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Abstract 

Timing, origin, and potential global connections of mid-Ediacaran phenomena in South Australia 

and eastern California  

Sarah M. Giles 

 

 Mid-Ediacaran incised valleys in the Johnnie Formation of eastern California (the 

Johnnie valleys) and the Wonoka Formation of South Australia (the Wonoka canyons) are of 

interest for their unusually large scale and broad time concordance with the largest negative 

carbon-isotope anomaly in Earth history (the Shuram excursion) and the emergence of 

multicellular life (the Ediacara fauna). The Johnnie valleys and Wonoka canyons have been 

widely accepted as originating in a submarine setting at a continental margin. My new data 

suggest an alternative scenario: that both features were cut subaerially concomitant with sea-

level lowering in excess of 200 m, and were subsequently drowned and filled by marine 

sediments. Critical evidence includes 1) the presence in the basal fill of both valley systems of 

polymictic conglomerate/breccia with a quartz sand matrix that is locally associated with 

stratified quartz sandstone, suggesting both local and far-traveled fill components; 2) multiple 

upward-fining, polymictic conglomerate-based cycles in the basal Wonoka canyon fill; 3) beds 

and blocks of giant ooid packstone-grainstone indicative of shallow marine sedimentation during 

the early stages of Johnnie valley filling; 4) the observed transition in the direction of paleoflow 

in the Wonoka from stratified boulder conglomerate to sandstone and siltstone event beds; and 5) 

regional restoration of the northern Flinders Ranges indicating that several deep canyons in the 

Wonoka are > 20 km inboard of the paleoshelf edge. Modern submarine canyons rarely incise 



 

 

that far into continental shelves. My new carbon isotopic data demonstrate negative carbon-13 

(δ13C) values in the basal Johnnie valley fill, indicating that like the Wonoka canyons, the 

Johnnie valleys are bracketed by the Shuram excursion. Additionally, in South Australia, 

regional allochthonous salt breakout is observed at the same stratigraphic level as the canyon-

cutting unconformity, with no evidence for triggering by regional crustal shortening or deep 

marine non-deposition. Clasts from diapiric breccia and the basal Wonoka canyon fill share      

sedimentologic, petrographic, and geochemical characteristics indicating the presence of      

diapiric contributions to the canyon fill, and that allochthonous salt and the canyons interacted 

dynamically at the Earth’s surface during the Ediacaran. Each of these observations is more 

consistent with the expectations of a subaerial rather than submarine setting. I hypothesize that 

the Johnnie valleys and Wonoka canyons were cut by a combination of fluvial incision and 

subaerial mass wasting, before being drowned. Sea-level lowering is thought to have been      

triggered by the ~580 Ma Gaskiers glaciation. My interpretation is based on high-resolution 

physical stratigraphic mapping supported by sub-meter scale 3-D drone imagery, geochemical 

analysis (δ13C, δ18O, δ26Mg, Mg/Ca), structural restoration, as well as sedimentologic and 

petrographic analysis. The overall interpretation has several implications for connections 

between mid-Ediacaran phenomena globally. Given that the Johnnie valleys and Wonoka 

canyons are stratigraphically bracketed by negative δ13C values putatively correlated with the 

Shuram excursion, my data suggest that the Shuram excursion may encompass rather than 

postdate the Gaskiers glaciation in eastern California and South Australia, and that the onset of 

the excursion may be diachronous at a global scale. My interpretation presents the first outcrop 

evidence for subaerial erosion and non-deposition as a mechanism capable of triggering 

appreciable salt breakout. The suggested occurrence of regional isolation and rapid 



 

 

environmental change closely precedes the emergence of the Ediacara fauna, and presents new 

context for the organisms and the sediments in which they are recorded.    
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Figure 2: Drone basemap (May, 2020) of part of the southern Nopah Range showing the 

Gunsight, Noonday, and War Eagle areas discussed in the text. The white outlines indicate 

mapped areas. 

Figure 3: Left: Generalized stratigraphic section of the Ediacaran stratigraphy in eastern 

California (modified from Bergmann et al., 2011). The unconformities labeled 1 and 2 

correspond with the Johnnie valleys and valleys at the base of the Stirling Quartzite, respectively. 

Center: Stratigraphic section of the Rainstorm Member of the Johnnie Formation in the southern 

Nopah Range (modified from Summa, 1993; and Bergmann et al., 2011). Right: carbon isotope 

data from the southern Nopah Range. Black dots represent data from Corsetti and Kaufman 

(2003) and Bergmann et al. (2011). Blue dots are values measured in this study (isotopic and 

lithologic data is available in Table A9). 

Figure 4: Geologic maps of the War Eagle area in the southern Nopah Range at the same scale. 

(A) Modified from Figure 2 of Trower and Grotzinger (2010). (B) Geologic map from this study 

in WGS 84/ UTM Zone 11N. Map overlays Esri Topo World QGIS XYZ Tile. GPS coordinates 

of measured sections are available in Table S2. Measured sections are identified by purple 

numbers in circles. Numbered unconformities in red correspond with surfaces in Figure 3. Black 

lower-case letters are other mapped surfaces. Differences in interpretation are discussed in the 

text. 

Figure 5: Geologic maps of the Gunsight area in the southern Nopah Range at the same scale. 

(A) Modified from Figure 5A of Clapham and Corsetti (2005). GPS coordinates (in WGS 84/ 

UTM Zone 11N) have been repositioned with exact locations. The red unit is the coarse basal 
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facies of the Johnnie valley fill. The blue line is the top of the Johnnie oolite. The green line is 

the base of the Stirling Quartzite. Black lines indicate inferred faults. Grey numbered lines 

indicate measured sections. (B) Geologic map from this study in WGS 84/ UTM Zone 11N. Map 

overlays Esri Topo World QGIS XYZ Tile. GPS coordinates of measured sections are available 

in Table A8. Purple numbered circles are measured sections. Measured sections are identified by 

purple numbers in circles. Numbered unconformities in red correspond with surfaces in Figure 3. 

Black lower-case letters are other mapped surfaces. Differences in interpretation are discussed in 

the text. 

Figure 6: Geologic maps of the Noonday area in the southern Nopah Range at the same scale. 

(A) Modified from Figure 4B of Clapham and Corsetti (2005). The red unit is the coarse basal 

facies of the incised valley fill. The blue line is the top of the Johnnie oolite. The green line is the 

base of the Stirling Quartzite. Black lines indicate faults. Grey numbered lines indicate measured 

sections.  (B) Geologic map from this study in WGS 84/ UTM Zone 11N. Map overlays Esri 

Topo World QGIS XYZ Tile. GPS coordinates of measured sections are available in Table S2. 

Measured sections are identified by purple numbers in circles. Numbered unconformities in red 

correspond with surfaces in Figure 3. Black lower-case letters are other mapped surfaces. 

Differences in interpretation are discussed in the text. 

Figure 7: Compilation of measured stratigraphic sections in the Gunsight area of the southern 

Nopah Range. Red lines 1 and 2 are the unconformities shown in Figure 3. Black lines with 

lower case letters are other mapped surfaces. Surface j is the top of the Johnnie oolite. The 

distance between the bases of sections is indicated at the top of the profile. This is the location at 

which the greatest erosional relief can be documented in the Johnnie incision (208 m). The 

locations of sections are shown in Figure 5. 
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Figure 8: Compilation of measured stratigraphic sections in the War Eagle area of the southern 

Nopah Range. Red lines 1 and 2 are the unconformities shown in Figure 3. Black lines with 

lower case letters are other mapped surfaces. Surface j is the top of the Johnnie oolite. The 

distance between the bases of sections is indicated at the top of the profile. The locations of 

sections are shown in Figure 4. 

Figure 9: Compilation of measured stratigraphic sections in the Noonday area of the southern 

Nopah Range. Red lines 1 and 2 are the unconformities shown in Figure 3. Black lines with 

lower case letters are other mapped surfaces. Surface j is the top of the Johnnie oolite. The 

distance between the bases of sections is indicated at the top of the profile. The locations of 

sections are shown in Figure 6. 

Figure 10: Measured sections from the upper part of the Johnnie Formation and lower Stirling 

Quartzite at Hill 1152T in the Northwestern Spring Mountains. (A) Measured section from 

Abolins (1999). Scale is in meters. (B) Measured section DV21-N2 from this study. Scale is in 

meters. 

Figure 11: Field photographs from the southern Nopah Range. (A) Drone image of outcrop of 

bedded giant ooid-bearing packstone-grainstone in the Johnnie valley fill in the War Eagle area 

(between surfaces 1 and 2). Clasts of the same packstone-grainstone are present in 

conglomerate/breccia at the location indicated by a white arrow. (B) Diffusely stratified 

conglomerate/breccia is locally interstratified with coarse-grained quartz sandstone at the base of 

the Johnnie valley (surface 1). Pencil for scale. (C) Conglomerate/breccia at the base of the 

Johnnie valley (surface 1). Surface 1”” is a mapped erosional surface within the Johnnie valley 

fill. The white line corresponds with mapped flooding surface g. The width of the notebook on 

the left is 5 inches. (D) Intraclastic stromatolitic carbonate and giant ooid-bearing packstone-
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grainstone directly overlie the Johnnie valley (red line). Purple siltstone below the valley wall is 

indicated by the white box. Geopetal indicators in the giant ooid packstone indicate orientations 

consistent with true stratigraphic up (white arrow). See Figure 3a from Trower and Grotzinger, 

2010 for an example of the geopetal indicators. Contact relations and geopetal consistency 

together indicate that the giant ooid-bearing facies is a sheet within the Johnnie valley fill. Pencil 

for scale. (E) Geopetal indicators in a stromatolite (white box) are consistent with those in giant 

ooid packstone-grainstone and with stratigraphic up (white arrow). Pencil for scale. (F) Clast of 

giant ooid packstone-grainstone in locally cross-stratified conglomerate/breccia. The matrix of 

the latter includes isolated giant ooids as well as coarse quartz sand (white box). White arrow 

points to stratigraphic up. Sharpie pen for scale. 

Figure 12: Simplified stratigraphy and associated δ13C isotope data of Ediacaran sedimentary 

rocks in the Nopah Range, California, Sheeprock Mountains, Utah, the Flinders Ranges of South 

Australia, and the Thamoud-6 corehole, Oman. Prominent unconformities in each section (red 

line) are inferred to glacially induced sea-level lowering (Gaskiers glaciation). See Table A7 for 

sources of isotopic and stratigraphic data. 

Table 1: Facies description of the Johnnie valley fill in the southern Nopah Range. 

Chapter 2 

Figure 1: Geologic map of the Flinders Ranges, South Australia. Figure shows outcrops of the 

Wilpena Group (Nuccaleena Formation to Wonoka Formation), as well the location of Wonoka 

canyon exposures. The numbered circles indicate Wonoka canyon exposures: 1, Fortress Hill 

canyon complex; 2, shallow incised valley north of Umberatana; 3, Oodnapanicken canyon; 4, 

Depot Springs canyon; 5, Patsy Springs canyon; 6, Nankabunyana canyon; 7, Salt Creek canyon; 

8, Mocatoona canyon; 9, Puttapa canyon; 10, Beltana canyon; 11, shallow incised valley west of 
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Buckaringa Hill; 12, Buckaringa Gorge canyon; 13, Yarra Vale canyon; 14, Waukarie Creek 

canyon complex; 15, Pamatta Pass canyon complex; 16, potential canyon at the eastern end of 

Waroonee syncline; 17, Yunta canyon complex. 

Figure 2: Generalized stratigraphic section of the Lower Wilpena Group, showing the ~ 1 km 

deep Wonoka paleocanyons cutting from the Wonoka Formation and into the Brachina Fm. Part 

b illustrates a stratigraphic column of the Wonoka Formation showing the 11 units Haines 

(1987). Isotopic values are from Husson et al. (2012). 

Figure 3: Geologic map of the sinuous, ~1 km deep Umberatana syncline Wonoka canyon 

adapted from von der Borch et al. (1985). S Muccabaloona and N Muccabaloona geology 

updated here. The four incisions discussed in the text are labeled. 

Figure 4: Portion of mapped surfaces (labeled with lowercase letters), measured stratigraphic 

sections (labeled at base with black numbers and letters), and sequence boundaries (erosional 

surfaces labeled with red numbers) are shown on a basemap of the South Muccabaloona. 

Mapped features overlay Google Satellite XYZ Tile. 

Figure 5: Representative subset of the 40 measured sections completed by this study at the 

South Muccabaloona incision. Partial and complete sections are shown to illustrate how facies 

and traced surfaces were utilized to interpret the sequence stratigraphy of the Wonoka canyon 

fill. Refer to Table 1 for facies description. Mapped surfaces are indicated by black lines and 

lowercase letters. Sequence boundaries are indicated by red lines and red numbers. Section 

numbers are indicated by black numbers. Location of measured sections listed in Table A1. 

Figure 6: Representative subset of the 14 measured sections completed by this study at the 

North Muccabaloona incision. All 14 drafted measured sections are available upon request. 

Partial and complete sections are shown to illustrate how facies and traced surfaces were utilized 
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to interpret the sequence stratigraphy of the Wonoka canyon fill. Refer to Table 1 for facies 

description. Mapped surfaces are indicated by black lines and lowercase letters. Sequence 

boundaries are indicated by red lines and red numbers. Section numbers are indicated by black 

letters and numbers. 

Figure 7: Representative field photographs of the Wonoka Fm. from the South Muccabaloona 

incision at the Umberatana syncline canyon. (A) Example of polymictic conglomerate facies and 

sandstone facies in the basal canyon fill. Red line indicates base of erosive conglomerate. Rock 

hammer for scale. (B) An example of the diamicite facies. Pencil for scale. (C) Example of 

tabular rippled and laminated sandstone and siltstone in the basal canyon fill. Rock hammer for 

scale. (D) Example of the most abundant upper Wonoka canyon fill facies. Facies consists of 

tabular rippled and parallel-laminated siltstone and sandstone with ~ 1 cm thick carbonate 

couplets that are locally deformed or brecciated. Pencil for scale. 

Figure 8: Rose diagrams plotted using stereonet feature from Visible Geology 

(https://app.visiblegeology.com/stereonet.html). (A) South Muccabaloona ripples, flute casts, 

and parting lineation. (B) North Muccabaloona ripples and flute casts. 

 Figure 9. Plots showing the thickness of high order sequences identified in the incisions at 

Umberatana syncline. In the Fortress Hill and Mt. Curtis incisions, sequence thickness is 

approximately 30 m, with a unique ~ 60 m thick double-cycle present at the same level (SB6). 

The thickness of sequences becomes more variable in the South and North Muccabaloona 

incisions, with a smaller number of conglomerate-based cycles identified, and more variable 

thicknesses. I hypothesize, based on sequence thicknesses, that the uppermost cycle at South 

Muccabaloona correlates with the uppermost cycle of the southern incisions though no direct 

connect exists. The uppermost cycles at the Muccabaloona incisions are correlated independently 
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through a physical stratigraphic surface that was mapped between them. Dark blue bars indicate 

sequences where thickness is more confidently measured. Measured sections used to constrain 

cycles thicknesses are shown in Table A2. 

Figure 10: A) Cross-section of the Umberatana syncline Wonoka canyon. No vertical 

exaggeration. FH, Fortress Hill incision; MC, Mt. Curtis incision; SM, South Muccabaloona 

incision; NM, North Muccabaloona incision. B) Restored cross-section. Red line indicates pin 

line. Pink circles indicate semicircles assumed to connect incision cross-sections. Orange line 

indicates the line from which canyon length was measured, where the direction along semicircle 

was determined from the general paleocurrent direction measured for each incision. 

Figure 11: Measured sections around an outcrop in the South Muccabaloona incision allowing 

for a nearly 360ᵒ cross-sectional view of cycle 6 stratigraphy. Eight sections were measured 

through the same interval to evaluate lateral facies changes on the 100 m scale. The red line 

represents sequence boundary 6. The black line and dashed black line are mapped physical 

surface “s”. The yellow lines are measured sections with a corresponding white number. Grain 

size scale abbreviations are siltstone (sl), fine-grained sandstone (f), coarse-grained sandstone 

(c), and conglomerate (g). Measured section locations are listed in Table A1. 

Table 1. Wonoka canyon-filling facies types including descriptions. 

Table 2: Downstream facies type changes by sequence from Fortress Hill to South 

Muccabaloona. 

Chapter 3 

Figure 1: Geologic map of the Flinders Ranges, South Australia. Figure shows outcrops of the 

lower part of the Wilpena Group (Nuccaleena Formation to Wonoka Formation), as well the 

location of Wonoka canyon exposures (numbered circles): 1, Fortress Hill canyon complex; 2, 
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shallow incised valley north of Umberatana; 3, Oodnapanicken canyon; 4, Depot Springs 

canyon; 5, Patsy Springs canyon; 6, Nankabunyana canyon; 7, Salt Creek canyon; 8, Mocatoona 

canyon; 9, Puttapa canyon; 10, Beltana canyon; 11, shallow incised valley west of Buckaringa 

Hill; 12, Buckaringa Gorge canyon; 13, Yarra Vale canyon; 14, Waukarie Creek canyon 

complex; 15, Pamatta Pass canyon complex; 16, potential canyon at the eastern end of Waroonee 

syncline; 17, Yunta canyon complex. 

Figure 2: One hypothesis for the connection of deep Wonoka canyon exposures in the northern 

Flinders Ranges. 

Figure 3: (A) Regional cross-section of the northern Flinders Ranges modified from Rowan and 

Vendeville (2006). Cross-section line shown in Figure 1 as well as location of paleoshelf edge 

based on Haines (1987). Wonoka canyon locations and paleoshelf edge were projected onto the 

cross-section and are indicated by labeled blue lines. 1, Umberatana syncline; P, paleoshelf; 2; 

Oodnapanicken; 3, Patsy Springs; 4, Nankabunyana; 5, Mocatoona; 6, Puttapa; 7, Beltana. (B) 

Restored cross-section. Callanna Group thickness is inferred, as well as restored salt geometry. 

Measured distance of canyon exposures from paleoshelf edge is listed in Table 1. 

Figure 4: Reconstructed locations (Delamerian shortening removed) of selected Wonoka canyon 

exposures in the northern Flinders Ranges with respect to the paleoshelf edge. Wonoka canyon 

exposures are U, Umberatana syncline; OP, Oodnapanicken; PS, Patsy Springs; N,  

Nankabunyana; M, Mocatoona; P, Puttapa; B, Beltana. The regional paleoslope direction is 

primarily to the northeast (Haines, 1987). 

Figure 5: Representative field photographs of the polymictic conglomerate facies found at the 

base of the (A) Umberatana syncline canyon (backpack for scale) and (B) the Oodnapanicken 

canyon (4-inch scale card).   
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Figure 6: Map of Oodnapanicken canyon showing location of measured stratigraphic sections 

and mapped surfaces. Coordinates are shown in WGS 84/ UTM 54S. Measured section locations 

listed in Table A3. 

Figure 7: Representative subset of the fourteen measured sections completed in this study at the 

South Oodnapanicken incision. Partial and complete sections are shown to illustrate how facies 

and traced surfaces were utilized to interpret the sequence stratigraphy of the Wonoka canyon 

fill. Refer to Table 1 for facies description. Mapped surfaces are indicated by black lines and 

lowercase letters. Sequence boundaries are indicated by red lines and red numbers. Section 

numbers are indicated by black numbers. Data for all fourteen measured sections are available 

upon request. 

Figure 8: Representative field photographs showing examples of the microbial textures atop 

basal canyon-fill sandy siltstone beds at Oodnapanicken location. (A) Swiss army knife for scale 

(B) 4-inch scale card. 

Table 1: Distance estimates from a regional restoration analysis for the various Wonoka canyon 

exposures in the northern Flinders Ranges from the paleoshelf edge. The quoted distances were 

measured from the shelf edge line sketched along the inferred most proximal extent of the 

proposed shelf edge region (Figure 7). 

Chapter 4 

Figure 1: Figure modified from Rowan et al. (2020) showing a schematic representation of the 

occurrence of allochthonous salt plotted as a function of stratigraphic position and geographic 

location. Horizontal segments indicate apparent base salt flats (allochthonous spreading), and 

non-horizontal segments indicate ramps. The primary stratigraphic levels of flats are colored 

blue. Stratigraphy: SK, Skillogalee Dolomite; MS, Myrtle SpringsFormation; TH, Tapley Hill 
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Formation (includes Yankaninna Formation); AM, Amberoona Formation; BR, Brachina 

Formation (includes Ulupa Siltstone); BU, Bunyeroo Formation; WO, Wonoka Formation; PS, 

Pound Subgroup; WK, Wilkawillina Limestone. Diapirs: AK, Arkaba; AR, Arkaroola; BE, Burr 

(east); BH, Breaden Hill; BN, Beltana (east); BT, Beltana (west); BW, Burr (west); LN, Loch 

Ness; MR, Mount Rose; MU, Mucatoona; NA, North Angepena; OL, Oladdie; PA, Patawarta;PI, 

Pinda; RH, Round Hill; SA, South Angepena; TR, Tourmaline Hill; WD, Wirreanda; WI, 

Witchelina; WR, Wirrealpa 

Figure 2: (A) Location map modified and redrafted from Preiss (1986) of the northern Adelaide 

Fold Belt. Blue circles indicate Wonoka canyon locations in the northern Flinders Ranges. 

Numbers correspond to those from Christie-Blick et al. (1990): 1, Fortress Hill canyon complex 

(Umberatana syncline); 2, Umberatana station; 3, Oodnapanicken canyon; 4, Depot Springs 

canyon; 5, Patsy Springs canyon; 6, Nankabunyana canyon; 7) Salt Creek canyon; 8, Mocatoona 

canyon; 9, Puttapa canyon; 10, Beltana canyon. Orange circles indicate mid-Ediacaran 

allochthonous salt sheets. M, Mucatoona diapir; P, Pinda diapir; B, Beltana diapir; PA, Patawarta 

diapir. (B) and (C) Geologic maps modified from Rowan et al. (2020) for Pinda diapir and 

Beltana diapir, respectively. Numbered blue lines are measured sections from this study. Subsalt 

sections start from the top of the ABC Range Quartzite (sections 1, 2, and 3 in B, and sections 1 

and 2 in C). 

Figure 3: (A) Representative field photographs from the Wonoka Formation canyon fill and 

allochthonous salt diapir breccia locations. (A) Example of the polymictic conglomerate found at 

the base of high order sequences in the basal Wonoka canyon fill at Umberatana syncline. 

Dolomite clast example circled in red. Geologist for scale. Image modified from Husson et al. 

(2015). (B) Example of a dolomite clast in the diapiric breccia at Beltana. Rock hammer for 
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scale. (C) Red chert clast in a polymictic conglomerate in a basal high order cycle in the Patsy 

Springs canyon fill. Mechanical pencil tip for scale. (D) Red chert clast removed from the diapir-

associated rim dolomite facies at Beltana diapir. (E) Example of a rounded quartzite clast in the 

polymictic conglomerate in a basal higher-order cycle at the Oodnapanicken canyon. Red circle 

indicates quartzite clast examples. Mechanical pencil for scale. (F) Example of rounded quartzite 

clasts in the diapiric breccia at Beltana. Red circle indicates a rounded quartzite clast example. 

Rock hammer top for scale. 

Figure 4: (A) Plot of δ26Mg vs. Mg/Ca for Wonoka canyon-shoulder samples from sections 4 

and 6 of Husson et al. (2015a,b), carbonate clasts from polymictic conglomerate at Umberatana 

syncline (from Husson et al., 2015a), and dolomite clasts from breccias at Beltana and Pinda 

diapirs. Dashed purple circle indicates the zone of overlap observed for unusual Wonoka canyon 

fill carbonate clasts and diapiric breccia carbonate clasts. (B) Distribution of δ13C values for 

dolomite clasts from polymictic conglomerate in the Wonoka canyon at Umberatana syncline 

(sections 4 and 6 of Husson (2014)), Husson (2014)’s canyon wall dolomite beds in section 4 

and 6, and for dolomite clasts from the diapiric breccia at Pinda and Beltana. 

Figure 5: (A) δ13C chemostratigraphic profiles (with variable vertical scales) through the 

calcareous subsalt and suprasalt stratigraphy at Pinda diapir. Sections are located in Figure 1B. 

Colored boxes indicate gross lithology. B) Synthesis of 12 chemostratigraphic profiles of the 

Wonoka Formation across the Flinders Ranges, simplified from Husson (2014). Red line 

indicates degree 20 polynomial curve from Husson (2014) summarizing the overall variation of 

isotopic values. Black numbered circles show how my profiles are interpreted to correspond with 

Husson’s data (pink box for sections 1-3; and blue box for section 4). Lithostratigraphic 
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subdivision for the Wonoka Formation is from Haines (1987, 1988). Location of measured 

sections is shown in Table A5. 

Figure 6: A) Chemostratigraphic profiles (with variable vertical scales) through the calcareous 

subsalt and suprasalt stratigraphy at Beltana diapir. Sections are located in Figure 1C. Colored 

boxes indicate gross lithology. B) Synthesis of 12 chemostratigraphic profiles for the Wonoka 

Formation across the Flinders Ranges, simplified from Husson (2014). Red line indicates degree 

20 polynomial curve from Husson (2014) summarizing the overall variation of isotopic values. 

Black numbered circles show how my profiles are interpreted to correspond with Husson's data 

(pink box for sections 1-2; and blue box for section 3). Lithostratigraphic subdivision of the 

Wonoka Formation is from Haines (1987, 1988). Location of measured sections in Table A5. 

Figure 7: Schematic model of allochthonous salt breakout and Wonoka canyon incision 

interpreted in this study. Red line indicates the canyon-cutting unconformity. See text for details. 

Appendix A 

Table A1. Location data for measured stratigraphic sections at Umberatana syncline. Latitude 

and longitude data provided in WGS 84/ UTM zone 54S. Incision abbreviations are as follows: 

South Muccabaloona (SM), North Muccabaloona (NM), Fortress Hill (FH), Mt. Curtis (MC). 

Table A2. Cycle thickness and the sections used to calculate for the South Muccabaloona 

incision (SM) and North Muccabaloona incision (NM) at the Umberatana syncline Wonoka 

canyon. 

Table A3. Location data for stratigraphic sections at Oodnapanicken canyon. Location data 

provided in WGS 84/ UTM zone 54S. 

Table A4. Isotopic data, lithologic data, stratigraphic data and location coordinates for diapir 

stratigraphy samples from the Flinders Ranges. 1Duplicate measurement. 2Stratigraphic heights 
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shown in Figures 5A and 6A in Chapter 4 for subsalt stratigraphic sections were adjusted to 

represent the height from the top of the Bunyeroo Formation. 

Table A5. Measured section location data. GPS coordinates indicate the starting location of the 

measured section. 1Measured sections not shown in Figures 1, 2, or 3 of Chapter 4. 

Table A6. Isotopic data, lithologic data, and location coordinates for diapir clast samples. 

Table A7. Data sources for Figure 12 in Chapter 1. 

Table A8. Measured section location data in WGS 84 / UTM zone 11 N. 

Table A9. Isotopic data, lithologic data, stratigraphic data and location coordinates for samples 

from the southern Nopah Range. 
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     Introduction  

 The Ediacaran (635-538.8 Ma) encompasses a pivotal time in the history of the Earth, 

beginning after the break-up of the supercontinent Rodinia (McMenamin and McMenamin, 

1990; Dalziel, 1991; Hoffman, 1991; Moores, 1991; Li et al., 2008), and after two intense glacial 

intervals (colloquially known as the ‘Sturtian’ and ‘Marinoan’ glaciations) that saw glaciers 

extending to low paleomagnetic latitudes (Schmidt et al., 1991; Schmidt and Williams, 1995; 

Sohl et al., 1999; Hoffman and Schrag, 2002; Fairchild and Kennedy, 2007). Notable Ediacaran 

events include the mid-Ediacaran Gaskiers glaciation (~580 Ma) (Pu et al, 2016), significant 

fluctuations in the carbon isotope record, including the largest negative carbon isotope anomaly 

in Earth history (the Shuram excursion) (Grotzinger et al., 2011; Husson et al., 2012; Husson et 

al., 2015a), the incision of deep canyons in multiple locations globally (Christie-Blick et al., 

1990; Clapham and Corsetti, 2005; McGee et al., 2013), and the first appearance of complex 

metazoan organisms (Signor and Lipps, 1992; Grotzinger et al., 1995; Narbonne, 2005; Droser et 

al., 2017). Given the paucity of geochronologic constraints in the Ediacaran, it remains 

unresolved how these biologic, paleoclimate, and geochemical phenomena relate in timing and 

origin (compare the inferred timing shown in Figure 1 and Figure 2). At stake for understanding 

the potential connections is clarifying Ediacaran sea-level changes, the cause for the emergence 

of complex life, and the composition and environment of Ediacaran oceans and land.  

In this dissertation, I seek to further resolve the potential connection between Ediacaran 

phenomena in South Australia and eastern California. Both successions are distinguished by the 

presence of a δ13C anomaly correlated with the largest negative δ13C anomaly in Earth history 

(the Shuram excursion) and the presence of unusually deep valleys or canyons. The succession in 
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South Australia additionally preserves a level of regional allochthonous salt breakout. Each of 

these phenomena coincides with one another stratigraphically, and my evaluation of their 

sedimentologic, stratigraphic, and geochemical character further clarifies how the phenomena 

may relate in two well-exposed, widely studied locations. I interpret that the Shuram excursion in 

South Australia and eastern California stratigraphically brackets an unconformity hypothesized 

to have formed as a result of sea-level drawdown initiated by the ~580 Ma Gaskiers glaciation. 

In South Australia, I hypothesize that erosion and associated non-deposition relating to Gaskiers-

initiated sea-level drawdown also triggered regional allochthonous salt breakout.  
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Figure 1: Graphic from Darroch et al. (2018) illustrating the stratigraphic distribution and 

animal diversity for the mid-Ediacaran to early Cambrian. This figure illustrates the 

generally accepted view that the Shuram excursion occurs post-Gaskiers glaciation globally. 
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The Shuram excursion 

The largest δ13C excursion in Earth history occurs in the Ediacaran, with isotopic values 

dropping from +5‰ to -12‰ and recovering back to +5‰. This excursion has been recognized 

in Ediacaran basins globally, most notably in Oman (Burns and Matter, 1993; Fike et al., 2006; 

Le Guerroué et al., 2006; Rooney et al., 2020) where the excursion was originally identified and 

named after the Shuram Formation, and in South Australia (Calver, 2000; Husson et al., 2012, 

2014, 2020), South China (McFadden et al., 2008; Canadas et al., 2022), and the western U.S.A 

(Corsetti and Kaufman, 2003; Bergmann et al., 2011). The Shuram has also been observed in 

southern Siberia (Pokrovskii et al., 2006; Melezhik et al., 2009), Scotland (Prave et al., 2009), 

Namibia (Saylor et al., 1998), and northwestern Canada (Macdonald et al., 2013).  

The origin of the Shuram is unresolved, and has been attributed variously to primary and 

secondary phenomena including 1) progressive oxygenation of the surface ocean (Fike et al., 

2006); 2) global marine transgression (Busch et al., 2022); 3) authigenic carbonate precipitation 

(Schrag et al., 2013); 4) burial diagenesis (Derry, 2010); 5) meteoric diagenesis (Knauth and 

Kennedy, 2009); 6) multilayer ocean stratification (Ader et al., 2009); 7) sedimentary methane 

clathrate collapse (Bjerrum and Canfield, 2011); 8) diagenetic alteration of carbonates combined 

with mixed/multiple sources of organic carbon (Oehlert and Swart, 2014); 9) a bolide impact 

(Young, 2013); and 10) significant contributions of exogenous organic carbon sources in 

carbonates with low organic carbon (Johnston et al., 2012). If a primary feature, the Shuram 

excursion may impose a constraint for the isotopic composition of the carbon entering the ocean 

reservoir of dissolved inorganic carbon (DIC) to be characterized by low values (≤-12‰). To 

have inputs this low, a source of CO2 derived from the oxidation of an organic carbon reservoir 

is required. The organic carbon reservoir can be ancient sedimentary carbon or carbon from the 
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ocean (Grotzinger et al., 2011). Alternatively, the Shuram could be a global synchronous primary 

seawater phenomenon related to prominent marine flooding but not representative of average 

global DIC. In this scenario, Ediacaran carbonate margins globally are proposed to have had a 

similar response to global transgression that primed shallow marine environments for enhanced 

productivity/evaporation that was capable of driving local isotope reservoir effects (Busch et al., 

2022). Recent work suggests that blooms of oxygenic phototrophs facilitated the recovery of the 

Shuram excursion back to positive δ13C values (Canadas et al., 2022). The idea of a Shuram as a 

primary feature has garnered wide acceptance, and is supported by sulphur isotope data (Fike et 

al., 2006; Kaufman et al., 2007), and similar shifts across Shuram successions in δ13C, δ18O, 

δ44/40 Ca, Sr/Ca, Mn/Sr, and U/Ca (Busch et al., 2022). A secondary origin is supported in many 

sections of the Shuram excursion recording the covariation between δ13C and δ18O (Calver, 

2000; Derry, 2010; Grotzinger et al., 2011; Swart and Kennedy, 2012). Additionally, the 

negative excursion in δ13C is not paralleled in δ13Corg (e.g., Fike et al., 2006; McFadden et al., 

2008; Lee et al., 2013; Macdonald et al., 2013). Controversy surrounds both primary and 

secondary hypotheses, and the possibility still remains that the Shuram resulted as a combination 

of primary and secondary phenomena, where C-recycling processes began in the water column 

and continued during diagenesis (Canadas et al., 2022). 

