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ABSTRACT 44 

 Patawarta Diapir, located in the Central Flinders Ranges, South Australia, has 45 

been interpreted as a single allochthonous salt sheet containing Tonian-aged igneous 46 

and layered evaporite sedimentary intrasalt inclusions derived from the Callanna Group.  47 

Using detailed field mapping, petrographic analysis, and lithostratigraphic correlation 48 

within Patawarta Diapir, five primarily silty limestone inclusions are re-interpreted as 49 

Ediacaran-aged Wonoka Formation and Patsy Hill member of the Bonney Sandstone 50 

(Wilpena Group).  The Ediacaran-aged inclusions are concentrated on the diapir’s south 51 

side where they are juxtaposed against 300-million-year older Tonian-aged Curdimurka 52 

Subgroup (Callanna Group) inclusion.  The Ediacaran-aged silty carbonate inclusions in 53 

the Patawarta Diapir are interpreted to represent a suprasalt condensed section forming 54 

a carapace composed of Wonoka Formation and lower beds of the Patsy Hill member 55 

(Bonney Sandstone).  Based on this geometric configuration, the Patawarta Diapir is 56 

composed of two separate evaporite bodies that encase the suprasalt carapace at an 57 

allosuture zone.  The encasement process was likely driven by a combination of factors 58 

including regional shortening during the Delamerian Orogeny, high sedimentation rates 59 

forming local depocenters, and down-dip gravity sliding on the low-angle regional shelf.  60 

By using modern concepts in salt tectonics, this study represents the first documented 61 

example of a diagenetically altered Ediacaran Shuram Excursion due to the stratigraphy 62 

being encased in a diapir in the Flinders Ranges, South Australia.   63 

64 
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INTRODUCTION 65 

 The Neoproterozoic Era was a pivotal interval of Earth history and the Ediacaran 66 

sedimentary succession of South Australia contains an unparalleled sedimentary record 67 

that includes complex early metazoan fossils, the Ediacaran fauna (Gehling & Droser, 68 

2012; Plummer, 1980). The fauna was first discovered in the Ediacara Hills (Nilpena 69 

Station, northeast Finders Ranges), after which the Ediacaran Period gets its name 70 

(Preiss, 1983; Reid & Preiss, 1999).  This world-famous stratigraphic succession, 71 

however, was also impacted by major salt tectonism throughout much of the 72 

Neoproterozoic and Cambrian time periods (Dalgarno & Johnson, 1968; Lemon, 1988, 73 

Rowan et al., 2019; Rowan & Vendeville, 2006).  Understanding the nature and timing 74 

of salt tectonism is critical to interpret stratigraphic relationships and to make 75 

palaeoceanographic interpretations. 76 

Salt tectonics involve long-term, ongoing syntectonic and sedimentation within 77 

affected sedimentary basins and this halokinesis is a critical factor in petroleum systems 78 

development in the Gulf of Mexico, Brazil, West Africa, and the North Sea (Diegel et al., 79 

1995; Mohriak et al., 1995; Marton et al., 2000, Stewart and Clark, 1999).  As salt nears 80 

the surface, dissolution by groundwater and seawater can occur, and a “cap” of 81 

diagenetically precipitated limestone, dolostone, or gypsum (or anhydrite) can form 82 

(Halbouty, 1979; Kyle & Posey, 1991; Poe et al., 2018; Kernen et al., 2019).  This “cap” 83 

rock and any overlying sedimentary rock carapace can collapse into the diapir when 84 

underlying salt is removed due to dissolution (Halbouty, 1979; Kyle & Posey, 1991).  85 

With continued halokinesis, these rock inliers are incorporated into the evaporite 86 
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sequence only to be re-exposed as the salt continues its upward movement and 87 

dissolution (Giles et al., 2012; Kernen et al., 2019).  This produces complex 88 

stratigraphic relationships and is difficult to image using seismic reflection data in the 89 

subsurface (Helgesen et al., 2013; Huang et al., 2012; Li et al., 2011; Peles et al., 2004; 90 

Roy & Chazalnoel, 2011).  Because syntectonic sedimentary facies change dramatically 91 

and are often eroded in proximity to the topography created by salt diapirs, 92 

biostratigraphic information is difficult to interpret proximal to a diapir. Additionally, 93 

seismic imaging within and around salt bodies can be challenging, other stratigraphic 94 

tools are needed to determine the relative and absolute age of stratigraphic sections 95 

proximal to a diapir. 96 

We present a detailed petrographic, lithostratigraphic, and chemostratigraphic 97 

analysis of anomalous sedimentary inclusions. Inclusions are rock or sediment ranging 98 

in size from centimeters to kilometers that are, at present, contained within a salt body 99 

or diapir and are composed of any lithology different to the main diapiric strata.  100 

Patawarta Diapir, one of the major diapirs that disrupted the Ediacaran stratigraphic 101 

succession in the Flinders Ranges, South Australia, contains several large-scale, 102 

distinctive inclusions (Fig. 1).   Understanding the origin and age of the inclusions is 103 

required to interpret the salt tectonic history of the diapir and to understand how this 104 

affected the adjacent sedimentary basins.  This methodology is applicable to determine 105 

the stratigraphic correlation of sediment inclusions in other diapirs where conventional 106 

biostratigraphic correlation is not possible (due to age, erosion, re-working).  In addition, 107 
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unravelling complex stratigraphic relationships within diapirs will aid in developing 108 

paleoenvironmental, lithostratigraphic, petroleum system, and potential drilling hazards. 109 

GEOLOGIC SETTING 110 

 The Adelaide Rift Basin (ARB) of South Australia developed through a series of 111 

continental rifting events as western Laurentia and Australia separated during the 112 

breakup of the Neoproterozoic Rodinia supercontinent (Fig. 1; Sprigg, 1952; Dyson, 113 

1996; Preiss, 2000). The ARB is a failed rift that trends north-south extending almost 114 

800km northward from Adelaide, South Australia through the Flinders Ranges where it 115 

bifurcates to the north into the Willouran and Gammon Ranges.  The ARB contains rift-116 

fill sediments that were deposited contemporaneously with long-lived (>250 ma), 117 

widespread, passive salt diapirism (Forbes & Preiss, 1987; Dyson, 1996; Rowan & 118 

Vendeville, 2006).  After rifting ceased in the Late Neoproterozoic to early Cambrian, a 119 

major episode of crustal shortening and metamorphism followed, known as the 120 

Delamerian Orogeny, which resulted in the inversion of the failed rift system during the 121 

Late Neoproterozoic to Ordovician (~500 Ma). Shortening and inversion of the failed rift 122 

system created the Adelaide Rift Complex (Fig. 1; Forbes & Preiss, 1987; Preiss, 2000).  123 

 The Adelaide Rift Complex (ARC) contains a thick succession of strata (up to 124 

24,000 m thick) that provides one of the most complete sedimentary records of Upper 125 

Proterozoic through Lower Cambrian depositional systems in South Australia (Preiss, 126 

1987). The Willouran to Torrensian-aged Callanna Group at the base of the rift 127 

sequence, above Archean and Proterozoic igneous and metamorphic basement (Fig. 128 

