck Fm
Billy Ck Fm
Billy Ck Fm
Billy Ck Fm
Billy Ck Fm
Billy Ck Fm
Billy Ck Fm
Billy Ck Fm
Parachilna F.
Parachilna F.
Uratanna
Uratanna
Rawnsley Q.
Rawnsley Q.
Ediacara Mbr
Ediacara Mbr
Ediacara Mbr
Ediacara Mbr
Bonney Ss
Bonney Ss
Bonney Ss
Bonney Ss
Bonney Ss
Bonney Ss

Warru
Warru
Natala
Natala
Viparri
Viparri
Warru
Warru
Warru
Warru
Natala
Natala
Warru
Warru
Irkili
Irkili
Warru
Warru
Warru
Warru
Warru
Warru
Mata
Mata
Valkarra
Valkarra
Yaldati
Yaldati
Yaldati
Yaldati
Yaldati
Yaldati
Yaldati
Yaldati
Yaldati
Yaldati
Yaldati
Yaldati

B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
A
A
A
A
A
A
A
A
A
A
A
A

3612
3612
3601Æ8
3601Æ8
3601Æ2
3601Æ2
3529Æ8
3529Æ8
3524Æ8
3524Æ8
3261Æ1
3261Æ1
3184Æ2
3184Æ2
3167
3167
2874Æ3
2874Æ3
2403Æ6
2403Æ6
2403Æ6
2403Æ6
1079Æ4
1079Æ4
1042
1042
4916Æ1
4916Æ1
4760Æ9
4760Æ9
4735Æ7
4735Æ7
4564Æ9
4564Æ9
4530Æ1
4530Æ1
4252Æ7
4252Æ7

R3341
)5Æ05
R3341
)4Æ95
R3555
)10Æ00
R3555
)10Æ15
R3556
)7Æ21
R3556
)7Æ11
R3571
)9Æ14
R3571
)9Æ13
R3381
)8Æ70
R3381
)8Æ77
R3569
)0Æ64
R3569
)0Æ59
R3567
)2Æ82
R3567
)2Æ90
R3568
)2Æ56
R3568
)2Æ49
R3563
)7Æ63
R3563
)7Æ68
R3561
)4Æ28
R3561
)4Æ22
R3376
)1Æ72
R3376
)1Æ26
R3277
)6Æ33
R3277
)6Æ54
R3529
)5Æ80
R2329
)5Æ76
R3272
)8Æ66
R3272
)8Æ84
1553475 )5Æ75
1553475 )5Æ89
R3522
)4Æ12
R3522
)3Æ86
R3269
)5Æ00
R3269
)5Æ17
R3267
)9Æ89
R3267
)8Æ82
R3257
)7Æ22
R3257
)7Æ26

0Æ03
0Æ02
0Æ05
0Æ06
0Æ04
0Æ04
0Æ04
0Æ02
0Æ03
0Æ02
0Æ03
0Æ03
0Æ10
0Æ16
0Æ07
0Æ07
0Æ08
0Æ09
0Æ05
0Æ12
0Æ07
0Æ03
0Æ22
0Æ06
0Æ10
0Æ10
0Æ15
0Æ19
0Æ07
0Æ12
0Æ18
0Æ12
0Æ06
0Æ05
0Æ03
0Æ05
0Æ02
0Æ02

)5Æ40
)5Æ29
)6Æ47
)6Æ42
)6Æ71
)6Æ65
)5Æ77
)5Æ72
)5Æ30
)5Æ35
)15Æ84
)15Æ85
)16Æ55
)16Æ39
)17Æ12
)17Æ09
)5Æ70
)5Æ75
)5Æ35
)5Æ34
)6Æ16
)5Æ99
)4Æ72
)4Æ85
)6Æ13
)5Æ93
)4Æ80
)4Æ80
)6Æ20
)6Æ18
)4Æ44
)4Æ14
)1Æ66
)1Æ84
)6Æ27
)6Æ30
)4Æ68
)4Æ58

0Æ03
0Æ03
0Æ05
0Æ04
0Æ06
0Æ05
0Æ05
0Æ04
0Æ03
0Æ06
0Æ06
0Æ05
0Æ15
0Æ13
0Æ03
0Æ04
0Æ08
0Æ07
0Æ08
0Æ07
0Æ14
0Æ06
0Æ10
0Æ07
0Æ16
0Æ20
0Æ07
0Æ13
0Æ10
0Æ06
0Æ12
0Æ14
0Æ03
0Æ04
0Æ03
0Æ04
0Æ02
0Æ03

Marine
Ten Mile Creek
Ten Mile Creek
Ten Mile Creek
Ten Mile Creek
Ten Mile Creek
Ten Mile Creek
Brachina Gorge
Brachina Gorge

Balcoracana F.
Balcoracana F.
Edeowie Ls
Edeowie Ls
Wirrealpa Ls
Wirrealpa Ls
Wonoka Fm
Wonoka Fm

Stromatolite
Stromatolite
Limestone
Limestone
Limestone
Limestone
Dolostone
Dolostone

B
B
B
B
B
B
A
A

3608
3608
2332
2332
3171
3171
4114
4114

R3554
R3554
R3559
R3559
R3565
R3565
R3482
R3482

)0Æ31
)0Æ31
2Æ58
2Æ56
)1Æ79
)1Æ80
0Æ88
0Æ95

0Æ03
0Æ03
0Æ03
0Æ03
0Æ04
0Æ02
0Æ07
0Æ02

)8Æ66
)8Æ77
)10Æ34
)10Æ30
)10Æ09
)10Æ13
)8Æ04
)8Æ07

0Æ04
0Æ04
0Æ05
0Æ06
0Æ03
0Æ06
0Æ07
0Æ04

Ref. Level (m) Sample

Metre levels are from reference sections measured by Mawson (1939a,b), in Brachina Gorge (A) and along Ten Mile
Creek (B). Palaeosol descriptions not in this study are outlined by Retallack (2008). Analyses were made using the
Finnigan MAT 253 mass spectrometer in the Department of Geological Sciences, University of Oregon. Sample
1554735 is from Primary Industries and Resources South Australia core facility in Glenside, South Australia, others
are Retallack laboratory numbers. Errors are given as two standard deviations of repeated analyses of the same
sample, and two samples from each horizon assess lateral variability within that horizon.
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A

B

500 μm

500 μm

D

C

500 μm

500 μm

Fig. 5. Microprobe maps showing phases (light) that are difficult to illustrate petrographically, K-feldspar (A) and (C)
and metamorphosed-pedogenic Fe–Mg–illite around soil structure (B) and (D), as determined using Noran System 6
Phase recognition software, in (A) and (B) lower By horizon of Muru palaeosol (Specimen R3213), and (C) and (D) By
horizon of Warrutu palaeosol (R3226).

Cracking structures
Shrinkage cracks are uncommon in the Ediacara
Member, but are known as polygonal sandstone
casts (Gehling, 2000; fig. 10c), with simple
V-shaped cross-section (Fig. 8B). In thin section
also, red laminated siltstone is disrupted by
V-shaped fill of sandstone (Fig. 9A, bottom edge),
and sandstone is disrupted by V-shaped fill of red
siltstone (Fig. 9B, bottom edge). Shrinkage cracks
are sometimes confused with expansion cracks, a
non-genetic term for beds dilated from below into
an inverted V-shape, 2 to 6 cm high and some 10 to
20 cm wide, and then onlapped and partly eroded
by overlying beds (Fig. 8A). In thin section, these
up-arched sandy beds are also ferruginized and
riddled with ferruginous filamentous structures
(Fig. 9E). Expansion cracks are common structures
in both flaggy sandstone and nodular sandstone
facies of the Ediacara Member (Table 6).

Soft-sediment deformation
A deformed horizon (Figs 4C, 7F and 8F) is
widespread in the upper Ediacara Member from

the Ediacara Hills (Jenkins et al., 1983) south as far
as Bunyeroo Gorge (Gehling, 2000). The deformation was synsedimentary because surface microrelief was formed by upward buckling, then eroded
before being onlapped by later thin beds of sedimentary cover. The deformed sandy stringers are
progressively less distinct downward, becoming
oxidized and disrupted between at least four
episodes of deformation. Deformation of overlying
sandstone is less severe than for stringers of
sandstone in the underlying red siltstone, as if
deformation reactivated after several thin beds of
sediment. This deformation of the overlying sandstone is also onlapped by red siltstone laminae, as
if it too had surface microrelief.