Geochronological constraints on the Shuram are few. In South China, the terminal timing 

of either the Shuram or a younger, post-Shuram, excursion has been constrained by U-Pb zircon 

dating at 550.1 ± 0.6 Ma (Yang et al., 2021). In Oman and northwestern Canada, recent Re-Os 

constraints from Rooney et al. (2020) have bracketed the Shuram between 578.2 ± 5.9 and 562.7 

± 3.8 Ma and between 574.0 ± 4.7 and 567.3 ± 3.0 Ma, respectively. U-Pb zircon ages available 

from the same successions as the Re-Os data are either from strata notably older (e.g., 632.6 ± 
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6.3 Ma in Northwest Canada) or younger (e.g., 547.23 ± 0.96 Ma in Oman) than those recording 

the Shuram, limiting our ability to cross-calibrate available Re-Os constraints (Rooney et al., 

2020). Astrochronological results on the Shuram section in Oman suggest that the onset age of 

the Shuram is 570.2 ± 1.1 Ma and the termination age is 562.5 ± 1.1 Ma (Gong and Li, 2020). It 

has been suggested by Rooney et al. (2020) that the Shuram is a globally synchronous event 

strictly postdating the ~580 Ma Gaskiers glaciation. However, the error bars associated with the 

reported Re-Os dates for Oman permit an onset before or synchronously with the Gaskiers. The 

lack of geochronological constraints from a number of Shuram locations and the competing 

younger constraint from South China suggests global correlation of the Shuram should be 

utilized with caution. 

Stratigraphic successions bearing the Shuram excursion reflect marine sedimentation 

between upper slope and inner ramp depositional environments (Busch et al., 2022). The 

successions also share similar defining characteristics: 1) They are stratigraphically above ca. 

635 Ma Cryogenian cap dolostones and below ca. 560-549 Ma White Sea Ediacara fauna 

assemblage. 2) They have stratigraphic asymmetry with a sharp downturn to negative δ13C 

values and a gradual return to back to positive δ13C values. 3) They have small point-to-point 

isotopic ratio differences in consecutive samples (Busch et al., 2022). It should be noted that 

stratigraphic successions recording the Shuram excursion vary in thickness from ~80 m thick in 

the Death Valley area to ~1000 m thick in Oman (Busch et al., 2022). That cannot solely be a 

function of varying rates of sediment accumulation. 

 In this dissertation I show stratigraphic data suggesting that the Shuram excursion in 

South Australia and eastern California stratigraphically brackets an unconformity hypothesized 

to have formed due to sea-level drawdown initiated by the ~580 Ma Gaskiers glaciation. This 
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interpretation suggests that global synchroneity of the Shuram should be reevaluated, and that 

primary vs. secondary phenomena may work together to influence the local timing of the 

excursion. Any model must account for all of the competing geochemical, sedimentological, and 

geochronological constraints. 

The Gaskiers glaciation 

Recorded in the same Ediacaran interval that encompasses the Shuram excursion and 

postdates the Cryogenian glaciations is the short-lived and less extensive Gaskiers glaciation. Pu 

et al. (2016) provided U-Pb zircon constraints from ash beds intercalated with the diamictite-

bearing successions in eastern Newfoundland (Canada), dating the Gaskiers event to have 

occurred at ~580 Ma with a maximum duration of ≤ 340 kyr. Paleomagnetic data suggest that, 

during the Gaskiers event, ice sheets advanced at sea-level to within a few tens of degrees 

latitude of the equator (Hoffmann and Li, 2009; Evans and Raub, 2011; Pisarevsky et al., 2012; 

Li et al., 2013). If the paleolatitude interpretations are correct, I expect that evidence for a 

drawdown of sea level of at least many tens of meters to potentially more than 100 m should be 

preserved in nearshore non-glacial facies encompassing the Gaskiers interval. While the 

expression of an unconformity is expected to vary from one location and setting to another (e.g., 

karst, valley incision, regional offlap, a marked change in facies; Christie-Blick, 1991), and non-

eustatic phenomena (e.g., crustal deformation) need to be taken into account (Christie-Blick and 

Driscoll, 1995; Creveling and Mitrovica, 2014), the Gaskiers level should correspond with a 

prominent discontinuity of at least regional scale. 

 The reader should note that the Gaskiers event is not the only glaciation hypothesized for 

the mid-Ediacaran. Retallack (2022) argued for at least four distinct glacial advances and retreats 

in the Ediacaran, though with uncertainty about the resolution of timing. Linnemann et al. (2018) 
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dated glaciomarine deposits in the Cadomian orogen of West Africa at c. 565 Ma, and 

interpreted those deposits as not associated with the Gaskiers event. A glacial deposit 

intercalated in the Kahar Formation of Iran yielded a maximum depositional age from U-Pb 

detrital zircons of 560 ± 5 Ma (Etemad-Saeed et al., 2016). The Bou Azzer glacial deposits in 

West Africa are constrained by U-Pb zircon ages of 569 ± 4 Ma to 567 ± 4 Ma (Karaoui et al., 

2015; Errami et al., 2021). Linnemann et al. (2022) proposed the term ‘Upper Ediacaran Glacial 

Period’ for such post-Gaskiers c. 570 Ma to c. 560 Ma glaciomarine deposits. Wang et al. (2023) 

utilized paleogeographic reconstructions to suggest a ‘Great Ediacaran Glaciation’ that occurred 

diachronously but continuously from 580-560 Ma as various continents migrated across polar-

temperate latitudes.  

This dissertation presents stratigraphic data suggesting that the Shuram excursion in 

South Australia and eastern California stratigraphically brackets an unconformity hypothesized 

to have formed as a result of sea-level drawdown initiated by the ~580 Ma Gaskiers glaciation. 

The Gaskiers event is viewed as the most plausible glaciation, as deposits from the younger 

Ediacaran glaciation (c. 565 Ma) show little overlap with the Shuram excursion (Linnemann et 

al., 2022). There is a possibility that a diachronous ‘Great Ediacaran glaciation’ or one of the 

glacial events included in the ‘Upper Ediacaran Glacial Period’ initiated unconformity formation 

in South Australia and California. An issue with this interpretation is that the unconformities in 

both locations display erosional relief suggesting that sea-level drawdown had to be at least 200 

m, which is difficult to attribute to staggered, individual glaciations.  
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Figure 2: Simplified stratigraphy and associated δ13C isotope data of Ediacaran sedimentary 

rocks in the Nopah Range, California, Sheeprock Mountains, Utah, the Flinders Ranges of 

South Australia, and the Thamoud-6 corehole, Oman. Prominent unconformities in each 

section (red line) are inferred to relate to glacially induced sea-level lowering (~580 Ma 

Gaskiers glaciation). See Table A6 for sources of isotopic and stratigraphic data. 

 

Mid-Ediacaran phenomena in South Australia and eastern California 

Broadly coincident with the Gaskiers diamictites in some basins are prominent mid-

Ediacaran unconformities. In South Australia and eastern California, those unconformities 

outcrop as deep paleocanyons that are comparable in their scale of erosional relief and for their 

association with a δ13C excursion putatively correlated to the Shuram excursion.  Both 

paleocanyon systems are widely viewed as submarine (von der Borch et al., 1982; Clapham and 
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Corsetti, 2005), and in eastern California syndepositional rifting is hypothesized as the cause of 

paleocanyon initiation (Clapham and Corsetti, 2005). A submarine origin for both the Johnnie 

valleys (eastern California) and the Wonoka canyons (South Australia) was favored by previous 

work on the basis of boulder conglomerate/breccia fill at the base of the valleys that fines upward 

into primarily siltstone and thin carbonate layers (von der Borch et al., 1982; Summa, 1993; 

Clapham and Corsetti, 2005; Giddings et al., 2010; Husson et al., 2012). The large scale of the 

paleocanyons, ~ 1 km deep in South Australia and ~150 m deep in eastern California, also led 

previous workers to suggest the canyons were submarine.  

The original questions inspiring the completion of this dissertation were centered around 

the Wonoka canyons in South Australia, where the controversy surrounding the origin of the 

canyons had been going strong for over 30 years. While original work ascertained the canyons as 

submarine in origin, Eickhoff et al. (1988), von der Borch et al. (1989) and Christie-Blick et al. 

(1990, 1995) presented new evidence that the canyons were incised subaerially due to large-scale 

sea-level lowering on the basis of sedimentological and physical stratigraphic characteristics of 

the Wonoka canyon fill. While the majority of the proposed shallow-water sedimentary features 

identified by von der Borch et al. (1989) as evidence for subaerial incision for the Wonoka 

canyons have since been reevaluated by Christie-Blick et al. (1990), Christie-Blick et al. (1995) 

presented new supporting evidence for the fluvial interpretation from the sinuous Umberatana 

syncline canyon, which outcrops as a series of four oblique cross-sectional incision exposures 

with paleocurrents that switch by ~180 degrees in each exposure. An intriguing observation 

emerged from the earlier mapping and measured sections of Christie-Blick et al. (1995) at 

Umberatana syncline, which was the recognition of conglomerate-based cycles of comparable 

thickness in the two southernmost incisions. This style of organization was unexpected for the 
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Wonoka canyon fill, and it remained unknown if the organization and facies were present in the 

third and fourth incisions at Umberatana syncline, as well as at other canyon exposures. This 

work by Christie-Blick et al. (1995) served as the original inspiration for Chapters 2 and 3 of this 

dissertation, where we sought to evaluate whether the same cycles are present in the 

northernmost incision outcrops at Umberatana syncline. I hypothesize that the conglomerate-

based cycles might maintain their character for long distances parallel to the direction of 

sediment transport in a submarine canyon, but change facies in the fluvial-deltaic model from 

channelized conglomerate to tabular event layers. The Gaskiers glaciation was the hypothesized 

source for sea-level drawdown.  

The COVID-19 pandemic led to the closure of Australian borders, requiring a shift in 

strategy and the study of deep paleovalleys (the Johnnie valleys) in the mid-Ediacaran 

stratigraphy of eastern California. Unexpected parallels emerged between the incisions in eastern 

California and South Australia, including the comparable coarse-grained (conglomerate and 

sandstone) character of the basal canyon fill that fines upwards into sandstone and siltstone event 

layers, and the similar stratigraphic timing with an δ13C excursion putatively correlated with the 

Shuram bracketing both unconformities. These similarities reinforced the interpretation of fluvial 

incision, and that sea-level lowering arguably related to Gaskiers glaciation was a primary driver 

in both places. An implication of that interpretation is that the onset of the Shuram excursion 

may have been diachronous. I spent three field seasons in the Nopah Range, using high-

resolution physical stratigraphy and isotope geochemistry to evaluate the origin and timing of the 

Johnnie valleys. That research forms my first chapter. 

When borders reopened, I returned to South Australia interested in reconstructing the 

Wonoka canyon at Umberatana syncline, in evaluating whether all of the Wonoka canyon 
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localities represent incision from the same stratigraphic horizon, and in establishing how far 

inboard of a paleoshelf edge the deepest Wonoka canyon exposures may extend. Chapters 2 and 

3 explore the results of these studies, and further clarify the character, timing, and distribution of 

the Wonoka canyons.  

My experience studying salt diapirs in South Australia as an undergraduate led to the 

final chapter of this dissertation, where I test whether a relationship exists between canyon 

incision and the development of allochthonous salt sheets. In the Flinders Ranges, the Wonoka 

canyon exposures are closely associated with abundant exposures of former salt diapirs (Rowan 

et al., 2020). Neoproterozoic Callanna Group megabreccias were first recognized to have been 

emplaced as salt diapirs by Webb (1960). The current consensus is that the megabreccias 

represent the insoluble remnants of salt diapirs post halite dissolution (Rowan et al., 2020). In 

this dissertation, I use the term ‘salt’ to refer to the Callanna Group megabreccias. Numerous salt 

diapirs in the Flinders Ranges form allochthonous salt sheets and canopies in the post-Callanna 

Group Neoproterozoic to lower Cambrian strata. Allochthonous salt is defined as a 

subhorizontal, sheet-like salt body emplaced at younger stratigraphic levels above the 

autochthonous source, depositional evaporite layer (Figure 3; Hudec and Jackson, 2011). 

Movement of the Callanna Group occurred immediately after its deposition, and long-lived 

passive diapirism is evidenced by features such as stratal thinning, local unconformities, variably 

folded strata, as well as diapir-derived detritus observed only near the megabreccias (Dalgarno 

and Johnson, 1968; Hearon et al., 2015; Rowan et al., 2020). These features are characteristic of 

halokinetic drape folding that occurs during near-surface diapiric salt rise (Giles and Lawton, 

2002; Giles and Rowan, 2012), and are present throughout Burra Group, Umberatana Group, 
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Wilpena Group, and Hawker Group stratigraphy adjacent to megabreccia in the Flinders Ranges 

(Rowan et al., 2020).  

 

Figure 3: Modified schematic from Hudec and Jackson (2006) showing an allochthonous salt 

sheet, the breakout level, and the stock (autochthonous source). 

 

Diapir-derived detritus has been documented in the stratigraphy closely associated with 

the Wonoka canyons by Haines (1987), rendering salt diapirism as a potential cause of Wonoka 

canyon incision (Dyson, 2003). However, Christie-Blick (1990) argued that uplift related to salt 

diapirism is inconsistent with the regional distribution of the Wonoka canyons and the absence of 

basin inversion, so it is not likely that the Wonoka canyons were localized preferentially in areas 

of salt-induced uplift. While large-scale salt-related uplift continues to remain an implausible 

origin for the Wonoka canyons, the presence of diapir-derived detritus near the level of Wonoka 

canyon incision inspired a hypothesis explored in Chapter 4 of this dissertation, that perhaps salt 

megabreccia was incorporated into the canyon fill during the basal filling of the Wonoka 

canyons. The origin of unusual clasts in the Wonoka canyon fill, including boulder dolomite 

clasts, rounded quartzite clasts, and rounded chert clasts remained unresolved, given that there 

was no appropriate source stratigraphy in the canyon wall (apart from salt megabreccia). 

Previous work by Husson et al. (2012, 2015a) had come to the conclusion that the Wonoka 

canyons had cut and filled at different times, as a way to resolve the boulder dolomite clasts in 
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the canyon fill. The other unusual clast types were not evaluated, and salt megabreccia as a 

potential canyon fill contributor was not previously proposed. 

An additional hypothesis explored in Chapter 4 tests whether the timing of Wonoka 

canyon incision and a significant level of regional allochthonous salt breakout is comparable, and 

whether these features are related. Notably, regional allochthonous salt breakout events (i.e., 

multiple salt diapirs going allochthonous at a single stratigraphic level) happen sparingly, 

occurring once every tens of millions of years (Rowan et al., 2020). One such level of regional 

allochthonous salt breakout occurs in the mid-Ediacaran, at potentially 4 diapir locations, was 

previously placed at a stratigraphic contact below where the Wonoka canyons cut (Kernen, 2012; 

Rowan, 2017; Rowan et al., 2020). Field analysis of the stratigraphic level of mid-Ediacaran 

allochthonous salt sheets suggested an alternative hypothesis: allochthonous salt breakout was 

stratigraphically coeval with Wonoka incision, occurring due to subaerial erosion and non-

deposition associated with large scale sea-level drawdown.  

In this dissertation, I evaluate mid-Ediacaran phenomena including deep paleocanyons, 

the Shuram excursion, and allochthonous salt diapirs in South Australia and eastern California. 

Using high-resolution physical stratigraphy enhanced by sub-meter drone imagery, structural 

restorations, and a variety of geochemical analyses, I explore how these phenomena could 

connect in time and origin.  

Summary of chapters 

Chapter 1 begins with testing the origin of ~150 m deep valleys in the Johnnie Formation 

of eastern California. Primarily documenting the Johnnie valley in the southern Nopah Range 

using high-resolution physical stratigraphy and carbon-13 isotope geochemistry, Chapter 1 

constrains the valley to cut at a stratigraphic level bracketed by the δ13C excursion putatively 
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correlated to the Shuram excursion. Additionally, polymictic conglomerate associated with 

trough cross-stratified quartz sandstone is observed in the basal valley fill, with beds and clasts 

of ooid packstone-grainstone present. Contrary to previous work concluding that the Johnnie 

valleys were incised by submarine mass wasting due to syndepositional tectonism, Chapter 1 

demonstrates that the Johnnie valleys were incised subaerially due to sea-level drawdown 

potentially related to the ~580 Ma Gaskiers glaciation, and that the Shuram excursion in the 

western U.S. brackets the Gaskiers glaciation. This result is inconsistent with previous work 

suggesting the Shuram excursion postdates the Gaskiers glaciation. Chapter 1 has been published 

in Precambrian Research. 

Chapter 2 takes my quest to sort out mid-Ediacaran phenomena to a different continent, 

where I evaluate the origin of ~ 1 km deep canyons in the mid-Ediacaran Wonoka Formation of 

South Australia at Umberatana syncline. This example is an exceptional outcrop because four 

oblique cross-sections are available for study. In Chapter 2, I use high-resolution physical 

stratigraphic analyses and structural restorations to test expectations for a submarine vs. subaerial 

origin for the Wonoka canyons. I tested questions that included 1) what is the scale of facies 

changes in the direction of paleoflow; and 2) is the coarse basal fill organized and are there any 

examples of submarine deposition (i.e., turbidites, slumps, nested channels)? The observations 

discussed in Chapter 2 lead me to the conclusion that the Umberatana syncline Wonoka canyon 

was subaerially incised, basally filled by fluvial-deltaic sediments, and subsequently drowned. 

The trigger for the drawdown is hypothesized to be the ~580 Ma Gaskiers glaciation. 

In Chapter 3, I test if organized polymictic conglomerate-based cycles observed at the 

base of the Umberatana syncline canyon are also present at other Wonoka canyon exposures in 

South Australia. In Chapter 3, I extend my physical stratigraphic investigation to two additional 
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Wonoka canyon outcrops: Patsy Springs and Oodnapanicken, and incorporate a regional 

structural restoration as well as a palinspastic restoration of the canyons. Chapter 3 concludes 

that polymictic conglomerate-based cycles are observed at the Patsy Springs and Oodnapanicken 

canyons, and that the cycles are fewer, consistent with southward thinning of the basal 

stratigraphy and with regional onlap in that direction. The northern Flinders and palinspastic 

reconstructions in Chapter 3 conclude that the majority of deep canyon exposures are > 20 km 

inboard of the shelf edge, another result that is inconsistent with a global analysis of over 4,000 

modern submarine canyons conducted by Bernhardt and Schwanghart (2021a). This result 

supports conclusions outlined in Chapter 2. Given that the Wonoka canyons are bracketed by the 

Shuram excursion, I interpret in Chapter 3 that the Shuram excursion brackets the Gaskiers 

glaciation, rather than postdates it. 

In Chapter 4, I constrain the stratigraphic level of a regional allochthonous salt breakout 

event to be at the same level as the Wonoka canyons in South Australia using physical 

stratigraphy as well as sedimentologic, petrographic, and geochemical analyses. In Chapter 4, 

clasts from the diapiric breccia and the basal Wonoka canyon conglomerate fill are documented 

to share similar sedimentologic, petrographic, and geochemical characteristics suggesting that 

some of the Wonoka canyon fill was derived from salt diapirs. Additionally, in chapter 4 I utilize 

measured stratigraphic sections and chemostratigraphy to demonstrate that two diapirs in the 

northern Flinders Ranges breakout at a stratigraphic level coinciding with Wonoka canyon 

incision. In Chapter 4, I interpret my results to indicate that subaerial erosion and non-deposition 

caused by the sea-level drawdown is responsible for incising the Wonoka canyons and triggering 

regional allochthonous salt breakout in the mid-Ediacaran. 
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Taken together, all four chapters suggest that global correlation between Shuram 

successions should be reconsidered. In this dissertation I conclude that a large sea-level 

drawdown event closely preceded the emergence of the Ediacara fauna, and led to the 

development of two large fluvial paleocanyon systems on two separate continents, as well as 

regional breakout of allochthonous salt diapirs in Australia.  
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Chapter 1: A subaerial origin for the mid-Ediacaran Johnnie 

valleys, California and Nevada: Implications for a diachronous 

onset of the Shuram excursion 

1.1 Introduction 

The Ediacaran Period (635-538.8 Ma) (Cohen et al., 2013, updated) is notable for the first 

appearance of metazoan life (Cloud and Glaessner, 1982; Jenkins, 1992; Narbonne, 2005; Knoll 

et al., 2006; Penny et al., 2014; Droser and Gehling, 2015; Darroch et al., 2018; Xiao and 

Narbonne, 2020), one or more short-lived glaciations (Hoffman and Li, 2009; Vernhet et al., 

2012; Li et al., 2013; Pu et al., 2016; Linnemann et al., 2018, 2022; Xiao and Narbonne, 2020; 

Retallack, 2022; Wang et al., 2023) and the largest δ13C anomaly in Earth history (Grotzinger et 

al., 2011; Husson et al., 2012; Rooney et al., 2020; Cui et al., 2021). The excursion, first 

identified in the Shuram Formation of Oman, and referred to as the Shuram anomaly (Burns and 

Matter, 1993; McCarron, 2000; Le Guerroué et al., 2006; Gong and Li, 2020; Rooney et al., 

2020), has been recognized at such widely separated locations as South Australia (Calver, 2000; 

Husson et al., 2012), South China (McFadden et al., 2008; Wang et al., 2012; Cui et al., 2017; 

Gong et al., 2017; Cao et al., 2020), northwestern Canada (Macdonald et al., 2013a; Rooney et 

al., 2020; Busch et al., 2021), and the western USA (Corsetti and Kaufman, 2003;Verdel et al., 

2011; Witkosky and Wernicke, 2018). Approximate synchrony is generally assumed, but not yet 

confidently established. It also remains uncertain to what degree the excursion represents a 

global oceanographic event, perhaps associated with the progressive oxygenation of the surface 

ocean (Rothman et al., 2003; Fike et al., 2006; Li et al., 2020), early cementation (Schrag et al., 
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2013; Cui et al., 2017), meteoric diagenesis (Knauth and Kennedy, 2009), or burial diagenesis 

(Derry, 2010).  

Carbon isotope excursions assigned to the Shuram appear to postdate the Gaskiers 

glaciation in at least some locations based on available U-Pb and Re-Os constraints. Pu et al. 

(2016) obtained high-precision U-Pb zircon geochronological data from ash beds bracketing 

sedimentary deposits attributed to the Gaskiers glaciation of eastern Newfoundland to between 

579.88 ± 0.44 and 579.63 ± 0.15 Ma, with a maximum duration of 340 kyr. Re-Os data constrain 

the Shuram excursion as between 578.2 ± 5.9 and 562.7 ± 3.8 Ma in Oman, and between 574.0 ± 

4.7 and 567.3 ± 3.0 Ma in northwestern Canada (Rooney et al., 2020). In marked contrast with 

the negative δ13C excursion of basal Ediacaran cap carbonates that in most sections directly 

overlie late Cryogenian glacial deposits, there is no location at which clear evidence for 

glaciation and the Shuram can be documented in the same section. 

I have taken a different approach to exploring the relationship between the Shuram and 

Ediacaran glaciation: to investigate the stratigraphic record of Ediacaran sea-level change. 

Paleomagnetic data suggest that during the Gaskiers event, ice sheets advanced at sea-level to 

within a few tens of degrees latitude of the equator (Hoffmann and Li, 2009; Evans and Raub, 

2011; Pisarevsky et al., 2012; Li et al., 2013). I expect therefore that evidence for a drawdown of 

sea-level of at least many tens of meters to potentially more than 100 m should be preserved in 

nearshore non-glacial facies encompassing the Gaskiers interval. While the expression of an 

unconformity is expected to vary from one location and setting to another (e.g., karst, valley 

incision, regional offlap, a marked change in facies; Christie-Blick, 1991), and non-eustatic 

phenomena of many kinds (crustal deformation, dynamic topography) need to be taken into 

account (e.g., Christie-Blick and Driscoll, 1995; Christie-Blick et al., 2007; Mitrovica et al., 



20 

 

2020), the Gaskiers level should correspond with a prominent discontinuity of at least regional 

scale.  

The purpose of this paper is to re-evaluate a series of prominent incised valleys 

encompassed by the putative Shuram excursion in the upper part of the mostly shallow marine 

Johnnie Formation of eastern California and adjacent Nevada (yellow circles in Figure 1). While 

age control is insufficient to link the valleys definitively to the Gaskiers level, no plausible 

alternative unconformity is present lower in the Johnnie within the Ediacaran interval. Summa 

(1993) identified subtle discontinuities at several levels in the Johnnie. However, most of those 

surfaces lack evidence for erosional relief and regional expression. The valleys, first recognized 

by J.P. Grotzinger in 1988, in the southern Nopah Range (SN in Figure 1), on the basis of upside 

down stromatolites and erosional truncation of the famous Johnnie oolite marker bed (J.P.G. 

email of 3 August, 2023), have been studied by several workers (Summa, 1993; Abolins, 1999; 

Abolins et al., 2000; Clapham and Corsetti, 2005; Trower and Grotzinger, 2010; Verdel et al., 

2011), and shown to have erosional relief of as much as 150 m (Summa, 1993). Among issues to 

be considered here: whether the valleys were cut by rivers or by headward erosion and marine 

mass wasting from a nearby continental slope; the magnitude of erosional relief (a proxy for 

base-level change); and whether crustal deformation may have contributed to the observed 

stratigraphic localization and the scale of incision. 
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Figure 1: Tectonic setting and distribution of Mesoproterozoic to lower Cambrian 

outcrops (shown in black) in the western United States (modified from Levy and Christie-

Blick, 1989). Ranges in which the Johnnie valleys (yellow circles) and Caddy Canyon valleys 

(green circles) are observed are labeled, as is the location at which the Browns Hole 

Formation was sampled for U-Pb apatite dating (Provow et al., 2021) and 40Ar/39Ar 

hornblende dating (Crittenden and Wallace, 1973). Abbreviations: P, Panamint Range; S, 

Spring Mountains; RS, Resting Spring Range; SN, southern Nopah Range; Dy, Dugway 

Range; Dm, Drum Mountains; C, Canyon Range; Sh, Sheeprock Mountains; BC, Big 

Cottonwood Canyon; H, Huntsville; Bk, Bannock Range; Pf, Portneuf Range. The ISr = 0.706 

isopleth in central Nevada delineates approximately the western limit of continental crustal 

rocks. The dotted outline in eastern Nevada and western Utah corresponds with highly 

extended terrane within the Basin and Range Province. The frontal part of the Cordilleran 

fold and thrust belt is shown from western Wyoming to eastern California. 

 



22 

 

I measured 44 sections at the best exposed and least deformed valleys in the southern 

Nopah Range, and mapped physical surfaces at sub-meter scale on basemaps created from drone-

derived orthomosaic images. My work focused on three sub-areas, referred to here, from north to 

south, as Gunsight, Noonday, and War Eagle (Figure 2). New carbon isotope data clarify the 

relationship between the unconformity level and the Shuram excursion. My interpretation is also 

informed by published as well as recently acquired data from other outcrops of the Johnnie 

Formation in the northern Resting Spring Range, California and northwestern Spring Mountains, 

Nevada (RS and S in Figure 1); published data from incised valleys at what is arguably the same 

stratigraphic level at or near the top of the Caddy Canyon Quartzite in Utah and Idaho (green 

circles in Figure 1; Christie-Blick and Levy, 1989; Levy et al., 1994; Christie-Blick, 1997); and 

published and recently acquired data from outcrops of the Wonoka canyons of South Australia 

(von der Borch et al., 1985; Christie-Blick et al., 1995, 2020; Giles et al., 2020; Giles and 

Christie-Blick, 2021).  
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Figure 2: Drone basemap (May, 2020) of part of the southern Nopah Range showing 

the Gunsight, Noonday, and War Eagle areas discussed in the text. The white outlines 

indicate mapped areas. 

 

1.2 Geologic Setting 

The late Mesoproterozoic to Cambrian succession in the Death Valley region of eastern 

California overlies ~1.7 to ~1.4 Ga crystalline rocks (Wright et al., 1991; see Almeida et al., 

2016), and records the transition from continental rifting to passive-margin development 

(Stewart, 1972; Bond et al., 1985; Christie-Blick and Levy, 1989; Levy and Christie-Blick, 1991; 

Burchfiel et al., 1992; Link et al., 1993; Fedo and Cooper, 2001; Dickinson, 2004; Christie-Blick 

et al., 2023; Macdonald et al., 2023). All of the rocks were subsequently folded and thrust-

faulted during the Permian (west of Death Valley) and Cretaceous, and subjected to large-scale 

regional extension and strike-slip deformation, primarily during the past 13 Myr (Stewart, 1983; 

Wernicke et al., 1988; Snow et al., 1991; Snow, 1992; Serpa and Pavlis, 1996; Snow and 
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Wernicke, 2000; Miller, 2003; McQuarrie and Wernicke, 2005; Renik et al., 2008; Renik and 

Christie-Blick, 2013; Pavlis et al., 2014; Pavlis and Trullenque, 2021). Recent U-Pb zircon 

dating in the Kingston Peak Formation of the Panamint Range (P in Figure 1) confirms the 

presence of both Cryogenian glacial levels (Nelson et al., 2020), and that the Noonday Dolomite, 

a stromatolitic platform carbonate typically 100 to 400 m thick (Williams et al., 1976; Wright et 

al., 1978), marks the base of the Ediacaran in these strata (Petterson et al., 2011; Creveling et al., 

2016). The Ediacara biota and the Precambrian-Cambrian boundary are both documented in the 

lower member of the Wood Canyon Formation, some 1,000-1,500 m above the top of the 

Johnnie Formation (Horodyski et al., 1991, 1994; Corsetti and Hagadorn, 2000; Hagadorn and 

Waggoner, 2000; Smith et al., 2017, 2023; Nelson et al., 2023). 

 The Cryogenian-Cambrian succession represents at least two rift to post-rift intervals, 

with stratigraphic evidence for localized rifting particularly at the glacial level (> 635 Ma) 

throughout the North American Cordillera (Stewart, 1972; Stewart and Suczek, 1977; Bond et 

al., 1985; Ross, 1991; Link et al., 1993; Christie-Blick, 1997; Prave, 1999; Dickinson, 2004; 

Macdonald et al., 2013b, 2023; Mahon et al., 2014; Yonkee et al., 2014; Nelson et al., 2020), and 

for rapid subsidence of a west-facing passive continental margin during the middle to late 

Cambrian (Miaolingian and Furongian epochs; < 509 Ma; Armin and Mayer, 1983; Bond and 

Kominz, 1984; Christie-Blick and Levy, 1989; Levy and Christie-Blick, 1991; Christie-Blick et 

al., 2023). 

 The youngest evidence in the Cambrian for associated crustal extension and rift-related 

volcanism in the southwestern United States is found in the upper member of the Wood Canyon 

Formation of eastern California and in the Sixtymile Formation of the Grand Canyon, Arizona 

(both early Cambrian; Terreneuvian and Cambrian Epoch 2; Diehl, 1976; Elston, 1979, Bond et 



25 

 

al., 1985; Christie-Blick and Levy, 1989; Fedo and Cooper, 2001; Karlstrom et al., 2018, 2020; 

Smith et al., 2023). How the Ediacaran is partitioned between thermal subsidence and renewed 

crustal extension remains unclear. Available data suggest that the Johnnie Formation was 

deposited during an early Ediacaran phase of thermally driven subsidence, with or without the 

development of a pre-Cambrian passive continental margin (Stewart, 1970; Fedo and Cooper, 

2001; Witkosky and Wernicke, 2018; Christie-Blick et al., 2023). 