2), is approximately 130-8400 m thick.  The Callanna Group contains the layered 129 
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evaporite sequence (LES) that is composed of evaporites (halite and gypsum in the 130 

subsurface), halite-cast bearing siliciclastics, carbonates (mostly dolomite), igneous, 131 

and metamorphic rocks (Fig. 2; Forbes & Preiss 1987; Dyson, 1996; Preiss, 2000). The 132 

Callanna Group was deposited in a highly restricted marginal marine sabkha 133 

environment during the early stages of rifting (Fig. 2; Preiss, 1987). The Callanna Group 134 

is overlain by the Torrensian to Sturtian-aged Burra Group that is 3000-8000 m thick 135 

and composed of shale, siltstone, heavy-mineral laminated sandstones, and dolomites 136 

that represents the opening of the rift into a shallow ocean (Fig. 2; Preiss, 1987).  The 137 

Burra Group facies reflect the transition from restricted shallow marginal lagoons to an 138 

open marine shelf (Fig. 2; Preiss, 2000).  The Burra Group is overlain by Sturtian to 139 

Marinoan-aged Umberatana Group that is 6-10000 m thick and composed of diamictite, 140 

conglomerate, sandstone, and laminated siltstone (Fig. 2; Preiss, 2000).  The 141 

Umberatana Group was deposited in glacial, glaciomarine, interglacial, and post-glacial 142 

marine shelf settings (Fig. 2; Preiss, 2000).   The Umberatana Group is overlain by the 143 

Marinoan-aged Wilpena Group that is 40-7000 m thick and composed of dolomite, 144 

limestone, calcareous sandstone, calcareous siltstone, siliceous siltstone, and shale 145 

(Fig. 2; Preiss, 1987).  The Wilpena Group was deposited in an open marine, mixed 146 

siliciclastic and carbonate shelf depositional system with occasional near shore and 147 

fluvial facies that correspond to topography created by the salt diapirs (Fig. 2; Preiss, 148 

1987). 149 

 The Adelaide Rift Complex (ARC) contains over 180 exposed diapirs (Fig. 1; 150 

Dalgarno & Johnson, 1968; Lemon, 1988).  The exposed diapirs do not display halite or 151 
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gypsum at the surface but rather sedimentary and igneous inclusions that are 152 

surrounded by a diagenetic dolomicrite matrix.  The diagenetic dolomicrite matrix 153 

surrounds pebble to kilometer-scale inclusions of non-evaporite lithologies generally 154 

thought to be derived entirely from the Callanna Group LES that was subsequently 155 

deformed, dismembered, and carried with the evaporite during diapirism (Fig. 2; Preiss, 156 

1987).  Both inclusions and dolomicrite matrix are collectively mapped as ‘diapiric 157 

breccia’ (Preiss, 1987).  Mobilization of the Callanna Group evaporites and initiation of 158 

passive diapirism in the ARC began as early as the Willouran (Fig. 2; Dalgarno & 159 

Johnson, 1968).  Allochthonous salt forms sheet-like salt bodies emplaced at 160 

stratigraphic levels above the autochthonous source layer (Jackson & Talbot, 1991). 161 

Allochthonous salt in the ARC was first recognized by Dalgarno & Johnson (1968) and 162 

further documented during deposition of the Burra, Umberatana, Wilpena, and Hawker 163 

Groups (Fig. 2; Dyson,1998, 2004, 2005; Lemon, 1988; Hearon et al., 2010; Kernen et 164 

al., 2012; Hearon et al.,2015a; Williams, 2017; and Rowan et al., 2019).  165 

 The autochthonous salt layer is one that rests in its original depositional position 166 

by which it accumulated by evaporation (Jackson & Talbot, 1991). Autochthonous 167 

layers of the Callanna Group LES are preserved in the Willouran and Gammon Ranges 168 

(Fig. 1).  The lower part of the Callanna Group called the Arkaroola Subgroup (Fig. 2), 169 

outcrops primarily in the Gammon Ranges near Mount Painter and Arkaroola. Within 170 

the Arkaroola Subgroup the Wooltana Volcanics, located in the Gammon and Flinders 171 

Ranges have been radiometrically dated to 827 +/-6 to 830 +/-50 Ma (Fig. 2; Preiss, 172 

1987).  The relatively younger part of the Callanna Group is called the Curdimurka 173 
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Subgroup, which outcrops in the Willouran Ranges (Fig. 2; Preiss, 1987).  Preiss (1987) 174 

states that, in the Flinders Ranges, autochthonous exposures of the Callanna Group 175 

LES are not present.  Rather, it is interpreted that the Callanna Group stratigraphic units 176 

are exclusively preserved as inclusions within the diapiric breccia (diapiric to 177 

allochthonous salt) in the Flinders Ranges. Because the inclusions are no longer in their 178 

original depositional position (autochthonous), stratigraphic correlation from the Flinders 179 

Ranges diapiric Callanna Group to the autochthonous Callanna Group LES in the 180 

Willouran and Gammon Ranges is problematic (Fig. 1; Preiss, 1987). Due to our 181 

inability to correlate the Callanna Group stratigraphy from the Willouran and Gammon 182 

Ranges to the Flinders Ranges, different names have been given to stratigraphic units 183 

are thought to be relatively the same age (Fig. 3; Preiss, 1987).   184 

 Within the autochthonous Callanna Group stratigraphy, few carbonate units have 185 

been documented (Fig. 2).  The Dunns Mine Limestone has been documented in the 186 

Willouran Ranges and the slightly younger Waraco Limestone in the Flinders Ranges 187 

(Preiss, 1987).  The Dunns Mine Limestone varies between 50-200m thick and is 188 

composed of dark gray dolostone interbedded with beds of calcareous shale and 189 

siltstone and lenses of sandstone (Murrell, 1977).  Additionally, chalcedonic nodules are 190 

found in the dolomite of the lower part of the section (Murrell, 1977).  The Waraco 191 

Limestone is composed of pale gray to cream stromatolitic dolostone and calcitic to 192 

dolomitic marble (Preiss, 1987).  The paucity of limestone in the Callanna Group 193 

stratigraphy is significant because this contrasts to large silty limestone inclusions that 194 
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are common in the Patawarta Diapir identified in this study. 195 

 196 

Previous Work Patawarta Diapir 197 

Kernen et al., (2012) documented the detailed sedimentology and mapped the 198 

stratigraphy adjacent to the southern margin of Patawarta Diapir and Gannaway (2014) 199 

documented the detailed sedimentology and mapped the stratigraphy adjacent to the 200 

northern margin of the Patawarta Diapir (Figs. 4 & 5).  A summary of the sedimentology 201 

from the detailed work of Kernen et al. (2012) and Gannaway (2014) is recorded and 202 

summarized in Tables 1-2 (Figs. 4 & 5).  The following units adjacent to Patawarta 203 

Diapir that directly pertain to this study are: (1) lower limestone member of the Wonoka 204 

Formation (Nwwll); (2) middle limestone member of the Wonoka Formation (Nwwlm); 205 

(3) upper limestone member of the Wonoka Formation (Nwwlu); (4) green mudstone 206 

member of the Wonoka Formation (Nwwgm); and (5) lower dolomite beds of the Patsy 207 

Hill member (Npbpdl).  Based on the previous work of Haines (1988), Kernen et al., 208 