Nodular structures
Micritic replacive carbonate (Fig. 8D) is rare in the
Ediacara Member and Bonney Sandstone, as small
nodules and mottles in red siltstone in both outcrop and core, as noted by Mawson (1938), Goldring
& Curnow (1967) and Calver (2000). Micritic nodules are distributed in diffuse bands within beds,
and always separated by 10 to 20 cm of non-nodular
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Siltstone, shale
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Trough cross-bedding

Convoluted bedding

Nodules

Shrinkage cracks

Sandstone

Planar bedding

White, grey colour

Ripple marks

Wavy bedding

Sand crystals

Expansion cracks

Fig. 6. Geological section of the upper Ediacara Member in Brachina Gorge (A), showing position and development
(after Retallack, 1991) of palaeosols (B), calcareousness (C), Munsell hue (D), and facies and sequence interpretations
of Gehling (2000) compared with those of this study (E) and (F).

sediment from cracked, ferruginized or clayey
tops of the beds (Fig. 7G and H). At all 10 localities
of the Ediacara Member examined, the nodular
sandstone facies (Table 6) has silica nodules and
spheroidal sand crystals (Fig. 8E). Sand crystals are
comparable with metamorphic porphyroblasts,
in showing crystal form embracing pre-existing
sand grains. Only grey sandstones contain these
structures, not red siltstones with micritic nodules.
The ‘‘peach stone shaped sand pseudomorphs’’ of
Gehling (2000) represent an intermediate form
between spiky sand crystals (Mawson, 1938,
1939a; Jenkins et al., 1983; fig. 8) and ellipsoidal
replacive silica nodules (Fig. 9F). Silica nodules
also coalesce locally into irregular masses (Gehling,
2000, fig. 7f) as further evidence that they formed
in place, and were not rounded clasts.
NEW PETROGRAPHIC OBSERVATIONS

Paucity of clay
Red clayey rocks of the Ediacara member have
remarkably little clay (8 to 33 vol.%), and are

siltstones, with highly angular, quartz and feldspar grains of silt size, which are grain-supported
(Figs 5C, 5D, 9B to 9D, 9G and 9I; Table 7).
Dominance of silt (39 to 72 vol.%) is confirmed
by point counting of red beds, which contrast
with sand-dominated, grey interbeds (Fig. 7G to
I). Grain-size measurements confirm silt size
(distinct mode at 5 to 6 /) in contrast to sand
size (2 to 4 /), sometimes within a different part
of the same bed (Fig. 10). Red siltstones and grey
sandstones of the Ediacara Member show distinctly different grain-size distributions.
Red siltstone is the lithology that defines both
the top and bottom of the Ediacara Member of
the Rawnsley Quartzite (Jenkins et al., 1983).
Grey siltstone beds are rare within the member,
and the sandstones are largely white, but often
with red mottles near the tops of beds. Similar
red mottles and red siltstones were also seen in
Ediacara drill cores 3 and 4 (Fig. 8D; Goldring &
Curnow, 1967). Red beds of the Ediacara Member are crudely graded within units 0Æ2 to 1 m
thick, ranging from basal white sand to capping
red siltstone (Figs 4C and 6A). Point counting of
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Table 6. Ediacara Member facies classification and interpretation.
Facies of
Jenkins et al. (1983)

Facies of
Gehling (2000)

Facies of this study

Interpretation of this study

E

A

Cross-bedded sandstone

Lower flow regime sandy river channel

D,C

B

Flaggy sandstone

Well-drained floodplain and sandy
palaeosols (Inga)

E

C,D

Massive sandstone

Upper flow regime sandy river channel

B

E

Grey siltstone

Intertidal flats

A

F

Red siltstone

Well-drained floodplain and silty
palaeosols (Muru, Yaldati, Warrutu, Wadni)

E

G

Nodular sandstone

Deflation plain waterlogged sandy
palaeosols (Inga)

n

n

11 channel scours
Ediacara Member

B

33 trough cross-beds
Chace Quartzite

n

25 ripple marks
Ediacara Member

C

n

D

7 stone rolls upper
Ediacara Member

n

15 anticlines upper
Ediacara Member

E

Wadni Muru

A

Warrutu

0

–1

Type Wadni
silt loam

Type Warrutu loam

25 cm

49 cm

150

By 48 cm

Weak red (10R4/3)

A 24 cm
A

26 cm

C

Type Inga
sandy clay loam

I

Red (10R4/2)
Red (10R4/6) and
Pale yellow (5Y7/3)

50

Clay

Siltstone
Sandstone
Trough cross-bedding
Planar bedding

0

4

Ba/Sr
0 4 8

FeO
Fe2O3
0

1

2

60

R3225 140
R3226 160
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200

Sand
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Quartz R3210 60

Sand

R3228 0
R3229
20
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*
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R3215 20
R3216
R3217
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R3219
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* *
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Light grey (2.5Y7/2)
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By 36 cm
Sand crystals white (5Y8/1)
C
Light grey (5Y7/2)
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9
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Al2O3
White nodules and veins

R3220
R3221 80
R3222
R3223 100

Weak red (10R5/3)
Light grey (5Y7/2)
Weak red (10R4/3)

Light grey (5Y7/2)

H
0
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Silt
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50
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Light grey (5Y7/2) nodules

C

8
7
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Light grey (5Y7/2) beds
Light grey (5Y7/2)

Ac

G 200

6

Point-count data
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50
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Bw
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silty clay loam
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Weak red (10R5/3)

C
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0
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By 17 cm

50

5
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A
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Metre scale: no vertical exaggeration
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Expansion crack
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Fig. 7. Field appearance, petrographic and geochemical variation of beds interpreted as palaeosols in the Ediacara
Member in Brachina Gorge: (A) to (C) palaeocurrents (Jenkins et al., 1983; Gehling, 2000); (D) and (E) orientations of
deformation features; (F) scale drawing of pedoturbation in Muru and underlying Wadni and Warrutu palaeosols; (G)
to (I) field observations, interpreted soil horizons, grain size and mineral content by point counting, and molecular
weathering ratios from XRF chemical analysis of Muru, Wadni, Warrutu, Yaldati and Inga pedotypes.
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Fig. 8. Cracking, deformation, nodules and sand crystals in the Ediacara Member of the Rawnsley Quartzite in
Bunyeroo Gorge (A), Bathtub Gorge (B), Brachina Gorge (C), (E) and (F) and Ediacara 3 core [(D) 86Æ2 m and 87Æ1 m,
respectively]; (A) expansion cracks in flaggy fine sandstone (at arrows); (B) shrinkage crack in sandstone (at arrow);
(C) drab haloed filaments (at arrows) and mottles in red siltstone with broken beds (platy peds of Yaldati palaeosol)
below oscillation rippled fine sandstone; (D) micritic nodules (at arrows); (E) sand crystals in trough bedded sandstone below red mottled surface (at arrow: Inga pedotype); (F) sequential convolute bedding (numbered arrows:
Warrutu pedotype). Hammers for scale in (A) to (C), (E) and (F) are 25 cm long and core trays are 6 cm wide.

selected graded beds (Fig. 7G and H) revealed
that they are dominantly silty, with surprisingly
little clay, and clay is most abundant right at the
surface.

