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Abstract

The McArthur Basin is part of a Proterozoic basin system on the North

Australian Craton that represents a world-class Zn-Pb province. Ore bodies

are typically stratiform and hosted by pyritic, organic-rich, and dolomitic

siltstones deposited in local depocenters and sub-basins. The mineralization

is characterized by syngenetic and/or diagenetic textures. These character-

istics highlight the need to understand the sedimentological and structural

evolution of the basin for mineral exploration. Here we report a facies anal-

ysis of the middle McArthur Group (Tooganinie to Lynott formations) in

the southern McArthur Basin, distinguishing four facies associations and 19

lithofacies. Depositional environments range from slope and deep subtidal

settings to supratidal sabkhas. The middle McArthur Group records a sys-
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tematic ∼3.5h shift in the carbon isotope ratio of carbonates (δ13Ccarb)

that can likely be used for basin-wide or even global correlation. The Bar-

ney Creek Formation, the main Zn-Pb host unit, was mostly deposited un-

der deep subtidal to slope conditions, although shoaling to shallow subtidal

environments locally occurred on paleohighs. Together with the overlying

Reward Dolostone, it comprises two 3rd-order transgressive-regressive se-

quences, which distinguishes it from the younger and less prospective but

lithologically similar Caranbirini Member, which only comprises one incom-

plete sequence. The HYC Pyritic Shale Member of the lower Barney Creek

Formation, which hosts most of the known mineralization, is lithologically

similar across the studied area, and reflects significant deepening of the en-

tire basin. A maximum flooding surface in the HYC Pyritic Shale Member

represents the most pyritic and organic-rich interval and can be developed as

a black shale in sub-basin depocenters. It represents an ideal chemical trap

for base metals in syngenetic models for mineralization; however, lithification

and compaction would convert this black shale interval into a physical trap in

diagenetic models. Regardless of the preferred model, sequence stratigraphy

integrated with facies maps can be used to targeting.

Keywords: McArthur Basin, Barney Creek Formation, Zn-Pb Deposits,

Chemostratigraphy, Sequence Stratigraphy, Mineral Exploration Under

Cover
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1. Introduction1

Mineral exploration for stratiform ore deposits in sedimentary basins re-2

quires a detailed understanding of the architecture and evolution of the basin3

fill. Among the first steps to evaluate the prospectivity of the sedimen-4

tary succession is to evaluate the depositional environments of individual5

stratigraphic units and construct a stratigraphic framework. In Phanerozoic6

basins, sequence and lithostratigraphy are usually supported by biostratig-7

raphy and geochronology to formulate a coherent chronostratigraphy. The8

limited applicability of biostratigraphy in Precambrian basins motivates the9

application of chemostratigraphy, in particular the carbon isotope composi-10

tion of inorganic carbon (e.g., Halverson et al., 2005, 2010), to bolster other11

stratigraphic data sets. The constructed stratigraphic framework can then12

be used in conjunction with structural information to reconstruct basin ar-13

chitecture, for example the distribution of paleohighs and sub-basins. In the14

search for sediment-hosted massive Zn-Pb deposits in the McArthur Basin15

of northern Australia, a detailed understanding of sub-basins is vital as car-16

bonaceous, pyritic mudstones deposited in sub-basins host the most signifi-17

cant mineralization (e.g., McGoldrick et al., 2010). This also highlights the18

importance of sequence stratigraphy to predict where in the sub-basin the19

most prospective mudstones occur.20

The late Paleo- to early Mesoproterozoic McArthur Basin in the North-21

ern Territory of Australia contains a ∼ 5–15 km-thick mixed siliciclastic-22

carbonate succession with bimodal volcanics near the base (e.g., Plumb,23

1979a,b; Jackson et al., 1987; Rawlings, 1999). Together with the Isa Super-24

basin in Queensland, its southeastern continuation, it represents one of the25
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most prospective Zn-Pb-Ag provinces in the world (e.g., Leach et al., 2005,26

2010; Huston et al., 2006). For example, dolomitic siltstones and shales of27

the ca. 1640 Ma Barney Creek Formation in the southern McArthur Basin28

host the world-class McArthur River deposit (e.g., Smith and Croxford, 1973,29

1975; Croxford, 1975; Williams and Rye, 1974; Williams, 1978; Eldridge et al.,30

1992; Large et al., 1998; Logan et al., 2001; Chen et al., 2003; Ireland et al.,31