(2012) and Gannaway, (2014), the stratigraphy surrounding Patawarta Diapir has been 209 

interpreted to be deposited in a shallowing upward wave-dominated shelfal setting 210 

(Lower Wonoka-Green Siltstone members of the Wonoka Formation) to a tidally 211 

dominated tidal inlet setting (Patsy Hill members of the Wonoka Formation).   212 

 The Patawarta Diapir is roughly 4km2 and is interpreted as an allochthonous salt 213 

body or a sheet-like salt body emplaced at stratigraphic levels above the autochthonous 214 

(LES) source layer (Jackson & Talbot, 1991; Rowan & Vendeville, 2006; Kernen et al., 215 

2012; Hearon et al., 2015a; Rowan et al., 2019).  Patawarta Diapir itself contains 216 
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abundant inclusions of sedimentary units up to several kilometers wide (Appendix Figs. 217 

1 & 2) that were roughly mapped by Hall (1984) and interpreted as being from the 218 

autochthonous Tonian-aged Callanna Group LES.  The inclusions contain the following 219 

lithologies: heavy mineral laminated sandstone and quartzite containing ripple cross-220 

lamination and halite pseudomorphs, thin interbeds of heavy mineral laminated 221 

sandstone and thinly bedded, green-brown calcareous siltstone and shale, thinly 222 

bedded green-brown and gray calcareous and dolomitic shale and siltstone containing 223 

halite casts, thinly bedded black limestone with finely bedded calcareous shale and 224 

siltstone, weakly brecciated dolomite, red shale, amygdaloidal basalt and fine-grained 225 

dolerite (Appendix Figs. 1& 2; Hall, 1984).  The thinly bedded black-green limestone 226 

and calcareous siltstones and shales are not lithologies documented in the relatively 227 

age-equivalent autochthonous Callanna LES in the Willouran and Gammon Ranges, 228 

however, they are common inclusion lithologies in the southern part of the Patawarta 229 

Diapir and are the focal point for this study (Appendix Figs. 1 & 2). 230 

Kernen et al. (2012) interpreted the sedimentary strata along the southern margin 231 

of Patawarta Diapir as a subsalt minibasin (Fig. 6; small basins, or depressions, that fill 232 

with sediment located below an allochthonous salt sheet; Jackson & Hudec, 2017).  233 

Gannaway (2014) originally described and interpreted the sedimentary strata along the 234 

northern margin of Patawarta Diapir as a suprasalt minibasin (Fig. 6; small basins, or 235 

depressions, that fill with sediment above an allochthonous salt sheet).  The subsalt and 236 

suprasalt minibasins contains Wilpena Group strata of the upper Bunyeroo Formation, 237 

Wonoka Formation (lower, middle, upper members & green siltstone member), Patsy 238 
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Hill Member of the Bonney Sandstone (lower and upper dolomite beds, lower and upper 239 

sandstone beds), and the lower Bonney Sandstone (Tables 1-2; Figs. 4 & 5; Kernen et 240 

al., 2012; Gannaway, 2014).  All stratigraphic units thin, onlap, and dip away from the 241 

diapir recording the halokinetic sequence history of the of the diapir (Kernen, 2011; 242 

Giles & Lawton, 2002; Giles & Rowan, 2012; Kernen et al., 2012; Gannaway, 2014).  243 

Based on the stratigraphic geometry of the subsalt minibasin, the upper Bunyeroo 244 

Formation, Wonoka Formation, and Patsy Hill member (Bonney Sandstone) form one 245 

tapered halokinetic sequence in the subsalt minibasin adjacent to Patawarta Diapir (Fig. 246 

6; Kernen et al., 2012).  Based on the stratigraphic geometry of the suprasalt minibasin, 247 

the upper Bunyeroo Formation, Wonoka Formation, and Patsy Hill member (Bonney 248 

Sandstone) thin and onlap Patawarta Diapir while the upper-most portion of the Patsy 249 

Hill member forms a thin carapace or roof over Patawarta Diapir (Fig. 6; Kernen et al., 250 

2012; Gannaway, 2014). 251 

 252 

METHODS 253 

 A 1:36,000 scale geological map of the limestone inclusions in the Patawarta 254 

Diapir was created and built on previous work (Figs. 6 & 7; Kernen et al., 2012; 255 

Gannaway, 2014).  Within the mapped area, five stratigraphic sections were measured 256 

in detail including lithology, grain size, fresh and weathered colors, bedding orientation 257 

and stratigraphic contacts.  Approximately 200 samples were collected to document the 258 

range of lithologies and varying mineralogies of the inclusions.  100 petrographic thin 259 

sections were prepared and stained for calcite and iron with alizarin red-S and 260 
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potassium ferricyanide and analyzed in both plane- and cross-polarized light; matrix, 261 

cements, and grain types and mineralogy were documented. 262 

 Fifty-eight limestone and dolostone samples were analyzed for δ13C and δ18O 263 

values at the University of Michigan and University of Kansas stable isotope 264 

laboratories.  Samples were slabbed perpendicular to bedding and 5 to 10 mg of 265 

powder were generated by micro-drilling the diapiric matrix, rim dolomite caprock, 266 

inclusion 3, and lower, middle, and upper Wonoka formations, and Patsy Hill Member of 267 

the Bonney Sandstone from the suprasalt and subsalt minibasins.  Because inclusion 3 268 

contained all the representative carbonate inclusion lithologies, two samples were 269 

collected from Lithofacies 1 and one sample from the other lithofacies (Lithofacies 2-5).  270 

All powders were heated under vacuum in individual borosilicate reaction vials to 200°C 271 

to remove volatile contaminants and water. Carbonate samples weighing a minimum of 272 

10 micrograms were placed in stainless steel boats. Samples were then placed in 273 

individual borosilicate reaction vessels and reacted at 76 °C with 3 drops of H3PO4 on a 274 

Finnigan MAT Kiel I preparation device coupled directly to the inlet of a Finnigan MAT 275 

251 triple collector isotope ratio mass spectrometer.  δ13C and δ18O were acquired 276 

simultaneously on both systems, and isotopic data are reported in the standard delta 277 

notation (‰) relative to the VPDB standard (Vienna Pee Dee Belemnite). Precision and 278 

accuracy are monitored by running 14 standards for every 72 unknowns. The standard 279 

set included a primary standard (NBS-19) and a secondary, in-house marble standard. 280 

All samples were measured relative to an internal gas standard, and then converted to 281 



 

 13 

the VPDB scale using the known composition of NBS-19 (δ13C = 1.95‰; δ18O = -282 

2.20‰). Measured precision was 0.05 to 0.1 ‰ for δ13C and 0.15 to 0.2 ‰ for δ18O. 283 

Cathodoluminescence petrography (CL) was performed using a Relion ELM-3R 284 

Luminoscope in the University of Wisconsin-Oshkosh Geology Department. The voltage 285 

was held between 13 and 15 kV, with current ranging from 480 to 570 mA, and chamber 286 

vacuum between 50 and 60 millitorr. Photomicrographs in CL were used to recognize 287 

diagenetic alteration of the carbonate inclusions. Polarized-light microscopy was 288 

performed using polished, 30μm-thick thin sections, analyzed using a Nikon Eclipse 289 