 

Figure 3: Left: Generalized stratigraphic section of the Ediacaran stratigraphy in 

eastern California (modified from Bergmann et al., 2011). The unconformities labeled 1 and 2 

correspond with the Johnnie valleys and valleys at the base of the Stirling Quartzite, 

respectively. Center: Stratigraphic section of the Rainstorm Member of the Johnnie 

Formation in the southern Nopah Range (modified from Summa, 1993; and Bergmann et al., 

2011). Right: carbon isotope data from the southern Nopah Range. Black dots represent data 

from Corsetti and Kaufman (2003) and Bergmann et al. (2011). Blue dots are values measured 

in this study (isotopic and lithologic data is available in Table A5). 

 

The incised valleys of interest are observed in the Rainstorm Member near the top of the 

Johnnie Formation, in the Nopah, Panamint and Resting Spring ranges of California, and perhaps 

in the northern Spring Mountains, Nevada (Figures 1 and 3; Summa, 1993; Abolins, 1999; 
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Abolins et al., 2000; Clapham and Corsetti, 2005). The Johnnie Formation, a succession of 

interstratified siltstone, sandstone/quartzite, conglomerate, and carbonate, ~800 m thick at its 

reference section in the Nopah Range, is thought to have accumulated in a mostly shallow 

marine environment (Stewart, 1970; Benmore, 1978; Summa, 1993; Witkosky and Wernicke, 

2018). Forming a distinctive marker of regional extent near the base of the Rainstorm Member is 

a ~2 m thick ooid packstone that is referred to informally as the Johnnie oolite, and is associated 

with a δ13C excursion that is attributed by most workers to the Shuram (Figure 3; Corsetti and 

Kaufman, 2003; Clapham and Corsetti, 2005; Trower and Grotzinger, 2010; Bergmann et al., 

2011; Verdel et al., 2011; Minguez et al., 2015; Witkosky and Wernicke, 2018). The sheet 

geometry, internal cross-stratification, associated facies, and petrography of this ooid packstone 

suggests that it was formed primarily as a transgressive ooid shoal (Benmore, 1978; Bergmann et 

al., 2011; Busch et al., 2022). Carbon isotope (δ13C) values decrease from ~-5‰ in the packstone 

to a nadir as low as -12‰ in the overlying siltstones and limestones, recovering to positive 

values in the upper part of the Rainstorm Member (Kaufman et al., 2007; Bergmann et al., 2011; 

Verdel et al., 2011; Witkosky and Wernicke, 2018; Busch et al., 2022). The paleovalleys cut 

through the Johnnie oolite in some locations, including the southern Nopah Range, and 

amalgamate with a second unconformity at the base of the overlying Stirling Quartzite. The 

existence of two closely spaced but nonetheless discrete discontinuities is important in term of 

the partitioning of time. Some earlier workers interpreted just one surface (e.g., Summa, 1993; 

Clapham and Corsetti, 2005). Erosional relief at the base of the Stirling Quartzite has been 

documented by us at several places in the southern Nopah Range, most notably in the War Eagle 

area (Figure 4). The existence of such relief precludes the use of the base of the Stirling as a 

datum.  
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Figure 4: Geologic maps of the War Eagle area in the southern Nopah Range at the 

same scale. (A) Modified from Figure 2 of Trower and Grotzinger (2010). (B) Geologic map 

from this study in WGS 84/ UTM Zone 11N. Map overlays Esri Topo World QGIS XYZ Tile. 
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GPS coordinates of measured sections are available in Table S2. Measured sections are 

identified by purple numbers in circles. Numbered unconformities in red correspond with 

surfaces in Figure 3. Black lower-case letters are other mapped surfaces. Differences in 

interpretation are discussed in the text. 

 

1.3 Methods 

This study builds on previous work on the Johnnie valleys (Summa, 1993; Abolins, 1999; 

Clapham and Corsetti, 2005) by conducting a sub-meter-scale sedimentologic analysis of the 

incision fill in the southern Nopah Range in a high-resolution physical stratigraphic context 

aided by the use of drone imagery. To establish a local proxy for geologic time, individual 

erosional surfaces were mapped between measured sections (Figures 4-8, and S1). Surfaces 1 

and 2 are regional unconformities. Surfaces 1’, 1”, 1”’ and 1”” are closely spaced lesser 

discontinuities associated with and above surface 1, and identified on the basis of erosional 

truncation of underlying strata. Flooding surfaces a-j and p correspond with an upward 

deepening of associated facies (e.g., polymictic conglomerate overlain by siltstone). They too 

were mapped between sections (Figures 4-8, and S1). Note that it isn’t possible to trace such 

subtle features with confidence from one map area to another. Placing valley-filling facies in a 

time-stratigraphic context was not attempted in earlier studies.   

Sub-meter-scale tablet-based geologic mapping was undertaken on basemaps created 

using drone-derived orthomosaic images. The significantly higher resolution of the drone-

derived basemaps compared to aerial photographs and Google satellite-derived images improved 

the accuracy with which surfaces, structural features and stratigraphic sections can be located. 

Forty-four sections were measured in the southern Nopah Range (Figures 4-6). One section was 

measured in the NW Spring Mountains (Hill 1152T), a location previously studied by Abolins 

(1999) (Figure 9). 
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Fifty samples were collected in the context of the measured sections, made into thin 

sections and evaluated petrographically. Six micritic carbonate beds and one carbonate-cemented 

sandstone within the incision fill, as well as one carbonate-cemented sandstone below the 

Johnnie valley unconformity were collected and measured for δ13C and δ18O values to evaluate 

the timing of the incision cutting and filling in relation to the Shuram excursion isotopically. 

Forty-two samples were collected from the ooid packstone (Johnnie oolite) in the southern 

Nopah Range and measured for δ13C and δ18O values to evaluate local lateral and vertical 

isotopic variability. Hand samples were cut by a rock saw to provide unweathered surfaces. 

Powdered samples were placed in 1.5 mL microcentrifuge tubes and sent to the KECK-NSF 

Paleoenvironmental and Environmental Laboratory at Kansas University, where δ13C and δ18O 

were measured. Stable carbon and oxygen isotope analyses were performed using a dual inlet 

Finnigan MAT 253. Powdered samples were individually acidified using a Kiel IV carbonate 

device. Data were calibrated relative to the Vienna Peedee belemnite (VPDB) scale using 

internationally accepted (primary) standards NBS-18 and NBS-19 and daily performance was 

monitored using laboratory established (secondary) standards TSF-1, SIGMA CALCITE, and 

88b Dolomite. Precision was better than 0.10‰ for both δ13C and δ18O. 

1.4 Internal stratigraphy and facies of the Johnnie valleys 

The Johnnie valleys are filled at the base by stratified polymictic boulder to pebble 

conglomerate/breccia and minor quartz sandstone, passing upwards into interbedded sandstone, 

siltstone, and minor carbonate. In the War Eagle area, the basal fill includes a bedded giant ooid-

bearing facies. This is present both as an intact layer at or close to the deepest level in the valley 

and as blocks in conglomerate/breccia. Descriptive details are summarized in Table 1.  
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Table 1: Facies description of the Johnnie valley fill in the southern Nopah Range. 

 

Facies  Description 

  

Stratified-

conglomerate/

breccia 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Quartz 

sandstone 

 

 

 

 

 

 

 

 

 

 

 

 

Ooid 

packstone-

grainstone  

 

 

Stratified boulder to pebble conglomerate/breccia is found 

in nested channels exclusively in the basal ~33 m of the 

incision fill. It varies from matrix- to clast-supported 

(Figure 10B and 10C). The matrix is predominantly coarse 

to fine-grained quartz sandstone. A bimodal size 

distribution is common. Crude stratification expressed by 

clast size variation is both parallel and oblique to gross 

layering. Imbrication is observed locally in tabular 

carbonate clasts. Bed thickness ranges from 0.4 to 3 m. 

Conglomerate commonly passes upward into locally trough 

cross-stratified quartz sandstone. Larger-scale grain size 

changes are variable. Clast types include angular to well-

rounded limestone, dolomite and carbonate-cemented 

sandstone, rounded quartzite, and rare angular siltstone. 

Carbonate clasts range from structureless to stromatolitic 

and oolitic. Ooid-bearing clasts are derived from the 

Johnnie oolite and intact giant ooid packstone of the 

Johnnie valley fill. Outsized clasts, exclusively carbonate, 

range from 1-3 m. Rare blocks as large as 15 m were 

observed in the Gunsight area. This facies is included in 

Figure 7, 8, and S1 as “Stratified conglomerate/breccia” 

 

This facies ranges from coarse to fine-grained, and is found 

exclusively in the basal canyon fill either capping 

conglomerate/breccia, or as a lateral facies variant (Figure 

10B). Carbonate clasts as large as cobbles are present 

locally. Beds range in thickness from 0.2-0.5 m. The 

sandstone varies from parallel laminated on the mm scale to 

weakly trough cross-stratified, to apparently structureless. 

Current ripples are observed on some bed tops. Paleocurrent 

measurements from trough cross-stratification and current 

ripples restore to a mean direction of 002ᵒ (n = 9). This is 

consistent with the generally sheet-like appearance of 

stratigraphy in north- to northwest-oriented outcrops. This 

facies is included in Figures 7, 8, and S1 as “Sandstone”. 

 

This facies is observed exclusively in association with 

oolitic quartz sandstone and stromatolitic carbonate as an 

interval ~3 m thick in the War Eagle area. It is present as 

clasts in other outcrops. Beds, which range in thickness 

from 2-6 cm, are distinguished on the basis of variations in 
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Oolitic quartz 

sandstone 

 

 

 

 

 

Stromatolitic 

carbonate 

 

 

 

 

 

Thinly bedded 

siltstone, and 

sandstone 

 

 

 

 

 

 

 

 

 

 

ooid size. Giant ooids range in diameter from 2-7 mm, with 

less abundant sand-sized ooids (0.2-2 mm; Figure 10E and 

10F). Coarse to fine rounded quartz grains are also present. 

The space between particles is filled by a combination of 

micrite matrix and blocky spar cement. There are local beds 

within this facies that lack detrital matrix between particles. 

All of the carbonate is dolomitized, and locally silicified. 

Partial dissolution textures and geopetal features are 

abundant (Trower and Grotzinger, 2010). Geopetal fills are 

composed of ferrous iron-rich dolomite cement predating 

compaction (Figure 10E). Geopetal indicators in layered 

ooid packstone are everywhere consistent with the 

orientation of bedding. Clasts of ooid packstone are 

characterized by geopetal orientations that are internally 

consistent but different from other clasts and intact bedding 

(Figure 10F). This facies is included in Figures 7 and 8 as 

part of the “Giant ooid-bearing facies”. 

 

This facies is found in association with ooid packstone and 

stromatolitic carbonate. Coarse quartz sand is abundant, 

with scattered giant ooids, occasional carbonate intraclasts, 

and a dolomite cement (Trower and Grotzinger, 2010). This 

facies is included in Figures 7 and 8 as part of the “Giant 

ooid-bearing facies”. 

 

This facies is found in association with ooid packstone and 

oolitic quartz sandstone. Columnar stromatolites form beds 

5-15 cm thick. Ooids, giant ooids and rounded quartz sand 

particles are found between columns (Figure 10D). This 

facies is included in Figures 7 and 8 as part of the “Giant 

ooid-bearing facies”. 

 

This facies dominates the finer upper portion of the incision 

fill, and is present only locally as thin interbeds in 

conglomerate/breccia. Exposure is patchy owing to the 

presence of colluvium and talus from the Stirling Quartzite. 

Siltstone beds range in thickness from 0.01-0.02 m, locally 

with millimeter-scale laminae. Beds of associated sandstone 

range in thickness from 0.04-0.1 m. They have sharp 

erosional bases, locally with flute marks, and are normally 

graded from fine to very fine sand. Paleocurrent 

measurements from flute marks yield a mean of 266ᵒ (n=3). 

This facies is included in Figure 7 as “Interbedded 

sandstone and siltstone” 
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Micritic 

laminated 

carbonate 

 

 

 

 

Thickly-

bedded 

sandstone 

Laminated carbonate, mostly in beds 0.01-0.02 m thick, is 

found locally within thinly-bedded siltstone and sandstone. 

The thickest beds are meter scale. The facies is found for 

the most part in the upper incised valley fill, but is present 

also in the basal conglomerate/breccia. This facies is 

included in Figures 7 and S1 as “Carbonate” or 

“Interbedded sandstone and sandstone with carbonate 

beds”. 

 

This facies is found exclusively in the upper 20-30 m of the 

incised valley fill, in upward-thickening, planar-based beds 

0.3 to 1 m thick of coarse to medium grained, mostly 

structureless sandstone. Millimeter-scale planar to wavy 

laminae are present locally. This facies is included in 

Figures 7, 8, and 9 as “Sandstone”, or in Figure 8 

“Interbedded siltstone and sandstone”, or in Figures 7 and 9 

as “Interbedded siltstone and sandstone with carbonate 

beds”. 
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Figure 5: Geologic maps of the Gunsight area in the southern Nopah Range at the 

same scale. (A) Modified from Figure 5A of Clapham and Corsetti (2005). GPS coordinates (in 

WGS 84/ UTM Zone 11N) have been repositioned with exact locations. The red unit is the 

coarse basal facies of the Johnnie valley fill. The blue line is the top of the Johnnie oolite. 

The green line is the base of the Stirling Quartzite. Black lines indicate inferred faults. Grey 

numbered lines indicate measured sections. (B) Geologic map from this study in WGS 84/ 
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UTM Zone 11N. Map overlays Esri Topo World QGIS XYZ Tile. GPS coordinates of 

measured sections are available in Table A7. Purple numbered circles are measured sections. 

Measured sections are identified by purple numbers in circles. Numbered unconformities in 

red correspond with surfaces in Figure 3. Black lower-case letters are other mapped surfaces. 

Differences in interpretation are discussed in the text. 

 

My data differ from published descriptions in several important ways. First, and most 

obviously, is the resolution of my mapping. Figures 4, 5 and 6 compare existing maps and my 

interpretation of the geology at the exact same scale for the War Eagle, Gunsight and Noonday 

areas, respectively. A second difference is in stratigraphic subdivision and the tracing of physical 

surfaces within the valley fill. Clapham and Corsetti (2005) divided the stratigraphy into coarse 

valley fill and overlying structureless brown to green siltstone. They reported not to observe any 

bedding in the conglomerate/breccia; did not mention intact bedding in the giant ooid-bearing 

facies; and did not recognize erosional relief at the base of the Stirling Quartzite. Their 

interpretation was based on eleven measured sections across the Gunsight and Noonday areas 

(vs. 30 sections in this study for those same outcrops). They did not study the War Eagle area. 

Trower and Grotzinger (2010) worked exclusively in the War Eagle area, but reported no 

measured sections (vs. 14 sections documented here for those same outcrops). They did not note 

erosional relief at the base of the Stirling Quartzite, and regarded the giant ooid-bearing facies as 

a rafted block and clasts in breccia. 
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Figure 6: Geologic maps of the Noonday area in the southern Nopah Range at the 

same scale. (A) Modified from Figure 4B of Clapham and Corsetti (2005). The red unit is the 

coarse basal facies of the incised valley fill. The blue line is the top of the Johnnie oolite. The 



36 

 

green line is the base of the Stirling Quartzite. Black lines indicate faults. Grey numbered 

lines indicate measured sections.  (B) Geologic map from this study in WGS 84/ UTM Zone 

11N. Map overlays Esri Topo World QGIS XYZ Tile. GPS coordinates of measured sections 

are available in Table S2. Measured sections are identified by purple numbers in circles. 

Numbered unconformities in red correspond with surfaces in Figure 3. Black lower-case 

letters are other mapped surfaces. Differences in interpretation are discussed in the text. 

 

My data, from sections 35, 29 and 28 in the War Eagle area (Figures 4 and 11A), indicate 

the presence of both bedded giant ooid-bearing facies and clasts in conglomerate/breccia. Giant 

ooid-bearing strata are observed in depositional contact on the valley wall at several locations. 

The orientation of bedding in those strata parallels bedding elsewhere in the valley fill (Figure 

11D). Geopetal indicators and columnar stromatolites in the same rocks are consistent with the 

expected facing direction (Figure 11E). Blocks of giant ooid-bearing rocks, in contrast, contain 

geopetal indicators of varying orientation (Figure 11F). I infer that the giant ooid-bearing facies 

was cemented early, so that it could be reworked as blocks into the valley fill. Isolated giant ooid 

particles found in the matrix of conglomerate/breccia in the War Eagle area confirm that they 

formed as the valley was being filled. 
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Figure 7: Compilation of measured stratigraphic sections in the Gunsight area of the 

southern Nopah Range. Red lines 1 and 2 are the unconformities shown in Figure 3. Black 

lines with lower case letters are other mapped surfaces. Surface j is the top of the Johnnie 

oolite. The distance between the bases of sections is indicated at the top of the profile. This is 

the location at which the greatest erosional relief can be documented in the Johnnie incision 

(208 m). The locations of sections are shown in Figure 5. 
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1.5 Erosional relief of the Johnnie valleys and base-Stirling unconformity 

A combination of mapping and measured sections has made it possible to estimate the 

local erosional relief of both the Johnnie valleys and the unconformity at the base of the Stirling 

Quartzite. I present a new estimate of at least 208 m of erosional relief for the Johnnie valleys 

(previous estimate was 150 m), and at least 42 m for the base-Stirling unconformity. If these 

thickness estimates are correct, then I have captured essential elements of the geological 

structure, and thus the datums used represent proxies for paleohorizontal. I make no correction 

for compaction, and for this first-pass estimate ignore differential compaction of the valley fill 

compared with wall rocks.  
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Figure 8: Compilation of measured stratigraphic sections in the War Eagle area of the 

southern Nopah Range. Red lines 1 and 2 are the unconformities shown in Figure 3. Black 

lines with lower case letters are other mapped surfaces. Surface j is the top of the Johnnie 

oolite. The distance between the bases of sections is indicated at the top of the profile. The 

locations of sections are shown in Figure 4. 

 

The Johnnie valleys attain a maximum depth 10 m above surface a in section S2 in the 

Gunsight area (Figure 7). Surface a is 89 m below surface j (top of the Johnnie oolite) in section 

S7. I have more confidence in the measurement of section S7 than section S6. The unconformity 
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rises to its highest stratigraphic level in section 36 of the War Eagle area (129 m above surface j; 

Figure 8). The depth of the Johnnie valleys is thus at least 208 m. 

The base-Stirling unconformity rises to its highest level in section S8 of the Gunsight 

area (108 m above surface j; Figure 8). It cuts deepest in section 29 of the War Eagle area (66 m 

above surface j; Figure 8). The erosional relief is thus at least 42 m. 
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Figure 9: Compilation of measured stratigraphic sections in the Noonday area of the 

southern Nopah Range. Red lines 1 and 2 are the unconformities shown in Figure 3. Black 

lines with lower case letters are other mapped surfaces. Surface j is the top of the Johnnie 

oolite. The distance between the bases of sections is indicated at the top of the profile. The 

locations of sections are shown in Figure 6. 

 

My estimates of erosional relief differ from those of earlier workers, who determined the 

maximum erosional relief of the Johnnie valleys to be 120-150 m (Summa, 1993; Clapham and 

Corsetti, 2005). Those estimates were based on measurements of the stratigraphic thickness from 

the lowest point in the Johnnie valley (in the Gunsight area) to the base of the Stirling Quartzite. 

While earlier authors identified a basal Stirling unconformity based on evidence for only the 

onset of the Shuram excursion being preserved in the upper Johnnie below the Stirling Quartzite 

in Winters Pass Hills (Verdel et al., 2011), erosional relief was not estimated. 

There is no evidence for syndepositional faulting at the time of incision of either the 

Johnnie or base-Stirling unconformities. Boulder-bearing conglomerate/breccia is present at the 

deepest levels of the Johnnie valleys at all locations and is not localized near structures in the 

way Clapham and Corsetti (2005) suggested. My mapping of structure in the Gunsight area 

(Figure 5B) is consistent with Wright (1973). No faults are present in the vicinity of the valley 

wall. In the Noonday area, faults displacing the Johnnie valley fill continue into the Stirling 

Quartzite (Figure 6B). Small displacement faults cutting the Johnnie oolite in both the War Eagle 

area (Figure 4B) and the Noonday area (Figure 6B) do not displace the Johnnie valley. These 

observations differ from those of Clapham and Corsetti (2005), who interpreted normal faults in 

close proximity to the valley wall in the Gunsight area (Figure 5A) and the Noonday area (Figure 

6A).  

The giant ooid-bearing facies of the Johnnie valley fill was regarded by Summa (1993) 

and Clapham and Corsetti (2005) as blocks derived from the Beck Spring Dolomite more than 2 
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km stratigraphically below the Rainstorm Member, thus supporting the presence of 

syndepositional faults. However, petrographic and isotopic data published by Trower and 

Grotzinger (2010) show that the giant ooids in the Johnnie valley fill are distinctly different from 

those of the Beck Spring Dolomite. This and evidence for the deposition of giant ooids as intact 

layers in the Johnnie Formation, as well as resedimented blocks, challenges the syndepositional 

fault interpretation. 

1.6 Carbon isotope constraints on the Johnnie valleys 

New carbon isotope data from the southern Nopah Range show that the Johnnie valleys 

were cut and partially filled prior to the recovery of the Shuram excursion (Figure 3), and 

confirm that the onset of the excursion is consistently at the level of the Johnnie oolite. I concur 

with Bergmann et al. (2011) that the Shuram excursion in the Johnnie is a primary feature (rather 

than a diagenetic one), and infer that the Johnnie valleys are bracketed by, not younger than the 

Shuram excursion.  

Carbon isotope data from directly below and above the Johnnie valley surface (surface 1 

in Figures 4, 5, and 6) are sparse, and the time of isotopic recovery with respect to that surface is 

unclear. Published δ13C values for carbonate beds in the upper part of the valley fill are 

exclusively positive, suggesting that the excursion recovered prior to deposition of the Stirling 

Quartzite (Corsetti and Kaufman, 2003; Trower and Grotzinger, 2010). The sub-meter resolution 

of my measured sections and mapping makes it possible to locate the youngest available 

carbonate rocks below the Johnnie unconformity and the oldest above that surface. In measured 

section 36 (Figure 8), where the Johnnie unconformity rises highest in the stratigraphy, carbonate 

cement from a fine-grained sandstone 2 m below the valley surface has an δ13C value of -5.08‰. 

Carbonate cement from a coarse-grained sandstone 3.2 m above that surface has a δ13C value of -
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3.38‰. In sections 8 and 9 (Figure 7), a micritic carbonate bed 3 m and 8.7 m, respectively 

above the unconformity yields δ13C values of -1.98‰ and -1.30‰. Two micritic carbonate beds 

17 m and 18 m above the unconformity in section 7 have δ13C values of 2.05‰ and 3.09‰, 

respectively (Corsetti and Kaufman, 2003; this study). In section 7, micritic carbonate beds 50.6 

m and 55 m above the unconformity display δ13C values of 7.36 and 7.54‰, respectively (Figure 

3 and 7). Trower and Grotzinger (2010) showed that the giant ooid packstone facies above the 

Johnnie valley surface records δ13C values ranging from -3‰ to 2.5‰. These data combined 

suggest that the δ13C excursion recovers to positive values within the valley fill. 

Isotopic data from 42 samples of the Johnnie oolite in the southern Nopah Range show 

remarkable spatial consistency in line with observations made by Bergmann et al. (2011) 

regionally (see table Table S3). I measured samples from the base and top of the oolite unit over 

a distance of ~ 7 km from the Gunsight area to the War Eagle area. A sharp gradient to more 

depleted δ13C values from the base to the top of the oolite was observed at each location (-3.08‰ 

to -5.64‰ at the base, and -4.55‰ to -5.96‰ at the top). This δ13C excursion has been putatively 

correlated to the Shuram excursion and is widely viewed as a primary phenomenon representing 

a global paleoceanographic event (Corsetti and Kaufman, 2003; Kaufman et al., 2007; Trower 

and Grotzinger, 2010; Bergmann et al., 2011; Verdel et al., 2011; Witkosky and Wernicke, 2018; 

Husson et al., 2020; Rooney et al., 2020; Busch et al., 2022). The spatial consistency 

documented here between δ13C and δ18O values further supports this view. While further 

research is required to investigate micron scale isotopic heterogeneity to determine whether there 

are variations between different lithologic components, available whole-rock analyses 

demonstrate that isotopic values in the Johnnie oolite are stratigraphically and laterally 

consistent.  This is not the expectation if the observed excursion was influenced appreciably by 
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local diagenesis (Jiang et al., 2007; Husson et al., 2015a). Given that the Johnnie oolite was 

likely deposited over a short interval of time as a transgressive ooid shoal (Benmore, 1978; 

Bergmann et al., 2011), the onset of the Shuram excursion is recorded in relatively shallow to 

very shallow marine facies. Therefore, an elevated surface to deep gradient in isotopic values is 

likely not a contributing factor to the Shuram excursion at least in this example. My results imply 

that the Shuram excursion is a primary phenomenon in the western U.S., and that the Shuram 

encompasses the stratigraphic level of the Johnnie valleys in eastern California. 

1.7 Johnnie valleys at other locations 

Incised valleys in the Panamint and Resting Spring ranges and northwestern Spring 

Mountains have been correlated with the southern Nopah Range Johnnie valley on the basis of 

their similar stratigraphic level, comparable erosional relief (on the order of tens of meters), and 

valley fill (polymictic conglomerate/breccia and interbedded sandstone, siltstone, and carbonate; 

Charlton et al., 1997; Abolins, 1999; Verdel et al., 2011; Figure 1). Broadly, valley exposures in 

the Panamint Range and the Resting Spring Range display erosional relief of up to 150 m and 75 

m, respectively, and a decrease in the thickness of coarse fill (i.e., conglomerate/breccia, 

sandstone) to no more than ~ 20 m thick (Abolins, 1999; Verdel et al., 2011). An inferred valley 

fill conglomerate in the northwestern Spring Mountains is > 30 m thick.  Erosional relief cannot 

be independently assessed at that location. 

In the Resting Spring Range, an unconformity found in the Rainstorm Member above the 

Johnnie oolite marker bed is documented to have up to 150 m of relief (Abolins, 1999). Stewart 

(1970) and Abolins (1999) showed that the unconformity cuts out the micritic carbonates and 

siltstones typically found above the Johnnie oolite in the Rainstorm Member, and that above the 

erosional surface a massive to parallel-laminated siltstone facies passes upwards into planar-
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bedded conglomerate interstratified with symmetrically-rippled sandstone. The conglomerate is 

roughly 10-30 m thick, and includes clasts of quartz and dolostone up to 3 m in diameter. The 

presence of finer-grained facies below conglomerate/breccia differs from examples in the 

southern Nopah and northwestern Spring Mountains, but is consistent with a higher frequency 

stacking of channels.  

In the Panamint Range, Abolins (1999), Abolins et al. (2000), and Verdel et al. (2011) 

documented a valley in the upper Johnnie Formation, with ~75 m of erosional relief (Abolins et 

al., 2000), and correlated to be above the Johnnie oolite marker bed. Abolins (1999), Abolins et 

al. (2000) and Verdel et al. (2011) described a coarser set of facies in the valley fill (typically 

between 0.5 m to 20 m thick) that are usually sandwiched between basal and overlying finer-

grained facies. The coarse valley fill shares characteristics with the southern Nopah Range valley 

fill, and is composed of sandstone, quartzite, conglomerate, and/or carbonate 

conglomerate/breccia. The carbonate conglomerate/breccia includes 1) Johnnie oolite clasts that 

are rare and typically < 0.5 m in diameter; 2) blue pisolite clasts up to 8 m in diameter; 3) 

dolomite with inverted stromatolites; 4) clasts of conglomerate. The coarser facies observed in 

the Panamint Range has been interpreted by Abolins (1999) as Johnnie valley fill, and by Verdel 

et al. (2011) as a submarine gravity flow or olistostrome derived exclusively from slope failure. 

It should be noted that Verdel et al. (2011) obtained several δ13C measurements in the Johnnie 

stratigraphy directly overlying the conglomerate/breccia facies in the Panamint Range and found 

negative δ13C values. If this valley is a Johnnie valley, then those measurements are consistent 

with my results from the southern Nopah Range. 

Conglomerate is observed at two levels in the northwestern Spring Mountains (Abolins, 

1999). The lower conglomerate, which is erosionally based, ~35 m thick, and characterized by 
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cobble- and pebble-sized clasts of quartz, granitic rocks, jasper and siltstone, was interpreted by 

Abolins (1999) to represent the Johnnie valley level on the basis of its stratigraphic location 

~100 m above the regional oolitic limestone marker (Figure 10). The upper conglomerate is 

channelized, just a few meters thick, composed predominantly of quartz, and assigned by 

Abolins (1999) to the Stirling Quartzite. An alternative view is that both conglomerates overlie 

an amalgamated unconformity at the base the Stirling Quartzite. This interpretation is consistent 

with the absence of carbonate clasts that at other locations dominate the basal 

conglomerate/breccia fill of the Johnnie valleys. I recognize that the composition of clasts in 

conglomerate is influenced by the stratigraphy into which the valley cuts, and revisit the issue 

below in the context of incised valleys at or near the top of the Caddy Canyon Quartzite in 

northern Utah and southeastern Idaho. 
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Figure 10: Measured sections from the upper part of the Johnnie Formation and lower 

Stirling Quartzite at Hill 1152T in the Northwestern Spring Mountains. (A) Measured section 

from Abolins (1999). Scale is in meters. (B) Measured section DV21-N2 from this study. Scale 

is in meters. 

 

1.8 Incision and filling of the Johnnie valleys 

The Johnnie valleys are interpreted to have been cut subaerially concomitant with sea-

level lowering in excess of 200 m, and subsequently drowned and filled by marine sediments 

representing paleowater depths as great as tens of meters. The presence of parallel to oblique 

stratification and channels in the basal conglomerate/breccia, and the tendency of conglomerate 
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to pass upwards and laterally into parallel-laminated to trough cross-stratified quartz sandstone is 

consistent with high-energy streamflow and waning discharge in a fluvial system (Figure 10B 

and 10C; Miall, 1977; Nemec and Steel, 1984; Pulham, 1989; Nemec, 1990; Levy et al., 1994; 

Fielding et al., 2005; Gani and Bhattacharya, 2007; Abbasi et al. 2014; Fedorchuk et al., 2019). 

Sandstone beds capping the conglomerate/breccia locally display current ripples. While I cannot 

eliminate a role for debris flow in the least organized conglomerate beds, the general absence of 

a muddy matrix, grading, slump folding or evidence for dewatering in associated sandstone 

argues against marine mass wasting. The presence in the conglomerate/breccia of quartzite clasts 

and a matrix composed of rounded grains of coarse quartz sand is consistent with transport along 

the valley system. Abundant clasts of intraformational carbonate and carbonate-cemented 

sandstone are thought to have been derived from the sloughing of valley walls. The general 

absence of siltstone clasts suggests that fine-grained wall materials were poorly consolidated, 

and that very little silt was deposited in the channelized basal fill of the valleys. 
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Figure 11: Field photographs from the southern Nopah Range. (A) Drone image of 

outcrop of bedded giant ooid-bearing packstone-grainstone in the Johnnie valley fill in the 

War Eagle area (between surfaces 1 and 2). Clasts of the same packstone-grainstone are 

present in conglomerate/breccia at the location indicated by a white arrow. (B) Diffusely 

stratified conglomerate/breccia is locally interstratified with coarse-grained quartz sandstone 

at the base of the Johnnie valley (surface 1). Pencil for scale. (C) Conglomerate/breccia at the 

base of the Johnnie valley (surface 1). Surface 1”” is a mapped erosional surface within the 

Johnnie valley fill. The white line corresponds with mapped flooding surface g. The width 

of the notebook on the left is 5 inches. (D) Intraclastic stromatolitic carbonate and giant ooid-

bearing packstone-grainstone directly overlie the Johnnie valley (red line). Purple siltstone 
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below the valley wall is indicated by the white box. Geopetal indicators in the giant ooid 

packstone indicate orientations consistent with true stratigraphic up (white arrow). See 

Figure 3a from Trower and Grotzinger, 2010 for an example of the geopetal indicators. 