2004a,b; Symons, 2006; Holman et al., 2014). In addition, the Barney Creek32

Formation is one of the oldest active petroleum systems in the world and33

may be an important hydrocarbon source unit and unconventional reservoir34

(Jackson et al., 1986, 1988; Crick et al., 1988; Summons et al., 1988; Baruch35

et al., 2015).36

Despite its economic importance, only a few sedimentological and strati-37

graphic studies of the Barney Creek Formation and over- and underlying38

stratigraphic units (i.e., middle McArthur Group) are available in the litera-39

ture (Brown et al., 1978; Jackson et al., 1987; Bull, 1998; McGoldrick et al.,40

2010). In this contribution to the special issue, we present a detailed facies41

analysis of the middle McArthur Group in the southern McArthur Basin. As42

our facies analysis is based on exploration drill cores, which is what explo-43

ration geologists mostly work with in this area, our rock descriptions and44

interpretations of the depositional environments can directly be applied to45

new drill cores. We use our facies analysis to provide a lithostratigraphic46

and sequence stratigraphic interpretation of this succession. Furthermore,47

we tie a high-resolution carbon isotope record into our stratigraphic frame-48

work and test its applicability for future basin-wide and global stratigraphic49

correlation.50
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2. Regional geology51

The greater McArthur Basin (Fig. 1A) is part of a large Proterozoic basin52

system on the North Australian Craton (e.g., Scott et al., 2000; Giles et al.,53

2002; Betts et al., 2003; Betts and Giles, 2006; Selway et al., 2009; Gibson54

et al., 2017). It is bounded by older Paleoproterozoic basement of the Pine55

Creek Inlier in the northwest, the Arnhem Inlier in the north, and the Mur-56

phy Inlier in the southeast (Fig. 1A). Its westernmost exposure occurs in the57

Birrindudu Basin along the Northern Territory-Western Australia border.58

Elsewhere, the basin extends under younger sedimentary cover or the Gulf59

of Carpentaria. The McArthur Basin is divided into the northern McArthur60

and southern McArthur basins, separated by the east-west striking Urupunga61

Fault Zone. The most important structural features are the Walker and Bat-62

ten Fault Zones in the northern and southern McArthur Basin respectively63

(Fig. 1A, B). These structurally complex fault zones are north-south strik-64

ing corridors, each about 80 km wide and 200 km long. They were initially65

interpreted to represent asymmetric half-grabens in which sediment thick-66

ness significantly exceeds those in adjacent areas (e.g., Plumb, 1979a; Plumb67

and Wellman, 1987). However, a seismic reflection survey in the southern68

McArthur Basin failed to confirm a graben-like depocenter (Rawlings et al.,69

2004). Instead, the seismic data suggest that the middle McArthur Group70

was deposited in a gently east-dipping ramp setting, characterized by small-71

scale sub-basins that opened along the Emu Fault in the Batten Fault Zone72

(Fig. 1B; Rawlings et al., 2004).73

The ca. 1670–1600 Ma McArthur Group is exposed in the southern McArthur74

Basin and reaches a thickness of 1–3.5 km (Jackson et al., 1987; Rawlings,75
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1999; Rawlings et al., 2004). The McArthur Group is subdivided into the76

Umbolooga and Batten Subgroups, separated by a local unconformity at the77

top of the Reward Dolostone (Fig. 2; Jackson et al., 1987). This contribution78

focuses on the middle McArthur Group, i.e. from the Tooganinie Formation79

to the middle Lynott Formation (Fig. 2).80

The ca. 200 m-thick Tooganinie Formation conformably overlies the Tatoola81

Sandstone (Fig. 2). It is dominated by dololutite, stromatolites (including82

Conophyton), dolarenite, oolites, and dolomitic siltstone and shale. Regu-83

lar interbedding of dolostone and siliciclastic beds is a characteristic feature84