E400 POL petrographic microscope to document carbonate mineralogy. 290 

 291 

RESULTS 292 

Intrasalt Inclusion Sedimentology 293 

 Five sedimentary inclusions containing primarily silty limestone, 294 

calcareous siltstone, and shale were identified within the southwestern part of 295 

Patawarta Diapir (Figs. 8 & 9; Tables 3 & 4).  The inclusions are bounded by diapiric 296 

matrix or mafic igneous sills (Figs. 10 & 11) and are characterized by internally coherent 297 

bedding trends that define an internal stratigraphy.  That internal stratigraphy is marked 298 

by five distinct lithofacies (1-5), which were mapped in detail (Figs. 8, 9, 10). Inclusion 1 299 

is located the farthest north in the Patawarta Diapir and is 1.5 km by 0.3 km.  It displays 300 

steep dips (up to 90°) that gradually decrease northward to approximately 45° (Fig. 10; 301 

Tables 4-5).  Inclusion 2 is located south of inclusion 1. Inclusion 2 is 1.0 km by 0.4 km 302 

and displays a recumbent fold with steep dips (50-60°) to the west and shallow dips to 303 
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the east (20-30°; Fig. 10; Tables 4-5). Inclusion 3 is located directly south of inclusion 2.  304 

Inclusion 3 is 0.8 km by 0.25 km and displays steeper dips (50-75°) to the west and 305 

shallower dips to the east (30-50°).  Inclusion 4 is located south of inclusion 3 and 306 

southwest of inclusion 5.  Inclusion 4 is 1.0 km by 0.20 km and displays relatively 307 

consistent NW-SE trending 40-50° dips on the northwestern side that steepen to 90° 308 

and are tightly folded on the southeastern side.  Inclusion 5 is directly northeast of 309 

inclusion 4 and is the largest inclusion.  Inclusion 5 is 1.1 km by 1.2 km and displays 310 

varying dips (30-60°) that form a large recumbent fold (Fig. 10; Tables 4-5).  The 311 

northern, western, and southern margins of the five inclusions are in contact with the 312 

diapiric matrix and the eastern portion is covered by recent alluvium (Fig. 10). 313 

The inclusion lithofacies are described here in ascending stratigraphic order 314 

starting with Lithofacies 1 (Tables 3 & 4).  Lithofacies 1 is 22-60 m thick and is 315 

composed of gray to tan, thinly laminated (1-3 mm) calcareous siltstone and silty lime 316 

mudstone that form beds 1-5 cm thick (Figs. 8a, 9a, 10).  Lithofacies 1 is dominated by 317 

calcareous siltstone at the base with decreasing quartz silt stratigraphically upward 318 

where the beds become carbonate rich.  Lithofacies 1 is always in contact with the 319 

diapiric matrix at the lower boundary and is only found in inclusions 3 and 4; the upper 320 

boundary is in contact with Lithofacies 2 in both inclusions (Fig. 11; Tables 3 & 4).  321 

Lithofacies 2 is 30-55 m thick and composed of tan and gray, thinly laminated (1-5 mm) 322 

silty lime mudstone interbedded with lime mudstone that forms beds 5-10 cm thick 323 

(Figs. 8b, 9b, 10).  Lithofacies 2 is dominated by silty lime mudstone at the base and 324 

decreasing quartz silt content up-section where the beds become lime mudstone.  325 
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Lithofacies 2 is only found in inclusions 3 and 4 where it is overlies Lithofacies 1 and 326 

underlies Lithofacies 3 (Fig. 11; Tables 3 & 4). Lithofacies 3 is 6-70 m thick and 327 

composed of tan, thinly laminated (5-10 mm) silty lime mudstone interbedded with lime 328 

mudstone that forms beds 10-30 cm thick (Figs. 8c, 9c, 10).  It is dominated by silty lime 329 

mudstone at the base and decreases in quartz silt content up-section.  Lithofacies 3 is 330 

found in inclusions 1-5 where it consistently lies stratigraphically below Lithofacies 4.  331 

Lithofacies 3 overlies Lithofacies 2 in inclusions 3 and 4 (Fig. 11; Tables 3 & 4). 332 

Lithofacies 4 is 6-200 m thick and is composed of dark greenish black to light green, 333 

thinly laminated (3-5 mm) calcareous siltstone to shale that form beds 1-5 cm thick 334 

(Figs. 8d, 9d, 10).  Lithofacies 4 is dominated by calcareous siltstone at the base with 335 

apparent thin bedding while the upper portion is dominated by a massive green siltstone 336 

that is non-calcareous.  Lithofacies 4 is found in inclusions 1-5 and overlies Lithofacies 337 

3 (Fig. 11; Tables 3 & 4).  Lithofacies 5 is 3-30 m thick and is composed of tan, thinly 338 

laminated (1-3 mm) sandy dolomite (calcite cement) that forms laminae 5-10 mm thick 339 

with local symmetrical wave-rippled horizons and rare massive bedding (Figs. 8e, 9e, 340 

10).  Lithofacies 5 is found in inclusions 1-3 and stratigraphically above Lithofacies 4 341 

(Fig. 11; Tables 3 & 4).   342 

Based on outcrop and petrographic sedimentological attributes and stratigraphic 343 

order, Lithofacies 1-5 are lithostratigraphically correlated to Wonoka and Patsy Hill 344 

member of the Bonney Sandstone stratigraphic map units in the suprasalt and subsalt 345 

minibasins. In ascending order: (1) Lithofacies 1 is equivalent to the lower limestone 346 

member of the Wonoka Formation; (2) Lithofacies 2 is equivalent to the middle 347 
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limestone member of the Wonoka Formation; (3) Lithofacies 3 is equivalent to the upper 348 

limestone member of the Wonoka Formation; (4) Lithofacies 4 is equivalent to the green 349 

mudstone member of the Wonoka Formation; and (5) Lithofacies 5 is equivalent to the 350 

lower dolomite beds of the Patsy Hill member (Table 5).  Because the stratigraphy lacks 351 

wave and current sedimentary structures, ‘stratigraphic up’ and the correlation was 352 

determined by the specific stratigraphic order of lithologies.  The order of Lithofacies 1-5 353 

matches the order of the lower-green siltstone members of the Wonoka Formation and 354 

lower dolomite beds of the Patsy Hill member (Bonney Sandstone).  Based on outcrop 355 

and petrographic lithologic attributes and stratigraphic order, Lithofacies 1-5 are 356 

lithostratigraphically correlative to the Wonoka Formation and Patsy Hill Member of the 357 

Bonney Sandstone stratigraphic map units in the suprasalt and subsalt minibasins. 358 

Based on this correlation, the silty carbonate inclusions are identified as Ediacaran-age 359 

Wonoka Formation and Patsy Hill Member (Bonney Sandstone) not units of the 360 

Callanna Group as had been previously interpreted by Coats (1973) and Hall (1984).  361 

The subsalt and suprasalt Wonoka Formation lower limestone member display 362 

horizontal laminae and reduction spots in the lime mudstone beds, hummocky cross-363 

stratification in the silty lime mudstone, and micaceous siltstone beds suggest 364 

deposition in an outer shelf below storm wave-base that shallows to a lower shoreface 365 

depositional environment (Preiss, 1987; Haines, 1988, 1990; Walker and Plint, 1992; 366 