Contact relations and geopetal consistency together indicate that the giant ooid-bearing 

facies is a sheet within the Johnnie valley fill. Pencil for scale. (E) Geopetal indicators in a 

stromatolite (white box) are consistent with those in giant ooid packstone-grainstone and 

with stratigraphic up (white arrow). Pencil for scale. (F) Clast of giant ooid packstone-

grainstone in locally cross-stratified conglomerate/breccia. The matrix of the latter includes 

isolated giant ooids as well as coarse quartz sand (white box). White arrow points to 

stratigraphic up. Sharpie pen for scale. 

 

A decrease in erosional relief and the thickness of basal conglomerate/breccia to the north 

and west of the southern Nopah Range, and a transition to more chaotic facies in the Panamint 

Range is consistent with a general increase in paleowater depth and overall thickening of 

Neoproterozoic and early Cambrian strata to the northwest (Stewart, 1970; Fedo and Cooper, 

2001; Verdel et al., 2011). Bergmann et al. (2011) interpreted a southward decrease in δ13C 

values in the Rainstorm Member to reflect the direction of transgression (or a component of that 

direction, according to what is assumed with respect to palinspastic reconstruction). 

The giant ooid-bearing facies (i.e., the ooid packstone-grainstone, oolitic quartz 

sandstone, and stromatolitic carbonate in Table 1) provides critical support for subaerial incision 

of the valleys rather than marine mass wasting. The paleowater depth at the time of initial 

drowning was no more than a few meters. I suggest that the giant ooid-bearing facies was not 

transported from the platform to deep water because the upper Johnnie Formation has 

symmetrical wave ripples suggesting wave action and hummocky bed surfaces indicating 

oscillatory conditions, both of which indicate deposition in a shallow nearshore setting (Summa, 

1993). Additionally, there is no evidence for an intact giant ooid layer in the Johnnie valley wall. 

The thinly bedded siltstone and sandstone and micritic laminated carbonate in the upper part of 

the valley fill are inferred to represent paleowater depths as great as tens of meters. Thickly 
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bedded sandstone found exclusively in the upper 20-30 m of the valley fill provides evidence for 

renewed progradation.  

In the War Eagle area where the Johnnie unconformity rises highest in the Johnnie 

Formation stratigraphy, shoulder rocks consist of interstratified carbonate and coarse sandstone, 

with symmetrical wave ripples observed at two locations. I infer on this basis that erosional relief 

of a little over 200 m provides a proxy and approximate upper bound for the magnitude of base-

level lowering and subsequent rise. 

1.9 Relation to valleys in the Caddy Canyon Quartzite 

Incised valleys as deep as 160 m at or near the top of the Caddy Canyon Quartzite in 

northern Utah and southeastern Idaho are inferred to correlate with the Johnnie valleys (Figure 

11; Christie-Blick and Levy, 1989; Levy et al., 1994; Christie-Blick, 1997; Abolins, 1999). 

Support for this view is the presence in both areas of a second regional unconformity a few tens 

of meters above the first, at the contact between the Inkom Formation (siltstone and sandstone) 

and Mutual Formation (pebbly quartzite) in Utah and Idaho, and the lithostratigraphically 

comparable Rainstorm Member and Stirling Quartzite in California (Christie-Blick, 1982, 1997). 
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Figure 12: Simplified stratigraphy and associated δ13C isotope data of Ediacaran 

sedimentary rocks in the Nopah Range, California, Sheeprock Mountains, Utah, the Flinders 

Ranges of South Australia, and the Thamoud-6 corehole, Oman. Prominent unconformities 

in each section (red line) are inferred to glacially induced sea-level lowering (Gaskiers 

glaciation). See Table A6 for sources of isotopic and stratigraphic data. 

 

The presence of two closely spaced unconformities at or close to the same stratigraphic 

level in both California and adjacent Nevada and Utah and Idaho is notable because stratigraphic 

discontinuities are generally subtle or absent at other levels in the Ediacaran (Figure 12). I regard 

an alternative correlation proposed by Macdonald et al. (2023) of the Caddy Canyon valleys with 
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a flooding surface at the lower-middle Johnnie boundary (Summa, 1993) as not compelling. 

Macdonald et al. do not note the presence of two erosion surfaces, within the upper Johnnie and 

at the base of the Stirling Quartzite. Nor do they identify a surface in California correlative with 

the base of the Mutual Formation of Utah. 

The Caddy Canyon valleys are significant because they cut into a thick succession of 

sheet quartzite inferred to be fluvial, and in the Sheeprock Mountains, Utah (Sh in Figure 1) are 

filled at the base by as much as 45 m of broadly channelized, diffusely stratified pebbly quartzite 

and pebble conglomerate with outsized clasts (< 3 m in diameter) of intraformational liver-

colored and bluish-grey siltstone (Christie-Blick, 1997). That facies, mapped as basal Inkom, is 

likewise inferred to be mostly fluvial, though perhaps in part of debris flow origin. As in the 

Johnnie incisions, the Inkom conglomerate passes upward into marine siltstone. It was the 

presence of intraformational siltstone clasts, albeit generally smaller, that led Abolins (1999) to 

regard the lower of two conglomerates in the northwestern Spring Mountains as correlative with 

both the Caddy Canyon and Johnnie valleys. 

Available geochronologic constraints for Ediacaran strata in the western U.S. are 

inconclusive, but permissive of my interpretation. The Caddy Canyon and base-Mutual 

unconformities are located stratigraphically below volcanic rocks of the Browns Hole Formation, 

for which M.A. Lanphere obtained a 40Ar/39Ar age of 570 ± 7 Ma near Huntsville, Utah (H in 

Figure 1; Crittenden and Wallace, 1973). Recalculation of this age using the contemporary 

standard yields a revised date of 585 ± 7 Ma (1σ). Ninety-five U-Pb measurements for detrital 

apatite grains from approximately the same stratigraphic level in close to the same location 

provides a maximum depositional age of 613 ± 12 Ma (2σ; Provow et al., 2021). Those data can 

be rationalized with the 40Ar/39Ar age if the apatite grains were reworked from older volcanic 
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materials. That interpretation is consistent with a stratigraphic level 2-3 km above the base of the 

Ediacaran (635 Ma) in the Huntsville area, and immediately below a stratigraphic unit (the 

Geertsen Canyon Quartzite) that like the Prospect Mountain Quartzite of the Sheeprock 

Mountains is thought to straddle the Precambrian-Cambrian boundary (538.8 Ma; Crittenden, 

1971). An alternative is to take the detrital apatite age as a proxy for the time of deposition, and 

to disregard the 40Ar/39Ar age from the in situ volcanic rocks. I regard the very large implied 

difference in the rate of early Ediacaran sedimentation in northern Utah and eastern California as 

not plausible. My preferred interpretation is that the surfaces mapped at or near the top of the 

Caddy Canyon Quartzite and in the upper part of the Johnnie are one and the same. 

1.10 Where is the Gaskiers level? 

Incised valleys in the upper part of the Johnnie Formation and their counterparts at or 

near the top of the Caddy Canyon Quartzite in Utah and Idaho are hypothesized to correspond 

with the stratigraphic level of the Gaskiers glaciation (~580 Ma). That is the most parsimonious 

interpretation of available age control and carbon isotope data, and it differs from the late 

Cryogenian timing suggested by Christie-Blick (1997) and Christie-Blick et al. (1999) because 

the Kingston Peak Formation is now known to encompass both Cryogenian glacial events 

(Nelson et al., 2020). An implied base-level change of in excess of 200 m is appropriate. No 

alternative discontinuity with suitable erosional relief is available at a lower stratigraphic level in 

the Ediacaran of either California/Nevada or Utah/Idaho. While a case has been made for still 

younger glaciation in the Ediacaran (e.g., Vernhet et al., 2012; Linnemann et al., 2018, 2022; 

Retallack, 2022; Wang et al., 2023), available age control suggests that those deposits are mostly 

younger than the Shuram excursion (< 561 ± 3 Ma; Linnemann et al., 2022) and it remains 

unclear if these deposits are of glacial origin. For those reasons, and given the age constraints on 
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the Johnnie-Caddy Canyon valleys, a Gaskiers-related drawdown strikes us as a more plausible 

explanation. The base-Stirling unconformity postdates the Shuram excursion. 

I acknowledge the potential role of crustal and mantle deformation in the development of 

unconformities at a considerable range of length scales and timescales (Christie-Blick and 

Driscoll, 1995; Christie-Blick et al., 2007; Mitrovica et al., 2020). However, I do not think that 

deformation provides a plausible first-order alternative for the upper Johnnie surface (cf. Summa, 

1993; Clapham and Corsetti, 2005). The valleys themselves are not associated with coeval faults. 

While specific map units vary in thickness from one place to another, there is very little evidence 

for the kind of stratigraphic geometry that might be expected from crustal extension and the 

tilting of extensional fault blocks. If individual unconformities are traceable over distances as 

great as 850 km, as I argue here, any tectonic mechanism would need to operate at that same 

length scale. It is also necessary to account for the pronounced lowering of base level, followed 

immediately by renewed flooding. The surface at the base of the Stirling Quartzite and Mutual 

Formation is different in this regard because overlying strata are almost exclusively fluvial. 

The regional correlations and mechanisms proposed here are consistent with published 

detrital zircon data (Schoenborn et al., 2012). The middle Johnnie Formation and lower Stirling 

Quartzite are characterized by a prominent late Mesoproterozoic population with subsidiary 

Paleoproterozoic and Archean clusters. A distinct population of ~1.1 Ga zircons was ascribed to 

transcontinental transport from the Grenville orogen. The Caddy Canyon Quartzite and Mutual 

Formation also possess a 1.1 Ga peak (Stewart et al., 2001).  

My new δ13C data for the Rainstorm Member are consistent with the view that the 

Shuram excursion began prior to Johnnie valley incision (Corsetti and Kaufman, 2003; 

Bergmann et al., 2011). A return to positive values occurred after the valleys had been cut and at 
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least partially filled. If the inferred drawdown of sea-level was related to the onset of Gaskiers 

glaciation, the Shuram excursion (as that is generally interpreted in eastern California) brackets 

rather than postdates the Gaskiers glaciation. 

1.11 Global connections 

If my reasoning is correct, regional unconformities are expected at a mid-Ediacaran level 

at or below the level of the Shuram excursion at other locations. Possible examples include 

kilometer-deep paleocanyons in the Wonoka Formation of South Australia that, like the Johnnie 

valleys, are bracketed by the Shuram excursion (von der Borch et al., 1985; Christie-Blick et al., 

1995; Husson et al., 2012; Husson et al., 2015; Christie-Blick et al., 2020; Giles et al., 2020; 

Giles and Christie-Blick, 2021); and a karst surface at the contact between the Khufai and 

Shuram formations of Oman (McCarron, 2000; Bowring et al., 2007). Further work on details is 

needed. Among issues to address: 1) the role of as many as several mechanisms contributing to 

excursions ascribed to the Shuram in different places; 2) uncertainties in Shuram geochronology; 

3) whether the Gaskiers glaciation was diachronous, of varied duration, or more than one event; 

and 4) whether other Ediacaran-age glaciations were capable of producing large-magnitude 

global sea-level change. 

1.12 Conclusions 

High-resolution physical stratigraphic mapping in the southern Nopah Range, and a re-

evaluation of the Johnnie valley fill in the context of regional stratigraphic relationships and new 

δ13C data lead to the following conclusions: 

1. Two closely spaced unconformities are present in the mid-Ediacaran of eastern 

California. One surface, in the Rainstorm Member of the Johnnie Formation, is 
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associated with at least 208 m of erosional relief. The other, at the base of the Stirling 

Quartzite, is at least 42 m deep. 

2. The Johnnie valleys are interpreted to have been cut by a combination of fluvial incision 

and subaerial mass wasting, and then flooded, in response to the drawdown and 

subsequent rise of sea level triggered by Gaskiers glaciation and deglaciation at ~580 Ma. 

The implied amplitude of local relative sea-level change is at least 200 m.  

3. Correlation of the Johnnie valleys with comparable features at or near the top of the 

Caddy Canyon in Utah and Idaho is corroborated by the presence of a second regional 

unconformity at the base of the Stirling Quartzite in California and the lithologically 

similar Mutual Formation in Utah and Idaho. The length scale of the implied 

paleodrainage system (at least 850 km along the continental margin) is inconsistent with 

a local tectonic mechanism.  

4. The δ13C excursion putatively correlated to the Shuram excursion does not fully recover 

to positive values prior to Johnnie valley incision and partial infilling. This implies that 

the Shuram excursion encompasses rather than postdates the Gaskiers glaciation in the 

western U.S. This result is in line with recent work on the Wonoka canyons in South 

Australia, deep incisions that are thought to have been incised by rivers, and that like the 

Johnnie valleys are bracketed by the Shuram excursion. 
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Chapter 2: New insights from the sinuous Ediacaran-age canyon at 

Umberatana syncline, South Australia 

2.1 Introduction 

The origin of kilometer-deep canyons, called the Wonoka canyons, has been debated for 

over 30 years between a submarine and subaerial setting. While previous studies focused on 

large-scale sedimentologic mapping and facies interpretation to interpret the origin of the canyon 

fill, Christie-Blick et al. (1995) used high-resolution physical stratigraphic analysis at the 

Umberatana syncline canyon (Location 1, Figure 1). The Umberatana syncline Wonoka canyon 

is one of the most exceptional outcrops of a Wonoka canyon, and is the most northern canyon 

exposure in the Flinders Ranges. At Umberatana syncline, four canyon incisions are located 

within easterly-plunging synclines, which are subparallel to the alternating east and west 

paleocurrent directions from the canyon fill sediments. The alternation in paleocurrent direction 

between canyon exposures is hypothesized to represent a sinuous canyon system (Figure 3; von 

der Borch et al., 1985). An intriguing result emerged from Christie-Blick et al. (1995)’s analysis 

at Umberatana syncline, where nine upward-fining polymictic conglomerate-based cycles 

(sequences) that were each ~29 m thick were documented in the canyon fill of the two 

southernmost incision exposures. Christie-Blick et al. (1995) argued that such organization over 

a paleogeographic length scale in excess of 5 km is incompatible with the deep-water model for 

the Wonoka canyons. This interpretation was bolstered by the observations of 1) obstacle marks 

on top of cross-stratified pebbly sandstone; 2) small-scale growth faults in tabular siltstone and 

sandstone event layers; 3) the lack of classical turbidites, dish, and other water escapes 

structures; and 4) the lack of nested sandstone channels and levees at any stratigraphic level. 

Whether or not these subaerial characteristics and the stratigraphic organization observed in the 
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basal ~300 m of incision fill were present at the northernmost Umberatana syncline incisions 

remained unknown. I set out to test if conglomerate-based cycles of comparable thickness were 

present in the northernmost incisions of Umberatana syncline. Additionally, I had the hypothesis 

that if subaerially incised, the conglomerate would change laterally in the direction of paleoflow 

to stacked event layers. A submarine system would not be expected to change on the sub-

kilometer length scale.   

My study extends the physical stratigraphic approach of Christie-Blick et al. (1995) to the 

northernmost cross-sections of the Umberatana syncline canyon (Figure 1 and 3), and 

incorporates a local reconstruction of the Umberatana syncline canyon to constrain canyon 

dimensions. If the Wonoka canyons indeed had a subaerial origin, I expect 1) the stratigraphic 

organization observed in the basal fill of the southernmost Umberatana syncline incisions to be 

present in the northernmost incisions; 2) less conglomerate downstream at Umberatana syncline 

with a higher abundance of sandstone and siltstone; and 3) in the basal fill of all Wonoka canyon 

incisions there should be a lack of mud, nested sandstone channels, and classical turbidites. 
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Figure 1: Geologic map of the Flinders Ranges, South Australia. Figure shows 

outcrops of the Wilpena Group (Nuccaleena Formation to Wonoka Formation), as well the 

location of Wonoka canyon exposures. The numbered circles indicate Wonoka canyon 

exposures: 1, Fortress Hill canyon complex; 2, shallow incised valley north of Umberatana; 3, 

Oodnapanicken canyon; 4, Depot Springs canyon; 5, Patsy Springs canyon; 6, Nankabunyana 

canyon; 7, Salt Creek canyon; 8, Mocatoona canyon; 9, Puttapa canyon; 10, Beltana canyon; 11, 

shallow incised valley west of Buckaringa Hill; 12, Buckaringa Gorge canyon; 13, Yarra Vale 

canyon; 14, Waukarie Creek canyon complex; 15, Pamatta Pass canyon complex; 16, potential 

canyon at the eastern end of Waroonee syncline; 17, Yunta canyon complex. 
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2.2 Geological setting 

     The Wonoka canyons cut from a stratigraphic level within the Ediacaran Wonoka 

Formation, which is a mixed siliciclastic-carbonate succession within the Wilpena Group 

(Haines, 1987; Husson et al., 2012). The Wonoka Formation overlies the deep-water Bunyeroo 

Formation, which contains the Acraman impact ejecta (Williams and Wallace, 2003), and 

underlies the Pound Subgroup, known for hosting the enigmatic Ediacara fauna (Gehling and 

Droser, 2012) (Figure 2). The Wonoka Formation is ~700 m thick and was subdivided by Haines 

(1987, 1988) into 11 informal regionally traceable lithologic units that generally record the 

development of a storm-dominated carbonate ramp deposited in open shelf conditions (Giddings 

et al., 2010).   
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Figure 2: Generalized stratigraphic section of the Lower Wilpena Group, showing the 

~ 1 km deep Wonoka paleocanyons cutting from the Wonoka Formation and into the 

Brachina Formation. Part b illustrates a stratigraphic column of the Wonoka Formation, 

showing the 11 units of Haines (1987). Isotopic values are from Husson et al. (2012). 

 

     In the Flinders Ranges of South Australia, the Wonoka canyons are found at 17 known 

outcrops in Ediacaran stratigraphy that was deposited at a passive margin following an interval 

of extensional tectonism related to the break-up of the Rodinia supercontinent (Figure 1; Li et al., 

1995; Wingate and Giddings, 2000; Direen and Crawford, 2003). The Cambro-Ordovician 

Delamerian Orogeny folded Wonoka stratigraphy, leading many Wonoka canyon outcrops to be 

exposed at the surface as an oblique cross-sectional view (Foden et al., 2006).  
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The Wonoka canyons primarily drain to a deeper basin to the north, based on 1) the 

pinchout of the early Ediacaran ABC Range Quartzite (Figure 1); 2) the transition of the mid-

Ediacaran Pound Subgroup to the deeper water Billy Springs Formation (Preiss, 1987); and 3) 

deepening of the Cryogenian Balcanoona Arkaroola platform deepens (Wallace et al., 2015). For 

this reason, we assume that the downstream direction of the Umberatana syncline canyon is to 

the north (Figure 3). 
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Figure 3: Geologic map of the sinuous, ~1 km deep Umberatana syncline Wonoka 

canyon adapted from von der Borch et al. (1985). S Muccabaloona and N Muccabaloona 

geology updated here. The four incisions discussed in the text are labeled. 

2.3 Physical stratigraphic analysis approach 

High-resolution physical stratigraphic tablet-based mapping on < 1 m resolution drone-

derived basemaps was used to develop the stratigraphic context for 57 stratigraphic sections 

measured between the South Muccabaloona (SM) and North Muccabaloona (NM) incisions at 

the Umberatana syncline canyon (Figures 4, 5, and 6).  

 

Figure 4: Portion of mapped surfaces (labeled with lowercase letters), measured 

stratigraphic sections (labeled at base with black numbers and letters), and sequence 

boundaries (erosional surfaces labeled with red numbers) are shown on a basemap of the 

South Muccabaloona. Mapped features overlay Google Satellite XYZ Tile. 

 

The significantly higher resolution of the drone-derived basemaps compared to Google 

satellite derived images improved the ability to accurately locate bedding surfaces and structural 
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features while mapping and measuring stratigraphic sections. Stratigraphic, sedimentologic, 

paleocurrent, and structural data collected from the SM and NM incisions were recorded in 

QGIS v. 3.4 software and interpreted in conjunction with data collected in the FH and MC 

incisions by N. Christie-Blick.  
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Figure 5: Representative subset of the 40 measured sections completed by this study at 

the South Muccabaloona incision. All 40 drafted measured sections are available upon 

request. Partial and complete sections are shown to illustrate how facies and traced surfaces 

were utilized to interpret the sequence stratigraphy of the Wonoka canyon fill. Refer to Table 

1 for facies description. Mapped surfaces are indicated by black lines and lowercase letters. 

Sequence boundaries are indicated by red lines and red numbers. Section numbers are 

indicated by black letters and numbers. 
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Figure 6: Representative subset of the 14 measured sections completed by this study at 

the North Muccabaloona incision. All 14 drafted measured sections are available upon 

request. Partial and complete sections are shown to illustrate how facies and traced surfaces 

were utilized to interpret the sequence stratigraphy of the Wonoka canyon fill. Refer to Table 

1 for facies description. Mapped surfaces are indicated by black lines and lowercase letters. 

Sequence boundaries are indicated by red lines and red numbers. Section numbers are 

indicated by black letters and numbers. 

 

2.4 Canyon-filling facies 

The Wonoka canyon fill is primarily fine-grained, dominated by calcareous sandstone and 

siltstone. In the basal ~300 m of the canyon fill coarser facies are observed, including boulder 

conglomerates (Figure 7A), boulder diamictites (Figure 7B), and coarse-grained sandstone 

(Figure 7C). The basal fill is cyclic, with conglomerate-based cycles fining upward into rippled 

and tabular sandstone and siltstone. The upper ~500 m of canyon fill is fine-grained, with thinly 

bedded very fine-grained sandstone to siltstone with carbonate bed couplets interpreted as 

shallow marine ramp deposits (Figure 7D). Parallel-lamination, climbing ripple lamination, flute 

casts, current ripples, and minor soft-sediment deformation are typical sedimentary structures. 
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Figure 7: Representative field photographs of the Wonoka Fm. from the South 

Muccabaloona incision at the Umberatana syncline canyon. (A) Example of polymictic 

conglomerate facies and sandstone facies in the basal canyon fill. Red line indicates base of 

erosive conglomerate. Rock hammer for scale. (B) An example of the diamicite facies. Pencil 

for scale. (C) Example of tabular rippled and laminated sandstone and siltstone in the basal 

canyon fill. Rock hammer for scale. (D) Example of the most abundant upper Wonoka 

canyon fill facies. Facies consists of tabular rippled and parallel-laminated siltstone and 

sandstone with ~ 1 cm thick carbonate couplets that are locally deformed or brecciated. Pencil 

for scale. 

 

The two northernmost incisions at Umberatana syncline share similar coarse facies in the 

basal canyon fill to what was observed by Christie-Blick et al. (1995) in the two southernmost 

incisions. I identified five different facies types in the basal canyon fill. These include a 
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polymictic conglomerate, diamictite, isolated conglomerate, sandstone-dominated thin-bedded 

facies, and siltstone-dominated thin-bedded facies. Details of each facies are available in Table 1. 

Overall, these facies were remarkably similar to those observed by Christie-Blick et al. (1995), 

most notably the polymictic conglomerate facies and the sandstone as well as siltstone facies. 

Notably, the micritic carbonate facies observed at the top of the conglomerate-based cycles in 

FH and MC was not observed at the northern-most Umberatana syncline outcrops. This could be 

the result of a more deformed northern canyon wall at SM and NM. 

Table 1: Wonoka canyon-filling facies types including descriptions. 

Facies Description 

Conglomerate 

facies 

This facies is composed of ~3-15 m thick pebble to boulder 

carbonate, quartzite, siltstone, volcanic and sandstone-clast 

conglomerate. Tabular carbonate boulders in the 

conglomerate on average range from 0.5-3 m in length, while 

sub-rounded to well-rounded siliciclastic and calcareous 

sandstone-clasts rarely exceed 30 cm. Quartzite clasts are 

well-rounded and typically < 20 cm, possessing a 

characteristic dark brown rind. Isolated and poorly-sorted 

sandstone ribbons (~ 1 m thick and 2 m wide) occasionally 

are included in this facies. The conglomerates have sharp, 

erosive bases and gradational, sandstone facies flat tops. 

Above the erosive base is typically 0.5-5 m of clast-

supported, disorganized conglomerate. Above the 

disorganized conglomerate, the facies becomes matrix-

supported as well as diffusely stratified. On occasion, the 

stratified conglomerate beds can display bed scale planar 

cross-stratification. The conglomerates are channelized with 

no apparent grain size trends, and erosional relief is 

frequently observable. Laterally the conglomerates have been 

observed to transition into sandstone or recessive beds 

inferred to be siltstone. 

 

Diamictite 

facies 

This facies is composed of pebble to boulder green siltstone 

diamictite, where the green siltstone appears lithologically 

identical in hand sample and thin section to the Brachina Fm. 

The diamictite lacks any observable organization. This facies 

is predominately a part of a sharp-based contact sequence of 

calcareous fine-grained sand that sharply transitions to sub-

rounded boulder to pebble siltstone diamictite that is overlain 

by a siliciclastic very-fine sand or siltstone. 
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Notably absent from the basal canyon fill at SM and NM are classical turbidites, dewatering 

structures (dish structures), and nested sandstone channels. This is similar to FH and MC, where 

Christie-Blick et al. (1995) did not observe any of these features in the basal canyon fill, despite 

the high-resolution sedimentological analysis. Turbidites, dish structures, and nested sandstone 

channels are prevalent in the majority of other deep marine canyon outcrops and seismic (Clark 

and Pickering, 1996; Jobe et al., 2011; He et al., 2014), and should be widely present if the 

 

Isolated 

conglomerate 

facies 

This facies is composed of coarse to cobble conglomerates 

that are frequently channelized. These channels are much 

smaller in scale than the conglomerate facies, and were 

primarily diffusely stratified throughout with occasional 

tabular cross-stratification and sharp erosive bases. Many of 

these conglomerates were largely composed of green siltstone 

clasts that appear lithologically identical in thin section to the 

Brachina Fm. green siltstone. This facies typically occurs 

within meters above the conglomerate facies in the lower 

stratigraphy of each cycle. 

 

Sandstone-

dominated 

thin-bedded 

facies 

This facies consists of calcareous very-fine to coarse 

sandstone beds interbedded with siltstone. The sandstone 

beds can occasionally be silty. The sandstone can be tabular 

or channelized and possess bases that are sharp with cm-scale 

flute casts. Both coarsening and fining upward trends on the 

0.3-5 m scale are observed. Sedimentary structures can 

dominate an entire bed, but more commonly the structures 

include 3-8 cm alternations. These structures include planar-

lamination, climbing ripple lamination, massive bedding, 

tabular cross-bedding, rare soft-sediment deformation, well-

developed parting lineation, and capping current ripples. Rare 

combined flow ripples have been observed.  Coarse to pebbly 

sands with channelized geometries occur in isolation. 

Siltstone-

dominated 

thin-bedded 

facies 

This facies can either be entirely siltstone size grains or can 

include very-fine sandstone size grains with primarily 

siltstone particles as well. Interbedded fine-grained sandstone 

beds are common. Siltstone beds are sharply based and 

tabular, displaying planar lamination, wavy lamination (likely 

poorly preserved climbing ripples), and climbing ripples.  
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Umberatana syncline canyon was incised and filled in a submarine environment. While the 

sandstone-siltstone event layers in the basal canyon fill display flute marks on the base of beds, 

occasional subtle normal grading and 3-D climbing ripples—the intervening siltstone beds are 

well-stratified, and despite various independent studies of the Wonoka canyon fill, no 

observations of capping hemipelagic mudstone have been observed (von der Borch, 1985; 

Eickhoff et al., 1988; Christie-Blick et al., 1995; Husson et al., 2012; this study). 

2.5 Paleocurrents at Muccabaloona 

A total of 162 measurements at SM and 81 measurements at NM on flute casts, current 

ripples, and parting lamination provide new constraints on the primary flow direction of the 

northernmost incisions (Figure 8). My data update the direction of general paleoflow for SM 

from the Eickhoff et al. (1988) estimate of ~85ᵒ to 91ᵒ, and for NM from ~260ᵒ to 270ᵒ. 

Paleocurrent data are important for the interpretation of the 3-D configuration of paleocanyons, 

the lateral facies changes both parallel and transverse to the direction of sediment transport, and 

the depositional setting. The measurements documented here were collected with a Brunton 

compass from bedding planes on the tops or bases of beds. A simple tilt correction was justified 

by the low bedding dip observed in most outcrops. Restorations were completed using the 

stereonet apps created by Allmendinger et al. (2013) and Visible Geology by Seequent. All 

statistical calculations were made in Excel using relationships derived by Mardia (1975), Fisher 

(1993), and Fisher and Lewis (1983). 

Von der Borch et al. (1985) first observed paleocurrents within the Umberatana syncline 

Wonoka canyon were in opposite directions in adjacent incisions. N. Christie-Blick constrained 

the paleocurrent directions in the first two incisions, showing FH to have an orientation estimate 

of 91.8ᵒ with a 95% confidence interval of ±0.95ᵒ, and MC 273.8ᵒ with a 95% confidence interval 
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of ±1.08ᵒ. My best estimate for the orientation of the SM incision, based on the circular mean of 

162 current ripples, parting lineation, and flutes, is 91.2ᵒ with a 95% confidence interval of ±2.8ᵒ. 

At NM, a combination of 81 current ripples and flutes yields a circular mean of 270.1ᵒ, with a 

95% confidence interval of ±2.1ᵒ. While the number of paleocurrent measurements is insufficient 

to definitely observe trends in ripples vs. flute cast data, I tentatively notice that ripple 

paleocurrents are directed systematically to the right of flutes by 4.7ᵒ at SM, though 95% 

confidence intervals are close to overlapping. At NM, flutes are directed systematically to the 

right of ripples by 4ᵒ, although the 95% confidence intervals are overlapping and the number of 

measured flutes is low (n = 19). Christie-Blick et al. (2020) documented ripple paleocurrents 

being directed systematically to the right of flutes in both MC and FH. Measurements of parting 

lineation are too few to reasonably compare. Paleocurrents vary slightly with stratigraphic level, 

but not in a systematic way at either SM or NM. Christie-Blick et al. (2020) did observe a 

systematic variation in paleocurrent direction at different stratigraphic levels at the FH incision. 

Rose diagrams of all paleocurrents measured for each incision are shown in Figure 8. 

2.5.1 Ripples and flutes 

Nearly all paleocurrent measurements for SM and NM were made from 3-D swaley 

climbing ripples and flutes. The 3-D swaley climbing ripples in the canyon fill are due primarily 

to unidirectional flow. N. Christie-Blick identified that the 3-D swaley climbing ripples show 

swaley laminasets that are systematically thicker in the downflow direction when compared with 

the stoss or upstream components of the same bedforms. In bedding plane view, this geometry is 

shown by elliptical shapes, where the long axes of the ellipse provide a proxy for determining the 

direction of sediment transport. Flutes are abundant in the canyon fill, and measurements were 

primarily made at overhangs using the Brunton mirror to sight along the structures. Care was 
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taken to visualize the structure in a vertical plane intersecting the bedding to avoid systematic 

error associated with an oblique view. 

2.5.2 Structural complexity 

The amount of deformation at the Umberatana syncline canyon increases northward, 

influencing the outcrops at NM more than SM, and the Muccabaloona incisions more than the 

MC and FH incisions. The deformation is expressed primarily by east-trending plunging folds, 

spaced cleavage, and layer-parallel faulting. This influences the perception of stratigraphic 

geometry and paleocurrents. Flutes and 3-D climbing ripples tend to rotate parallel with the 

spaced cleavage, a problem which is particularly prevalent at the Muccabaloona incisions. This 

problem is acknowledged, and will be addressed by N. Christie-Blick in a separate publication.   
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Figure 8: Rose diagrams plotted using stereonet feature from Visible Geology 

(https://app.visiblegeology.com/stereonet.html). (A) South Muccabaloona ripples, flute casts, 

and parting lineation. (B) North Muccabaloona ripples and flute casts. 

2.6 Stratigraphic correlation at Muccabaloona 

Sequences of erosively-based, polymictic conglomerate that fined-upward into sandstone and 

siltstone event layers were documented in this study at SM and NM (Figures 4, 5, and 6). 