of the Tooganinie Formation (Jackson et al., 1987). Evidence for exposure85

include mudcracks, halite casts, gypsum pseudomorphs, and tepees. The86

inferred depositional environment encompasses peritidal lagoon and shoal87

complexes in the southern Batten Fault Zone, which transition into sabkha88

and terrestrial environments to the north (Jackson et al., 1987).89

The < 10–30 m thick Leila Sandstone is composed of sandstone and dolomitic90

sandstone and conformably overlies the Tooganinie Formation (Jackson et al.,91

1987). Cross-bedding, mudcracks, and intraclasts are common. This unit was92

likely deposited in shallow subtidal to emergent environments (Jackson et al.,93

1987).94

The Emmerugga Dolostone is up to 620 m thick and is subdivided into95

the Mara Dolostone and Mitchell Yard members in the southern Batten Fault96

Zone (Fig. 2; Plumb and Brown, 1973). The Mara Dolostone consists of stro-97

matolitic dolostone (with prominent Conophyton), dolarenite, and dololutite98

with occasional halite casts. The dolostones are arranged in shallowing-99

upward cycles and were deposited in shallow subtidal to intertidal environ-100
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ments (Brown et al., 1978; Ahmad et al., 2013). The Mitchell Yard Member is101

composed of heavily altered dololutite. Therefore, inferred depositional envi-102

ronments for this member span a wide range from deep subtidal to supratidal103

(Brown et al., 1978; Jackson et al., 1987; Ahmad et al., 2013).104

The Teena Dolostone conformably overlies the Emmerugga Dolostone and105

is subdivided into a lower unnamed member and the upper Coxco Dolo-106

stone Member (Fig. 2; Jackson et al., 1987). The lower member is up to107

60 m thick and mainly consists of dololutite, stromatolitic dolostone, and108

cross-laminated dolarenite deposited in shallow subtidal to intertidal (Brown109

et al., 1978; Ahmad et al., 2013) or supratidal environments (Jackson et al.,110

1987). The Coxco Dolostone Member is up to 70 m thick and is characterized111

by dololutite and minor stromatolitic dolostone. The most striking feature112

of this unit are radiating fans of near-vertical to vertical, acicular, mm to113

<10 cm large ’Coxco needles’. These needles have been variably interpreted114

as gypsum pseudomorphs (Walker et al., 1977), lacustrine trona (Jackson115

et al., 1987), and seafloor aragonite cement (Brown et al., 1978; Winefield,116

2000). A tuff bed in the Coxco Dolostone Member yielded a U-Pb SHRIMP117

age of 1639±6 Ma (Page et al., 2000).118

The transition to the overlying Barney Creek Formation was accompanied119

by a change in the tectonic regime in the southern McArthur Basin, and120

likely led to formation of local unconformities (cf. Walker et al., 1983). The121

depositional setting changed from a stable shallow marine platform, likely122

with inherited relief, to a compartmentalized basin with numerous paleohighs123

and sub-basins (McGoldrick et al., 2010). Sub-basin formation was related to124

a sinistral strike-slip regime of arcuate and broadly N-S trending fault systems125
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(Emu, Tawallah, and Hot Springs faults; Fig. 1B). Whereas transpression126

occurred at E to N trending segments of the faults, transtension along N127

to NW trending segments created accommodation space and led to opening128

of sub-basins (McGoldrick et al., 2010). Although these structures were129

later inverted, they must have had a major control on the deposition of the130

Barney Creek Formation and the overlying Reward Dolostone as indicated131

by significant lateral facies and thickness changes within these units (Brown132

et al., 1978; Jackson et al., 1987; McGoldrick et al., 2010).133

The 10–900 m-thick Barney Creek Formation comprises three members:134

the W-Fold Shale, the HYC Pyritic Shale, and the Cooley Dolostone (Jackson135

et al., 1987). These members are overlain by the undifferentiated upper part136

of the formation (Fig. 2). All three members were defined in the HYC (‘Here’s137

Your Chance’) sub-basin that hosts the McArthur River (HYC) deposit and138

partly represent lateral facies changes instead of basin-wide lithostratigraphic139

units (Jackson et al., 1987). This is particularly important for the Cooley140

Dolostone, which only occurs along local fault scarps. The W-Fold Shale141

represents the basal member of the Barney Creek Formation and consists142

of green and red dolomitic siltstone or pink dololutite (Brown et al., 1978;143

Jackson et al., 1987; Davidson and Dashlooty, 1993). The following HYC144

Pyritic Shale Member, which hosts the McArthur River Zn-Pb-Ag deposit,145

consists of dolomitic and pyritic siltstones and minor silty shales. Formerly146

interpreted to record deposition in a shallow marine or lacustrine setting147

(cf. Jackson et al., 1987), the HYC Pyritic Shale Member is now generally148

regarded to have formed in a deep subtidal environment (Bull, 1998; Wine-149

field, 1999). Three tuff beds from the HYC Pyritic Shale Member yielded150
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U-Pb SHRIMP ages of 1638±7 Ma, 1639±3 Ma, and 1640±3 Ma (Page and151