Kernen et al., 2012; Gannaway, 2014; Table 6).  The subsalt and suprasalt Wonoka 367 

Formation middle limestone member displays hummocky cross stratification in the 368 

calcareous siltstone beds overlain by calcareous siltstone beds and low angle cross-369 
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bedding, asymmetrical and symmetrical ripples in the quartz arenite sandstones beds 370 

allow it to be interpreted as being deposited within the lower to upper shoreface 371 

depositional environment with the sandstone beds deposited in the foreshore (Haines, 372 

1988, 1990; Walker and Plint, 1992; Kernen et al., 2012; Gannaway, 2014; Table 6).  373 

The upper limestone member of the Wonoka Formation is interpreted to be deposited in 374 

the foreshore depositional environment (Haines, 1988, 1990; Walker and Plint, 1992; 375 

Kernen et al., 2012; Gannaway, 2014: Table 6).  The green mudstone member of the 376 

Wonoka Formation lacks current and wave sedimentary structures and is interpreted to 377 

be deposited in a coastal plain depositional environment (Haines, 1988; 1990; Kernen 378 

et al., 2012; Gannaway, 2014; Table 6).  The Patsy Hill lower dolomite beds are 379 

interpreted to be deposited in a tidally-dominated main tidal channel inlet depositional 380 

environment (Colquhoun, 1995; Kernen et al., 2012; Gannaway, 2014; Table 6), based 381 

on the rhythmically interbedded dark gray dolomite and pyrite-rich black shale, quartzite 382 

pebble conglomerate and sand stringers that scour into the underlying algal laminite. 383 

 The sedimentary structures of the lower, middle, upper, and green siltstone 384 

member of the Wonoka Formation inclusions are limited (horizontal laminae almost 385 

exclusively) and therefore each member or bed is interpreted to be deposited in either a 386 

terrestrial to lagoon depositional environment.  The lower dolomite beds of the Patsy Hill 387 

member display wavy bedding which likely indicates crypt-algal laminae; therefore, it is 388 

most likely that Lithofacies 5 was deposited in shallow water-lagoonal depositional 389 

environment which is nearly identical to the subsalt and suprasalt minibasins.   390 
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The lithologic order of Lithofacies 1-5 matches the lithologic order of the lower, 391 

middle, upper, and green siltstone members of the Wonoka Formation and lower 392 

dolomite beds of the Patsy Hill member (Bonney Sandstone) in the subsalt and 393 

suprasalt minibasins.  All members of the Wonoka Formation and lower dolomite beds 394 

of the Patsy Hill member contain intraformational conglomerates (coarse sand-pebble 395 

sized) that are related to the uplift and halokinesis of Patawarta Diapir during the 396 

depositional history and formation of the suprasalt and subsalt minibasins.  However, 397 

the inclusion stratigraphy lacks the intraformational conglomerates which indicates that 398 

halokinesis did not take place and it most likely formed as a roof or carapace (Hart et 399 

al., 2004). 400 

Stable Isotope Results & Diagenesis 401 

δ13C and δ18O isotopes from limestone and dolomite inclusions, caprock, diapir 402 

matrix, sub-and suprasalt minibasins were analyzed and plotted stratigraphically and 403 

compared to previous regional data and the adjacent minibasin stratigraphy (Fig. 12 & 404 

13).  The δ13C and δ18O isotope values were measured from Lithofacies 1-5 within 405 

Inclusion 3 at stratigraphic section 3 (Figs. 10, 11, 12, 13).  Six samples were collected 406 

in total; two samples from Lithofacies 1 and one sample each from Lithofacies 2-5 (Figs. 407 

10, 11, 12, 13).  δ13C and δ18O isotopes of the six samples from Inclusion 3 were 408 

plotted (grey oval; Fig. 13).  The δ13C and δ18O isotope values from Inclusion 3 plots 409 

within the range of values for the Shuram Excursion in the adjacent minibasin 410 

succession, however the other five values are more positive than expected (Figs. 12, 411 

13, 14). 412 
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In order to understand the isotopic variation of the inclusions, thin sections were 413 

examined under cathodoluminescence (CL; Fig. 15).   The geochemical data from 414 

inclusion stratigraphic section 3 (type section) of the Wonoka Formation and Patsy Hill 415 

Member are presented in a stratigraphic framework to compare to the inclusion 416 

lithofacies and to assess the effects of diagenesis.  Lithofacies 1 is comprised of a lime 417 

mudstone with fine-grained crystalline matrix that luminesces brown-orange with calcite-418 

rich veins that luminesces orange-yellow in CL and crosscuts Lithofacies 1 (Fig. 15a & 419 

15b).  Lithofacies 3 is comprised of a silty limestone matrix that luminesces orange-dark 420 

orange and is crosscut by orange-yellow-luminescing calcite veins and quartz cement 421 

replacing gypsum (Fig. 15c & 15d).   Lithofacies 5 is dominated by a silty dolomite 422 

matrix that is dark brown/black under CL which is crosscut by calcite veins that 423 

luminesce orange-yellow under CL (Fig. 15e & 15f). 424 

 425 

DISCUSSION   426 

Evolution of the Diapir 427 

The inclusions in map view currently appear as individual ‘mega-clasts’ in the 428 

diapir surrounded by diapiric matrix which may indicate that it was once a large panel of 429 

stratigraphy that was subsequently faulted and folded by post-halokinesis movement 430 

and encasement.  Once a carapace is encased and incorporated into a diapir, it is 431 

defined as suture (Dooley et al., 2012).  Dooley et al. (2012) describes two types of 432 

sutures, one type referred to as an autosuture which is a panel of stratigraphy that 433 

separates two lobes from a single salt sheet and the other type referred to as allosuture 434 
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which is a panel of stratigraphy that separates two coalesced salt sheets.  There are 435 

two types of allosutures, one being a frontal allosuture whereby its map trace is roughly 436 

perpendicular to the main direction of salt flow and a lateral allosuture whereby a suture 437 

whose map trace is roughly parallel to the main direction of salt flow (Dooley et al., 438 

2012).  We are not able to distinguish between a lateral or frontal allosuture in this study 439 

because of the two-dimensional nature of outcrop studies. 440 

The Ediacaran-aged inclusions in Patawarta diapir are forming an allosuture 441 

based on a combination of the following observations: the distribution of the layered 442 

evaporite sequence Tonian-aged Curdimurka Subgroup inclusions are concentrated to 443 

the northern side of the diapir and the significantly younger Ediacaran-aged Wonoka 444 

Formation and Patsy Hill member inclusions are concentrated to the southern side of 445 

the diapir (Fig. 16 & 17).  An equal distribution of inclusions throughout Patawarta Diapir 446 

would suggest all the inclusions are relatively the same age.  Our second line of 447 

evidence to support an allosuture interpretation is the detailed stratigraphic changes 448 

from the suprasalt minibasin (Giles et al., 2017) and subsalt minibasin (Lehrmann et al., 449 