Thicknesses of each cycle are irregular, spanning ~20 m to > 100 m. Overall, the seven 

sequences in SM and eight sequences in NM display aggradational sequence stacking, 

suggesting transgression or no net vertical trends in water depth respectfully at different levels. 

SM is noticeably more sand-dominated than any of the other incisions. Notably, SM and NM 

shared similar basal fill characteristics to those observed by N. Christie-Blick at FH and MC. 

However, the nine sequences observed by N. Christie-Blick are remarkably consistent ~30 m 

thicknesses. Such organization was not observed at SM or NM. 

Sequences in SM and NM are defined as the packages between the erosive base of laterally 

persistent, channelized polymictic conglomerates. Ideally, multiple channels would incise from 

the same stratigraphic level. Sequence thicknesses were calculated from the measured sections in 

which I had greatest confidence (i.e., there was less cover, the section was further from the 

canyon wall), and utilized thickness from multiple sections correlated by a physical stratigraphic 

surface (see Table A3 for details). Thicknesses of the conglomerate facies in each sequence were 

taken from the channel edge if possible. I defined my sequences following similar requirements 

used for FH and MC by N. Christie-Blick so that sequences thicknesses could be reasonably 

compared. For SM, I am most confident in my thickness measurements for sequences 2, 3, 4, 5, 

and 6. For NM, I am most confident in my measurements for sequences 4, 5, 6, 7, and 8 (Figure 

9). 
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Figure 9: Plots showing the thickness of higher-order sequences identified in the 

incisions at Umberatana syncline. In the Fortress Hill and Mt. Curtis incisions, sequence 

thickness is approximately around 30 m, with a unique ~ 60 m thick double-cycle present at 

the same level (SB6). The thickness of sequences becomes more variable in the South and 

North Muccabaloona incisions, with a smaller number of conglomerate-based cycles 

identified and more variable thicknesses. I hypothesize based on sequences thicknesses that 

the uppermost cycle at South Muccabaloona correlates with the uppermost cycle of the 

southern incisions though no direct connection exists. The uppermost cycles at the 

Muccabaloona incisions are correlated independently through a physical stratigraphic 

surface that was mapped between them. Dark blue bars indicate sequences where thickness 

is most confidently meausred. Measured sections used to constrain cycle thicknesses are 

shown in Table A2. 

 

Independent correlation cannot be established between the MC and SM incisions. Using 

facies characteristics and stratigraphic thicknesses, I developed a hypothesis for the stratigraphic 

connection between the SM and MC cycles (Figure 9). In SM, sequence boundary 7 has a large 

thickness of 125.6 m between basal and capping erosionally-based polymictic conglomerates. 

This thickness is unusual, and led us to consider the possibility that sequences present in FH and 

MC transitioned downstream to numerous, cryptic, sandstone-based cycles that hadn’t been 

recognized previously between sequence boundaries 6 and 7 in SM. Starting from the base of 

SM, five conglomerate-based sequences fill the canyon that are all < 50 m thick. The facies and 

sequence thicknesses are comparable to sequence boundaries 2-6 in FH and MC. In FH and MC, 

the consistent ~30 m thickness of each sequence doubles at the sequence boundary 6 level. In 

SM, however, no such double thickness occurs, and sequences near/at that level are ~ 20 m thick. 

The isolated conglomerate facies is abundant at the SM sequence 6 level, suggesting that a 

separate source for the introduction of coarser facies might exist, and was contributing at a level 

where the cycle had been cryptic in FH and MC. Given that sequence boundary 6 in both FH and 

MC double in thickness near a similar stratigraphic level, I hypothesize that the potentially 

missing cycle between sequence boundaries 5 and 6 in FH and MC correlates to sequence 
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boundary 6 in SM. This hypothesis implies that the upper ~30 m of sequence boundary 6, and 

sequence boundaries 7 and 8 in FH and MC become cryptic in SM somewhere within the ~126 

m of sandstone and siltstone events layers between sequence boundaries 6 and 7 (Figure 9). The 

total stratigraphic thickness of the conglomerate-based sequences and the overall erosional relief 

of the incision is approximately the same at FH, MC, and SM, suggesting that differential 

subsidence was no more than tens of meters over 250-300 m.  

The NM incision is different, with the stratigraphic thickness of the conglomerate-based 

sequences and the depth of valley incision totaling ~ 100 m thicker and deeper respectfully than 

the other incisions. I have the most confidence in the stratigraphic correlation of sequences 

between FH, MC, and SM, given that the total thickness of the conglomerate-based cycles at the 

three exposures is comparable. Taken together, I can infer from these observations that sequence 

9 in the FH and MC incisions correlates to cycle 7 in the SM incision, and provides an example 

of a down-paleocurrent transition from a conglomerate-dominated valley fill in the FH and MC 

incisions to a sandstone and siltstone dominated valley fill in SM. This transition from FH 

downstream to SM results in numerous cycles becoming cryptic downstream. Cycle 6 in SM is 

anomalous, as this cycle was cryptic in the upstream examples but transitions to conglomerate-

based in SM. I hypothesize that the conglomerate input at the cycle 6 level was the result of a 

tributary joining the sinuous canyon at SM. Disruptions in downstream fining can occur in 

response to a new sediment supply from tributaries (Surian, 2002). Additionally, this hypothesis 

is supported by the observation of a tributary canyon outcrop exposure in the FH valley wall by 

N. Christie-Blick in 2023. These observations support the idea that incised valleys in the canyon 

fill pass in the direction of sediment transport into a delta front. I infer northward tilting from the 

localization of the higher-order valleys on the north side of the sinuous canyon at Umberatana 
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syncline. I acknowledge uncertainties related to the proximity of cycles to the canyon wall, to the 

influence of compaction on varied proportions of siltstone, sandstone, and conglomerate, and to 

structural deformation as well as measurement uncertainty.  

SM and NM can be independently correlated by a physical stratigraphic surface mapped 

above the conglomerate-based cycles in each incision. The stratigraphic distance of this mapped 

surface above the final conglomerate-based cycle in both incisions is comparable, allowing for 

correlation of the uppermost cycles under the assumption the uppermost cycle has been 

accurately correlated. However, 14 measured sections in the NM incision indicate that the 

stratigraphic thicknesses of each cycle in NM are notably more variable than in the other 

incisions, making stratigraphic correlation more tentative. The measured sections used to 

estimate cycle thickness are available in Table A2. Additionally, numerous cryptic cycles in SM 

transition to conglomerate-based cycles in NM. I hypothesize that the greater variation in 

sequence thickness northward is the result of additional tributaries joining the sinuous canyon at 

SM and NM. This scenario seems reasonable since the tributaries could have enhanced sediment 

flux, erosional relief and from that the stratigraphic thickness of sequences. This could also be 

the reason for the enhanced stratigraphic thickness of the basal fill documented at NM, as the 

introduction of more tributaries would have increased the discharge of water and perhaps 

augmented the erosive power. However, these suggestions are speculative. I base my 

interpretations of downstream facies transitions on the cycle correlation between the three 

upstream exposures, in which I have more confidence.  

2.7 Canyon reconstruction 

     Structural restoration of the Wonoka canyon at Umberatana syncline was undertaken 

to provide estimates for the minimum canyon sinuosity, the canyon gradient, and the restored 
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lateral distance between incision exposures. These results allow for the lateral scale of 

downstream facies transitions to be quantified at Umberatana syncline.  

A 2-D down-plunge cross-section of the Umberatana syncline canyon was created 

utilizing stratigraphic section measurements from the top of the Nuccaleena Formation to the 

lowest cut of the Wonoka incision exposure (I assume the Nuccaleena was horizontal when the 

canyon was cut). Additionally, I included measurements of the thickness of the basal fill, 

estimations from orientation data of the height of the valley walls in between each incision, and a 

down plunge tilt correction for local folding. The cross-section was structurally restored using 

the best practices outlined in Rowan and Ratliff (2012) (Figure 10). The flexural slip algorithm 

in the Structure Solver program (Structure Solver LLC) was utilized to preserve bed lengths as 

well as bed thickness in sections that crossed fold axes.  

 

     Figure 10: (A) Cross-section of the Wonoka canyon at Umberatana syncline. No vertical 

exaggeration. FH, Fortress Hill incision; MC, Mt. Curtis incision; SM, South Muccabaloona 

incision; NM, North Muccabaloona incision. (B) Restored cross-section. Red line indicates 

pin line. Pink circles indicate semicircles assumed to connect incision cross-sections. Orange 

line indicates the line from which canyon length was measured, where the direction along 

semicircle was determined from the general paleocurrent direction measured for each 

incision. 
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To determine a lower bound estimate for canyon sinuosity (SI) from the restored cross-

section, I assumed that each incision cross-section is connected by semicircles in the subsurface 

and sky corresponding to the direction of paleocurrent in each incision (Figure 10B). The length 

of the connected semicircles was taken as the canyon length, and is 13.8 km in total. I recognize 

that assuming that the incisions are connected by semicircles is an oversimplification of the 

canyon geomorphology. However, I present these numbers as estimates, given the true canyon 

geomorphology cannot be known. The straight-line distance was measured from the southern FH 

canyon wall to the northern NM canyon wall, and is 10.4 km in total. My final estimate for 

canyon sinuosity is 1.33. The average sinuosity of bedrock rivers across the Tibetan Plateau 

ranges from 1.20-1.41 (Curliss, 2013). The range of sinuosity values observed for bedrock rivers 

in the Pannonian Basin is 1.2-1.65 (Petrovszki et al., 2014). A comprehensive study of 

geomorphic differences between submarine canyons globally found that mean submarine canyon 

sinuosity ranges from 1.09 to 1.22 (Harris and Whiteway, 2011). Considering my canyon 

sinuosity estimate is a lower bound, the collected value is most reasonable for a subaerial system 

compared to modern canyon statistics.  

Using the length measurements from each semicircle, I was also able to estimate the 

distance between each incision. The distance from FH to MC is 5.5 km, the distance from MC to 

SM is 5.5 km, and the distance from SM to NM is 2.9 km. The distance from FH to SM is 11 

km.  

The canyon gradient is estimated to be no greater than 1.53ᵒ by taking the tangent of the 

height of the base of the FH incision and the canyon length. The unconformity associated with 

the potentially comparable Messinian Salinity Crisis was estimated to have a slope gradient of 

~2ᵒ (Todaro et al., 2021), which is in the same order as my estimate. The average gradient of the 
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axial thalweg for four submarine canyons along the mid-Atlantic continental margin ranges from 

2.1ᵒ to 3.2ᵒ (Obelcz et al., 2014), which is larger than my upper bound estimate for the canyon 

gradient at Umberatana syncline.  

The restoration displays a large difference in the canyon wall gradient of SM compared to 

that of FH. Both gradients are reasonable for a canyon incising into bedrock because the gentler 

gradient (~30ᵒ) observed at FH and MC suggests that erosion was likely accompanied by 

landslides at the canyon walls that reduced the slope, since the slope gradients of canyon walls 

where landslides occur are typically gentler than those without (Micallef et al., 2012). 

Landsliding is supported by field evidence in the form of the siltstone diamictite facies described 

near the canyon walls. For the steeper (~45ᵒ) gradient at the SM wall, this increase in gradient 

could be sourced from a number of possibilities, including bedrock lithology changes, enhanced 

hydraulic water flow, or the development/migration of a knickpoint (Seidl et al., 1994; Ehlen and 

Wohl, 2002). I favor the possibility that a knickpoint exists at the SM canyon wall as this would 

be a possible explanation for the increased variation in sequence thicknesses to the north in SM 

and NM, because sediment flux downstream of a knickpoint increases as a result of enhanced 

erosion, causing more deposition on the next lower gradient section downstream (Heijnen et al., 

2020). 

The results of the restoration clarify canyon configuration at Umberatana syncline and 

allow for the lateral scale of facies transitions to be considered in the following section.  

2.8 Facies transitions in the direction of sediment transport 

Facies changes in the downstream direction from polymictic boulder conglomerate to 

rippled tabular sandstone and siltstone event layers were documented on the 100 m and 11 km 

scale at Umberatana syncline, which is more consistent with the scales of facies changes 
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expected for fluvial systems than submarine. Fluvial systems are expected to transition 

downstream on the meter to multi-kilometer scale, while submarine systems are expected to 

transition on the tens of kilometers scale (e.g., Surian, 2002; Li and Clift, 2023).  

I assume that the Umberatana syncline canyon flows downstream to the north based on 

regional observations from Haines (1987) suggesting that the Wonoka Formation was deposited 

on a shelf deepening to the northeast based on facies changes. Additionally, the coarse basal 

facies in each incision at Umberatana syncline is localized to the north side of the canyon wall, 

which makes more sense for a canyon that flowed down a gradient to the north than for a canyon 

that flowed down a gradient to the south.   

Evidence for abrupt downstream facies transitions on the 100 m scale was documented in 

eight measured sections from a cross-sectional 360ᵒ view outcrop in the SM incision (Figure 11). 

I observed lateral facies changes from channelized polymictic conglomerate in section 28 to 

tabular sandstone event layers in section 22 in the direction of paleoflow (Figure 9). From 

section 6 to section 23, a reduction in the overall thickness of conglomerate is observed in the 

direction of paleoflow (Figure 11). These ~100 m facies changes downstream are consistent with 

the length-scale of transitions expected downflow for a fluvial-deltaic environment. In a 

submarine system, channels continue downstream on the tens of kilometer scale to the inner and 

middle fan. 
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Figure 11: Measured sections around an outcrop in the South Muccabaloona incision 

allowing for a nearly 360ᵒ cross-sectional view of cycle 6 stratigraphy. Eight sections were 

measured through the same interval to evaluate lateral facies changes on the 100 m scale. The 

red line represents sequence boundary 6. The black line and dashed black line are mapped 

physical surface “s”. The yellow lines are measured sections with a corresponding white 

number. Grain size scale abbreviations are siltstone (sl), fine-grained sandstone (f), coarse-

grained sandstone (c), and conglomerate (g). Measured section locations are listed in Table 

A1. 

 

Utilizing the cycle correlation hypothesized between the FH and SM incisions at 

Umberatana syncline, estimates for relative facies abundances in each sequence were calculated 

(Table 2). These show that downstream from FH to SM, relative conglomerate percentages can 

be reduced by as much as half while sandstone and siltstone percentages increase at the same 
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stratigraphic level. The results from my structural reconstruction of Umberatana syncline show 

that the channel length between the FH and SM incisions is ~ 11 km, suggesting that facies fine 

downstream on that scale (Table 2).  

Table 2: Downstream facies changes by sequence from Fortress Hill to South 

Muccabaloona. 

 

Location/Sequence 

Boundary Cycle 

Diamictite % Conglomerate 

% 

Sandstone % Siltstone 

% 

Fortress Hill/SB2 0 31.5 61.7 6.7 

S Muccabaloona/ SB2 0 0.96 30.04 69 

Fortress Hill/ SB3 9.4 18.5 58.7 13.4 

S Muccabaloona/ SB3 0 7.6 61.1 31.3 

Fortress Hill/SB4 0 12.3 9 78.7 

S Muccabaloona/ SB4 0 0.8 35.4 63.8 

Fortress Hill/SB5 0 0.5 15.4 84.2 

S Muccabaloona/SB5 0 10.7 11.8 77.5 

 

 

In addition to the expectation in a fluvial-deltaic environment that facies transitions 

would be on the meter to multi-kilometer scale, conglomerate-based cycles were documented to 

decrease in number in the direction of paleoflow (north overall). Downstream from the nine 

cycles of FH and MC, SM and NM were documented to have a reduction to seven and eight 

cycles, respectively. This observation confirmed my expectation that downstream in a dynamic 

fluvial-deltaic environment the reduction in coarse facies would reduce the number of 

conglomerate-based cycles. In a submarine environment, the ~13 km length scale of the 

Umberatana syncline canyon would not be sufficient to warrant the expectation for such abrupt 

facies changes and a reduction in cycle amounts as observed across the four incisions of the 

Umberatana syncline canyon.   
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2.9 Interpretation of facies in a sequence stratigraphic context 

The conglomerate and sandstone that dominate the basal ~300 m of canyon fill show 

characteristics consistent with fluvial-deltaic deposition. The aggradational stacking of 

conglomerate-based sequences and the transition in the middle to upper canyon fill to 

interbedded siltstone and thin carbonate beds with monolithic breccias suggests an overall 

transgression during canyon filling. The Wonoka canyon unconformity is interpreted as a lower-

order sequence boundary, while the basal fill sequences are interpreted as high-order. 

The focus of this study was primarily on the lower canyon fill and sequences determined to 

be higher-order. The Wonoka canyon unconformity is composed of multilateral incisions, and is 

determined to be associated with sea-level fall during a forced regression. It is inferred that 

multiple episodes of base-level fall were required to create the sequence boundary, and the basal 

Wonoka canyon fill was deposited during an overall marine transgression. I hypothesize that sea-

level rise would have dominated in a drowning canyon at a timescale of hundreds of thousands 

of years. Sea-level rise is represented by changes in paleowater depth within the canyon fill, and 

the facies types associated with certain paleowater depths would have influenced the thickness of 

cycles. I expect variations in cycle thickness in each incision at Umberatana syncline even if sea-

level oscillations are of constant period and amplitude, but the fact that cycle thicknesses are on 

the same order in three incision exposures is notable, and consistent with sea-level changes of 

comparable period and a shallow-marine depositional setting. Such downflow persistence and 

regularity in cycle thickness and character is less likely for a deep-water submarine setting, even 

if sediment input up dip was modulated by sea-level.  

The canyon fill fines upward from the basal coarse facies to the thinly-bedded, limestone 

and siltstone couplets of the upper canyon fill. The sediments overlying the canyon fill were not 



88 

 

documented by this study. However, DiBona (1989) interpreted them as highstand deposits 

based on the return of intermittent channelized and coarse facies.  

2.10 Potential trigger for large-scale sea-level drawdown 

 The Wonoka canyons are hypothesized to correspond with the stratigraphic level of the 

Gaskiers glaciation (~580 Ma), where Gaskiers initiated sea-level drawdown triggered the 

incision of the Wonoka canyons. Based on the available age controls and carbon isotope data, 

that appears to be the most parsimonious interpretation. A base-level change on the order of 

hundreds of meters is expected for the Gaskiers glaciation, which would have been sufficient to 

trigger Wonoka canyon incision. Regional basin isolation and additional evaporative sea-level 

drawdown is required to reconcile the ~1 km depth of the Wonoka canyons. Other stratigraphic 

discontinuities in the Wilpena Group either do not have suitable erosional relief and/or age 

constraints to appropriately represent the Gaskiers. Younger glaciation in the Ediacaran has been 

suggested (e.g., Vernhet et al., 2012; Linnemann et al., 2018; 2022; Retallack, 2022; Wang et al., 

2023), but available age controls suggest those deposits postdate the Shuram excursion (< 561 ± 

3 Ma; Linnemann et al., 2022). The Shuram stratigraphically brackets the Wonoka canyon 

cutting-level.  

2.11 Conclusions 

 A series of fining-upward conglomerate-based cycles observed in the basal ~300 m of 

the two northernmost incisions at Umberatana syncline, demonstrate that the nine conglomerate-

based cycles observed by Christie-Blick et al. (1995) continue downstream although they 

decrease in number and become more variable in thickness. Correlation of cycles between 

incisions based on mapped surfaces, measured thicknesses and cycle characteristics indicate that 

some cycles fine downstream and become cryptic. However, conglomerate-based cycles were 
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documented to resurface at SM and NM at stratigraphic levels they were not previously observed 

at in FH and MC, leading us to conclude that tributaries can locally contribute coarse material to 

the canyon downstream. I conclude that the variation in cycle thickness observed downstream in 

SM and NM was influenced by the introduction of coarse material downstream by tributaries, as 

well as the higher degree structure observed in the northernmost incisions.  

In the SM incision, facies transitions on the 100 m scale in the direction of sediment 

transport to laminated sandstone and siltstone, consistent with the scale expected for fluvial 

channels transitioning to delta front hyperpycnites. Correlation of the sequences between the first 

three incisions shows abrupt facies transitions in the direction of paleoflow. Certain 

conglomerate-based cycles in the FH incision transition downstream to sandstone-based cycles 

in the SM incision on a ~ 11 km scale. I conclude that this behavior is most consistent with 

subaerial deposition, where the termination of channels within the canyon differs from the deep 

marine scenario in which thalweg channels are both nested and continue downstream to the inner 

and middle fan on the tens of kilometers scale. Structural restoration of the Umberatana syncline 

canyon allows us to provide the first estimation of minimum canyon sinuosity (1.33), canyon 

gradient (1.53ᵒ), and the downstream distance between different canyon incisions.  

I conclude that the most plausible explanation for the results of my stratigraphic study 

and reconstruction is that the Wonoka canyons were subaerially incised. I hypothesize that 

incision was triggered by sea-level lowering initiated by the ~580 Ma Gaskiers glaciation. Given 

that the Shuram excursion brackets the Wonoka canyon-cutting event in Australia, my study 

suggests that the excursion might have partially formed in an isolated marine embayment, and 

that the Shuram brackets the Gaskiers rather than postdating it. This poses a problem for global 

synchroneity of the Shuram, since the Shuram excursion has been dated in Oman and northwest 
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Canada as a few million years younger than the Gaskiers (Rooney et al., 2020). My conclusions 

are remarkably consistent with a recent study of the mid-Ediacaran Johnnie valleys in eastern 

California (Giles et al., 2020; Chapter 1), which concluded that the Shuram brackets, rather than 

postdates, the Gaskiers glaciation in eastern California. 
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     Chapter 3: Evaluation of regional character and distribution of 

the mid-Ediacaran Wonoka canyons supports subaerial incision 

hypothesis, Flinders Ranges, South Australia 

3.1 Introduction 

The regional character and distribution of the Wonoka canyons has previously been 

interpreted as consistent with a submarine origin, and the distribution occurs in two distinct areas 

that could define the Ediacaran shelf (Haines, 1987; Giddings et al., 2010). However, the 

restored distribution of the canyons, consideration of their distance from the paleoshelf edge, and 

a comparison of the physical stratigraphy of the basal canyon fill at multiple locations has not 

been previously been included in evaluation of the origin of the canyons. Additionally, the 

distribution of the Wonoka canyons relative to the paleoshelf edge has not been appropriately 

compared to modern submarine examples to evaluate whether the observed distances are 

compatible with the Wonoka canyons having formed in a deep-water environment.  

Submarine canyons are common features at the margins of all modern continents. 

Shepard (1972, 1981) proposed several criteria for submarine canyons, defining them as “steep-

walled, sinuous valleys with V-shaped cross sections, axes sloping outward as continuous as 

river-cut land canyons and relief comparable to even the largest of land canyons”. This definition 

excludes seafloor valleys (i.e., delta-front troughs, fan valleys, slope gullies, fault valleys, shelf 

valleys, and glacial troughs). There are two broad types of submarine canyon that fit Shepard’s 

criteria: 1) Shelf-incising canyons in some but not all cases connect directly via shelf valleys 

with modern river systems. A sub-category termed “headless canyons” cut into the shelf, but not 

so far as to connect with a river. 2) Blind canyons are confined to the continental slope, and 
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terminate below the shelf break (Huang et al., 2014). Most modern canyons are blind, with 

canyon heads close to the 120m-depth contour, an approximation for the shoreline at the Last 

Glacial Maximum (Bernhardt and Schwanghart, 2021b). Sea-level change at the LGM was 

sufficiently great to permit shoreward canyon incision via mass wasting/erosive sediment-gravity 

flows at continental shelf edges globally.  

A global analysis of 4,633 modern canyons determined that 2,765 are blind canyons and 

1,703 are shelf-incising. From the canyons in the shelf-incising category, 183 are shore-

connected (Bernhardt and Schwanghart, 2021b). A key observation for the shore-connected 

canyons is that they are found primarily along tectonically active margins. A calculation of the 

average distance of the canyon head to shelf edge for all 1,703 shelf incising canyons from the 

Bernhardt and Schwanghart (2021a) dataset shows that the average distance for canyon erosion 

inboard of the shelf edge is ~15 km (with a standard deviation of 23.2 km).  

The specific controls on the distribution of submarine canyons and shelf incision are not 

well understood, but several factors have been proposed including narrow continental shelves 

along active margins (Normark et al., 2009); high shelf gradient (Sweet and Blum, 2016); 

seismic activity (Mountjoy et al., 2018); high sediment flux from onshore catchments (Harris and 

Whiteway, 2011); mass wasting along steep continental slopes (Pratson and Coakley, 1996); and 

submarine groundwater seepage (Pratson et al., 2007). Stratigraphic and sedimentologic 

characteristics of the Wilpena Group suggest that the Wonoka Formation was deposited at a 

passive margin with long-lived passive salt diapirism (Rowan et al., 2020), and that the shelf 

gradient was low (Haines, 1987). There are no sedimentologic or geochemical characteristics of 

the Wonoka that suggest submarine groundwater seepage (Husson et al., 2012, 2015a), or 

deposits triggered by seismic activity (Haines, 1987).  High sediment flux from onshore 
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catchments and mass wasting along the continental slope are the likely mechanisms to have 

triggered Wonoka canyon incision, should they have been formed in a submarine environment.  

Doubt as to whether the Wonoka canyons incise at the same stratigraphic level was raised 

by Husson et al. (2012) based on a series of “isotope conglomerate tests”. Husson et al. (2012, 

2015a) analyzed the geochemistry of conglomerates in the Wonoka canyon fill at Umberatana 

syncline and Nankabunyana and determined that the carbonate clasts in the canyon fill 

conglomerates record the full range of δ13C values in the Shuram excursion (-12‰ to +5‰). 

Given that the positive δ13C values for the Shuram excursion are recorded in Wonoka units 9 to 

11, Husson et al. (2012, 2015a) suggested that the positive δ13C values in carbonate clasts 

obtained from the canyon fill at Umberatana syncline required the carbonate beds in Wonoka 

units 9 to 11 to have provided clast material to the canyon fill. The Nankabunyana canyon fill 

does not display carbonate clasts with positive δ13C values, an observation that was taken by 

Husson et al. (2012, 2015a) to suggest that the Nankabunyana canyon cut at the unit 3 and unit 4 

level. Husson et al. (2012, 2015a) suggested that this implies that not all Wonoka canyons cut 

from the same stratigraphic level, where some canyons cut at the unit 3 and 4 level and others 

after deposition of unit 9. However, it should be noted that Husson et al. (2012, 2015a) sampled 

polymictic conglomerates at Umberatana syncline, and a monolithic conglomerate at 

Nankabunyana. 

In this chapter, I explore two tests of the subaerial incision hypothesis for the Wonoka 

canyons. First, using expectations derived from literature on the distribution of modern 

submarine canyons, I test whether the observed distribution of Wonoka canyon outcrops in 

relation to the paleoshelf edge provides an independent way of evaluating marine mass wasting 

vs. non-marine mechanisms for canyon origin. Using a regional structural restoration of the 
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northern Flinders Ranges and a palinspastic reconstruction of the canyon locations, I explore 

whether the distribution of Wonoka canyon exposures is consistent with the modern distribution 

and character of submarine canyons. If incised in a submarine environment, I expect the majority 

of canyon exposures to be < 20 km inboard of the shelf edge. Given that available data suggest      

that the Wonoka was deposited at a passive margin (Haines, 1987; Preiss, 2000), I do not expect 

any Wonoka canyons to be shore-connected, given that such a connection occurs primarily at 

active margins. While I draw a comparison between the Wonoka canyons and modern submarine 

canyons, I acknowledge that there is evidence for a rapid rise in sea-level corresponding with the 

final stage of post-glacial marine transgression produced by melting glaciers in the late 

Pleistocene and early Holocene (Lambeck and Nakada, 1990) that impacts observed distribution 

of submarine canyons (Bernhardt and Schwanghart, 2021a). Additionally, it is uncertain how the 

manner of present canyon exposures might connect in three dimensions. In this chapter, I present 

a solution for how deep canyon exposures in the northern Flinders Ranges might connect should 

they be part of a single large canyon. Second, I extend the physical stratigraphic approach of 

Christie-Blick et al. (1995), Christie-Blick et al. (2020), and Giles et al. (2020) at the 

Umberatana syncline canyon to the basal ~300 m of canyon fill at Oodnapanicken and Patsy 

Springs canyons (Figure 1), testing the expectation that if fluvially deposited, and incised at the 

same time, then the cyclical polymictic conglomerate should be present at the base of other 

canyons. Oodnapanicken and Patsy Springs are more proximal locations than Umberatana 

syncline (Figure 1), and are exposed as an oblique, cross-section in outcrop. My physical 

stratigraphic approach utilizes sub-meter scale drone imagery for tablet-based mapping. If the 

Wonoka canyons are indeed of subaerial origin, I expect 1) that upward fining, polymictic 

conglomerate-based cycles should be present at the base of Oodnapanicken and Patsy Spring 
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canyons; and 2) in the basal fill of all Wonoka canyon locations there should be a lack of mud, 

nested sandstone channels, and classical turbidites.   

 

Figure 1: Geologic map of the Flinders Ranges, South Australia. Figure shows 

outcrops of the lower part of the Wilpena Group (Nuccaleena Formation to Wonoka 

Formation), as well the location of Wonoka canyon exposures (numbered circles): 1, Fortress 

Hill canyon complex; 2, shallow incised valley north of Umberatana; 3, Oodnapanicken 
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canyon; 4, Depot Springs canyon; 5, Patsy Springs canyon; 6, Nankabunyana canyon; 7, Salt 

Creek canyon; 8, Mocatoona canyon; 9, Puttapa canyon; 10, Beltana canyon; 11, shallow 

incised valley west of Buckaringa Hill; 12, Buckaringa Gorge canyon; 13, Yarra Vale canyon; 

14, Waukarie Creek canyon complex; 15, Pamatta Pass canyon complex; 16, potential canyon 

at the eastern end of Waroonee syncline; 17, Yunta canyon complex. 

 

Knowledge of the Ediacaran environment and geography is limited, and my study 

building on local and regional previous work clarifies the distribution, character, and potential 

connections of the Wonoka canyons. My results provide new context with which to consider 

sediment routing pathways across the Ediacaran shelf in Australia, the formation of the Shuram 

excursion, and the subsequent emergence of the Ediacara fauna. 

3.2 Modern distribution of the Wonoka canyons and the location of the paleoshelf 

edge 

The 10 Wonoka canyon outcrops in the northern Flinders Ranges are distributed across a 

~100 km x 60 km area. The most well-exposed examples include the Umberatana syncline 

canyon (location 1 in Figure 1), the Patsy Springs canyon (location 5 in Figure 1), and the 

Oodnapanicken canyon (location 3 in Figure 1). These canyons are also the ones that erode ~ 1 

km into the underlying stratigraphy, which is the deepest the canyons have been observed to 

incise.   

During canyon incision, the paleoshelf edge was broadly located between the 

Oodnapanicken and Umberatana syncline outcrops, and oriented roughly NW-SE. The location 

of the paleoshelf edge during Wonoka deposition is estimated based on the observation of 

thinner, carbonate-dominated, swaley Wonoka facies interpreted as storm-dominated carbonate 

ramp deposits abruptly transition to the north to thicker, shale-dominated facies interpreted as 

marginal basin deposits (Haines, 1987, 1988). The proposed shelf edge controlling sedimentation 

is located along the central to northern Flinders Ranges boundary (Figure 6). The location of the 
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paleoshelf edge is further supported by observations of the 1) northeastward pinchout of the 

ABC Range Quartzite just north of Mt. Serle; 2) the transition from the Pound subgroup to the 

Billy Springs Formation to the north (Preiss, 1987); and 3) a shelf to basin-slope transition in the 

Wonoka Formation at northeast Arkaroola Syncline (DiBona et al., 1990). These three 

observations, with uncertainties including whether facies interpretations are      correct, serve as 

additional proxies corroborating the plausibility of the paleoshelf edge placed roughly NW-SE at 

the boundary between the central and northern Flinders Ranges. They also suggest that the 

location of the paleoshelf edge changed little during Ediacaran time, and was likely in a similar 

configuration during Wonoka canyon incision time specifically. 

3.3 Potential canyon connections 

Regional connection between the Wonoka canyons has been hypothesized (Haines, 

1987), but an actual hypothesis for how the canyons could connect in three dimensions was 

previously unavailable. I present a possible solution for how the deepest canyon exposures may 

connect as one through-going canyon (Figure 2).  
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Figure 2: One hypothesis for the connection of deep Wonoka canyon exposures in the 

northern Flinders Ranges. Geologic map modified from Coats (1973). Key indicates 

stratigraphic patterns of the Wilpena Group. 