Sand crystals and replacive nodules
In thin section, crystal rosettes and nodules of
calcite and silica include undeformed sand
(Fig. 9G and H), so formed in place incorporating

matrix in a replacive manner, as also is apparent
from laterally coalescing nodules (Gehling, 2000);
they did not displace matrix to form optically
pure crystals or nodules. Some nodules include
sharp rosettes of crystals (Fig. 9H), others have
degraded crystal remnants (Fig. 9G), and others
have only rounded outlines (Fig. 9F), within an
intergrading series of forms. Sand crystals and
nodules varied in long diameter from 4 mm to
6 cm.
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B

5 mm

D

C

5 mm

E
5 mm

F

5 mm

5 mm

H

G

5 mm

Disrupted lamination
Siltstones of the Ediacara Member commonly
show fine lamination (Fig. 9C and E), but others

I

5 mm

1 mm

are surprisingly massive with varying degrees of
bedding disruption (Fig. 9D; all thin sections cut
vertical to bedding). Some of this bedding disruption is due to cracking (Fig. 9A), but in other
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Table 7. Grain-size statistics of non-clayey parts of selected samples.
Pedotype

Horizon

Sample

Median F

Mean F

F SD

Verbal grain size

Sorting

Angularity

Muru
Muru
Warrutu
Warrutu
Yaldati
Yaldati

A
C
A
C
A
C

3215
3219
3223
3227
2305
2311

3Æ87
2Æ06
4Æ04
4Æ87
6Æ04
1Æ47

4Æ09
2Æ21
4Æ41
5Æ04
6Æ63
1Æ46

1Æ26
0Æ91
1Æ34
1Æ37
2Æ30
1Æ23

Very fine sand
Fine sand
Coarse silt
Coarse silt
Fine silt
Medium sand

Poor
Moderate
Moderate
Moderate
Very poor
Poor

Angular
Subangular
Angular
Subangular
Angular
Subangular

cases the beds are disrupted by small to microscopic tubular structures. Light grey (5Y7/2)
tubules, 1 to 2 mm in diameter, and mottles up
to 1 cm in diameter (Fig. 8D) are common in some
horizons of the Ediacara Member, and strongly
contrast to their red (10R4/6) matrix. In thin
section, tubular features are ubiquitous in the red
siltstones near the tops of beds. Tubules include
simple drab threads (Fig. 9D), drab threads with
ferruginized margins (Fig. 9B) and slender ferruginized threads (Fig. 9C and E). These thread-like
forms taper and branch downward and are also
concertina-like, due to burial compaction of their
matrix. Such microfilaments are much less common below the clayey, ferruginized tops of beds,
and missing entirely from trough cross-bedded
sandstone of the Ediacara Member.

NEW GEOCHEMICAL OBSERVATIONS

Major element chemical variation
Some Ediacaran beds show impressive uniformity or graded change in molecular ratios reflecting observed petrographic weathering of
feldspars to clay (the hydrolysis-proxy alumina/
bases in Fig. 7G to I) or reflecting chemical
leaching (from differing solubilities of barium/
strontium in Fig. 7G to I). In contrast, overlying
and intervening beds show erratic geochemical
variation of clayey and sandy lamination. Clays

identified from chemical analysis of the Cameca
X100 electron microprobe as grouped by Noran
System 6 Phase recognition software (Fig. 5B and
D) were found within the interstices of grains,
and have the composition of illite, including Ferich and Mg-rich varieties (Table 3), presumably
recrystallized from smectite precursors, as is
well-known for deeply buried and metamorphosed clays (Frey, 1987).

Abundant feldspar
Sandstones of the Ediacara Member and Rawnsley
Quartzite generally are regarded as orthoquartzites
(Gehling, 2000), but point counting revealed from
21 to 39% by volume feldspar, mostly clear
orthoclase (Fig. 7). This observation was confirmed by 17926 chemical analyses from the Cameca X100 electron microprobe Noran System 6
Phase recognition software visualization. In Figure
5A and C, the yellow regions are all feldspar, but
quartz and other phases are black.

Carbonate stable isotopic composition
Carbonate nodule micrite stable isotopic values
from the Ediacara Member, including those from
Ediacara core 3, are unusually depleted in 13C
and 18O compared with Vienna PDB (=0& by
convention). Values for d13Ccarb are )3Æ86 to
)5Æ75& and for d18Ocarb are )4Æ14 to )6Æ18&.
These values are listed and placed within a

Fig. 9. Petrographic thin sections of palaeosols and parent materials of Ediacara Member in Brachina Gorge under
plane light (A) to (H) and crossed nicols (I): (A) shrinkage crack in oxidized shale (at arrow) and ferruginized filaments C
horizon of Wadni palaeosol (R3221); (B) diffuse drab vertical tubules cutting across bedding and shrinkage crack in
sandstone (lower edge) in A horizon of Yaldati palaeosol (R3206); (C) ferruginized vertical tubules cutting across
bedding (tops of some indicated by arrows) in A horizon of Warrutu palaeosol (R3223); (D) drab filamentous structures
in By horizon of Warrutu palaeosol (R3226); (E) ferruginized filaments and cores of expansion cracks) in A horizon of
Warrutu palaeosol (R3222); (F) silica nodule (right) and matrix with ferruginized filaments (right) in By horizon of Muru
palaeosol (R3217); (G) gypsum crystal pseudomorph (dark) within nodularized gypsum (light) By horizon of Warrutu
palaeosol (R3226); (H) sand crystal after gypsum in By horizon of Inga palaeosol (R3229); (I) poorly sorted loess with
scattered oversize feldspar and quartz in A horizon of Muru palaeosol (R3216). Stratigraphic levels of specimens are
shown in Fig. 7. All figures are from oriented thin sections cut vertical to bedding and with stratigraphically younger
layers to the top: thus bedding is horizontal, and filamentous and cracked disruption of bedding is vertical.
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Fig. 10. Grain diameters (1000 grains) of selected palaeosols, showing distinct size populations here interpreted as
loess versus water-lain: (A) Warrutu A horizon (R2223 – solid) and C horizon (R2227 – dashed); (B) Muru A horizon
(R2215-solid) and C horizon (R2219-dashed); (C) Yaldati A horizon (R2205 – solid) and C horizon (R2211 – dashed).

context of other isotopic analyses from the Flinders Ranges in Table 5.

COASTAL OR DEEP MARINE FACIES?
New petrographic and geochemical data combined with sedimentological observations now
allow re-evaluation of the original alluvial–intertidal–lagoonal sedimentary model (Fig. 1A; Glaessner, 1961; Goldring & Curnow, 1967; Jenkins
et al., 1983), versus a later submarine canyon and
fan deposition model (Fig. 1B; Mount, 1989;
Gehling, 2000). Making this distinction has also
proven controversial for other Proterozoic rocks
of the Flinders Ranges, such as Wonoka Formation erosional features interpreted as palaeovalleys (Eickoff et al., 1988; von der Borch et al.,
1989; DiBona, 1991; Christie-Blick et al., 1995) or

submarine canyons (von der Borch et al., 1982,
1985; Giddings et al., 2010).