2017) suggest the suprasalt minibasin was not depositionally connected to the subsalt 450 

minibasin.  Because the detailed stratigraphy of the Wonoka Formation and lower 451 

dolomite beds of the Patsy Hill Member from the suprasalt and subsalt minibasins are 452 

slightly different in terms of water depth and thickness compared to the stratigraphy of 453 

the inclusions, the carapace is interpreted to represent either a lateral or frontal 454 

allosuture (Table 5 & 6).  The sedimentary structures within the suprasalt and subsalt 455 

minibasins capture the overall shallowing upward sequence of the third order highstand 456 
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systems tract that is not seen in the inclusion stratigraphy (Tables 5 & 6; Kernen et al., 457 

2012).  If the detailed stratigraphy of the Wonoka Formation and Patsy Hill Member 458 

were identical in the suprasalt and subsalt minibasins and inclusions, an autosuture 459 

(Dooley et al., 2012) would be a more likely interpretation.  Our third line of evidence to 460 

support an allosuture interpretation is that one salt sheet is thought to be sourced from 461 

the northwest, with internal flow represented by the LES Tonian-aged Curdimurka 462 

Subgroup sheath fold (Fig. 17; Rowan et al., 2019), and the other sheet was likely 463 

sourced from the southeast based on the orientation of the halokinetic fold in the subsalt 464 

Bunyeroo Formation established by (Fig. 17; Hearon et al., 2015a).  If the sheath fold 465 

and halokinetic fold were orientated in the same direction, an autosuture interpretation 466 

would be more plausible.   467 

  The frontal or lateral allosuture at Patawarta Diapir could have been encased by 468 

the following salt tectonic processes: 1) one salt sheet overriding another salt sheet, 2) 469 

one salt sheet overriding a flared diapir, or 3) the amalgamation of two or more diapirs 470 

or salt sheets.  It is conceivable that the encasement of the carapace was initiated by a 471 

combination of the following processes: 1) the Delamerian Orogeny (Preiss, 2000), 2) 472 

low-angle gravity sliding that takes place on the shelf, and 3) high sedimentation rates in 473 

the suprasalt minibasin.  Based on the regional map geometry of the connecting salt 474 

bodies (diapiric breccias), it is likely that a salt body was sourced from the northern side 475 

of Patawarta Diapir and the thickened Wonoka Formation suprasalt depocenter 476 

provided the sedimentary loading mechanism for a salt body on the northern side of the 477 

diapir to override a salt body on the southern side of the diapir, thus encasing the 478 
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carapace in the diapiric matrix and forming an allosuture (Fig. 16 & 17).  With the 479 

interpretation of an allosuture, Patawarta Diapir is reinterpreted to represent at least two 480 

diapirs instead of a single diapir as originally mapped by Coats (1973) and Hall (1984; 481 

Figure 17).    482 

Chemostratigraphy & Diagenesis 483 

 Previous studies on the Shuram Excursion in the Flinders Ranges, South 484 

Australia provides a variety of explanations for its origin such as 1) primary dissolved 485 

inorganic carbon (DIC), 2) meteoric diagenesis, 3) burial diagenesis, or 4) authigenic 486 

carbonate (Husson et al., 2015).  The first model for the origin of the Shuram Excursion 487 

is when carbon isotope compositions of unaltered carbonates (δ13C carb) precipitated in 488 

equilibrium with seawater reflects the composition of dissolved inorganic carbon (DIC) 489 

reservoir in the oceans, as precipitation of carbonates involves little isotopic 490 

fractionation relative to the DIC pool (Hayes & Waldbauer, 2006; Halverson et al., 2010; 491 

Schmid, 2017).  Carbon isotopes constrain primary productivity and organic matter 492 

burial where the organisms prefer to uptake light carbon isotopes 12C against 13C during 493 

chemical reactions.  Therefore, organic material will be enriched in light carbon isotope 494 

compared to the original pool of carbon.  The second model for the origin of the Shuram 495 

Excursion in South Australia is through meteoric diagenesis (Husson et al., 2015).  496 

Meteoric diagenesis is interpreted as a result of recrystallization in the presence of CO2 497 

rich fluids, derived from organic matter in soils (Knauth and Kennedy, 2009; Swart and 498 

Kennedy, 2012). Sourced from δ18O depleted rainwater, these fluids can create 499 

covarying δ13C carb and δ18O carb ranges as they mix with marine waters heavier in 500 
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both δ13C carb and δ18O carb (Allan and Matthews, 1982).  The third model for the 501 

origin of the Shuram Excursion in South Australia is through burial diagenesis where an 502 

extreme depletion in δ13C carb was acquired significantly after burial of the Ediacaran 503 

sediments (ie. under 2–3 km of overburden, at 100 °C; Derry, 2010). Shuram-like 504 

excursion profiles result from alteration by a mixture between a high pCO2, low δ13C 505 

carb fluid, developed from respired buried organic matter, and an δ18O rich basinal 506 

brine (Derry, 2010).  The fourth model for the origin of the Shuram Excursion in South 507 

Australia is the development of authigenic carbonate in very δ13C depleted carbonate 508 

environment during early sediment diagenesis (Schrag et al., 2013). 509 

Abrupt changes in the δ13C ratios are known as carbon isotope excursion events 510 

that are used as a correlation tool to a known basin wide event.  Those excursion 511 

events are typically given a name and are compared to excursions and sequence 512 

stratigraphy in other sedimentary basins.  The oldest documented Neoproterozoic 513 

carbon isotope excursion in the Tonian (Willouran and Torrensian) is called the ‘Bitter 514 

Springs’ excursion which is located in the Amadeus Basin Bitter Springs Formation 515 

(Limestone) near Alice Springs (Fig. 14; Klaebe, 2015).  The Bitter Springs excursion is 516 

approximately δ13 C -3‰ to -4‰ PDB (Pee Dee Belemnite) and the stratigraphic 517 

equivalent formation in the Willouran or Flinders Ranges is not clear as a proper 518 

correlation and is yet to be discovered and described (Stueken et al., 2019).  The 519 

second oldest carbon isotope excursion is called the ‘Islay’ excursion which contains the 520 

most negative carbon isotopic signature at δ13 C -9‰ however, there is an unconformity 521 

during this time in the Willouran and Flinders Ranges and strata of that age are not 522 
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found (Fig. 14; Condon et al., 2015).  The ‘Keele Peak’ in the Marinoan Umberatana 523 

Group is the only positive carbon isotope excursion at δ13 C +12‰ (Fig. 14; Condon et 524 

al., 2015).  The ‘Trezona’ excursion in the Marinoan Umberatana Group becomes the 525 

most negative at δ13 C -7‰ and is documented in the Flinders Ranges stratigraphy (Fig. 526 

14; Condon et al., 2015).  The youngest Marinoan excursion is referred to as the 527 

Ediacaran-aged Shuram excursion (Fike et al., 2006; Grotzinger, et al., 2011; Husson et 528 

al., 2015; Le Guerroué et al., 2010), which has δ13 C values as low as -12‰, thus 529 

constituting the most negative δ13 C excursion known in Earth’s history (Fig. 14; Husson 530 

et al., 2015).  In this study, the Shuram Excursion is documented in the Wonoka 531 

Formation adjacent to Patawarta Diapir, however the inclusions of Wonoka Formation 532 

stratigraphy inside the Patawarta Diapir have been diagenetically altered, therefore 533 

altering the Shuram Excusion isotope signature.  534 

When comparing the δ13C results to the regional Wonoka Formation and Patsy 535 

Hill member data from Husson et al. (2015), Lithofacies 1-3 have higher values, 536 