 

Various possibilities can be considered for how other regional canyon locations might 

relate to one another. One possibility is to assume that all canyon outcrops are unrelated. A 

second possibility is that the canyon geomorphology was dendritic, where side canyons fed into 

a throughgoing canyon. We know that the deep basin during Wonoka time is to the north, and 

that the stratigraphy was relatively flat-lying or gently inclined until the Delamerian Orogeny 

(Haines, 1987). The general paleocurrent direction in each canyon in the northern Flinders 

Ranges has been relatively well-constrained through various studies (von der Borch et al., 1982; 
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Christie-Blick et al., 1995; Christie-Blick et al., 2020; Giles et al., 2020). We know that the 

canyons incise through the basal Wonoka, Bunyeroo, ABC Range Quartzite, all the way down to 

deep in the Brachina Formation. We can assume that where the Bunyeroo Formation is preserved 

in the regional geology that no canyon passed through that particular location. As a result of 

folding, canyon outcrops can continue into the sky or into the ground, and if a canyon passes up 

into the sky it has to be connected to a canyon that plunges back into the ground. Faulted 

sections have the opportunity to offset a canyon. With these considerations, a hypothesis can be 

developed for how Wonoka canyon outcrops might connect in the northern Flinders Ranges. 

Though there are a few possible solutions, I propose my favored solution as the configuration 

shown in Figure 2.  

3.4 Northern Flinders Ranges canyon reconstruction 

I structurally restored a 2-D cross-section from Rowan and Vendeville (2006) to visualize 

the paleodistance of each northern Wonoka canyon exposure from the paleoshelf edge with 

Delamerian shortening removed (Figures 3 and 4). Seven canyon locations and the location of 

the paleoshelf edge were projected onto the cross-section line using the qProf plug-in in the 

QGIS v. 3.4 software, and assuming a 90ᵒ trend for each feature. The region where the shelf edge 

lies has been interpreted based on a shift in Wonoka facies to deeper marine northward of the 

Oodnapanicken canyon. For the purposes of this reconstruction, a shelf edge line was sketched 

along the inferred most proximal extent of the proposed shelf edge region (Figures 3 and 4). This 

assumption means that my quoted distances of canyon exposures inboard of the shelf edge are 

minimum estimates. I assume that the Rowan and Vendeville (2006) cross-section is an 

appropriate representation of the regional structure, acknowledging the assumptions 

underpinning their cross-section. Additionally, the point taken for each canyon outcrop was the 
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lowest point in the canyon, though each outcrop has non-zero dimensions. The restoration 

followed the best practices outlined in Rowan and Ratliff (2012). The flexural slip algorithm in 

the Structure Solver program (Structure Solver LLC) was utilized to preserve bed lengths as well 

as bed thickness in sections that crossed fold axes. Due to the regional presence of salt and salt 

minibasins in the study area, I followed best software-use practices outlined in Structure Solver 

LLC where deformed strata adjacent to salt are isolated into structural components and then 

restored. The cross-section was separated into 5 blocks between salt diapirs. I conducted a line-

length restoration for each weld-bounded block, and the amount of shortening was allowed to 

vary between each block. The unfolded line length for all 5 blocks suggests an average 

shortening of 24% (Figure 3) across the northern Flinders Ranges, which is larger than the 10-

20% shortening quoted for the northern Flinders Ranges by Flottmann and Sandiford (1999). My 

restoration does not account for the dimensions of salt diapirs, which would have increased the 

distance between canyon locations and the shelf edge. 

 

Figure 3: (A) Regional cross-section of the northern Flinders Ranges modified from 

Rowan and Vendeville (2006). Cross-section line shown in Figure 1 as well as location of 

paleoshelf edge based on Haines (1987). Wonoka canyon locations and paleoshelf edge were 

projected onto the cross-section and are indicated by labeled blue lines. 1, Umberatana 
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syncline; P, paleoshelf; 2; Oodnapanicken; 3, Patsy Springs; 4, Nankabunyana; 5, Mocatoona; 

6, Puttapa; 7, Beltana. (B) Restored cross-section. Callanna Group thickness is inferred as well 

as restored salt geometry. Measured distance of canyon exposures from paleoshelf edge is 

listed in Table 1. 

 

From the restoration, the distance between each canyon location to the paleoshelf edge 

line was estimated (Figure 3 and Table 1). I estimated the minimum distance of each canyon 

exposure from the paleoshelf edge line, but note that the distance would be greater for each of 

the inboard exposures should the shelf edge line lie elsewhere in the paleoshelf edge region, and 

the dimensions of salt diapirs accounted for. From my minimum estimates, I observe that canyon 

exposures inboard of the paleoshelf edge line for the most part exceed 20 km (6 of 7 examples). 

Given that these distances are greater than the < 20 km distances from canyon head to shelf edge 

that an average of 1,703 modern canyons displayed, I suggest that the distribution of Wonoka 

canyon exposures from the shelf edge is incompatible with expectations based upon modern 

submarine canyons. 

Table 1: Distance estimates from a regional restoration analysis for the various Wonoka 

canyon exposures in the northern Flinders Ranges from the paleoshelf edge. The quoted 

distances were measured from the shelf edge line sketched along the inferred most proximal 

extent of the proposed shelf edge region (Figure 7).  

  

Wonoka canyon Distance from paleo-shelf 

edge after reconstruction 

Estimated canyon 

depth and reference 

Patsy Springs 23 km inboard of shelf edge 1000 m (von der Borch 

et al., 1989) 

Umberatana syncline 25 km basinward of the shelf 

edge 

936 m (this study) 

Oodnapanicken 10.5 km inboard of shelf edge 1000 m (DiBona, 1989) 

Beltana 74.6 km inboard of the shelf 

edge 

~150 m (Haines, 1987) 

Puttapa 64.7 km inboard of the shelf 

edge 

500-600 m (Haines, 

1987) 

Mocatoona 50.4 km inboard of the shelf 

edge 

~150 m (DiBona, 1989) 
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Nankabunyana 29.4 km inboard of the shelf 

edge 

150 m (Husson, 2014), 

250-300 m (Haines, 

1987) 

 

3.5 Palinspastic reconstruction of the Wonoka canyons  

My palinspastic reconstruction preserves the modern arrangement of canyon exposures 

relative to each other and the shelf edge as seen in Figure 1, but modifies the distance of each 

canyon exposure from the shelf edge line to reflect the results of my restoration of the northern 

Flinders Ranges. It is uncertain whether the canyon exposures were connected as one single 

canyon, but whether connected or separated, modern submarine canyons primarily incise the 

shelf < 20 km based on my average taken from a global compilation by Bernhardt and 

Schwanghart (2021a), and are rarely shoreline connected (Bernhardt and Schwanghart, 2021b). 

To reconcile the palinspastic restoration, the Beltana, Puttapa, and Mocatoona incisions (B, P, 

and M in Figure 4, respectively) would be canyon exposures either very close or connected to the 

shoreline, which would have migrated basinward during sea-level drawdown. Regional facies 

observations suggest the Wonoka becomes more proximal to the south, but that during 

deposition of the Wonoka, the shoreline was south of the Flinders Ranges exposures (Haines, 

1987). Thus, Beltana, Puttapa, and Mocatoona incisions being shoreline connected is not a likely 

scenario, because Bernhardt and Schwanghart (2021b) found in their global analysis of modern 

submarine canyons that not only are shoreline-connected canyons uncommon, most shoreline-

connected canyons occur along active margins. Available data suggest that the Wonoka canyons 

were formed at a passive margin (Haines, 1987; Preiss, 2000). Thus, my palinspastic 

reconstruction suggests that Wonoka canyon exposures are not compatible with modern 

submarine canyon distributions.  
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Figure 4: Reconstructed locations (Delamerian shortening removed) of select Wonoka 

canyon exposures in the northern Flinders Ranges with respect to the paleoshelf edge. 

Wonoka canyon exposures are U, Umberatana syncline; OP, Oodnapanicken; PS, Patsy 

Springs; N, Nankabunyana; M, Mocatoona; P, Puttapa; B, Beltana. The regional paleoslope 

direction is primarily to the northeast (Haines, 1987). 

3.6 Comparison of the Wonoka canyon fill at multiple locations 

I evaluated whether the basal canyon fill at the more proximal Oodnapanicken and Patsy 

Springs canyons is comparable to that at Umberatana syncline, and found that the 

Oodnapanicken and Patsy Springs basal fill displays multiple cycles of polymictic conglomerates 

that fine upwards into rippled and tabular sandstone and siltstone event layers. The basal fill at 

both locations is strikingly similar to the basal fill at Umberatana syncline (Figure 5). However, 

the conglomerate-based cycles are fewer in number and of more variable stratigraphic 

thicknesses than those observed at Umberatana syncline.  
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Figure 5: Representative field photographs of the polymictic conglomerate facies 

found at the base of the (A) Umberatana syncline canyon (backpack for scale) and (B) the 

Oodnapanicken canyon (4-inch scale card). 

 

 The cyclical polymictic conglomerate observed by Christie-Blick et al. (2020) and Giles 

et al. (2020) in the basal fill of each of the four Umberatana syncline incisions is a unique facies 

in that it is only observed in the basal fill. Previous work at the Umberatana syncline, 

Oodnapanicken, and Patsy Springs canyons binned the basal polymictic conglomerate with the 
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monolithic carbonate breccia observed primarily in the upper canyon fill and mapped both facies 

together as conglomerates (von der Borch et al., 1985; Husson et al., 2012). In Chapter 2, I 

concluded that the polymictic conglomerate found at the base of each cycle was deposited 

fluvially, and that the monolithologic carbonate breccia in the upper canyon fill were deposited 

via submarine gravity flow based on the distinctly different character of the two facies.  

14 stratigraphic sections were measured in the basal fill of the Oodnapanicken canyon 

(Figures 6 and 7). Three measured stratigraphic sections were measured by N. Christie-Blick at 

Patsy Springs canyon. The stratigraphic sections were documented in the context of mapped 

physical stratigraphic surfaces, allowing for the sedimentology to be analyzed both vertically and 

laterally in a relative time perspective. The physical stratigraphic methods taken on by this study 

were identical to those used in Chapter 2 at the Umberatana syncline canyon. Three polymictic 

conglomerate-based cycles were documented in the basal canyon fill at Oodnapanicken, and two 

at Patsy Springs. All of the cycles are of variable thickness, spanning from ~40 to 100 m (Figure 

7). The clast characteristics of polymictic conglomerate are comparable to those at Umberatana 

syncline (Figure 5): limestone, dolomite, carbonate-cemented sandstone, siltstone, and quartzite. 

Additionally, the polymictic conglomerate is restricted to the basal ~300 meters of canyon fill 

stratigraphy, with similar cyclical organization of conglomerate fining upwards to thin siltstone 

and sandstone event layers as is observed at Umberatana syncline. The presence of fewer 

conglomerate-based cycles with greater cycle thickness variability at Oodnapanicken and Patsy 

Springs than at Umberatana syncline is consistent with southward thinning of the basal 

stratigraphy as well as with regional onlap in that direction.  
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Figure 6: Map of Oodnapanicken canyon showing location of measured stratigraphic 

sections and mapped surfaces. Coordinates are shown in WGS 84/ UTM 54S. 



107 

 

 

 

Figure 7: Representative subset of the fourteen measured sections completed in this 

study at the South Oodnapanicken incision. Partial and complete sections are shown to 

illustrate how facies and traced surfaces were utilized to interpret the sequence stratigraphy 

of the Wonoka canyon fill. Refer to Table 1 for facies description. Mapped surfaces are 

indicated by black lines and lowercase letters. Sequence boundaries are indicated by red 

lines and red numbers. Section numbers are indicated by black numbers. Data for all 

fourteen measured sections are available upon request. 

 

Previous work by Husson et al. (2012, 2015a) sampled polymictic conglomerates at 

Umberatana syncline, and a monolithic conglomerate at Nankabunyana and determined that the 

geochemical character of the clasts was more consistent with the canyons being cut and filled at 

different times. Based on sedimentologic observations, I determined in Chapter 2 that the 

polymictic conglomerates are fluvial and the monolithic conglomerates marine. Comparing 

isotopic values between the two conglomerates is not appropriate, since their source is different. 
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My observations at Oodnapanicken and Patsy Springs of polymictic conglomerates with similar 

stratigraphic organization and identical clast composition to the canyon fill at Umberatana 

syncline suggests that the canyons are basally filled with the same material and are broadly of the 

same age, reinforcing the idea that the canyons cut from the same stratigraphic level and not 

from multiple levels.  

An unusual feature present in the lower canyon fill at the Oodnapanicken canyon is well-

preserved microbial textures that are observed exclusively in the very fine- to to fine-grained 

sandstone and siltstone event layers of the basal canyon fill cycles (Figure 8). Less well-

preserved examples were observed at a similar stratigraphic level in comparable facies in the 

South Muccabaloona incision at Umberatana syncline.  

 

Figure 8: Representative field photographs showing examples of the microbial 

textures atop basal canyon-fill sandy siltstone beds at Oodnapanicken location. (A) Swiss 

army knife for scale (B) 4-inch scale card. 
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3.7 Conclusions 

I conclude that the presence of polymictic conglomerate-based cycles at multiple canyon 

exposures separated by over 25 km, the restored distances of canyon exposures from the shelf 

edge, and the reconstructed configuration of canyon exposures suggest that the Wonoka canyons 

were cut fluvially at a single time. 

At the more proximal locations of Patsy Springs and Oodnapanicken, fining-upward, 

polymictic conglomerate-based cycles are present in the basal fill of the valleys, and are 

remarkably consistent with the motifs of the conglomerate-based cycles observed in the four 

incisions at the Umberatana syncline canyon (Christie-Blick et al., 2020; Giles et al., 2020; 

Chapter 2). This style of organization, which is only observed in the basal canyon fill, is more 

consistent with a fluvial-deltaic origin given that onshore deposits would have been much more 

sensitive to nearshore sea-level changes. Although the cycles are fewer in number and of more 

variable thicknesses at Oodnapanicken and Patsy Springs when compared to the Umberatana 

syncline canyon fill, this is consistent with southward thinning of the basal stratigraphy and 

regional onlap in that direction. It also reaffirms that all three canyons were incised and filled at 

the same time as opposed to being cut at different times. 

Restoration of the northern Flinders Ranges determined that six out of seven Wonoka 

canyon exposures are > 20 km from the paleoshelf edge. I conclude from these results that the 

lateral scale and great depth of shelf incision in the Wonoka canyon example exceed the 

dimensions of contemporary canyons incised solely by headward erosion. Although the scale of 

sea-level drawdown inferred for the Wonoka canyons exceeds the drawdown experienced for 

modern submarine canyons during the LGM, I assume that the modern canyons are acceptable 

for a first-order comparison with the Wonoka canyons. Fluvial incision is the most plausible 
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cause of canyon origin when considering the distribution of canyon exposures relative to the 

Ediacaran shelf edge. 

Based upon an assessment of the reconstructed distribution of the Wonoka canyons and 

the character of their basal fill at three widely separated canyon locations, I conclude that the 

most plausible explanation for my observations is that the Wonoka canyons were subaerially 

incised. My conclusions for mid-Ediacaran paleogeography during Wonoka canyon incision are 

different from previous work, where instead of turbidity currents funneling down multiple 

submarine canyons forming through headward erosion of the paleoshelf edge just north of 

Oodnapanicken canyon (see Figure 6.2 in Haines, 1987), I present a deep, sinuous (potentially 

dendritic) canyon that carved its way across the exposed ramp out at least as far as Umberatana 

syncline. This conclusion reinforces recent work by Christie-Blick et al. (2020), Giles et al. 

(2020), and Chapter 2, as well as the hypothesis from Giles et al. (2021) and Chapter 4 that 

regional subaerial erosion and non-deposition at the time of Wonoka canyon incision triggered 

an event of lateral salt spreading.  
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Chapter 4: Ediacaran regional sea-level drawdown triggers 

extensive allochthonous salt breakout and the incision of kilometer-

deep paleocanyons, Flinders Ranges, South Australia 

4.1 Introduction 

Events where more than two salt diapirs have spread allochthonously at the same 

stratigraphic level are rare in the Neoproterozoic-Cambrian succession in South Australia, with 

just four of these events happening over ~300 million years. These four events have been 

documented to occur at the Skillogalee Dolomite, Tapley Hill Formation, Brachina Formation, 

and Bunyeroo/Wonoka Formation levels. Allochthonous salt spreading at all four of these 

horizons has been attributed to vigorous salt rise due to sufficient differential loading coupled 

with slow depositional rates inferred on the basis of generally fine-grained deposits at pertinent 

stratigraphic levels (Rowan et al., 2020).  

 

Figure 1: Figure modified from Rowan et al. (2020) showing a schematic 

representation of the occurrence of allochthonous salt plotted as a function of stratigraphic 

position and geographic location. Horizontal segments indicate apparent base salt flats 
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(allochthonous spreading) and non-horizontal segments indicate ramps. The primary 

stratigraphic levels of flats are colored blue. Stratigraphy: SK, Skillogalee Dolomite; MS, 

Myrtle SpringsFormation; TH, Tapley Hill Formation (includes Yankaninna Formation); AM, 

Amberoona Formation; BR, Brachina Formation (includes Ulupa Siltstone); BU, Bunyeroo 

Formation; WO, Wonoka Formation; PS, Pound Subgroup; WK, Wilkawillina Limestone. 

Diapirs: AK, Arkaba; AR, Arkaroola; BE, Burr (east); BH, Breaden Hill; BN, Beltana (east); BT, 

Beltana (west); BW, Burr (west); LN, Loch Ness; MR, Mount Rose; MU, Mucatoona; NA, 

North Angepena; OL, Oladdie; PA, Patawarta; PI, Pinda; RH, Round Hill; SA, South 

Angepena; TR, Tourmaline Hill; WD, Wirreanda; WI, Witchelina; WR, Wirrealpa. 

 

The allochthonous salt diapirs at the Bunyeroo/Wonoka level are the focus of this 

chapter. They were originally studied in an alternative lithostratigraphic framework for the 

Wonoka and Bunyeroo formations than that of Haines (1987) (Kernen et al., 2012; Kernen, 

2019; Rowan et al., 2020). In this alternative scheme, the base of the Wonoka Formation was 

mapped at the first appearance of silty limestone beds (approximately the level of Haines unit 4) 

and Haines units 1-3 were included in the Bunyeroo Formation (Kernen, 2019). Using that 

framework, the allochthonous salt breakout level of interest corresponds with the contact 

between the Bunyeroo and Wonoka formations (Kernen et al., 2012; Kernen, 2019; Rowan et al., 

2020). In this study, I accept the lithostratigraphy of Haines (1987, 1988), and test my 

interpretation at sites adjacent to two diapirs with reference to the δ13C regional Wonoka 

synthesis of Husson (2014).  

Kilometer-deep paleocanyons cutting from a stratigraphic level in the lower part of the 

Wonoka Formation crop out at 10 locations in the northern Flinders Ranges (Figure 2A; Christie-

Blick et al., 1990), and at an additional seven sites to the south (not shown). Canyon-cutting has 

been documented from the lower Wonoka nearly down to the Nuccaleena Formation, with the 

lower Wonoka Formation, Bunyeroo Formation, ABC Range Quartzite, and Brachina Formation 

forming the canyon wall. Due to the pinching out of the ABC Range Quartzite in the northern 

Flinders, the quartzite is not part of the canyon wall in northernmost canyons (Eickhoff et al., 
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1988; Husson et al., 2012). The exact level of the unconformity is uncertain because the surface 

becomes cryptic where it passes laterally into concordant stratigraphy. It traces at least as high as 

the upper part of unit 3 (Haines, 1987), and perhaps as high as the base of unit 5, where facies 

shoal abruptly (Christie-Blick et al, 1995). On the basis of what they termed an isotope 

conglomerate test on the Wonoka canyon fill, Husson et al. (2012) suggested that the canyons 

cut from the unit 9 level, but with further work placed the surface at the contact between Haines 

units 3 and 4 on the basis of a subtle facies change and an abrupt shift in δ13C values (Husson, 

2014; Husson et al., 2015a). In this chapter, I acknowledge the range of views by bracketing the 

unconformity to between the upper part of Haines unit 3 and the base of unit 5.   



114 

 

 

Figure 2: A) Location map modified and redrafted from Preiss (1986) of the northern 

Adelaide Fold Belt. Blue circles indicate Wonoka canyon locations in the northern Flinders 

Ranges. Numbers correspond to those from Christie-Blick et al. (1990): 1, Fortress Hill canyon 

complex (Umberatana syncline); 2, Umberatana station; 3, Oodnapanicken canyon; 4, Depot 

Springs canyon; 5, Patsy Springs canyon; 6, Nankabunyana canyon; 7) Salt Creek canyon; 8, 

Mocatoona canyon; 9, Puttapa canyon; 10, Beltana canyon. Orange circles indicate mid-

Ediacaran allochthonous salt sheets. M, Mucatoona diapir; P, Pinda diapir; B, Beltana diapir; 

PA, Patawarta diapir. B) and C) Geologic maps modified from Rowan et al. (2020) for Pinda 

diapir and Beltana diapir, respectively. Numbered blue lines are measured sections from this 

study. Subsalt sections start from the top of the ABC Range Quartzite (sections 1, 2, and 3 in 

B, and sections 1, 2, and 3 in C). 
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The mechanism of Wonoka canyon incision has been debated for decades (von der Borch 

et al., 1985, 1989; Haines, 1987; Eickhoff et al., 1988; Christie-Blick et al., 1990, 1995; 

Giddings et al., 2010). Although the generally accepted view is that the canyons reflect marine 

mass wasting at an ancient continental margin, recent work continues to favor erosion by rivers 

in response to the evaporative drawdown of sea-level in a marine embayment temporarily 

isolated by the lowering of sea level during the ~580 Ma Gaskiers glaciation (Pu et al., 2016; 

Christie-Blick et al., 2020; Giles et al., 2020).  

Isotope conglomerate tests conducted by Husson et al. (2012, 2015a) on the polymictic 

conglomerate facies observed in the basal Wonoka canyon fill identified an unusual population 

of carbonate clasts, particularly dolomite clasts, with geochemical signatures that do not align 

with those measured in the Wonoka canyon wall carbonate beds. The origin of these unusual 

dolomite clasts remained unclear, with Husson et al. (2012) suggesting that they indicated 

variable levels of Wonoka canyon incision, and Husson et al. (2020) invoking an early 

dolomitization process in the Wonoka prior to redeposition in the Wonoka canyon fill. This early 

dolomitization process was suggested by Husson et al. (2020) to support the hypothesis that there 

was an intensely stratified Ediacaran seawater column.  

New stratigraphic, chemostratigraphic, geochemical (δ13C, δ26Mg, and Mg/Ca), and 

petrographic data from the Pinda and Beltana diapirs (Figures 2B and 2C) 1) provide support for 

the idea that allochthonous salt breakout and canyon incision were coeval, and that the erosional 

truncation of diapir roofs may have been responsible for the breakout event; and 2) demonstrate 

that diapir-derived detritus was included within the basal polymictic conglomerate fill of the 

Wonoka canyons. To my knowledge, this is the first study to make a connection between these 

individually unusual phenomena, with implications for the paleonvironmental context of the 



116 

 

Shuram excursion in South Australia, the stratification of the Ediacaran seawater column, and 

the early evolution of animals.  

4.2 Methods    

4.2.1 Tablet-based geologic mapping on drone imagery 

Sub meter-scale tablet-based geologic mapping was conducted on basemaps created 

using drone-derived orthomosaic images in QGIS v. 3.22.4 software.  The significantly higher 

resolution of the drone-derived basemaps compared to Google satellite derived images improved 

the ability to more accurately locate bedding surfaces and structural features while mapping and 

measuring stratigraphic sections.  

4.2.2 Measured stratigraphic sections 

Nine stratigraphic sections were measured across the Flinders Ranges in this study 

(Figures 2, 5, and 6). The starting points for all sections were recorded using GPS-locating QGIS 

software (Table A4). A Jacob’s staff with a length of 1.6 m and an international Brunton 

Compass with the magnetic declination set to 7ᵒ2’E was used. Strike and dip data were collected 

every 5-15 m in each stratigraphic section and recorded in GPS-enabled software. Georeferenced 

strike and dip data are available upon request. Sedimentologic description for each measured 

section was recorded in stratigraphic description tables and is available upon request. 

Sedimentologic descriptions vary from 5 cm to 100 m in resolution. One hundred fifty-eight 

hand samples for carbon and oxygen isotope analysis were collected within the context of these 

measured sections (Table A3 and A4). 

4.2.3 Carbon and oxygen isotopes 

One hundred eighty-eight hand samples were cut with a rock saw to provide unweathered 

surfaces. Powdered samples were placed in 1.5 mL microcentrifuge tubes and sent to the KECK-
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NSF Paleoenvironmental and Environmental Laboratory at Kansas University, where δ13C and 

δ18O were measured. Stable carbon and oxygen isotope analyses were performed using a dual 

inlet Finnigan MAT 253. Powdered samples were individually acidified using a Kiel IV 

carbonate device. Data were calibrated relative to the Vienna Peedee belemnite (VPDB) scale 

using internationally accepted (primary) standards NBS-18 and NBS-19 and daily performance 

was monitored using laboratory established (secondary) standards TSF-1, SIGMA CALCITE, 

and 88b Dolomite. Precision was better than 0.10‰ for both δ13C and δ18O. 20 samples were run 

for duplicate measurements. Geochemical data for the 190 samples is available is Table A3 and 

A5. 

4.2.4 Mg isotopes and Mg/Ca measurements 

Thirty hand samples of diapir carbonate clasts from Beltana and Pinda were cut with a 

rock saw to provide an unweathered surface and micro-drilled. These same samples were also 

micro-drilled for δ13C and δ18O analyses. Mg and Ca analyses were conducted at University of 

Chicago and followed methods outlined in detail by Husson (2014). Geochemical data for the 30 

samples are available in Table A5 and are plotted in Figure 4. 

4.3 Diapir-derived detritus in the canyon fill    

Unusual clasts of dolomite, quartzite, and chert lithologies in conglomerate of the 

Wonoka canyon fill were found to share similar lithologic and geochemical signatures to diapiric 

breccia clasts associated with allochthonous salt sheets at Beltana and Pinda. 

4.3.1 Dolomite clasts  

Husson et al. (2012, 2015a,b) found that dolomite clasts in the Wonoka canyon fill at 

Umberatana syncline have δ13C and δ26Mg values that were not comparable to dolomite beds in 

the Wonoka canyon walls. Additionally, the dolomite clasts in the Wonoka canyon fill 
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conglomerate are boulder-sized, with some clasts displaying dimensions >3 m. No other 

stratigraphy in the canyon walls, apart from salt diapirs, has appropriate lithology, bed thickness, 

or geochemical values to have sourced the unusual dolomite clasts in the Wonoka canyon fill. 

Diapiric breccia from the Beltana and Pinda allochthonous sheets contain dolomite and limestone 

clasts with dimensions >3 m. Hand sample and petrographic analyses of the diapiric breccia 

dolomite clasts indicate that the lithology and dimensions of the diapiric dolomite clasts are 

comparable to those observed at Umberatana syncline, Oodnapanicken and Patsy Springs (Figure 

3A and 3B).  
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Figure 3: (A) Representative field photographs from the Wonoka Formation canyon 

fill and allochthonous salt diapir breccia locations. (A) Example of the polymictic 

conglomerate found at the base of higher-order sequences in the basal Wonoka canyon fill at 

Umberatana syncline. Dolomite clast example circled in red. Geologist for scale. Image 

modified from Husson et al. (2015a). (B) Example of a dolomite clast in the diapiric breccia at 

Beltana. Rock hammer for scale. (C) Red chert clast in a polymictic conglomerate in a basal 

higher-order cycle in the Patsy Springs canyon fill. Mechanical pencil tip for scale. (D) Red 

chert clast removed from the diapir-associated rim dolomite facies at Beltana diapir. (E) 

Example of a rounded quartzite clast in the polymictic conglomerate in a basal higher-order 
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cycle at the Oodnapanicken canyon. Red circle indicates quartzite clast examples. Mechanical 

pencil for scale. (F) Example of rounded quartzite clasts in the diapiric breccia at Beltana. Red 

circle indicates a rounded quartzite clast example. Rock hammer top for scale. 

 

Thirty δ13C, δ26Mg, and Mg/Ca analyses of the diapiric breccia dolomite clasts indicate 

that dolomite clasts from the salt sheets are the only plausible source for dolomite clasts in the 

canyon fill based on similar δ26Mg values (Figure 4A). Additionally, δ13C values from diapiric 

dolomite clasts are primarily positive, and comparable to the values obtained for clasts collected 

at Umberatana syncline (Figure 3B). Husson et al. (2012) also sampled conglomerates at the 

Nankabunyana (Saint Ronan) canyon location, but did not find a dolomite clast population with 

positive δ13C values nor unusual δ26Mg values such as were observed at Umberatana syncline.  

It should be noted that Husson et al. (2012) analyzed carbonate clasts only from 

monolithologic conglomerates at Nankabunyana, conglomerates that differ from the polymictic 

conglomerates measured at Umberatana syncline. I will note here that diapir-derived detritus 

could have been included preferentially in some but not all Wonoka canyons. It is not expected 

that all canyons sourced parts of their fill from salt diapirs. Sourcing diapiric material is 

dependent on the paleogeographic proximity and interaction of the canyon with local diapirs. 

However, if the carbonate clasts, particularly the dolomite clasts in the canyon fill, were 

supposed to be sourced exclusively from carbonate layers in the Wonoka, it would be expected 

that the polymictic conglomerate at all Wonoka canyon locations should include dolomite clast 

populations with positive δ13C values and unusual δ26Mg values, and that the clast sizes be less 

than < 1 m.  
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Figure 4: (A) Plot of δ26Mg vs. Mg/Ca for Wonoka canyon-shoulder samples from 

sections 4 and 6 of Husson et al. (2015a,b), carbonate clasts from polymictic conglomerate at 

Umberatana syncline (from Husson et al., 2015), and dolomite clasts from breccias at Beltana 

and Pinda diapirs. Dashed purple circle indicates the zone of overlap observed for unusual 

Wonoka canyon fill carbonate clasts and diapiric breccia carbonate clasts. (B) Distribution of 

δ13C values for dolomite clasts from polymictic conglomerate in the Wonoka canyon at 

Umberatana syncline (Husson, 2014), Husson (2014)’s canyon wall dolomite beds in sections 

4 and 6, and for dolomite clasts from the diapiric breccia at Pinda and Beltana. 

 

4.3.2 Quartzite clasts 

A second type of unusual clast in the polymictic conglomerate of the canyon fill consists 

of rounded quartzite clasts. These consistently display brown outer rinds (Figure 3E). While the 
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quartzite clasts were originally hypothesized to have been sourced from the ABC Range 

Quartzite, the ABC Range Quartzite has not been observed to develop brown rinds in outcrop. 

The diapiric breccia and rim dolomite at Pinda and Beltana both display rounded to sub-rounded 

pebble to boulder quartzite clasts with brown outer rinds (Figure 3F). Hand sample and 

petrographic analysis of quartzite clasts from the Wonoka canyon fill and the diapiric breccia 

confirm that the rock types are comparable.  

4.3.3. Chert clasts 

The third unusual clast type of the polymictic conglomerate is red chert observed in the 

lowest point in Patsy Springs canyon (Figure 3C). Excluding diapiric breccia, silicified material 

of this color is not present anywhere in the Wonoka canyon shoulder stratigraphy (Haines, 1987; 

Husson et al., 2015a). The diapir-associated rim dolomite facies at Beltana diapir was observed 

to contain abundant rounded to sub-angular cobble to boulder red chert clasts that appear 

lithologically identical in hand sample to the clast observed at Patsy Springs canyon (Figure 3D). 