Palaeovalleys or submarine canyons?
Does erosional palaeorelief at the base of the
Ediacara Member (Figs 2 and 3) represent walls
of a submarine canyon or palaeovalley? Unfortunately, there appears to be no morphological
difference between river valleys and submarine
canyons, because both form dendritic drainage
networks, are straight or meander through bedrock,
and have fills with inset channels and levées
(McGregor et al., 1982; Drexler et al., 2006; Green
& Uken, 2008; Tuzino & Noda, 2010). The distinction between palaeovalleys and submarine canyons is made largely on the basis of their fill
(Christie-Blick et al., 1995), as discussed for the
Ediacara Member in the following paragraphs.
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Gehling (2000) has interpreted massive sand
facies as grain flow sands with submarine canyon
wall breccias. Comparable massive sands with
sedimentary breccias are also known to have been
deposited by an upper flow regime of braided
streams such as the Brahmaputra River, of
Bangladesh (Coleman, 1969), and in ancient
braided stream deposits, such as the Triassic,
Hawkesbury Sandstone of Sydney, Australia
(Conaghan, 1980). This facies provides little
evidence to resolve the controversy of whether
basal Ediacaran palaeorelief was a palaeovalley
or submarine canyon.
Fining upwards beds from sandstone to siltstone in the Ediacara Member were interpreted as
turbidites by Mount (1989) and Gehling (2000),
but true turbidites are single event beds (Bouma,
1962; Walker, 1973). The fining upward cycles of
the Ediacara Member are most like fluvial cycles
of streams (Reineck & Singh, 1980) or palaeosolcapped palaeochannels (Retallack, 1991). Trough
cross-bedding is ubiquitous in sandy streams
(Harms & Fahnstock, 1965) and flume experiments reproducing comparable channellized flow
(Simons et al., 1965), but similar features are also
found in deep submarine channels (Drexler et al.,
2006). Hummocky cross-stratification is formed
by storm waves in very shallow (<30 m) marine
sands (Dott & Bourgeois, 1982; Dashtgard et al.,
2009), and the example observed by Gehling
(2000) is at the same stratigraphic level of the
Ediacara Member as ripple marks interpreted here
as tidalites (Fig. 4D).
Lenticular and flaser beds in the Ediacara
Member were interpreted by Goldring & Curnow
(1967) and by Jenkins et al. (1983) as deposits of
tidal flats, an interpretation supported here for
the grey siltstone facies (Table 6). Capped and
interfering symmetrical ripples are also common
on tidal flats and shallow lakes, where wave
action is oscillatory and in different directions
(Reineck & Singh, 1980). Linguoid ripples dominate the red siltstones and fine sandstones of the
sandstone–siltstone cycles of the Ediacara Member, here interpreted as fluvial cycles (Table 6;
Fig. 6), and are very common in modern rivers
(Harms & Fahnstock, 1965; Simons et al., 1965),
tidal flats (Reineck & Singh, 1980) and perhaps
submarine canyons (Drexler et al., 2006). Compared with linear ripples, linguoid ripples form
in higher velocity water with flow that is more
sustained through time (Baas et al., 1992).
Palaeocurrents confirm that different facies had
different current regimes and directions, without
revealing specific palaeoenvironments. The
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focused orientation of trough cross-beds and
palaeochannels are as compatible with river
valleys and estuaries (Jenkins et al., 1983) as
submarine canyons (Gehling, 2000). The dispersed and bimodal palaeocurrents are as compatible with tidal flats and coastal deflation plains
(Jenkins et al., 1983) as submarine fans with
contourites (Gehling, 2000). Palaeocurrents do
not settle the debate about palaeovalleys or
submarine canyons.

Aeolian–alluvial or gravity flow deposition?
The size distribution and trough cross-bedding
of Ediacara Member sandstones is compatible
with evidence that these were deposited in
channellized traction currents (Harms &
Fahnstock, 1965; Simons et al., 1965). In contrast,
the size distribution of Ediacaran Member siltstones (Fig. 10) is comparable with granulometric
data on Quaternary loess of sub-Saharan Ghana
(Breuning-Madsen & Awadzi, 2005), China (Sun
et al., 2004) and Kansas (median grain size 4Æ3 to
5Æ6 /, standard deviation 0Æ9 to 1Æ7 /; Swineford &
Frye, 1951). Poor sorting in modern loess comes
from admixture of well-sorted grains from dust
storms with smaller grains from less turbulent air
(Sun et al., 2004), as well as from breakdown of
grains by soil formation and large surface grains
falling down cracks in soil (Nemecz et al., 2000).
Angularity of modern loess grains comes largely
from the dominance of physical over chemical
weathering in periglacial source areas (Swineford
& Frye, 1951). Mixtures of water-lain and loessic
grain-size distributions within individual Ediacaran beds may reflect flood derivation of bed
bases followed by loess accumulation, within a
regime of generally dusty aeolian deposition, as
in loess plains dissected by streams and floodplains of the Great Plains of North America
(Swineford & Frye, 1951). The paucity of clay in
the Ediacara Member stands in contrast to turbidite and abyssal facies, such as the Poudingue de
Granville (Fig. 4A).
Grain-supported, angular, silty, loessic textures
are not preserved in dust blown into the ocean,
because of grain-size grading of individual duststorm increments settling through water, bioturbation, and dilution with marine clays and
cements (Gleason et al., 2002). Cambrian marine
siltstones maintain the grain size, but not texture,
of loess from windblown landscapes pre-dating
the advent of vascular land plants (Dalrymple
et al., 1985). In marine-influenced silty palaeosols
of the Early Cambrian, Parachilna Formation of the
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Flinders Ranges, for example, there are nearly
equal amounts of sand, silt and clay, and silt and
sand grains float in a clayey matrix (Retallack,
2008). Loess textures are more persuasive evidence
of aeolian deposition than loess grain size, but both
are required to infer non-marine aeolian deposition (Mawson & Segnit, 1949).

Red beds or drab beds oxidized in outcrop?
Gehling (2000) and Mapstone & McIlroy (2006)
argue that the Ediacara Member was originally
grey to black, pyritic and carbonaceous, siltstone
and sandstone reddened by lateritic Mesozoic or
Cenozoic weathering to depths of 300 m. Alternatively, hematite cement could have come from
weathering down from erosional disconformities
within or above the Rawnsley Quartzite (Gehling,
2000), or during exposure shortly after deposition
of each bed (Mawson & Segnit, 1949). Or perhaps
the red colour was from highly oxidized marine
waters, such as those considered responsible for
red limestones of pelagic shells (ammonitico
rosso; Mamet & Preat, 2006), abyssal red clays
(Gleason et al., 2002) or oolitic iron ores (Brett
et al., 1998).
Marine alternatives are the most unlikely,
because ammonitico rosso, abyssal red clay and
oolitic iron ore form in sediment-starved areas of
the ocean remote from supplies of coarse sand
and gravel, which are so abundant in the Ediacara
Member. As a result, they include local coquinas
of marine fossils (microbialitic carbonate, ammonites, ichthyolites and brachiopods; Brett et al.,
1998; Gleason et al., 2002; Mamet & Preat, 2006).
Comparable Ediacaran marine fossils such as
acritarchs, stromatolites and Cloudina (Knoll
et al., 2006) have yet to be found in Ediacara
Member red siltstones.
The
Mesozoic–Cenozoic
deep-weathering
hypothesis of Gehling (2000) is tested here using
chemical analysis of core samples from Ediacara
drill holes 3 and 4. This analysis showed micritic
carbonate nodules (Fig. 8D), dark maroon-red
colour (Fig. 8D), chemical oxidation (from low
ferrous/ferric iron ratio of Fig. 7G and H) and
molecular ratios of modest chemical weathering
(alumina/bases of Fig. 7G and H), identical to
those of outcrops in Brachina Gorge. These core
samples came from 71 to 91 m beneath unoxidized Cambrian copper sulphide ores, siltstones,
sandstones and limestones (Goldring & Curnow,
1967), so that oxidation extended <20 m below
the surface in the Ediacara Hills. Unoxidized and
unreddened pyritic and carbonaceous shales

such as the Oraparinna Shale, upper Parara
Limestone and the upper Wonoka Formation crop
out throughout the Flinders Ranges (Fig. 2B).
Furthermore, Ediacaran red beds of Brachina
Gorge and the drill cores show high feldspar
content [from point counting (Fig. 7) and microprobe mapping (Fig. 5A and C)], and strongly
illitized (very sharp 10 Å peak) clays (Table 1). In
contrast, Mesozoic–Cenozoic lateritic palaeosols
of South Australia are unmetamorphosed,
kaolinitic and devoid of feldspar and carbonate
(Firman, 1988). Brachina and other gorges of the
central Flinders Ranges have been regarded as
ancient deeply weathered landscapes (Gehling,
2000), but the Flinders Ranges have the most
youthful topography and the most seismic activity in Australia (Quigley et al., 2006).
These chemical and mineralogical arguments do
not apply to the hypothesis of deep weathering
from the disconformity above the Rawnsley Quartzite, because palaeosols in the Parachilna Formation above that contact are illitic and
feldspathic (Retallack, 2008). Nevertheless, deep
weathering or reddening was not observed beneath this contact. Each of the grey to white
unoxidized palaeochannel sandstones within palaeovalleys of the Rawnsley and Bonney sandstones caps thin red beds; each grades down to
drab siltstones or sandstone on a metre scale.
Grey-green filamentous and globular mottles are
found within red beds on scales ranging from
metres to millimetres (Figs 8C and 9C). As noted
by Mawson & Segnit (1949), these observations are
compatible with the hypothesis of prolonged
oxidation following rapid sedimentation events
during the Ediacaran. This pattern of red claystone with green-grey mottles between green-grey
palaeochannels and interbeds is common in both
Proterozoic (Driese et al., 1995; Mitchell & Sheldon, 2009) and Phanerozoic (Retallack, 1991,
2008) alluvial palaeosol sequences.
Additional evidence for Ediacaran oxidation
comes from field observations. Red clasts were
found within grey sandstone eroded from underlying mud-cracked red siltstone (3Æ5 m in Fig. 6),
and could not have been oxidized subsequently
without also reddening the enclosing sandstone.
Oxidation by ground water after burial would not
have selectively oxidized weakly permeable,
clayey siltstones, while leaving unoxidized
highly permeable interbedded sandstones with
unoxidized, grey, dolostone clasts of the Wonoka
Formation (5 m and 26 m in Fig. 6).
The idea of Neoproterozoic oxidation of South
Australian Ediacaran red beds other than the
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Ediacara Member is confirmed by palaeomagnetic studies (Schmidt et al., 1993) and polar
wander curves matching those of other continents (McWilliams & McElhinny, 1980). Evidence from other Precambrian palaeosols
(Retallack, 2001) and sedimentary geochemistry (Canfield et al., 2007) indicates that the
Ediacaran atmosphere and ocean was oxidizing,
unlike earlier in Earth history. Chemically
reduced palaeochannels (Fig. 4B) and intertidal
deposits (Fig. 4D) are evidence that the Ediacaran transition from oxidizing to reducing conditions was near sea-level and the water table, as is
also evident from Early Ediacaran (Retallack,
2011), Cambrian (Retallack, 2008) to Miocene
palaeosols (Retallack, 1991; Retallack & Kirby,
2007) and modern soils (Vepraskas & Sprecher,
1997).