Lithofacies 4 has a similar value, and Lithofacies 5 has slightly lower values (Figs. 12 & 537 

13).  The δ13C values of the diapiric matrix and rim dolomite are higher relative to those 538 

of the regional Wonoka Formation (Husson et al., 2015) and to the results from the 539 

Wonoka Formation in this study (Figs. 13 & 14).  An interpretation of the isotopically 540 

positive results from the diapiric matrix and rim dolomite are yet to be published and 541 

require further detailed analysis and interpretation.  The δ18O values from the lower 542 

Wonoka Limestone member are similar to the published regional δ18O values (Husson 543 



 

 25 

et al., 2015), however, there is no obvious correlation with the other members of the 544 

carbonate inclusion stratigraphy. 545 

 The results of the δ13C geochemistry, along with the outcrop and petrographic 546 

observations with cathodoluminescence (CL) microscopy, suggest that the inclusions 547 

are diagenetically altered limestones of the Wonoka Formation and Patsy Hill member.  548 

The δ13C results from the inclusions are not as negative as reported by Husson et al.’s, 549 

(2015) regional study of -12‰.  The -12‰ value is not captured in our results for 550 

following two reasons: 1) lowermost part of Lithofacies 1 could be missing due to an 551 

erosional unconformity or it was never deposited or 2) the δ13C results are 552 

diagenetically altered from fluid flow within Patawarta diapir (Fig. 15).  The positive δ13C 553 

values of the diapiric matrix and rim dolomite also indicates that a post-encasement fluid 554 

flow event took place, partially replacing the original δ13C values which resulted in a 555 

positive δ13C signature.  The δ18O isotope results are not consistent with Husson et al., 556 

(2015) which supports the hypothesis that post-encasement fluid flow took place (Figs. 557 

13, 14, 15).  CL microscopy of Lithofacies 3 and 5 indicate a calcite-rich diagenetic 558 

event took place after the encasement of the inclusions, thus being the source of the 559 

diagenetic alteration of rocks deposited during the Shuram Excursion (Fig. 15).   560 

 561 

CONCLUSION  562 

Patawarta Diapir contains inclusions that are ca. 300 million years younger than 563 

previously thought. The Wonoka Formation and Patsy Hill Member (Bonney Sandstone) 564 

inclusions suggest active halokinesis during the Ediacaran era.  The sedimentology and 565 
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stratigraphic relationships of inclusions 1-5 in the Patawarta Diapir are described in 566 

detail and correlated to the Wonoka Formation and Patsy Hill Member (Bonney 567 

Sandstone) in the adjacent suprasalt and subsalt minibasins.  The presence of 568 

isopachous inclusion stratigraphy allow for the inclusions to be interpreted as a 569 

carapace, a condensed section deposited above a diapiric body.  Additionally, the 570 

Wonoka Formation and Patsy Hill Member (Bonney Sandstone) inclusions are 571 

stratigraphically thinner than the equivalent strata in the subsalt or suprasalt minibasins 572 

which supports the carapace interpretation.  Because the disrupted remnants of 573 

carapace are now surrounded by diapiric matrix in Patawarta Diapir, it is interpreted that 574 

the carapace was encased by one salt diapir overriding another forming an allosuture.  575 

The mechanisms for encasement are poorly constrained, however, they could be 576 

possible through regional shortening of the Delamerian Orogeny, high sedimentation 577 

rates in the suprasalt minibasin, and low angle gliding along the regional shelf.  The 578 

Callanna Group sheath fold indicates the diapir was flowing to the northeast and is 579 

separated by the disrupted allosuture while the halokinetic fold in the subsalt Bunyeroo 580 

Formation indicates that southern portion of the diapir was flowing toward the south.  581 

The difference in salt flow direction supports the interpretation that the Wonoka 582 

Formation and Patsy Hill member inclusions form an allosuture.  The results of the δ13C 583 

and δ18O stable isotope geochemistry suggest that the Wonoka Formation and Patsy 584 

Hill member inclusions contain a diagenetically altered Shuram Excursion within the 585 

Patawarta Diapir.  The stable isotope geochemical data are supplemented by 586 

cathodoluminescence microscopy and indicate a calcite-rich diagenetic fluid flow event 587 
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took place post-encasement of the Wonoka Formation and Patsy Hill member 588 

inclusions and thus altered their δ13C and δ18O signatures.  These data conclude that 589 

fluid flow takes place in diapirs, especially when they contain inclusions or 590 

heterogenous lithologies.  591 
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Figure 1-Map of the Adelaide Rift Complex (ARC) of South Australia displaying the 

location of major diapirs, including the Patawarta Diapir in the Central Flinders Ranges 

(modified from Kernen et al., 2012; after Dalgarno & Johnson, 1968). 



 2 

 
Figure 2-Precambrian–Cambrian stratigraphy, regional tectonics, salt tectonics, 

lithology, and paleoenvironments of the Adelaide Rift Complex in the Central Flinders 

Ranges, South Australia (modified from Preiss, 1987).  The colors under ‘Stratigraphy’ 

correspond to the map units in Fig. 6.  Under ‘Lithology,’ blue corresponds to carbonate, 

yellow corresponds to siliciclastic, grey corresponds to evaporites, and red corresponds 

to igneous.   
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Figure 3-Stratigraphy, tectonics, and salt tectonics of the Tonian-aged Callanna Group 

layered evaporite sequence in the Gammon, Willouran, and Flinders Ranges (modified 

from Preiss, 1987).  The Callanna Group strata in the Gammon and Willouran Ranges 

are located in their original layered evaporite sequence.  The Callanna Group strata in 

the Flinders Ranges are located in the diapirs as inclusions. 
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Figure 4-A) Outcrop photograph and B) photomicrograph in polarized light of the lower 

limestone member, C) outcrop photograph and D) photomicrograph in polarized light of 
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the middle limestone member, E) outcrop photograph and F) photomicrograph in 

polarized light of the upper limestone member, and G) outcrop photograph and H) 

photomicrograph in plane light of the green siltstone member (Wonoka Formation; 

collected from subsalt stratigraphic section R) and I) outcrop photograph and J) 

photomicrograph in polarized light of the lower dolomite beds (Patsy Hill member; 

collected from subsalt stratigraphic section U; from Kernen, 2011).   

 

 
Table 1-Summary of subsalt sedimentological characteristics (data summarized from 

Kernen 2011). 
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Figure 5-A) Outcrop photograph and B) photomicrograph in polarized light of the lower 
limestone member, C) outcrop photograph and D) photomicrograph in plane light of the 
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middle limestone member, E) outcrop photograph and F) photomicrograph in plane light 

of the upper limestone member, and G) outcrop photograph and H) photomicrograph in 
polarized light of the greensiltstone member (Wonoka Formation; collected from 

suprasalt stratigraphic section B) and I) outcrop photograph and J) photomicrograph in 
plane light of the lower dolomite beds (Patsy Hill member; collected from suprasalt 

stratigraphic section C; from Gannaway, 2014).   
 