4.4 Timing of allochthonous salt breakout and canyon incision  

Stratigraphic data from 9 measured sections and 158 δ13C analyses from the subsalt and 

supra-salt sections of the Pinda and Beltana diapirs (Figures 5A and 6A) indicate that the time 

window for allochthonous salt breakout closely overlaps with the time of Wonoka canyon 

incision (Figures 4B and 5B). The succession of calcareous sandstone, calcareous sandy 

siltstone, and siltstone directly beneath the salt sheets (subsalt) at Pinda and Beltana diapirs is 

consistent with Wonoka units 2 and 3 of Haines (1987, 1988), though sandstone layers in unit 2 

are less abundant than typical. Unit 1 carbonate was not recognized at either location. The 

stratigraphy directly above the salt sheets (suprasalt) is composed of calcareous sandstone, 

calcareous sandy siltstone, and purple and green limestone. The presence of green limestone is 
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indicative of Wonoka unit 4, and increases in abundance towards the top of the unit. δ13C 

measurements from the subsalt stratigraphy at the Pinda salt sheet provide values consistent with 

those shown by Husson (2014) and Husson et al. (2015a) to be associated with Haines units 2 

and 3 (Figure 5A). Notably, the Shuram nadir that is associated with unit 3 is observed in section 

3. At Beltana diapir, the δ13C measurements of the subsalt stratigraphy, although fewer in 

number than at Pinda diapir, are consistent with Haines unit 2 since I did not measure the 

Shuram nadir that is present in unit 3 (Figure 6A). The suprasalt stratigraphy at Pinda and 

Beltana record δ13C values associated with Haines units 4 to 10. The return to positive δ13C 

values in the Shuram excursion trend, which was shown by Husson (2014) to be a characteristic 

of units 9 and 10, can be clearly observed in the suprasalt stratigraphy. I suspect that the more 

variable than expected δ13C values in the subsalt strata close to the diapir are due to diapir-

associated fluid alteration. However, additional data are needed to evaluate this hypothesis. My 

combined results from lithologic and chemostratigraphic data from the subsalt and suprasalt 

stratigraphy allow me to constrain the allochthonous salt breakout window as within Wonoka 

units 3 and 4 at both Pinda and Beltana diapirs. Approximately coeval breakout levels are 

observed at the Patawarta and Mucatoona diapirs (Rowan et al., 2020). Most important, the 

breakout level is indistinguishable from the level of canyon incision.  
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Figure 5: (A) Chemostratigraphic profiles (with variable vertical scales) through the 

calcareous subsalt and suprasalt stratigraphy at Pinda diapir. Sections are located in Figure 

1B. Colored boxes indicate gross lithology. B) Synthesis of 12 chemostratigraphic profiles of 

the Wonoka Formation across the Flinders Ranges, simplified from Husson (2014). Red line 
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indicates degree 20 polynomial curve from Husson (2014) summarizing the overall variation 

of isotopic values. Black numbered circles show how my profiles are interpreted to 

correspond with Husson’s data (pink box for sections 1-3; and blue box for section 4). 

Lithostratigraphic subdivision for the Wonoka Formation is from Haines (1987, 1988). 

Location of measured sections is shown in Table A5. 
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Figure 6: A) Chemostratigraphic profiles (with variable vertical scales) through the 

calcareous subsalt and suprasalt stratigraphy at Beltana diapir. Sections are located in Figure 

1C. Colored boxes indicate gross lithology. B) Synthesis of 12 chemostratigraphic profiles for 

the Wonoka Formation across the Flinders Ranges, simplified from Husson (2014). Red line 

indicates degree 20 polynomial curve from Husson (2014) summarizing the overall variation 

of isotopic values. Black numbered circles show how my profiles are interpreted to 

correspond with Husson's data (pink box for sections 2-3; and blue box for section 4). 

Lithostratigraphic subdivision of the Wonoka Formation is from Haines (1987, 1988). 

Location of measured sections is shown in Table A5. 

 

4.5 Constraints on the duration of allochthonous salt breakout  

The hypothesized duration of allochthonous salt breakout is ~1.56 Myr, using the 

estimated fraction of the preserved Shuram excursion and my constraints that allochthonous salt 

breakout occurred during Haines unit 3 and 4 time. The Wonoka Formation is on average ~900 

m thick, with units 3 and 4 accounting for ~200 m of the 900 m thickness (Husson et al., 2015a). 

Rooney et al. (2020) documented a ~7 Myr duration for the Shuram excursions in Oman and 

Canada from Re-Os constraints. Astrochronological results in Oman further support a ~7 Myr 

duration (Gong and Li, 2020). If I assume that the 900 m of the Wonoka Formation recording the 

Shuram excursion represents a duration of 7 Myr, then units 3 and 4 represent a duration of 1.56 

Myr, suggesting that allochthonous salt breakout initiated and ended within in 1.56 Myr. It 

should be noted that global correlation of the Shuram excursion remains to be established and it 

is possible the Shuram excursion in South Australia has a different duration than the excursions 

in Oman and Canada. 

My results indicate that diapir-derived clasts are a major constituent of the polymictic 

conglomerate facies identified in the basal Wonoka canyon fill and are present at multiple 

stratigraphic levels in the basal canyon fill stratigraphy. If the maximum duration of 
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allochthonous salt breakout is 1.56 Myr (assuming the Shuram excursion occurred over ~ 7 

Myr), then salt breakout occurred within that timeframe.  

4.6 Stratigraphic level of canyon incision    

Husson et al. (2015a) stated that the carbonates supplying clast material to Umberatana 

synclines and Nankabunyana paleocanyons were eroded from Wonoka canyon walls, with 

carbonate clasts in the canyon fill conglomerates recording the full range of δ13C values in the 

Shuram excursion (-12‰ to +5‰). Given that the positive δ13C values for the Shuram excursion 

are recorded in Wonoka units 9 to 11, Husson et al. (2015a) suggested that the positive δ13C 

values in the Umberatana syncline canyon fill carbonate clasts were sourced from carbonate beds 

in Wonoka units 9 to 11. However, the carbonate beds in the Wonoka canyon walls are not more 

than a few centimeters thick, which is not of appropriate scale to source the abundant boulder 

clasts in the canyon fill with widths > 2 m. Additionally, the dolomite clasts in the canyon fill do 

not record the same δ26Mg values as carbonate beds in the Wonoka canyon walls, and some of 

the limestone material would be required to have been dolomitized prior to redeposition in the 

canyon fill. My results show that salt diapiric breccia at the Beltana and Pinda diapirs possesses 

multimeter carbonate clasts that include dolomites of appropriate lithology and δ13C and δ26Mg 

values to have provided clasts to the Wonoka canyon fill. Wonoka canyon incision and filling up 

to unit 9-11 time is not required and not supported by carbonate clast diameter and geochemistry 

within the canyon fill. 

4.7 Canyon dolomite clasts do not provide evidence for a strong Ediacaran seawater 

gradient   

Large differences in δ13C values from limestone grains and dolomite crystals in Wonoka 

facies have been argued by Husson et al. (2020) to indicate a strong Ediacaran seawater gradient. 
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Evidence for a strong δ13C gradient in Ediacaran oceans has been shown with the variability of 

carbon isotope data collected in Ediacaran stratigraphy in China (Jiang et al., 2007; Shen et al., 

2011). In contrast, carbon isotope data collected by Husson et al. (2012; 2015a) showed that 

isotopic values in the Wonoka Formation in South Australia were remarkably stratigraphically 

consistent. Husson et al. (2020) also conducted secondary ion mass spectrometry (SIMS) δ13C 

analyses on lower Wonoka stratigraphy recording the -12‰ nadir of the Shuram excursion, and 

determined that limestone grains interpreted as sedimentologically transported recorded the 

nadir, while dolomite rhombs suggested to have grown in place in the same sample recorded 

positive δ13C values. Husson et al. (2020) further suggested that the same fluid with positive δ13C 

values that was responsible for the dolomite rhombs also dolomitized the dolomite clasts with 

positive δ13C values in the basal Wonoka canyon fill prior to redeposition. The transformation to 

dolomite would have occurred early under open system conditions. This requires a formation 

fluid with substantially different δ13C composition from basin waters or bulk sediment. This 

suggests that there could have been a large δ13C in the surface environment, with shallow waters 

capable of precipitating carbonates with very low δ13C, and deeper shelf and or marine pore 

waters generating carbonates with positive δ13C values. However, my results shows that the 

dolomite clasts with positive δ13C values in the Wonoka canyon fill were sourced from salt 

diapirs and not the canyon wall. Therefore, the dolomite clasts with positive δ13C values should 

not be used as supporting evidence for a strong Ediacaran seawater gradient since they are not of 

Ediacaran age. This result also suggests that 1) the canyon fill dolomite clasts are not related to 

the dolomite rhombs found in the lower Wonoka stratigraphy in canyon shoulders; and 2) the 

dolomite rhombs could have potentially been formed from diapir related fluids rather than fluids 

strictly from Ediacaran seawater. The origin of the dolomite rhombs requires further 



129 

 

investigation to determine their source. I suggest that the dolomite material in the Wonoka 

canyon fill should be interpreted with caution when considering gradients in Ediacaran seawater.  

4.8 Mechanism of allochthonous salt breakout   

Several known salt-sheet triggering mechanisms are unlikely for the examples 

documented here. First, although an Ediacaran-age onset for the Delamerian orogeny has been 

suggested (Lemon, 1988; Rowan and Vendeville, 2006), a tectonic mechanism is not favored 

because there is no compelling stratigraphic or structural evidence for regional shortening 

contemporaneous with salt breakout and canyon incision (Haines, 1987; von der Borch et al., 

1985). Second, there is also no evidence in the stratigraphic interval of interest for counter-

regional welds and expulsion rollovers that would indicate loading-driven narrowing of diapirs 

leading to salt breakout (see Rowan, 2017). Third, marine headward erosion and slow deep shelf 

sedimentation are localized mechanisms, and would not plausibly trigger salt breakout at several 

widespread locations. Additionally, the lithology of the Wonoka Formation is more consistent 

with that of a carbonate shelf than that of a deep basin environment (Haines, 1987). Instead, the 

rapid removal of overburden via subaerial erosion and associated non-deposition related to sea-

level fall and exposure would have been sufficient to trigger allochthonous salt spreading. It is 

the most reasonable interpretation of available data.  

Chapter 2 and 3 of this dissertation reinforce the view that the Wonoka canyons were 

incised by subaerial erosion related to large-scale sea-level drawdown. High-resolution physical 

stratigraphic analysis of the canyon fill at Umberatana syncline (locality 1 in Figure 1A) 

demonstrates the presence of fluvial-deltaic cycles in the basal canyon fill stratigraphy (Chapter 

2). The drawdown would have been accompanied by regional, sustained subaerial erosion and 

non-deposition that would have been able to thin/remove diapir roofs across the Flinders Ranges. 
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I regard such a drawdown as the most plausible mechanism to trigger regional allochthonous salt 

breakout during Wonoka time. Additionally, my data show that diapir-derived detritus is 

abundant in the basal conglomerate fill of the Wonoka canyons, as would be expected. 

The model for the mechanistic connection between salt breakout and canyon incision is 

illustrated in Figure 7. Panel 1 shows a time early in the deposition of the Wonoka Formation 

(units 2-3) when a salt diapir was growing beneath a thin roof of shallow-water marine 

sediments. Panel 2 illustrates the subaerial exposure of Wonoka unit 3 and the onset of incision. 

Panel 3 shows salt breakout and lateral sheet flow over the land surface, with diapir-derived 

detritus being reworked into the basal fluvial to shallow-marine canyon fill. Panel 4 corresponds 

with deposition of Wonoka units 4-10. Allochthonous salt climbed within Wonoka unit 4-10 

stratigraphy via ramp-flat geometry (Rowan et al., 2020), until allochthonous flow ultimately 

ceased, and the sheet was buried by the upper part of the Wonoka Formation.  
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Figure 7: Schematic model of allochthonous salt breakout and Wonoka canyon 

incision interpreted in this study. Red line indicates the canyon-cutting unconformity. See 

text for details. 

4.9 Conclusions and implications   

The simplest explanations for my data is 1) that allochthonous salt breakout and canyon 

incision occurred regionally at the same stratigraphic level, contemporaneously with widespread 

erosion and non-deposition associated with evaporative sea-level drawdown in a marine 

embayment temporarily isolated by the lowering of sea level during the ~580 Ma Gaskiers 

glaciation; and 2) that unusual clasts in the basal fill of the Wonoka canyons were derived from 

diapiric breccia as salt diapirs dynamically interacted with the contemporaneous incision and 
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filling of canyons. This interpretation presents the first outcrop evidence in the geologic record 

for subaerial erosion and non-deposition as a mechanism capable of triggering appreciable salt 

breakout at a regional scale. Given that the Shuram excursion stratigraphically brackets the 

allochthonous salt breakout and canyon-cutting events, I suggest that the excursion may have 

been influenced in part by the geochemical evolution of the isolated marine embayment into 

which the canyons drained. The inferred regional isolation and rapid environmental change also 

closely precede the emergence of the Ediacara fauna, and present a new context in which both 

the organisms and their stratigraphic record must be considered. Lastly, my results show that 

dolomite clasts in the canyon fill with positive δ13C values are most plausibly sourced from 

diapiric breccia, removing the necessity of an intensely stratified Ediacaran seawater column. 
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Appendix A  

This appendix includes all isotopic, lithologic, and location data for samples, isotopic analyses, 

and measured sections discussed in Chapters 1 to 4.  

 

Table A1. Location data for measured stratigraphic sections at Umberatana syncline. Latitude 

and longitude data provided in WGS 84/ UTM zone 54S. Incision abbreviations are as 

follows: South Muccabaloona (SM), North Muccabaloona (NM), Fortress Hill (FH), Mt. 

Curtis (MC). 

Section Latitude Longitude Incisio

n 

NUCC22-01 301132.3 6658417.14 SM 

MUCC22-01 302756.7 6658863.61 SM 

MUCC22-02 302690.6 6658783.81 SM 

MUCC22-03 302918.8 6658903.4 SM 

MUCC22-04 303389.6 6659311.84 SM 

MUCC22-05 303394.6 6659340.29 SM 

MUCC22-06 303268.4 6659406.7 SM 

MUCC22-07 303536.8 6659328 SM 

MUCC22-08 303410 6659366.74 SM 

MUCC22-09 303456.6 6659061.17 SM 

WALL22-01 309481.4 6664071.72 NM 

NMUCC22-01 302942.2 6660527.16 NM 

NMUCC22-02 303145.3 6660679.5 NM 

NMUCC22-03 303504.4 6660949.41 NM 

NMUCC22-04 303473.1 6660923.39 NM 

NMUCC22-05 303645.1 6661037.44 NM 

NMUCC22-06 303725.6 6661073.76 NM 

NMUCC22-07 303808.8 6661125.37 NM 

NMUCC22-08 303704.8 6661025.62 NM 

NMUCC22-09 304151.3 6661236.49 NM 

NMUCC22-10 304033.6 6661081.7 NM 

NMUCC22-11 304303 6661313.86 NM 

NMUCC22-12 304552.8 6661355.34 NM 

NMUCC22-14 304618.1 6661320.98 NM 

NMUCC22-15 304595.5 6661308.04 NM 
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NMUCC22-13 304681.8 6661424.81 NM 

NMUCC22-16 304791 6661295.6 NM 

NMUCC22-18 303745.9 6661065.68 NM 

NMUCC22-19 304327.7 6661327.65 NM 

CAN2-02 304608.8 6657263.81 MC 

CAN2-01 304593.6 6657257.26 MC 

CAN2-03 304032.3 6656862.48 MC 

CAN2-04 304025.5 6656855.33 MC 

CAN1-01 302822.4 6653479.17 FH 

MUCC19-01 302763 6658853.89 SM 

MUCC19-02 302674.6 6658803.88 SM 

MUCC19-03 302326.6 6658599.87 SM 

MUCC19-04 302980 6659008.22 SM 

MUCC19-05 302923.3 6658923.11 SM 

MUCC19-06 303046.5 6659107.91 SM 

MUCC19-08 303251.4 6659060.77 SM 

MUCC19-09 303252.1 6659156.14 SM 

MUCC19-10 303277.3 6659224.41 SM 

MUCC19-11 303349.7 6659281.89 SM 

MUCC19-12 303144.4 6659206.14 SM 

MUCC19-13 303122.1 6659168.41 SM 

MUCC19-14 303292.9 6659396.74 SM 

MUCC19-15 303607.2 6659422.58 SM 

MUCC19-16 303845 6659236.06 SM 

MUCC19-17 303864.4 6659290.19 SM 

MUCC19-18 303871.8 6659262.04 SM 

MUCC19-19 304275.2 6659457.75 SM 

MUCC19-22 303491.7 6659120.7 SM 

MUCC19-23 303479.2 6659089.14 SM 

MUCC19-24 303472 6659085.43 SM 

MUCC19-25 303428.9 6659043.98 SM 

MUCC19-26b 303379.3 6659030.5 SM 

MUCC19-26 303393.1 6659043.98 SM 

MUCC19-28 303362.3 6659103.9 SM 

MUCC19-20 304324.4 6659514.99 SM 

MUCC19-29 303370.3 6659483.2 SM 

MUCC19-21 304539.8 6659693.65 SM 

MUCC19-30 305476.3 6659175.67 SM 

MUCC19-31 303789.3 6659467.18 SM 

NMUCC19-01 303252.8 6660849.9 NM 

NMUCC19-02 303325 6660857.6 NM 

NMUCC19-03 303466 6660922.9 NM 

NMUCC19-04 303496 6660942.3 NM 
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NMUCC19-05 303524.6 6660953.64 NM 

 

Table A2. Cycle thickness and the sections used to calculate for the South Muccabaloona 

incision (SM) and North Muccabaloona incision (NM) at the Umberatana syncline Wonoka 

canyon. 

Cycle 

Thickness (Total) 

m Sections used 

SM 1-1' 11.5 

Section MUCC22-01 (a to top sand above 

conglomerate of a') 

SM 1'-2 40.6 

Section MUCC22-01 surface a' (top of 

conglomerate 1') to b'= 28 m, Section MUCC22-

03 surface b' to e = 17.5, section 4 surface e to 

coarsening up sand on top of conglomerate 2 = 

4.9  

SM 2 to 3 43.2 

Section MUCC19-06 coarsening up sand atop 

conglomerate 2 to surface h 

SM 3 to 4 24.3 

Section MUCC19-06 (h across to h in section 

MUCC19-10), section MUCC19-10 (h to l) 

SM 4 to 5 18.7 

Section MUCC19-10 (l to m, using m across to 

section MUCC19-06) = 14.7 m, section 

MUCC19-06 (m to mid sand - n equivalent from 

MUCC19-08) = 4 m 

SM 5 to 6 19.8 

Section MUCC19-06 (mid sand above surface 5 

to s)  = 19.8 m 

SM 6 to 7 107.9 

Section MUCC19-06 surface m to surface s (top 

of conglomerate 6) = 23.8 m, section MUCC22-

07 surface m to v (top of conglomerate 7) = 131.7 

m, subtract 23.8 m from 131.7 m = 107.9 m 
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NM 1 to 2 70.5 

Section NMUCC19-01 surface x to a" = 51 m, 

section NMUCC19-02 surface a" to a = 0.5 m, 

NMUCC19-03 surface a to c = 3 m, NMUCC22-

03 surface c to b' (b' top of conglomerate 2) = 16 

m 

NM 2 to 3 31.4 

Section NMUCC22-05 surface b (top of 

conglomerate 2)' to d = 31.4 m (d is top of 

conglomerate 3) 

NM 3 to 4  105.6 

Section NMUCC22-08 d to f = 105.6 m (f top of 

conglomerate 4) 

NM 4 to 5 89.4 

Section NMUCC22-11 f (top of conglomerate 4) 

to g (top of conglomerate 5) = 89.4 

NM 5 to 6 32.8 

Section NMUCC22-12 surface g (top of 

conglomerate 5) to h (top of conglomerate 6) = 

32.8 

NM 6 to 7 14.8 

Section NMUCC22-14 h (top of conglomerate 6) 

to I (top of conglomerate 7) = 14.8 m 

NM 7 to 8  52.55 

Section NMUCC22-13 surface I (top of 

conglomerate 7) to j (top of conglomerate 8) = 

52.55 m 

 

Table A3. Location data for stratigraphic sections at Oodnapanicken canyon. Location data 

provided in WGS 84/ UTM zone 54S. 

Section Latitude Longitude 

OODNA22-01 288173.8 6631645 

OODNA22-02 288137.7 6631654 

OODNA22-03 288253 6631511 

OODNA22-04 288420.3 6631499 

OODNA22-05 293737 6629998 

OODNA22-06 288261.6 6631459 

OODNA22-07 287716.6 6631721 

OODNA22-08 287331.3 6631753 

OODNA22-09 287581.3 6631749 
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OODNA22-10 287976.3 6631641 

OODNA22-11 288000.3 6631482 

OODNA22-12 288774.2 6631447 

OODNA22-13 288419.9 6631447 

OODNA22-14 287146.5 6631733 

 

Table A4. Isotopic data, lithologic data, stratigraphic data and location coordinates for diapir 

stratigraphy samples from the Flinders Ranges. 1Duplicate measurement. 2Stratigraphic 

heights shown in Figures 2A and 3A in Chapter 3 for subsalt stratigraphic sections were 

adjusted to represent the height from the top of the Bunyeroo Formation. 

Sam

ple 

ID  

Long

itude 

Latitu

de 

d 

13

C 

VP

DB 

d1

8

O 

V

P

D

B 

Lithology Measured 

stratigraphic 

section name 

BEL

TAN

A22-

24 

138.

4219

61 

-

30.672

38253 

3.6

5 

-

4.

24 

Dolomite with 

quartzite clasts 

BELTANA22-02 

(section 3 from 

Figure 1C and 3) 

BEL

TAN

A22-

25 

138.

4218

291 

-

30.672

43917 

3.4

9 

-

1.

46 

Dolomite with 

quartzite clasts 

BELTANA22-02 

(section 3 from 

Figure 1C and 3) 

BEL

TAN

A22-

26 

138.

4218

34 

-

30.672

37265 

3.5

5 

-

1.

62 

Carbonate BELTANA22-02 

(section 3 from 

Figure 1C and 3) 

BEL

TAN

A22-

28 

138.

4218

294 

-

30.672

29665 

3.0

3 

-

2.

13 

Carbonate BELTANA22-02 

(section 3 from 

Figure 1C and 3) 
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BEL

TAN

A22-

29 

138.

4217

392 

-

30.672

27927 

1.4

8 

-

3.

50 

Carbonate-

cemented 

sandstone 

BELTANA22-02 

(section 3 from 

Figure 1C and 3) 

BEL

TAN

A22-

30 

138.

4216

965 

-

30.672

24662 

0.1

5 

-

3.

94 

Carbonate BELTANA22-02 

(section 3 from 

Figure 1C and 3) 

BEL

TAN

A22-

32 

138.

4216

308 

-

30.672

2532 

-

6.7

8 

-

6.

57 

Carbonate BELTANA22-02 

(section 3 from 

Figure 1C and 3) 

BEL

TAN

A22-

42 

138.

4211

492 

-

30.671

67463 

-

7.7

5 

-

8.

70 

Purple siltstone BELTANA22-02 

(section 3 from 

Figure 1C and 3) 

BEL

TAN

A22-

52 

138.

4206

272 

-

30.671

18732 

-

7.7

0 

-

12

.2

4 

Interbedded 

carbonate and 

siltstone 

BELTANA22-02 

(section 3 from 

Figure 1C and 3) 

BEL

TAN

A22-

81 

138.

4193

652 

-

30.670

55172 

-

8.4

5 

-

11

.6

3 

Carbonate-

cemented 

sandstone with 

siltstone 

BELTANA22-02 

(section 3 from 

Figure 1C and 3) 

BEL

TAN

A22-

119 

138.

4178

045 

-

30.667

45392 

-

6.2

7 

-

10

.7

6 

Carbonate-

cemented 

sandstone with 

siltstone 

BELTANA22-02 

(section 3 from 

Figure 1C and 3) 

BEL

TAN

A22-

142 

138.

4135

442 

-

30.665

08228 

1.9

7 

-

9.

07 

Interclast 

carbonate 

BELTANA22-02 

(section 3 from 

Figure 1C and 3) 

BEL

TAN

A22-

157 

138.

4128

175 

-

30.662

3545 

-

0.0

3 

-

7.

58 

Grey carbonate BELTANA22-02 

(section 3 from 

Figure 1C and 3) 
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BEL

TAN

A22-

38 

138.

4214

015 

-

30.672

00802 

-

6.3

1 

-

8.

61 

Purple siltstone BELTANA22-02 

(section 3 from 

Figure 1C and 3) 

BEL

TAN

A22-

46 

138.

4208

84 

-

30.671

43863 

-

10.

65 

-

12

.9

1 

Carbonate BELTANA22-02 

(section 3 from 

Figure 1C and 3) 

BEL

TAN

A22-

64 

138.

4203

684 

-

30.670

89733 

-

7.4

5 

-

12

.0

6 

Carbonate-

cemented 

sandstone and 

siltstone 

BELTANA22-02 

(section 3 from 

Figure 1C and 3) 

BEL

TAN

A22-

67 

138.

4202

7 

-

30.670

7632 

-

7.1

3 

-

13

.2

4 

Carbonate-

cemented 

sandstone and 

siltstone 

BELTANA22-02 

(section 3 from 

Figure 1C and 3) 

BEL

TAN

A22-

69 

138.

4197

313 

-

30.670

93737 

-

7.8

1 

-

12

.3

1 

Carbonate BELTANA22-02 

(section 3 from 

Figure 1C and 3) 

BEL

TAN

A22-

85 

138.

4190

052 

-

30.670

04928 

-

9.3

1 

-

11

.1

5 

Green carbonate BELTANA22-02 

(section 3 from 

Figure 1C and 3) 

BEL

TAN

A22-

91 

138.

4186

947 

-

30.669

63348 

-

10.

74 

-

11

.4

7 

Green siltstone 

with sandstone 

BELTANA22-02 

(section 3 from 

Figure 1C and 3) 

BEL

TAN

A22-

95 

138.

4183

501 

-

30.669

34765 

-

6.4

0 

-

6.

81 

Green siltstone 

with sandstone 

BELTANA22-02 

(section 3 from 

Figure 1C and 3) 

BEL

TAN

A22-

102 

138.

4181

315 

-

30.668

81543 

-

6.7

9 

-

12

.5

2 

Green siltstone, 

sandstone, and 

carbonate 

BELTANA22-02 

(section 3 from 

Figure 1C and 3) 
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BEL

TAN

A22-

126 

138.

4176

763 

-

30.666

9269 

-

6.3

1 

-

11

.2

0 

Sandy carbonate 

with siltstone 

BELTANA22-02 

(section 3 from 

Figure 1C and 3) 

BEL

TAN

A22-

133 

138.

4149

077 

-

30.667

31762 

-

5.8

0 

-

11

.2

3 

Sandy carbonate 

with siltstone 

BELTANA22-02 

(section 3 from 

Figure 1C and 3) 

BEL

TAN

A22-

139 

138.

4140

043 

-

30.666

71002 

-

5.6

1 

-

10

.0

5 

Carbonate BELTANA22-02 

(section 3 from 

Figure 1C and 3) 

BEL

TAN

A22-

141 

138.

4138

978 

-

30.666

5763 

-

5.2

0 

-

11

.1

9 

Carbonate BELTANA22-02 

(section 3 from 

Figure 1C and 3) 

BEL

TAN

A22-

145 

138.

4134

356 

-

30.664

80402 

3.0

5 

-

7.

23 

coarse-grained 

sandy carbonate 

BELTANA22-02 

(section 3 from 

Figure 1C and 3) 

BEL

TAN

A22-

146 

138.

4133

485 

-

30.664

08357 

2.9

2 

-

8.

97 

Fine-grained 

sandy carbonate 

BELTANA22-02 

(section 3 from 

Figure 1C and 3) 

PUT

TAP

A22-

02 

138.

4071

936 

-

30.705

23008 

-

1.0

0 

-

2.

29 

Purple siltstone BELTANA22-02 

(section 3 from 

Figure 1C and 3) 

PUT

TAP

A22-

07 

138.

4069

969 

-

30.705

24638 

4.1

2 

-

2.

01 

Siltstone with 

very-fine 

sandstone 

BELTANA22-03 

(section 1 from 

Figure 1C and 3) 

PUT

TAP

A22-

08 

138.

4067

164 

-

30.705

17712 

-

1.0

1 

-

3.

66 

very-fine-grained 

sandstone with 

siltstone 

BELTANA22-03 

(section 1 from 

Figure 1C and 3) 
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PUT

TAP

A22-

10 

138.

4066

801 

-

30.705

21737 

-

0.3

3 

-

3.

98 

very-fine-grained 

sandstone with 

siltstone 

BELTANA22-03 

(section 1 from 

Figure 1C and 3) 

PUT

TAP

A22-

11 

138.

4066

6 

-

30.705

217 

-

0.5

4 

-

4.

04 

very-fine-grained 

sandstone with 

siltstone 

BELTANA22-03 

(section 1 from 

Figure 1C and 3) 

PUT

TAP

A22-

12 

138.

4066

454 

-

30.705

21422 

0.2

2 

-

5.

56 

very-fine-grained 

sandstone with 

siltstone 

BELTANA22-03 

(section 1 from 

Figure 1C and 3) 

PUT

TAP

A22-

13 

138.

4065

994 

-

30.705

20443 

-

0.4

9 

-

4.

97 

very-fine-grained 

sandstone with 

siltstone 

BELTANA22-03 

(section 1 from 

Figure 1C and 3) 

PUT

TAP

A22-

15 

138.

4065

519 

-

30.705

18945 

-

0.0

3 

-

5.

84 

purple (maroon) 

siltstone with 

very-fine 

sandstone 

BELTANA22-03 

(section 1 from 

Figure 1C and 3) 

BEL

TAN

A-

162 

138.

4044

769 

-

30.711

44367 

-

2.6

0 

-

4.

35 

green siltstone 

with purple very-

fine-grained 

sandstone 

BELTANA22-04 

(section 2 from 

Figure 1C and 3) 

BEL

TAN

A22-

163 

138.

4042

016 

-

30.711

24638 

-

1.0

3 

-

4.

39 

green siltstone 

with purple very-

fine-grained 

sandstone 

BELTANA22-04 

(section 2 from 

Figure 1C and 3) 

BEL

TAN

A22-

164 

138.

4041

251 

-

30.711

20652 

0.6

5 

-

7.

03 

green siltstone 

with purple very-

fine-grained 

sandstone 

BELTANA22-04 

(section 2 from 

Figure 1C and 3) 

BEL

TAN

A2-

165 

138.

4039

88 

-

30.711

15798 

0.3

4 

-

6.

97 

Purple siltstone BELTANA22-04 

(section 2 from 

Figure 1C and 3) 

BEL

TAN

A22-

167 

138.

4035

162 

-

30.710

88448 

-

3.6

3 

-

4.

72 

Purple siltstone BELTANA22-04 

(section 2 from 

Figure 1C and 3) 
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BEL

TAN

A22-

168 

138.

4034

347 

-

30.710

8494 

-

2.1

9 

-

4.

36 

Purple siltstone BELTANA22-04 

(section 2 from 

Figure 1C and 3) 

BEL

TAN

A22-

169 

138.

4033

801 

-

30.710

64598 

-

1.8

9 

-

3.

23 

Purple siltstone BELTANA22-04 

(section 2 from 

Figure 1C and 3) 

BEL

TAN

A22-

172 

138.

4031

896 

-

30.710

62383 

-

0.5

1 

-

6.

46 

Purple siltstone BELTANA22-04 

(section 2 from 

Figure 1C and 3) 

BEL

TAN

A22-

175 

138.

4030

311 

-

30.710

50797 

0.6

1 

-

6.

37 

Purple siltstone BELTANA22-04 

(section 2 from 

Figure 1C and 3) 

PIND

A22-

27 

138.

8827

33 

-

30.779

46173 

-

5.0

9 

-

5.

20 

very-fine-grained 

sandstone  

PINDA22-01 

(section 1 in 

Figure 1B and 2) 

PIND

A22-

28 

138.

8827

546 

-

30.779

4801 

-

4.6

6 

-

3.

37 

very-fine to fine-

grained sandstone 

PINDA22-01 

(section 1 in 

Figure 1B and 2) 

PIND

A22-

31 

138.

8830

373 

-

30.779

62437 

-

1.5

1 

-

3.

33 

Siltstone and fine-

grained sandstone 

PINDA22-01 

(section 1 in 

Figure 1B and 2) 

PIND

A22-

36 

138.

8830

801 

-

30.780

0573 

-

7.7

7 

-

6.

44 

Siltstone and fine-

grained sandstone 

PINDA22-01 

(section 1 in 

Figure 1B and 2) 

PIND

A22-

41 

138.