PALAEOSOLS OR TURBIDITES?
Palaeosols would be expected in the Ediacara
Member if deposited as aeolian or fluvial to
intertidal or lagoonal deposits (Mawson & Segnit,
1949; Glaessner, 1961; Goldring & Curnow, 1967;
Jenkins et al., 1983), but not if it were deep marine,
in which case graded beds would have been
turbidites (Mount, 1989; Gehling, 2000). Bioturbation as a guide to surface horizons of Precambrian
palaeosols is subtle and microscopic (Fig. 9B and
D). A better guide to surface horizons of palaeosols
geologically older than rooted plants are mud
cracks and other forms of dilational surface deformation under low confining pressure (Fig. 8B).
Soil structure of Precambrian palaeosols is more
limited in variety than the extensive array of
modified surfaces (cutans) and clods (peds) in
Phanerozoic palaeosols, but the same principles
apply to systems of cracks that disrupt primary
bedding. Some soil horizons such as histic epipedons (peat accumulation) or argillic horizons (clay
enriched from weathering and illuviation) are
unknown so far in Precambrian palaeosols, but
they do show discernable horizons marked by
nodules, salt crystals, mineral and grain-size variation (Mitchell & Sheldon, 2009, 2010; Driese
et al., 2011; Retallack, 2011). This account thus
attempts to identify diagnostic features of palaeosols pre-dating vascular land plants

Surficial bed disruption
Bedding disruption by fine (<2 mm diameter)
tubular features in the tops of beds of the Ediacara
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Member is comparable with that known from
Neoproterozoic (Driese et al., 1995; Retallack,
2011) and Cambrian palaeosols (Retallack,
2008), and is attributed to filamentous soil
microbes, such as rope-building cyanobacteria
(Microcoleus: Garcia-Pichel & Wojciechowski,
2009), and lichenized or unlichenized fungi (Belnap & Lange, 2003). The drab haloes, ferruginized
haloes and ferruginized tubes have analogues in
the preservation of root traces in Phanerozoic
palaeosols (Retallack, 2008), although on a much
smaller scale. The exact identity of the organisms
creating these filaments is not preserved, but their
distribution in the rock is like fossil biological
soil crusts, rather than aquatic microbial mats or
stromatolites (Retallack, 2008, 2009a). Biological
soil crusts have vertically oriented filaments
intimately admixed with minerals of the soil
(Belnap & Lange, 2003), whereas microbial mats
are laminated, and detachable from their mineral
substrate as flakes, skeins and rollups (Seilacher,
2007). Biological soil crusts are found in soil
profiles with downward variations in oxidation,
clay abundance and replacive nodular subsurface
horizons, like geochemical variation within studied beds of the Ediacara Member (Fig. 7), whereas
microbial mats form on unweathered, chemically
reduced sedimentary layers (Noffke et al., 2001;
Noffke, 2010).

Surface shrinkage cracks
Although considered evidence of drying in air
(Mawson, 1938, 1939a; Jenkins et al., 1983),
polygonal shrinkage cracks in siltstones and
sandstones of the Ediacara Member were interpreted by Goldring & Curnow (1967) and Gehling
(2000) as syneresis cracks, formed by clay flocculation or deionization under water of changing
chemical composition (Pratt, 1998). Other generally similar cracking patterns are diastasis
cracks of carbonate beds due to differential
compaction and cementation (Cowan & James,
1992), and molar tooth structures of carbonate
outlined by contorted carbonate veins (Bishop &
Sumner, 2006). These carbonate structures are
unlikely to be found in the Ediacara Member
which is largely non-calcareous with rare and
scattered nodules of uncracked micrite (Goldring
& Curnow, 1967).
Syneresis cracks are thin (<2 mm), parallel
sided, and form en echelon disconnected sinuous
structures or polygonal networks, unlike desiccation cracks, which have deep (>2 mm) V-shaped
profiles and gaping polygonal networks (Plummer

 2011 The Authors. Journal compilation  2011 International Association of Sedimentologists, Sedimentology, 59, 1208–1236

1226

G. J. Retallack

& Gostin, 1981). Desiccation best explains the
polygonal, V-shaped desiccation cracks documented here (Figs 8B, 9A and B). Desiccation
cracks entirely within sandstone (Figs 8B and 9B)
could only crack as if they were clay if bound by a
drying biological soil crust, as argued for other
Precambrian examples of soil crusts (by Prave,
2002).

Surface expansion cracks
Dilation and onlap demonstrate that expansion
cracks of the Ediacara Member formed at the
surface (Fig. 8A), not during burial dewatering
like dish structures (Rauttman & Dott, 1977).
Expansion cracks were illustrated and interpreted by Gehling (2000) as petee structures.
Modern petee structures of the intertidal to
supratidal zone are created by displacive salt
crystallization and gas escape (Gavish et al.,
1985; Noffke, 2010). Petee structures are small
(<0Æ1 m tall), and wrinkled to cauliflower-shaped
because of deformation by skeins of microbial
mats (Reineck et al., 1990). Wrinkling is not
apparent in Ediacaran expansion cracks, which
are on top of beds with sand crystals 0Æ15 to
0Æ25 m below. There is always a separation of
salts from the surface, as in desert soils (Dan &
Yaalon, 1982), but unlike salt-associated petees
and tepees of sabkhas or playas (Reineck et al.,
1990; Noffke, 2010). Especially telling evidence
against a salt or microbial gas origin of expansion
cracks in the Ediacara Member is their polygonal
arrangement in plan (Gehling, 2000, fig. 7d), and
lack of clay, yet plastic deformation (Gehling,
2000, fig. 7a, c and e).
Another dilatory force in soils and sediments is
the expansion consequent on freezing, and surface expansion cracks of the Edicara member are
similar to ice-patterned ground (French, 1996) or
needle-ice striping (Jennings, 1983). Ice-patterned
ground explains common asymmetry of expansion cracks in cross-section, as if emergent
ground ice toppled slightly to one side either
under its own weight or driven by high wind.
This same association of ice expansion cracks
above stellate sand crystals in lower parts of the
same bed has been reported from the Neoproterozoic (720 Ma: Benn & Prave, 2006), periglacial
Port Askaig Formation of Scotland (Spencer,
1971). Expansion cracks of the Ediacara Member
may thus represent ice-patterned soil (Jennings,
1983; French, 1996), and constitute evidence for
frigid climates additional to late Ediacaran tillites
of the northern Flinders Ranges (DiBona, 1991)

and central Asia, Siberia and China (Chumakov,
2011).