Sweet, 1998). The Cooley Dolostone Member is a carbonate breccia related152

to faults and mass flows that interfingers with the other members of the Bar-153

ney Creek Formation (Jackson et al., 1987; Ahmad et al., 2013). The clasts154

are mostly sourced from the Emmerugga and Teena dolostones (Brown et al.,155

1978; Ahmad et al., 2013). The upper undifferentiated part of the Barney156

Creek Formation consists of dolomitic siltstone and dolarenite (e.g., Jackson157

et al., 1987).158

The up to 350 m-thick Reward Dolostone conformably overlies the Barney159

Creek Formation and mostly consists of dololutite, dolarenite, stromatolitic160

dolostone, and dolomitic sandstone, deposited in shallow subtidal to peritidal161

environments (Brown et al., 1978; Jackson et al., 1987). It is characterized162

by sharp lateral thickness and facies changes (Jackson et al., 1987).163

The contact with the overlying Lynott Formation is variably transitional164

or unconformable (Jackson et al., 1987; Ahmad et al., 2013; Walker et al.,165

1983). This contact represents the boundary between the Umbolooga and166

Batten subgroups (Fig. 2) and the end of the major transgressive-regressive167

cycle that started with the deposition of the lower Emmerugga Dolostone.168

The Lynott Formation comprises the up to 400 m thick Caranbirini, up to169

350 m thick Hot Spring, and up to 134 m thick Donnegan members (Jack-170

son et al., 1987). The Caranbirini Member shares lithological similarities171

with the Barney Creek Formation as it is composed of dolomitic and partly172

pyritic siltstone and shale. The rocks were likely deposited in deep subtidal173

environments. The overlying Hot Spring Member represents shoaling and174

mostly consists of stromatolitic dolostone, cross-laminated dolarenite, and175
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dololutite with common evaporite pseudomorphs. This unit was deposited176

in peritidal environments (Jackson et al., 1987; Ahmad et al., 2013). A tuff177

bed in the Hot Spring Member was dated at 1636±4 Ma by U-Pb SHRIMP178

analysis (Page et al., 2000). Further shallowing-upward led to deposition of179

purple-brown dolomitic siltstones and sandstones, and silicified stromatolitic180

dolostone and dolarenite of the Donnegan Member. This unit was deposited181

in peritidal to supratidal sabkha environments (Jackson et al., 1987; Ahmad182

et al., 2013).183

2.1. Zn-Pb-Ag deposits in the McArthur Basin184

The only mined stratiform sediment-hosted Zn-Pb-Ag deposit in the McArthur185

Basin is the McArthur River deposit (Fig. 1B). It is by far the largest zinc186

resource in this basin with a pre-mining estimate of 227 Mt at 9.2 % Zn,187

4.1 % Pb, 41 g/t Ag, and 0.2 % Cu (Logan et al., 1990). The mineralization188

is hosted by the HYC Pyritic Shale Member in the HYC sub-basin, which is189

ca. 1–2 km Ö 5 km large and bounded to the east by the Western Fault of190

the Emu Fault system (e.g., Porter, 2017). Timing of the mineralization is191

debated but generally thought to be syngenetic to diagenetic (e.g., Eldridge192

et al., 1992; Large et al., 1998; Ireland et al., 2004a,b).193

The stratiform sediment-hosted Teena Zn-Pb deposit is located in the194

Teena sub-basin, 8 km to the west of the McArthur River deposit and has a195

resource estimate of 58 Mt at 11.1 % Zn and 1.6 % Pb (Taylor et al., 2017).196

Two stratiform ore bodies, separated by a siliciclastic mass-flow deposit, are197