8837

258 

-

30.780

13123 

-

1.9

7 

-

6.

42 

Siltstone and very-

fine-grained 

sandstone 

PINDA22-01 

(section 1 in 

Figure 1B and 2) 

PIND

A22-

42 

138.

8837

972 

-

30.780

18418 

-

1.7

6 

-

6.

89 

Siltstone and very-

fine-grained 

sandstone 

PINDA22-01 

(section 1 in 

Figure 1B and 2) 
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PIND

A22-

45 

138.

8839

376 

-

30.780

0702 

-

0.6

1 

-

6.

67 

Siltstone and very-

fine-grained 

sandstone 

PINDA22-01 

(section 1 in 

Figure 1B and 2) 

PIND

A22-

47 

138.

8840

051 

-

30.780

07758 

-

1.6

5 

-

7.

40 

Siltstone and very-

fine-grained 

sandstone 

PINDA22-01 

(section 1 in 

Figure 1B and 2) 

PIND

A22-

49 

138.

8840

66 

-

30.780

07028 

-

0.7

3 

-

6.

81 

Siltstone and very-

fine-grained 

sandstone 

PINDA22-01 

(section 1 in 

Figure 1B and 2) 

PIND

A22-

52 

138.

8841

947 

-

30.780

22822 

-

0.0

8 

-

5.

54 

fine-grained 

sandstone 

PINDA22-01 

(section 1 in 

Figure 1B and 2) 

PIND

A22-

67 

138.

8925

688 

-

30.767

1648 

-

4.5

3 

-

3.

99 

fine to medium-

grained sandstone 

with siltstone 

PINDA22-02 

(section 2 in 

Figure 1B and 2) 

PIND

A22-

68 

138.

8925

867 

-

30.767

14995 

-

5.1

7 

-

6.

32 

fine to medium-

grained sandstone 

with siltstone 

PINDA22-02 

(section 2 in 

Figure 1B and 2) 

PIND

A22-

72 

138.

8926

426 

-

30.767

20163 

-

4.4

6 

-

7.

11 

fine to medium-

grained sandstone 

with siltstone 

PINDA22-02 

(section 2 in 

Figure 1B and 2) 

PIND

A22-

75 

138.

8927

208 

-

30.767

21695 

-

5.4

2 

-

6.

50 

fine to medium-

grained sandstone 

with siltstone 

PINDA22-02 

(section 2 in 

Figure 1B and 2) 

PIND

A22-

77 

138.

8927

661 

-

30.767

23207 

-

5.7

6 

-

9.

88 

fine to medium-

grained sandstone 

with siltstone 

PINDA22-02 

(section 2 in 

Figure 1B and 2) 
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PIND

A22-

79 

138.

8928

118 

-

30.767

22603 

-

5.1

1 

-

9.

64 

fine to medium-

grained sandstone 

with siltstone 

PINDA22-02 

(section 2 in 

Figure 1B and 2) 

PIND

A22-

81 

138.

8928

78 

-

30.767

21407 

0.2

0 

4.

46 

coarse-grained 

sandstone 

PINDA22-02 

(section 2 in 

Figure 1B and 2) 

PIND

A22-

85 

138.

8932

804 

-

30.766

86793 

-

0.8

8 

-

5.

18 

coarse-grained 

sandstone 

PINDA22-02 

(section 2 in 

Figure 1B and 2) 

PIND

A22-

86 

138.

8933

216 

-

30.766

87285 

-

2.7

5 

1.

20 

coarse-grained 

sandstone 

PINDA22-02 

(section 2 in 

Figure 1B and 2) 

PIND

A22-

87 

138.

8933

29 

-

30.766

8965 

0.0

8 

-

3.

90 

coarse-grained 

sandstone 

PINDA22-02 

(section 2 in 

Figure 1B and 2) 

PIND

A22-

88 

138.

8933

628 

-

30.766

91082 

-

1.4

5 

-

3.

13 

coarse-grained 

sandstone 

PINDA22-02 

(section 2 in 

Figure 1B and 2) 

PIND

A22-

90 

138.

8934

224 

-

30.766

96163 

-

1.3

2 

-

2.

18 

silt with fine-

grained sandstone 

PINDA22-02 

(section 2 in 

Figure 1B and 2) 

PIND

A22-

91 

138.

8935

999 

-

30.767

46703 

-

6.7

9 

-

9.

33 

fine-grained 

sandstone with 

siltstone 

PINDA22-02 

(section 2 in 

Figure 1B and 2) 

PIND

A22-

92 

138.

8936

125 

-

30.767

51997 

-

1.6

8 

-

4.

14 

fine-grained 

sandstone with 

siltstone 

PINDA22-02 

(section 2 in 

Figure 1B and 2) 
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PIND

A22-

95 

138.

8936

636 

-

30.767

52823 

-

3.8

7 

-

7.

14 

fine-grained 

sandstone with 

siltstone 

PINDA22-02 

(section 2 in 

Figure 1B and 2) 

PIND

A22-

96 

138.

8937

209 

-

30.767

60478 

-

4.8

3 

-

9.

62 

siltstone PINDA22-02 

(section 2 in 

Figure 1B and 2) 

PIND

A22-

97 

138.

8937

71 

-

30.767

74042 

-

4.7

9 

-

8.

76 

fine-grained 

sandstone 

PINDA22-02 

(section 2 in 

Figure 1B and 2) 

PIND

A22-

99 

138.

8938

319 

-

30.767

76437 

-

5.2

7 

-

11

.9

3 

fine-grained 

sandstone 

PINDA22-02 

(section 2 in 

Figure 1B and 2) 

PIND

A22-

100 

138.

8938

74 

-

30.767

74672 

-

5.7

4 

-

12

.3

6 

fine-grained 

sandstone 

PINDA22-02 

(section 2 in 

Figure 1B and 2) 

PIND

A22-

102 

138.

8939

887 

-

30.767

82055 

-

5.9

0 

-

14

.2

4 

siltstone PINDA22-02 

(section 2 in 

Figure 1B and 2) 

PIND

A22-

107 

138.

8919

76 

-

30.777

23442 

-

0.9

1 

-

18

.1

9 

yellow dolomite  PINDA22-03 

(section 4 in 

Figure 1B and 2) 

PIND

A22-

115 

138.

8952

799 

-

30.777

32873 

-

2.9

9 

-

5.

60 

sandstone with 

siltstone 

PINDA22-03 

(section 4 in 

Figure 1B and 2) 

PIND

A22-

116 

138.

8954

634 

-

30.777

39403 

-

3.0

2 

-

8.

38 

sandstone with 

siltstone 

PINDA22-03 

(section 4 in 

Figure 1B and 2) 
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PIND

A22-

120 

138.

8962

305 

-

30.777

40448 

-

8.0

7 

-

9.

44 

very-fine 

sandstone with 

siltstone 

PINDA22-03 

(section 4 in 

Figure 1B and 2) 

PIND

A22-

123 

138.

8967

756 

-

30.777

34583 

-

8.4

7 

-

14

.2

9 

very-fine 

sandstone with 

siltstone 

PINDA22-03 

(section 4 in 

Figure 1B and 2) 

PIND

A22-

129 

138.

8982

425 

-

30.776

36772 

-

7.6

7 

-

13

.0

1 

sandstone with 

siltstone and 

carbonate 

PINDA22-03 

(section 4 in 

Figure 1B and 2) 

PIND

A22-

130 

138.

8983

823 

-

30.776

39807 

-

7.5

7 

-

12

.8

9 

sandstone with 

siltstone and 

carbonate 

PINDA22-03 

(section 4 in 

Figure 1B and 2) 

PIND

A22-

131 

138.

8985

874 

-

30.776

45778 

-

7.1

3 

-

14

.0

9 

siltstone with 

carbonate 

PINDA22-03 

(section 4 in 

Figure 1B and 2) 

PIND

A22-

139 

138.

8999

062 

-

30.776

62858 

-

6.9

2 

-

13

.6

5 

siltstone with 

thicker carbonate 

beds 

PINDA22-03 

(section 4 in 

Figure 1B and 2) 

PIND

A22-

149 

138.

9011

171 

-

30.776

17245 

-

4.6

1 

-

10

.2

4 

siltstone with 

carbonate 

PINDA22-03 

(section 4 in 

Figure 1B and 2) 

PIND

A22-

155 

138.

9014

9 

-

30.776

32562 

0.9

8 

-

4.

56 

fine to medium-

grained sandstone     

PINDA22-03 

(section 4 in 

Figure 1B and 2) 
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PIND

A22-

164 

138.

9025

585 

-

30.776

90793 

5.4

4 

-

4.

03 

carbonate PINDA22-03 

(section 4 in 

Figure 1B and 2) 

PIND

A22-

118 

138.

8957

298 

-

30.777

45853 

-

8.0

5 

-

9.

18 

siltstone with 

carbonate 

PINDA22-03 

(section 4 in 

Figure 1B and 2) 

PIND

A22-

125 

138.

8971

895 

-

30.777

44155 

-

8.4

2 

-

15

.0

3 

carbonate with 

siltstone 

PINDA22-03 

(section 4 in 

Figure 1B and 2) 

PIND

A22-

135 

138.

8994

726 

-

30.776

54132 

-

8.1

2 

-

12

.9

2 

siltstone PINDA22-03 

(section 4 in 

Figure 1B and 2) 

PIND

A22-

144 

138.

9005

747 

-

30.776

00937 

-

6.8

4 

-

13

.5

0 

siltstone with 

carbonate 

PINDA22-03 

(section 4 in 

Figure 1B and 2) 

PIND

A22-

162 

138.

9021

922 

-

30.776

7201 

1.7

6 

-

6.

09 

carbonate PINDA22-03 

(section 4 in 

Figure 1B and 2) 

PIND

A22-

117 

138.

8955

445 

-

30.777

44678 

-

1.9

9 

-

5.

04 

sandstone with 

siltstone 

PINDA22-03 

(section 4 in 

Figure 1B and 2) 

PIND

A22-

119 

138.

8959

17 

-

30.777

5126 

-

8.0

8 

-

6.

05 

siltstone with 

sandstone 

PINDA22-03 

(section 4 in 

Figure 1B and 2) 

PIND

A22-

130 

138.

8983

823 

-

30.776

39807 

-

7.0

3 

-

13

.7

8 

sandstone with 

siltstone and 

carbonate 

PINDA22-03 

(section 4 in 

Figure 1B and 2) 
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PIND

A22-

133 

138.

8990

135 

-

30.776

4581 

-

6.6

7 

-

13

.0

0 

siltstone with 

carbonate 

PINDA22-03 

(section 4 in 

Figure 1B and 2) 

PIND

A22-

137 

138.

8997

751 

-

30.776

59767 

-

6.4

2 

-

13

.8

6 

siltstone with 

thicker carbonate 

beds 

PINDA22-03 

(section 4 in 

Figure 1B and 2) 

PIND

A22-

146 

138.

9008

016 

-

30.776

05705 

-

5.8

1 

-

11

.2

6 

siltstone with 

carbonate 

PINDA22-03 

(section 4 in 

Figure 1B and 2) 

PIND

A22-

147 

138.

9009

047 

-

30.776

09677 

-

5.6

4 

-

12

.6

7 

siltstone with 

carbonate 

PINDA22-03 

(section 4 in 

Figure 1B and 2) 

PIND

A22-

150 

138.

9012

514 

-

30.776

21258 

-

3.1

8 

-

10

.9

5 

siltstone with 

carbonate 

PINDA22-03 

(section 4 in 

Figure 1B and 2) 

PIND

A22-

153 

138.

9013

78 

-

30.776

23518 

-

3.6

4 

-

9.

78 

sandy carbonate    PINDA22-03 

(section 4 in 

Figure 1B and 2) 

PIND

A22-

159 

138.

9018

532 

-

30.776

48368 

-

2.5

9 

-

2.

20 

fine to medium-

grained sandstone 

PINDA22-03 

(section 4 in 

Figure 1B and 2) 

PIND

A22-

160 

138.

9019

173 

-

30.776

563 

0.5

3 

-

7.

78 

fine to medium-

grained sandstone 

PINDA22-03 

(section 4 in 

Figure 1B and 2) 

PIND

A22-

163 

138.

9022

566 

-

30.776

7845 

1.5

2 

-

8.

57 

Carbonate PINDA22-03 

(section 4 in 

Figure 1B and 2) 
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PIND

A22-

108 

138.

8940

004 

-

30.777

19508 

4.8

8 

-

5.

24 

rim dolomite PINDA22-03 

(section 4 in 

Figure 1B and 2) 

PIND

A22-

109 

138.

8941

91 

-

30.777

23533 

4.9

8 

-

7.

21 

sandy rim 

dolomite 

PINDA22-03 

(section 4 in 

Figure 1B and 2) 

PIND

A22-

206 

138.

8940

549 

-

30.777

2431 

5.1

9 

-

6.

35 

sandy rim 

dolomite 

PINDA22-03 

(section 4 in 

Figure 1B and 2) 

PIND

A22-

207 

138.

8941

808 

-

30.777

24278 

5.3

9 

-

6.

33 

sandy rim 

dolomite 

PINDA22-03 

(section 4 in 

Figure 1B and 2) 

PIND

A22-

208 

138.

8942

753 

-

30.777

28208 

3.6

0 

-

2.

88 

sandy rim 

dolomite 

PINDA22-03 

(section 4 in 

Figure 1B and 2) 

PIND

A22-

166 

138.

9044

014 

-

30.748

9252 

-

3.3

8 

-

5.

91 

very-fine-grained 

sandstone with 

siltstone 

PINDA22-04 

(section 3 in 

Figure 1B and 2) 

PIND

A22-

169 

138.

9044

707 

-

30.748

96522 

-

4.5

4 

-

8.

20 

very-fine-grained 

sandstone with 

siltstone 

PINDA22-04 

(section 3 in 

Figure 1B and 2) 

PIND

A22-

170 

138.

9044

838 

-

30.748

95713 

-

6.9

2 

-

10

.8

7 

very-fine-grained 

sandstone with 

siltstone 

PINDA22-04 

(section 3 in 

Figure 1B and 2) 

PIND

A22-

173 

138.

9045

821 

-

30.749

01128 

-

3.3

1 

-

5.

89 

very-fine-grained 

sandstone with 

siltstone 

PINDA22-04 

(section 3 in 

Figure 1B and 2) 

PIND

A22-

174 

138.

9046

219 

-

30.749

00825 

-

2.8

1 

-

4.

93 

very-fine-grained 

sandstone with 

siltstone 

PINDA22-04 

(section 3 in 

Figure 1B and 2) 
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PIND

A22-

175 

138.

9047

125 

-

30.748

98577 

-

4.3

6 

-

10

.7

9 

very-fine-grained 

sandstone with 

siltstone 

PINDA22-04 

(section 3 in 

Figure 1B and 2) 

PIND

A22-

176 

138.

9047

484 

-

30.749

00952 

-

4.3

3 

-

9.

48 

very-fine-grained 

sandstone with 

siltstone 

PINDA22-04 

(section 3 in 

Figure 1B and 2) 

PIND

A22-

178 

138.

9048

17 

-

30.749

03442 

-

3.2

4 

-

5.

30 

very-fine-grained 

sandstone with 

siltstone 

PINDA22-04 

(section 3 in 

Figure 1B and 2) 

PIND

A22-

179 

138.

9049

178 

-

30.748

93183 

-

3.1

8 

-

3.

87 

very-fine-grained 

sandstone with 

siltstone 

PINDA22-04 

(section 3 in 

Figure 1B and 2) 

PIND

A22-

180 

138.

9049

514 

-

30.748

9274 

-

4.7

8 

-

9.

96 

pebble 

conglomerate 

PINDA22-04 

(section 3 in 

Figure 1B and 2) 

PIND

A22-

181 

138.

9051

119 

-

30.748

70443 

-

2.6

8 

-

3.

74 

Siltstone with 

very-fine-grained 

sandstone 

PINDA22-04 

(section 3 in 

Figure 1B and 2) 

PIND

A22-

182 

138.

9052

636 

-

30.748

71998 

-

6.1

8 

-

4.

40 

Siltstone with 

very-fine-grained 

sandstone 

PINDA22-04 

(section 3 in 

Figure 1B and 2) 

PIND

A22-

183 

138.

9053

368 

-

30.748

71488 

-

7.0

3 

-

3.

83 

Siltstone with 

very-fine-grained 

sandstone 

PINDA22-04 

(section 3 in 

Figure 1B and 2) 

PIND

A22-

184 

138.

9054

213 

-

30.748

72133 

-

5.4

2 

-

9.

37 

Siltstone with 

very-fine-grained 

sandstone 

PINDA22-04 

(section 3 in 

Figure 1B and 2) 
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PIND

A22-

185 

138.

9055

334 

-

30.748

64218 

-

6.3

7 

-

6.

19 

Siltstone with 

very-fine-grained 

sandstone 

PINDA22-04 

(section 3 in 

Figure 1B and 2) 

PIND

A22-

186 

138.

9056

597 

-

30.748

82203 

-

6.4

2 

-

9.

38 

Siltstone with 

very-fine-grained 

sandstone 

PINDA22-04 

(section 3 in 

Figure 1B and 2) 

PIND

A22-

187 

138.

9057

455 

-

30.748

81857 

-

11.

17 

-

7.

92 

Siltstone with 

very-fine-grained 

sandstone 

PINDA22-04 

(section 3 in 

Figure 1B and 2) 

PIND

A22-

189 

138.

9067

911 

-

30.749

33483 

-

3.2

5 

-

2.

47 

Siltstone with 

very-fine-grained 

sandstone 

PINDA22-04 

(section 3 in 

Figure 1B and 2) 

PIND

A22-

191 

138.

9069

213 

-

30.749

35503 

-

2.6

4 

-

2.

31 

Siltstone with 

very-fine-grained 

sandstone 

PINDA22-04 

(section 3 in 

Figure 1B and 2) 

PIND

A22-

192 

138.

9070

009 

-

30.749

40407 

-

12.

60 

-

0.

11 

Siltstone with 

very-fine-grained 

sandstone 

PINDA22-04 

(section 3 in 

Figure 1B and 2) 

PIND

A22-

193 

138.

9071

456 

-

30.749

36247 

0.8

4 

-

6.

15 

carbonate to 

cobble 

conglomerate 

PINDA22-04 

(section 3 in 

Figure 1B and 2) 

PIND

A22-

194 

138.

9072

228 

-

30.749

40375 

2.3

3 

-

5.

51 

dolomite 

carbonate with 

sandstone 

PINDA22-04 

(section 3 in 

Figure 1B and 2) 

PIND

A22-

195 

138.

9074

054 

-

30.749

48898 

-

2.5

1 

-

6.

55 

Siltstone with 

very-fine-grained 

sandstone 

PINDA22-04 

(section 3 in 

Figure 1B and 2) 

PIND

A22-

196 

138.

9074

38 

-

30.749

49723 

-

0.0

4 

-

3.

96 

Siltstone with 

very-fine-grained 

sandstone 

PINDA22-04 

(section 3 in 

Figure 1B and 2) 
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PIND

A22-

198 

138.

9075

021 

-

30.749

58768 

-

2.6

2 

-

10

.0

6 

sandy carbonate PINDA22-04 

(section 3 in 

Figure 1B and 2) 

PIND

A22-

199 

138.

9075

7 

-

30.749

63038 

-

3.7

7 

-

9.

93 

sandy carbonate PINDA22-04 

(section 3 in 

Figure 1B and 2) 

PIND

A22-

200 

138.

9078

496 

-

30.749

72988 

-

4.5

5 

-

6.

63 

siltstone PINDA22-04 

(section 3 in 

Figure 1B and 2) 

PIND

A22-

201 

138.

9078

641 

-

30.750

13952 

-

3.5

2 

-

10

.7

1 

carbonate-

cemented 

sandstone 

PINDA22-04 

(section 3 in 

Figure 1B and 2) 

PIND

A22-

671 

138.

8925

688 

-

30.767

1648 

-

3.8

7 

-

3.

35 

fine to medium-

grained sandstone 

with silt  

PINDA22-02 

(section 2 in 

Figure 1B and 2) 

PIND

A22-

721 

138.

8926

426 

-

30.767

20163 

-

5.8

7 

-

9.

52 

fine to medium-

grained sandstone 

with silt  

PINDA22-02 

(section 2 in 

Figure 1B and 2) 

PIND

A22-

791 

138.

8928

118 

-

30.767

22603 

-

5.2

3 

-

9.

78 

fine to medium-

grained sandstone 

with silt  

PINDA22-02 

(section 2 in 

Figure 1B and 2) 

PIND

A22-

851 

138.

8932

804 

-

30.766

86793 

-

0.4

9 

-

4.

78 

coarse-grained 

sandstone 

PINDA22-02 

(section 2 in 

Figure 1B and 2) 

PIND

A22-

911 

138.

8935

999 

-

30.767

46703 

-

6.8

2 

-

8.

87 

fine-grained 

sandstone with 

siltstone 

PINDA22-02 

(section 2 in 

Figure 1B and 2) 



176 

 

PIND

A22-

991 

138.

8938

319 

-

30.767

76437 

-

4.9

5 

-

11

.2

2 

fine-grained 

sandstone 

PINDA22-02 

(section 2 in 

Figure 1B and 2) 

PIND

A22-

1021 

138.

8939

887 

-

30.767

82055 

-

5.5

3 

-

13

.9

5 

siltstone PINDA22-02 

(section 2 in 

Figure 1B and 2) 

PIND

A22-

1131 

138.

8948

488 

-

30.777

25878 

0.2

9 

-

6.

01 

siltstone PINDA22-02 

(section 2 in 

Figure 1B and 2) 

PIND

A22-

1231 

138.

8967

756 

-

30.777

34583 

-

8.2

1 

-

13

.9

4 

very-fine-grained 

sandstone with 

siltstone 

PINDA22-02 

(section 2 in 

Figure 1B and 2) 

PIND

A22-

1251 

138.

8971

895 

-

30.777

44155 

-

8.4

8 

-

15

.2

1 

carbonate with 

siltstone 

PINDA22-02 

(section 2 in 

Figure 1B and 2) 

PIND

A22-

1371 

138.

8997

751 

-

30.776

59767 

-

6.4

0 

-

13

.8

2 

siltstone with 

thicker carbonate 

beds 

PINDA22-02 

(section 2 in 

Figure 1B and 2) 

PIND

A22-

1471 

138.

9009

047 

-

30.776

09677 

-

5.7

5 

-

12

.7

5 

siltstone with 

carbonate 

PINDA22-02 

(section 2 in 

Figure 1B and 2) 

PIND

A22-

1591 

138.

9018

532 

-

30.776

48368 

-

2.4

1 

-

2.

00 

fine to medium-

grained sandstone 

PINDA22-02 

(section 2 in 

Figure 1B and 2) 

PUT

TAP

A22-

021 

138.

4071

936 

-

30.705

23008 

-

0.2

7 

-

2.

15 

Purple siltstone BELTANA22-02 

(section 3 from 

Figure 1C and 3) 

PUT

TAP

A22-

071 

138.

4069

969 

-

30.705

24638 

3.6

0 

-

2.

56 

Siltstone with 

very-fine 

sandstone 

BELTANA22-03 

(section 1 from 

Figure 1C and 3) 
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PUT

TAP

A22-

081 

138.

4067

164 

-

30.705

17712 

-

1.2

1 

-

3.

70 

very-fine-grained 

sandstone with 

siltstone 

BELTANA22-03 

(section 1 from 

Figure 1C and 3) 

PUT

TAP

A22-

101 

138.

4066

801 

-

30.705

21737 

-

0.4

2 

-

2.

96 

very-fine-grained 

sandstone with 

siltstone 

BELTANA22-03 

(section 1 from 

Figure 1C and 3) 

PUT

TAP

A22-

111 

138.

4066

6 

-

30.705

217 

-

0.4

5 

-

4.

13 

very-fine-grained 

sandstone with 

siltstone 

BELTANA22-03 

(section 1 from 

Figure 1C and 3) 

PUT

TAP

A22-

121 

138.

4066

454 

-

30.705

21422 

0.3

8 

-

3.

72 

very-fine-grained 

sandstone with 

siltstone 

BELTANA22-03 

(section 1 from 

Figure 1C and 3) 

PUT

TAP

A22-

131 

138.

4065

994 

-

30.705

20443 

-

0.2

0 

-

4.

78 

very-fine-grained 

sandstone with 

siltstone 

BELTANA22-03 

(section 1 from 

Figure 1C and 3) 

PUT

TAP

A22-

151 

138.

4065

519 

-

30.705

18945 

0.1

0 

-

5.

65 

purple (maroon) 

siltstone with 

very-fine 

sandstone 

BELTANA22-03 

(section 1 from 

Figure 1C and 3) 

 

Table A5. Measured section location data. GPS coordinates indicate the starting location of 

the measured section. 1Measured sections not shown in Figures 1, 2, or 3 of Chapter 3. 

Measured Section Name  Longitude Latitude 

BELTANA22-011 138.4073025 -30.70496972 

BELTANA22-02 (section 3 in Figure 3) 138.4219253 -30.67245662 

BELTANA22-03 (section 1 in Figure 3) 138.4072932 -30.70520102 

BELTANA22-04 (section 2 in Figure 3) 138.4046642 -30.71145355 

BELTANA22-051 138.4213198 -30.67335975 

PINDA22-01 (section 1 in Figure 2) 138.8810748 -30.77925557 

PINDA22-02 (section 2 in Figure 2) 138.8911515 -30.76643322 

PINDA22-03 (section 4 in Figure 2) 138.8940765 -30.77730083 

PINDA22-04 (section 3 in Figure 2) 138.9022399 -30.74814943 

 

Table A6. Isotopic data, lithologic data, and location coordinates for diapir clast samples. 
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Sample 

ID  

Longitu

de 

Latitude d13C 

(VPDB) 

d26/24M

g (rel. to 

DSM3) 

molar 

Mg/Ca 

Litho

logy 

PINDA22-

203 

138.894

325 

-

30.77642

297 

4.79 -2.20 0.91 Dolo

mite 

PUTTAP

A22-35 

138.404

294 

-

30.70424

588 

-0.37 -2.38 0.78 Dolo

mite 

PUTTAP

A22-32 

138.405

2624 

-

30.70248

99 

-1.34 -2.19 0.89 Dolo

mite 

PUTTAP

A22-36 

138.404

1518 

-

30.70469

062 

0.08 -2.02 0.80 Dolo

mite 

PUTTAP

A22-43 

138.405

1258 

-

30.70619

563 

3.34 -1.52 0.86 Dolo

mite 

PUTTAP

A22-44 

138.405

1783 

-

30.70607

898 

2.04 -1.48 0.85 Dolo

mite 

PUTTAP

A22-21 

138.406

2147 

-

30.70385

915 

2.36 -1.63 0.88 Dolo

mite 

PUTTAP

A22-26 

138.406

4745 

-

30.70325

012 

1.41 -1.91 0.81 Dolo

mite 

PUTTAP

A22-27 

138.406

4478 

-

30.70314

247 

1.98 -1.68 0.88 Dolo

mite 

PINDA22-

204 

138.894

3435 

-

30.77664

918 

3.45 -2.47 0.90 Dolo

mite 
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PUTTAP

A22-18 

138.405

896 

-

30.70415

208 

1.79 -2.25 0.81 Dolo

mite 

PUTTAP

A22-34 

138.404

5241 

-

30.70337

628 

0.41 -1.75 0.81 Dolo

mite 

PUTTAP

A22-33 

138.404

77 

-

30.70289

165 

0.33 -1.65 0.83 Dolo

mite 

PUTTAP

A22-39 

138.404

3987 

-

30.70531

17 

2.83 -1.19 0.91 Dolo

mite 

PUTTAP

A22-42 

138.404

8473 

-

30.70607

637 

0.44 -1.58 0.77 Dolo

mite 

PINDA22-

222 

138.887

7339 

-

30.77671

288 

0.5 -1.65 0.88 Dolo

mite 

PUTTAP

A22-29 

138.406

1512 

-

30.70295

403 

-0.23 -1.97 0.86 Dolo

mite 

PUTTAP

A22-25 

138.406

6816 

-

30.70337

567 

2.09 -1.95 0.86 Dolo

mite 

PUTTAP

A22-24 

138.406

9969 

-

30.70378

548 

-0.24 -1.77 0.83 Dolo

mite 

PUTTAP

A22-28 

138.406

4391 

-

30.70296

237 

0.42 -1.63 0.86 Dolo

mite 

PUTTAP

A22-46 

138.405

6349 

-

30.70542

06 

1.54 -1.48 0.87 Dolo

mite 
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PUTTAP

A22-31 

138.405

5237 

-

30.70260

207 

-0.53 -2.12 0.92 Dolo

mite 

PINDA22-

107 

138.891

976 

-

30.77723

442 

-0.91 -1.63 0.83 Dolo

mite 

KATE-6  138.893

152 

 -

30.78356

9 

0.78 -1.40 0.91 Dolo

mite 

KATE-4  138.892

531 

 -

30.78268

4 

-1.05 -2.19 0.02 Dolo

mite 

KATE-8  138.897

004 

 -

30.78367

9 

-1.07 -2.04 0.88 Dolo

mite 

KATE-11  138.891

309 

 -

30.78273

2 

-2.07 -2.06 0.02 Dolo

mite 

KATE-12  138.888

393 

 -

30.77716

8 

-5.13 -2.55 0.68 Dolo

mite 

KATE-10  138.895

347 

 -

30.78270

9 

-1.11 -1.97 0.75 Dolo

mite 

KATE-9  138.895

613 

 -

30.78319

5 

-3.09 -2.71 0.72 Dolo

mite 

 

Table A7. Data sources for Figure 12 in Chapter 4. 

Section Sources for isotope data Sources for stratigraphic data 

   

Nopah 

Range, CA 

 

Corsetti and Kaufman 

(2003), Kaufman and 

Corsetti (2007), 

Corsetti and Hagadorn (2000), Bergmann et al. 

(2011), Present study 
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Bergmann et al. (2011), 

Present study 

 

Sheeprock 

Mountains,

UT 

 

Flinders 

Ranges, 

SA 

 

 

Thamoud-6 

core, Oman 

 

 

 

 

 

Husson (2014) 

 

 

 

 

Rooney et al. (2020) 

Christie-Blick (1982), Christie-Blick and Levy 

(1989), Levy et al. (1994) 

 

 

Preiss (1987), Christie-Blick et al. (1995), 

Husson et al. (2012), Counts (2016) 

 

 

 

McCarron (2000), Grotzinger and Al-Kawahi 

(2014), Rooney et al. (2020), Gong and Li (2020) 

   

 

Table A8. Measured section location data in WGS 84 / UTM zone 11 N. 

Measured 

section name 

Start 

latitude1 

Start 

longitude1 

   

DV21-012 

S7 

S8 

S6 

2 

S12 

1 

3 

S2 

4 

5 

S3 

6 

S4 

7 

8 

9 

S5 

10 

12 

11 

202 

13 

580302 

580264 

580352 

580329 

580455 

580375 

580509 

580543 

580477 

580526 

580540 

580540 

580616 

580612 

580663 

580722 

580777 

580763 

580823 

581722 

581805 

581809 

582002 

3969133 

3967740 

3967766 

3967662 

3967606 

3967518 

3967512 

3967196 

3967080 

3967112 

3967009 

3966982 

3966929 

3966867 

3966864 

3966834 

3966768 

3966722 

3966694 

3966009 

3965989 

3966049 

3966177 
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19 

14 

18 

17 

15 

16 

21 

35 

29 

28 

27 

26 

25 

32 

31 

33 

36 

37 

22 

232 

242 

582146 

582109 

582324 

582345 

582348 

582490 

582619 

583259 

583380 

583398 

583483 

583532 

583501 

583528 

583576 

583621 

583621 

583755 

583786 

583821 

583879 

3966142 

3966058 

3965980 

3965954 

3965794 

3965809 

3965494 

3964635 

3964494 

3964477 

3964388 

3964319 

3964213 

3964148 

3964107 

3963974 

3963975 

3963874 

3963864 

3964103 

3964033 

DV21-N2 

 

588114                            4047954                       
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Table A9. Isotopic data, lithologic data, stratigraphic data and location coordinates for 

samples from the southern Nopah Range. 
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1 A QGIS project with georeferenced section locations is available upon request. 

2 Sections not shown in Figures 4, 5, 6, 7, 8, 9 in Chapter 4. 

 

 

 

 

 

 

 

 