Polyphase surface deformation
A deformed horizon within the Ediacara Member
(Figs 7F and 8F) has been described as load casts
(Jenkins et al., 1983) or ball and pillow structure
(Gehling, 2000), and interpreted as a subsurface
failure of a thixotropic layer due to water pressure
variation or seismic shaking, which could occur
in both marine and non-marine environments.
Other alternatives are soil deformation, best
known in swelling-clay soils (Vertisols; Paton,
1974) and frigid soils (Gelisols; French, 1996).
Another possibility is deformation by an overriding glacier, although comparable examples
(Spencer, 1971; Benn & Prave, 2006, fig. 9) from
the Scottish Neoproterozoic are associated with
diamictites, which were not seen in the Ediacara
Member.
Unlike seismically induced or gravity-driven
load structures, mud volcanoes, sand blows,
contorted lamination, dykes and breccia (Wheeler, 2002; Owen, 2003), the distinctive clayey
deformation fades downward in multiple generations from the undulating surface to undeformed layers. It lacks any trace of injected
dykes of breccia or sand from below as in
seismic ‘sand blows’ (Wheeler, 2002). It does
not represent a single injection or liquefaction
of a single bed, nor deformation after burial,
but rather a series of top-down deformations,
with intervening intervals of reddening,
clay formation and bedding disruption. It is
this marked difference in preservational quality
of the successive deformations onlapped by
surficial
increments,
which
distinguishes
this feature from intrastratal sedimentary
deformation.
This deformation is not riddled with intersecting slickensides and deep cracking found in
swelling clay soils (Vertisols: Paton, 1974), but
is flexuous like periglacial involutions in Quaternary palaeosols illustrated by Johnsson (1963),
Hamilton & Ashley (1993) and Horváth et al.
(2005). Neoproterozoic periglacial involutions
depicted by Williams & Tonkin (1985) in the
Whyalla Sandstone are no longer exposed due to
continued excavation in the Cattle Grid Copper
Mine at Mount Gunson, South Australia, but a
variety of comparable periglacial involutions
remain exposed there (Retallack, 2011). Other
generally similar deformation features are known
from the Neoproterozoic Port Askaig Formation of
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Subsurface carbonate nodules
The distribution and replacive petrographic character of carbonate nodules in the Ediacara Member is characteristic of pedogenic carbonate (Gile
et al., 1981; Monger et al., 1991). Marine carbonate nodules can also be replacive (Cibin et al.,
1993; Coimbra et al., 2009), and for the marine
interpretation of these nodules proposed by Gehling (2000), the characteristic spacing of nodules
below the bed surface would be fortuitous. Nodules arranged into horizons at a depth determined
by precipitation and biological productivity is
characteristic of soils and palaeosols (Retallack,
2005, 2009c).
Carbonate stable isotopic composition from
core and outcrop of the Ediacara Member plots
in a field with local soils and palaeosols, not
marine limestones (Fig. 11), which include South
Australian Cambrian limestones known to be
marine from their abundant archaeocyathids,
trilobites and brachiopods (Tucker, 1991; Surge,
1996). The light isotopic composition of carbonate nodules from the Ediacara Member is similar
to soil nodules in late Archean palaeosols
(Schagen palaeosols of Fig. 11; Watanabe et al.,
2000), Neoproterozoic weathered limestone
(Knauth & Kennedy, 2009), Cambrian palaeosols
(Retallack, 2008) and Quaternary soils (Quade
et al., 1995). These isotopically lighter values also
hold for the Neoproterozoic Wonoka Formation,
stratigraphically below the Ediacara Member, in
which caliche from a palaeovalley wall has much
lower carbon isotope values than marine dolostone of the Wonoka Formation (Eickoff et al.,

1988). Beyond this palaeovalley, the Wonoka
Formation includes widespread red, nodular beds
(Haines, 2000), which also have the red colour
and hackly structure of palaeosols. Similarly,
Kaufman et al. (2006) demonstrated unusually
negative carbonate carbon isotope values in Ediacaran marine carbonates closely associated with
palaeokarst, red beds, breccia and disconformities
from exposure to air. Knauth & Kennedy (2009)
argue that Kaufman et al. (2006) and many others
err in interpreting such light values as marine
isotopic values recording unusual oceanic crises.
Light isotopic values come from ‘meteoric diagenesis’, that is, soil formation or karstification
with soil organic matter. For this reason, only
rocks known from independent local evidence to
be marine or non-marine are plotted in Fig. 11.
The characteristic of pedogenic nodules and
weathered carbonate is moderate to extreme
isotopic depletion in both 13C and 18O, due to
biological fractionation of organic carbon sources
of soil CO2 (Cerling, 1991), and Rayleigh distillation of water vapour with distance from the

8
6

Carbonate δ13C ‰

Scotland (Spencer, 1971; Benn & Prave, 2006).
Interpretation as periglacial involutions supports
the interpretation of expansion cracks as ice
heave structures. A late Ediacaran glaciation is
also evident from tillites of the northern Flinders
Ranges (DiBona, 1991). The late Ediacaran,
Baykonur Glacial has now been recognized from
the Baykonur Formation of Kazachstan and
Kyrgyzstan, the Zabit Formation of the eastern
Sayan Range in Siberia, the Nomtsas Formation of
Namibia, and the Hakalchoug, Hontiegou,
Zhengmuguan and Louquan Formations of China
(Chumakov, 2011). Yet another glaciation has
been recognized in the Early Cambrian, from
tillite of the Mystery Lake Member of the upper
Chapel Island Formation, near St John,
New Brunswick, Canada, and dropstones in the
Booley Bay Formation of Ireland (Landing &
MacGabhann, 2010).
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Other Cambrian limestones

Fig. 11. Cross-plot of d13C and d18O from carbonates of
Cambrian, Ediacaran and Quaternary age in South
Australia, illustrating distinctive fields interpreted here
as pedogenic versus marine carbonate. Cambrian marine limestone analyses are from Tucker (1991) and
Surge (1996), but Cambrian and Precambrian pedogenic
carbonate analyses are new (Table 4), with the exception of Wonoka Formation palaeovalley caliche from
Eickoff et al. (1988). Other Wonoka Formation analyses
of Calver (2000) include both marine and non-marine
carbonates. Quaternary soil carbonate analyses are from
Quade et al. (1995). Also shown are Schagen calcareous palaeosols (2Æ6 Ga) from South Africa (Watanabe
et al., 2000).
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oceanic sources (Horton et al., 2004). If carbonate
nodules in the Ediacara Member were marine,
unusual circumstances would be required for
such low carbon and oxygen isotope values
(Calver, 2000). The values of d13C observed are
lower than )5&, which has been interpreted as a
reversion of Neoproterozoic oceans to mantle
values with suppression of marine productivity
due to ice cover proposed by the hypothesis of
Snowball Earth (Hoffman & Schrag, 2002).
Perhaps low isotopic values were derived from
marine methanogenesis, as proposed for basal
Ediacaran carbonates by Jiang et al. (2003), but
the Ediacara Member was too oxidized for anaerobic methanogens. Very low carbon isotope values could also have come to this part of the ocean
from carbon dioxide generated in stagnant parts
of the ocean that overturned (Knoll et al., 1996;
Calver, 2000) or from methane outbursts elsewhere (Retallack, 2009c), but these theories for
transient carbon isotopic lows explain times of
mass extinction, not the diversity of fossils in the
Ediacara Member (Fedonkin et al., 2008). Scattered micritic nodules in red siltstones of the
Ediacara Member have the field, petrographic and
isotopic signature of pedogenic carbonate.