hosted by the HYC Pyritic Shale Member and occur at a depth between198

600 and 1000 m for more than 1.5 km along strike (Taylor et al., 2017). The199

mineralization is interpreted as early diagenetic (Taylor et al., 2017).200
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Other sediment-hosted Zn-Pb deposits in the McArthur Basin include201

the Cooley and Ridge deposits, a group of small deposits located immedi-202

ately east of McArthur River (Williams, 1978). Here, the HYC Pyritic Shale203

Member is only mineralized in the western portion of the Ridge II deposit.204

The ore occurs ca. 300 m stratigraphically above the mineralization at the205

McArthur River deposit. The bulk of the mineralization is epigenetic and206

hosted by carbonate breccias of the Emmerugga Dolostone (Cooley deposits)207

or Cooley Dolostone Member (Ridge deposits) of the Barney Creek Forma-208

tion (Williams, 1978). Carbonate-hosted Zn-Pb mineralization also occurs209

at the Coxco deposit, comprising two prospects located ca. 10 km southeast210

of McArthur River (Walker et al., 1983). Epigenetic mineralization occurs211

in karst cavities and breccias within the Mara Dolostone Member of the212

Emmerugga Dolostone and the Reward Dolostone, separated by a karst sur-213

face. The W-Fold and Mitchell Yard sub-basins, ca. 5 km to the west and214

6 km to the southwest of McArthur River respectively, host weak stratiform215

mineralization in the HYC Pyritic Shale Member (e.g., Lambert and Scott,216

1973). Furthermore, weak stratiform and breccia-hosted Zn mineralization217

has also been reported from the ca. 1730 Ma McDermott and Wollongorang218

formations of the Tawallah Group (Spinks et al., 2016).219

3. Methods220

In this paper we present a detailed facies analysis of stratigraphic units221

comprising the middle McArthur Group. We then use this sedimentological222

evaluation for a sequence stratigraphic interpretation. Furthermore, high-223

resolution carbon isotope chemostratigraphic records are integrated into this224

11



  

sequence stratigraphic framework to test its applicability in the McArthur225

Basin. All facies data are summarized in Table 1 and all carbon and oxygen226

isotope ratios are provided in Supplementary Table 1.227

3.1. Facies analysis228

Facies analysis is based on decimetre scale logs of 16 drill cores. However,229

a presentation of all core data is beyond the scope of this paper. Therefore,230

only three drill core logs are presented herein, which were chosen to represent231

as much stratigraphy as possible, as well as sub-basin and paleohigh settings.232

Facies associations and lithofacies were distinguished based on compositional233

and textural properties, and the occurrence of distinct sedimentary struc-234

tures. Petrographic analysis of polished thin sections supported the facies235

analysis.236

3.2. Sequence stratigraphy237

We defined third-order transgressive-regressive (T-R) sequences following238

the convention of Embry (1993, 2009) and Embry and Johannessen (2017).239

T-R sequences are divided into a transgressive systems tract (TST), formed240

during base level rise, and a regressive systems tract, formed during base241

level fall. Therefore, sequences are bound by subaerial unconformities or242

unconformable shoreline ravinement surfaces on the flanks of the basin, and243

maximum regressive surfaces (MRS) in more basinal settings. The TST and244

RST are separated by the maximum flooding surface (MFS). We identified245

sequence stratigraphic surfaces by a combination of facies data and available246

gamma logs. The gamma log records the radioactivity of naturally-occurring247

uranium, thorium, and potassium. These elements are common in clays and248
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thus, an increase in radioactivity corresponds to an increase in clay content249

(i.e., shale). Generally speaking, and increase in shale marks the deepening250

of the depositional environment in siliciclastic systems. In mixed siliciclastic-251

carbonate systems, it is important to complement gamma ray interpretations252

with facies analysis as flooding can be manifested in the deposition of car-253

bonate facies with potentially weaker radioactivity. An example would be254

the flooding of a siliciclastic sabkha environment and deposition of marine255

carbonates. In addition to facies data and gamma logs, our sequence strati-256

graphic interpretation was also supported by carbon isotope chemostratigra-257

phy as we identified systematic shifts in the δ13Ccarb curve associated with258

some sequence boundaries and MFS.259

3.3. Carbon and oxygen isotopes260

The carbon isotopic composition of dissolved inorganic carbon (DIC) in261

seawater varies secularly (e.g., Saltzman and Thomas, 2012). This feature262

in the carbon isotope record is commonly used to correlate carbonate rocks263

based on their isotopic composition because the precipitation of carbonate264

involves little isotopic fractionation (e.g., Maslin and Swann, 2005). Photo-265

synthesis preferentially consumes the light isotope of C (12C), which leads to266