 
Table 2-Summary of suprasalt lithologic characteristics (data summarized from 

Gannaway, 2014). 
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Figure 6-Geologic map of Patawarta Diapir in the Flinders Ranges, South Australia 

(modified from Gannaway, 2014; Kernen et al., 2012).  Study area located in the 

dashed box where numbers 1-5 depict inclusions—see Fig. 10. 
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Figure 7-Correlation diagram of the sedimentology and thickness changes in the 

suprasalt and subsalt minibasins (combined from Gannaway, 2014; Kernen et al., 2012) 

Colors and symbols for formations and members are same as those shown in Fig. 6.  

 

 
Figure 8-Example outcrop exposures for inclusion lithofacies.  Outcrop photograph of A) 

Lithofacies 1-lime mudstone, B) Lithofacies 2-silty limestone, C) Lithofacies 3-silty 

limestone, D) Lithofacies 4-siltstone, E) Lithofacies 5-sandy dolomite, and F) calcite 

veins that cross-cut Lithofacies 4 (secondary quartz vein annotated by white arrow) 

located in limestone inclusion 3 (stratigraphic section 3) in Patawarta Diapir.  Each 

photograph corresponds to the lithofacies in Fig. 10-11; Table 3-6. 
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Figure 9-Photomicrographs in cross-polarized light of A) Lithofacies 1-lime mudstone, 

B) Lithofacies 2-silty limestone, C) Lithofacies 3-silty limestone, D) Lithofacies 4-

siltstone, E) Lithofacies 5-silty dolomite, and F) calcite veins that cross-cut Lithofacies 4 

(secondary quartz vein annotated by white arrow) located in inclusion 3 (stratigraphic 
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section 3) in Patawarta Diapir. Each photomicrograph corresponds to the lithofacies in 

Figs. 10-11; Table 3-6. 

 

 
Table 3-Size and structural characteristics and lithofacies succession of sedimentary 

inclusions in the Patawarta Diapir.  

 

 
Table 4-Summary of intrasalt inclusion sedimentology inside Patawarta Diapir. 
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Figure 10-Detailed geologic map of limestone inclusions (1-5) in Patawarta Diapir.  Map 

area is highlighted in Fig. 5.  Attributes of lithofacies types within sedimentary inclusions 

are summarized in Table 4.  
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Figure 11-Detailed fence diagram of the intrasalt Ediacaran-aged Wonoka Formation 

and lower dolomite beds of the Patsy Hill member limestone inclusions.  Locations of 

inclusions are shown in Fig. 10. Samples were collected from inclusion 3 in order to 

complete the outcrop, petrographic, and carbon isotope study. 
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Table 5-Stratigraphic unit thicknesses variations of the suprasalt and subsalt minibasins 

that are compared to thickness trends of the intrasalt inclusions in the Patawarta Diapir 

(modified from Gannaway, 2014; Kernen et al., 2012).  All units are in meters. 
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Table 6: Compilation of the stratigraphic units surrounding Patawarta Diapir and their 

depositional environments, depositional, and halokinetic sequence stratigraphy for 

intrasalt, suprasalt, and subsalt (modified from Kernen et al., 2012; Gannaway, 2014). 
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Figure 12-δ13C & δ18O isotopes used as a chemostratigraphic tool to identify Wonoka 

Formation and Patsy Hill member stratigraphy in the Patawarta Diapir. Stars show 

isotope values measured from sedimentary inclusion 3 (stratigraphic section 3) of this 

study.  The location and stratigraphic level of the samples is shown in Figs. 10-11.  

 

δ 
18

O
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Figure 13-δ 13C and δ 18O isotopes of the Wonoka Formation inclusions located inside 

the Patawarta Diapir (blue diamond), diapiric matrix (grey circle), Rim Dolomite caprock 

(pink circle), and the Bunyeroo Formation (brown circle), Wonoka Formation (blue 

circle) and Patsy Hill member of the Bonney Sandstone (red circle) in the subsalt and 

suprasalt minbasins adjacent to Patawarta Diapir.  The Shuram Excursion is highlighted 

by the grey oval.  
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Figure 14-Global δ13C isotope curve for Neoproterozoic (modified from Condon et al., 

2015).  Possible negative carbon isotope excursions in the Flinders Ranges inclusions 

could be from the Bitter Springs, Trezona, or Shuram excursions.  The Islay excursion is 

not found in the Flinders Ranges. 
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Figure 15-Photomicrographs of A) Lithofacies 1-lime mudstone in cross-polarized light, 

B) cathodoluminescence Lithofacies 1-lime mudstone (brown/orange fine-grained 

crystalline matrix) with calcite-rich (orange-yellow) veins (diagenetic alteration) cross-

cutting Lithofacies 1 (white arrow), C) Lithofacies 3-silty limestone in cross-polarized 

light, D) cathodoluminescence Lithofacies 3-silty limestone (orange/dark orange matrix) 
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with calcite-rich (orange-yellow) veins (diagenetic alteration) cross-cutting Lithofacies 3 

(white arrow) and quartz replacing gypsum (G), E) Lithofacies 5-silty dolomite in cross-

polarized light, F) cathodoluminescence of Lithofacies 5-silty dolomite (dark 

brown/black) matrix with calcite-rich (orange-yellow) veins cross-cutting Lithofacies 5 

(white arrow) located in inclusion 3 (stratigraphic section 3) in Patawarta Diapir. Each 

photomicrograph corresponds to the lithofacies in Figs. 8-11; Table 3-6. 

 

 

 
Figure 16-Schematic cross-section of the Wonoka Formation and Patsy Hill Member 

inclusions inside the Patawarta Diapir (modified from Hearon et al., 2015a). The LES 

sheath fold is located in a northern updip salt body separated by a suture (allosuture) 

and a second southern salt body. 
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Figure 17-Geologic Map of the Patawarta Diapir, Central Flinders Ranges, South 

Australia (modified from Kernen et al., 2018; Rowan et al., 2019).  Red lines in 

inclusions 2 & 5 are refolded folds, red line to the north is the axial trace of a sheath fold 

with the red arrow indicating the direction of salt flow (Rowan et al., 2019). The red 

arrow to the south is from (Hearon et al., 2015) that indicates the direction of salt flow 

(using the outboard halokinetic sequence fold plane to calculate direction). 
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Appendix 

 
Figure 1-Geologic map of the Patawarta Diapir showing variable lithologies of inclusions 

in the diapiric breccia (Br3 on Figs. 5 & 6).  The anomalous limestone and calcareous 

siltstone and shale inclusions are highlighted in the blue (modified from Hall, 1984).  

Those inclusions were originally classified as Tonian-age Callanna Group stratigraphy.  

The results of this study suggest they are actually Ediacaran-age Wonoka Group 

inclusions.  Outcrop photographs of A-F (red) Fig. 2 Appendix. 
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Figure 2-Outcrop photographs of Tonian-aged Callanna Group inclusions A) heavy 

mineral laminated sandstone and B) ripple marks and halite pseudomorphs in quartzite, 

C) fine interbeds of laminated heavy mineral-bearing sandstone and thinly bedded 

green brown calcareous siltstone and shale, D) thinly-bedded green black calcareous 

shale and siltstone, E) amygdaloidal basalt and F) dolerite.  Location of samples 

annotated in Fig. 2 Appendix.  
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