Subsurface sand crystals and silica nodules
Although sand crystals of the Ediacara Member
have external crystal-like faces, they are almost
entirely silica, with no trace of calcium, barium or
sulphur found during microprobe mapping and
chemical analysis (Fig. 7). The acutely terminated
form of the crystals (Fig. 9G and H) is more like
gypsum than barite sand crystals documented
from Miocene palaeosols in the Cucaracha Formation of Panama (Retallack & Kirby, 2007).
There is no chemical or deformational indication
of inclusion-free salts displacing a hydrated
matrix of a tidal flat or sabkha (Shearman, 1978).
When such displacive crystals and spherulites
are replaced by silica, they form megaquartz with
few included grains, as in the Miocene, Moghra
Formation of Egypt (El Khoriby, 2005). In contrast, replacive sand crystals of the Ediacara
Member are identical to ‘desert roses’ of desert
and playa soils with much incorporated sediment
(Almohandis, 2002). Silicification and nodularization of gypsum sand crystals in desert playas is
a result of unusually high pH, as demonstrated by
Eugster (1969) at Lake Magadi, in the Rift Valley
of Kenya. Comparable silica-replaced gypsum
nodules and sand crystals are also known from
the Permian Bolzano Volcanics of Italy (Krainer &

Spötl, 1998). Sand crystals and nodules of the
Ediacara Member lack the tabular form of salts
reprecipitated at water tables or disconformities
(Dan et al., 1973), but instead are scattered within
their horizons 10 to 25 cm below bedding planes,
deep within trough cross-beds (Fig. 8E). These
are features of salic horizons of dry alluvial soils
in which grains are not displaced by subsurface
crystal growth (Dan & Yaalon, 1982).

Convex grain-size grading
Graded beds of the Edicaran Member have little
clay, and clay increases dramatically towards the
top of the bed to form a convex grain-size profile
(Fig. 7), unlike the long fine tails and concave
grain-size profile of prodeltaic and submarine
canyon turbidites, envisaged by Mount (1989)
and Gehling (2000). Concave grain-size profiles of
turbidites result from long-term clay settling after
turbidite passage. Unlike known turbidites of
Ediacaran age (Fig. 4A), red siltstones of the
Ediacara Member are poorly sorted (Table 7),
with isolated, large grains suspended within a
matrix of angular silt (Fig. 9I). These graded beds
also include multiple event beds, which are more
disrupted and obscured by deformation, desiccation cracks and ferruginization towards the surface than single-event turbidites. Furthermore,
clay in the Ediacaran examples is more abundant
in proportion to depletion of easily weathered
grains, such as feldspar and rock fragments as in
soils, and it tracks molecular weathering ratios
devised to reflect hydrolysis reactions (Fig. 7G to
I). Clay minerals of different chemical composition are finely admixed and form rinds around
groups of grains like pedogenic clay rinds to soil
peds in microprobe maps (Fig. 5B and D), and
therefore support the idea of advances in clay
production on land from complex clays in rocks
of Ediacaran age (Kennedy et al., 2006). Observed
grain-size and chemical horizonation within beds
of the Ediacara Member are diagnostic of modest
chemical weathering in formerly well-drained
palaeosols (Retallack, 1991).

Gradational bed chemical variation
Geochemical composition of beds chosen for the
analysis show gradational variation where beds
are more or less massive, in contrast to erratic
variation within laminated beds (Fig. 7G to I), as
is, characteristic of soils versus intervening sediments (Retallack, 1991). In addition, alumina/
bases ratios and barium/strontium ratios are,
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greatest in those horizons where the bedding is
most obscured and that contain large nodules,
reflecting a greater degree of soil development. The
most clayey parts of the beds are thus the most
chemically leached, as in clays formed in soils of
varied development, the opposite of expectations
if marine re-ionized clays had settled in turbidites
or if leaching after burial followed permeable
sandier horizons. Thus, variation from bed to bed
and within very weakly developed palaeosols
shows erratic chemical variation of sediments;
other beds with marked deformation, nodularization or other evidence of soil formation show more
subdued geochemical variation compatible with
moderate weathering in soils.
Alumina/bases and barium/strontium ratios of
the Ediacara Member are evidence of chemical
weathering comparable in kind with Miocene
palaeosols on quartzofeldspathic alluvium in
Pakistan (Retallack, 1991). Mass balance geochemical calculations (Eqs 1 and 2) quantify
comparison with Miocene palaeosols (Figs 12
and 13). The most deeply weathered palaeosol
of this comparison is the Miocene Narangi clay,
and the least weathered is the Ediacaran Yaldati
silty clay loam, but Ediacaran Muru loam and
Miocene Lal clay are comparable in base depletion. Lesser weathering of Ediacaran than Miocene palaeosols is also evident from the
persistence of feldspar revealed by microprobe
mapping (Fig. 5A and C) and point counting
(Fig. 7G to I). Persistence of feldspar is a general
feature of Ediacaran and early Palaeozoic quartz
sandstones (Basu, 1981; Dott, 2003; Avigad et al.,
2005). Gleization (molar increase in Fe2+), as seen
in Miocene Khakistari and basal Narangi clays,
was not seen in these Ediacaran palaeosols. Both
Miocene and Ediacaran palaeosols show mass
loss and volume depletion (negative strain and
mass transfer), with minimal sedimentary addition. In sediments such as turbidites, titanium is
in heavy minerals that settle to the base of the
profile (Bouma, 1962), unlike palaeosols in which
titanium is in weather-resistant minerals, such as
ilmenite, and concentrated near the top of the
profile because of mass and volume depletion of
other weatherable components (Brimhall et al.,
1992). Thus, sediments plot within the dilateand-gain quadrant of Fig. 12, but palaeosols are
largely within the collapse-and-loss quadrant.
Both the coordinated physical–mineral–chemical
differentiation of these Ediacaran profiles, and
the direction of chemical change are diagnostic of
soil development rather than sediment accumulation.
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PALAEOSOL CLASSIFICATION AND
COMPARISON
The 47 different stratigraphic levels showing
pedogenic features in Brachina Gorge (Fig. 6) are
repetitions of five distinct combinations of features. These five kinds of palaeosols (Table 8) are
named here as pedotypes from the Adnamatna
indigenous language (McEntee & McKenzie, 1992)
for non-genetic attributes such as small (Wadni),
hard (Inga), red (Yaldati), light-coloured rock
(Muru) and undulating ground (Warrutu).

Pedotype differentiae
The Wadni pedotype shows minimal soil development beyond intense surface ferruginization
and mud cracks. Its persistent lamination (Fig.
7G) marks it as an Entisol, such as Fluvents (of
Soil Survey Staff, 2000).
The Inga pedotype (Fig. 7I) has been illustrated widely (Jenkins et al., 1983; Gehling,
2000) and has evidence of surface exposure,
such as expansion cracks 15 to 25 cm above a
diffuse horizon of stellate sand crystals after
gypsum (Fig. 8E). Inga palaeosols are largely grey
and have much remaining ferrous iron (Fig. 7I),
like waterlogged soils (Vepraskas & Sprecher,
1997) and unlike the other red pedotypes. Grey
colour, sandy texture and shallow subsurface
gypsum sand crystals distinguish these palaeosols as Haplogypsids (of Soil Survey Staff, 2000).
The Muru pedotype is red with nodular forms
containing central crystal pseudomorphs (Figs 4C
and 7G), indicating a greater degree of dissolution
and precipitation of gypsum than in Inga palaeosols, and also greater thickness, clay content and
chemical weathering; but Muru palaeosols were
also Haplogypsids (of Soil Survey Staff, 2000).
The base of one Muru palaeosol has deformation
associated with that of the underlying Warrutu
palaeosol (Fig. 7F), but its upper part and other
Muru palaeosols show no deformation.
The Yaldati pedotype has much relict bedding
from a silty parent material and shallow (<1 m
deep), subsurface carbonate mottles and nodules
(Fig. 7H). The surface horizon is broken into
tabular units (platy peds) by thin seams of
oxidized clay (sesquiargillans). The Yaldati pedotype is best identified as Haplocalcid (of Soil
Survey Staff, 2000).
The Warrutu pedotype is thick and red with a
deep horizon of nodularized gypsum pseudomorphs. Its distinctive deformation (Figs 4C, 7F
and 7G) is most like a Gelisol, or frozen soil, such as
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a Gypsic Anhyturbel (of Soil Survey Staff, 2000).
This kind of Gelisol melted episodically to deform
thixotropically, unlike sand-wedge palaeosols of
the earlier Proterozoic (Williams & Tonkin, 1985).