depletion of organic matter in the heavy isotope (13C). The isotopic com-267

position of DIC thus reflects the partitioning of carbon between the organic268

carbon and carbonate carbon reservoirs (e.g., Kump and Arthur, 1999). Con-269

sidering that the residence time of carbon in the modern ocean (ca. 100 kyr;270

de la Rocha, 2006) is about two orders of magnitude longer than the mixing271

time of the ocean (ca. 1000 years; de la Rocha, 2006), coeval carbonate rocks272

in one basin, and even globally, can have the same isotopic composition.273
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Apart from the composition of the global DIC, local processes can influence274

the isotopic composition of local water masses and carbonate rocks that pre-275

cipitate from them. The biological pump produces a surface-to-depth isotope276

gradient. Primary productivity leads to a 12C-depleted surface ocean through277

biological assimilation and a 12C-enriched deep ocean through remineraliza-278

tion of organic matter (e.g., Sarmiento and Gruber, 2006). The magnitude of279

this gradient depends on primary productivity in the surface ocean and the280

export production of organic matter. It can reach 3h in the modern ocean281

(Sarmiento and Gruber, 2006). Similar to the isotopic difference in the verti-282

cal water mass, a horizontal water mass difference can result from restriction,283

leading to more pronounced carbon isotopic excursions in platform carbon-284

ates compared to deep marine carbonates (Saltzman and Thomas, 2012).285

Further, supratidal sabkha environments can record extremely high carbon286

isotope ratios due to evaporation-induced fractionation (e.g., Stiller et al.,287

1985; Schmid, 2017). Other influences on the carbon isotopic composition of288

carbonate is mineralogical variation (< 1h; Saltzman and Thomas, 2012),289

vital effects (negligible in the Precambrian), and secondary overprints. Such290

overprints can be evaluated by carbon-oxygen isotope relationships. Early291

diagenetic dolomitization has generally no effect on the carbon isotope com-292

position of carbonate rocks (Hoefs, 2009, p. 203). For detailed reviews about293

carbon isotopes and their application to chemostratigraphy see Kump and294

Arthur (1999), Halverson (2013), and Saltzman and Thomas (2012).295

In summary, as the carbon isotopic composition of carbonate rocks is296

influenced by several factors, its application in chemostratigraphy focuses297

on significant and systematic stratigraphic variability (> 1–2h). Further,298
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relative shifts are more important than actual values. Examples for suc-299

cessful carbon isotope chemostratigraphy in the Precambrian comes from300

numerous Neoproterozoic basins (e.g., Halverson et al., 2005; Hoffman et al.,301

2007; Macdonald et al., 2013; Smith et al., 2016) and led to reconstruction302

of a global carbon isotope curve for this time (e.g., Halverson et al., 2005,303

2010; Cox et al., 2016). Low resolution carbon isotope records from the304

McArthur Group that did not show significant trends were previously re-305

ported by Lindsay and Brasier (2000). We produced high-resolution carbon306

isotope records from the studied drill cores to reevaluate whether the middle307

McArthur Group records systematic and significant variation in δ13Ccarb that308

can be used for chemostratigraphic correlation.309

The carbon (δ13Ccarb) and oxygen (δ18Ocarb) isotope records from the310

middle McArthur Group were established by analyzing 485 samples. With311

the exception of 15 dolomitic siltstone samples (3 %) from the HYC Pyritic312

Shale Member in Lamont Pass 3, all samples were carbonate lithofacies (i.e.,313

inorganic carbon � organic carbon). Hand samples were cut perpendicular314

to lamination and carbonate powder was obtained by micro-drilling individ-315

ual laminae or tight clusters. Macroscopic cements and secondary minerals316

(e.g., Coxco needles), or macroscopic siliciclastic and organic-rich compo-317

nents were avoided. Isotopic measurements were performed in dual inlet318

mode on a Nu Perspective isotope ratio mass spectrometer connected to a319

NuCarb carbonate preparation device in the Stable Isotope Laboratory at320

McGill University, Montréal, Canada. Approximately 80 µg of sample pow-321

der were weighed into glass vials and reacted individually with H3PO4 after322

heating to 90� for one hour. The released CO2 gas was purified cryogeni-323
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cally and isotope ratios were measured against an in-house reference gas.324