Modern comparisons
Ediacaran palaeosols were generally similar to
modern soils in the Kyzyl Kum, Negev and

 2011 The Authors. Journal compilation  2011 International Association of Sedimentologists, Sedimentology, 59, 1208–1236

Ediacaran palaeosols
Atacama deserts. The closest modern analogue to
the gypsic palaeosols appears to be soilscapes on
the coastal plain of the Caspian Sea near Alyatau,
Kazakhstan (map unit Zo16-3a of Orthic Solonchak, with associated Takyric and Gleyic Solonchaks of Food and Agriculture Organization, 1974,
1978). Calcic palaeosols are found among nearby
weakly developed soils of the Emba River floodplain (map units Xl 16-1ab and Jc 53-2c). A gypsic–
calcic ecotone is also apparent in the Negev and
Atacama deserts (Dan et al., 1973; Ewing et al.,
2006), but these modern deserts are so extremely
dry that fluvial sedimentation is less apparent than
in trough cross-bedded sandstones of the Ediacara
Member. Comparable gypsic soils and palaeosols
are also known from Antarctica (Bockheim, 1990;
Retallack et al., 2001), but Ediacaran palaeosols
lack large ice wedges and associated glacial till of
such hyperarid, frigid, continental soils.

(Driese et al., 1995), early Ediacaran (635 Ma)
palaeosols of the Nuccaleena Formation in
South Australia (Retallack, 2011), Early Cambrian
Parachilna Formation and Middle Cambrian
to Early Ordovician Lake Frome Group of the
Flinders Ranges (Retallack, 2008, 2009a),
Cambrian–Silurian Tumblagooda Formation of
Western Australia (Retallack, 2009b), Ordovician
to Devonian Grampians Supergroup of Victoria
(Retallack, 2009b) and the Late Ordovician Juniata Formation of Pennsylvania (Retallack, 2001).
Also comparable are Pliocene palaeosols of
the Sirius Formation in the Dominion Range,
Antarctica (Retallack et al., 2001). These are
all red, clayey siltstone palaeosols of alluvial
facies with gypsum and carbonate nodules
and sand crystals, unlike deeply weathered palaeosols of major geological unconformities better
known from Precambrian rocks (Rye & Holland,
1998). These palaeosols lack argillic horizons,
mollic epipedons and other specializations of
Devonian and younger palaeosols of forests and
grasslands (Retallack, 1991, 2009b). Proterozoic
and early Palaeozoic palaeosols, like desert and
polar soils today, are limited in variety and

Ancient comparisons
Late Ediacaran palaeosols described here are
comparable with palaeosols from the Proterozoic
(1800 Ma) Lochness Formation of Queensland
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Fig. 14. Convex fining-upwards beds interpreted as different kinds of palaeosols: (A) to (E) in the Ediacara Member
of the Rawnsley Quartzite (ca 550 Ma) of South Australia, compared with concave fining upwards beds (F) to (H)
interpreted as turbidite Bouma (1962) sequences from the Poudingue de Granville (ca 600 Ma), near Granville,
France (Eyles, 1990).
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Table 8. Ediacara Member palaeosol definition and classification.
Pedotype

Aboriginal
meaning

Inga

Diagnosis

US taxonomy

FAO map unit

Hard

Grey sandstone capped with algal
wrinkling and petee structures, with shallow
and sparse red mottles (A horizon), over
deeper sand crystal rosettes (By horizon)

Haplogypsid

Gleyic
Solonchak

Muru

Light-coloured
rock

Red massive siltstone to sandstone surface
(A horizon), over a shallow horizon of hard,
ellipsoidal, non-calcareous nodules with
enclosed crystal pseudomorphs (By horizon)

Haplogypsid

Gypsic
Yermosol

Wadni

Small

Intensely red ferruginized surface (A horizon)
with mud-cracks and grey mottles, within
bedded siltstone (C horizon)

Fluvent

Eutric Fluvisol

Warrutu

Undulating
ground

This red, massive siltstone with pedoturbation
of surface anticlines (A horizon) and subsurface
load structures (Bw horizon), above deep horizon
of hard, ellipsoidal, non-calcareous nodules with
enclosed crystal pseudomorphs (Bw horizons)

Gypsic
Anhyturbel

Gelic Cambisol

Yaldati

Red

Red siltstone with intensely reddened and
mud-cracked surface (A horizon) and some
relict bedding, above ellipsoidal calcareous
mottles (Bk horizon).

Haplocalcid

Calcic Xerosol

represent biological limitations of those times
and places.

CONCLUSIONS
This analysis of a variety of sedimentary features
supports previous interpretations that the Ediacara Member is non-marine to lagoonal (Mawson
& Segnit, 1949; Jenkins et al.,1983) and, furthermore, contains a variety of palaeosols (Table 8).
These palaeosols have been overlooked until
now, partly because Ediacaran sediment-hosted
palaeosols are less strongly developed than many
other palaeosols, such as those at Precambrian
unconformities or formed under Devonian and
later forests (Retallack, 1991). Without evidence
such as root traces, which are lacking in
pre-Silurian rocks (Retallack, 2009b), the identification of Precambrian palaeosols in alluvial
sequences is challenging (Driese et al., 1995;
Mitchell & Sheldon, 2009). In addition to soil
structures (platy aggregates or peds and clayey
seams or sesquiargillans) and horizons (A-Bk and
A-By) already discussed, bedding disruption on a
variety of scales contributes to the more massive
appearance of palaeosols when compared with
the enclosing sediments. These subtle modifications of primary lamination are seen in core, thin

section and microprobe maps of pedogenic clay
surrounding groups of grains. Peds and cutans are
more diverse in Cambrian and younger soils
(Retallack, 1991, 2008), but are also critical to
field recognition of Ediacaran alluvial palaeosols.
Not all of these lines of evidence are equally
persuasive. Diagnostic non-marine criteria include desiccation cracks, sand crystals, icecracks, synsedimentary oxidation, coordinated
chemical–mineral–physical alteration profiles,
loess texture, periglacial involutions and unusually low carbon and oxygen isotopic values. Other
lines of evidence are consistent but not diagnostic
for non-marine environments, including palaeotopography, massive bedding, ripple marks and
cross-bedding. Siltstones and shales of the Ediacara Member have few marine or lacustrine
features: no positive carbon isotopic values, no
acritarchs, no stromatolites and no small shelly
fossils, such as Cloudina (Grey, 2005; Knoll et al.,
2006).
This variety of evidence for lagoonal to nonmarine environments of deposition (Fig. 1A) for
the Ediacara Member can be contrasted with the
single most persuasive line of evidence for deep
marine palaeoenvironments: normally graded
beds interpreted as turbidites (Mount, 1989;
Gehling, 2000). The turbidite paradigm captured
the attention of geologists in the mid-20th
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Century due to the ‘size, power, velocity, mystery
and elegance’ of deep submarine density flows,
which simultaneously explained flow separations
in lakes, excavation of submarine canyons and
deposition of normally graded, coarse-grained
beds in the deep ocean (Walker, 1973). The
turbidite paradigm has been especially seductive
because it is based mostly in field observations,
and so well-suited to research projects without
petrographic, geochemical or other laboratory
components (Mount, 1989; Gehling, 2000). Classical turbidite sequences of Bouma (1962) are
readily recognized in marine rocks of Ediacaran
age, although in Normandy, France (Figs 4A and
14F to 14H), rather than South Australia. Key
features of turbidites are deposition by a single
high-energy event, lack of large-scale crossbedding, grey colour, abundant evidence of basal
scour such as flute casts, and a concave grain-size
profile of sand or gravel followed by a long tail of
shale settled from suspension. In contrast, normally graded beds of the Ediacara Member
(Figs 4C and 14A to E) include multiple depositional and deformational events, common trough
cross-bedding, dominant silt grain size, red colour, modest basal scour and a convex grain-size
profile. Instead of settling of clay from suspension, normally graded red beds of the Ediacara
Member had clay formed by weathering from the
top down. This form of hydrolytic weathering
was limited during the Ediacaran Period
(Kennedy et al., 2006), as demonstrated here by
petrographic and geochemical data (Fig. 7), so
that clay was most abundant near the surface and
dropped off in abundance below that. Graded red
beds of the Ediacara Member of South Australia
are best explained not by the paradigm of turbidites, but by the paradigm of palaeosols.
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