This method does not release CO2 gas from ancient organic matter. There-325

fore, the result only reflects the isotopic composition of carbonate (inorganic)326

carbon. Samples were then calibrated to VPDB (Vienna Pee Dee Belemnite).327

Errors for both δ13Ccarb and δ18Ocarb were better than 0.05h (1σ) based on328

repeated analyses of standards.329

4. Facies analysis330

We distinguish 19 lithofacies (LF) grouped into four facies associations331

(FA; Tab. 1; Figs. 3–7): supratidal to continental, shallow subtidal to in-332

tertidal, subtidal, and deep subtidal to slope. Genetically related lithofacies333

are grouped into facies associations that represent specific depositional en-334

vironments with respect to sea level. Lithofacies grouped in the same fa-335

cies association were likely deposited as lateral equivalents. We avoid terms336

such as ‘middle shelf’ in our facies nomenclature because this succession was337

deposited in a basin with complex architecture. Although carbonate rocks338

from the middle McArthur Group experienced recrystallization and the terms339

(dol)arenite and (dolo)lutite thus refer to crystal size instead of grain size,340

original grain size was presumably a major control on crystal size. Therefore,341

we treat crystal size as an approximation of initial grain size in these well342

preserved carbonate rocks.343

4.1. FA1: Supratidal to continental344

4.1.1. LF1: Red or green siltstone345

This lithofacies is typical for the Myrtle Shale but also occurs in the346

Tooganinie Formation. It generally occurs in intervals that are a decimetre347
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to a few metres thick. It consists of red or green siltstone (minor clay-rich silt-348

stone or claystone, Fig. 3A, C), in places dolomitic. The rocks are laminated349

to massive and characterized by common anhydrite nodules (often displacing350

lamination; Fig. 3A, B) and anhydrite veins, occasional chicken wire texture,351

mudcracks (typically deformed), and flame and ball-and-pillow structures at352

interfaces with sandier facies. Siltstones occasionally have starved ripples353

and a spotty texture with oxidation/reduction spots. The siltstones are typ-354

ically finely laminated to finely bedded and may be locally truncated by sand355

channels (LF2, Fig. 3A, C, D) some of which contain intraclasts.356

The common occurrence of mudcracks in red and green siltstone indi-357

cates frequent exposure. Interbedding of this lithofacies with various shal-358

low marine facies suggests a marginal marine rather than a fully continen-359

tal environment. In marginal marine environments, mudcracks are usually360

confined to upper intertidal to supratidal environments (e.g., Shinn, 1983b;361

Alsharhan and Kendall, 2003; James and Jones, 2016, p.159). A supratidal362

depositional environment is also consistent with the often observed displacive363

growth of anhydrite nodules because it indicates a diagenetic origin below the364

sediment surface, which is typical for supratidal sabkha environments (e.g.,365

Evans et al., 1969; Kendall and Skipwith, 1969a,b; Butler, 1969; Warren366

and Kendall, 1985; Kirkham, 1997; Kendall and Alsharhan, 2011). However,367

the presence of nodular anhydrite does not necessarily prove deposition in a368

sabkha environment because thick successions of laminated gypsum formed369

in subaqueous salina and shallow marine environments are transformed into370

nodular anhydrite during burial (Warren and Kendall, 1985). Nevertheless,371

considering that sulfate deposits formed in these environments are usually372
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several meters thick (Warren and Kendall, 1985; Warren, 2010), we would373

expect to observe massive and nodular bedded anhydrite and not isolated374

anhydrite nodules that do not dominate the sediment by volume. Although375

both red and green siltstone contain mudcracks and anhydrite nodules, we376

interpret green siltstone to have formed more seaward where tides would have377

flooded the area more frequently and/or in ponds and creeks. In contrast,378

the red variety was likely deposited in higher supratidal environments, less379

frequently flooded by seawater and passing into a continental environment.380

This interpretation is consistent with red siltstone intervals being thicker381

and less frequently interbedded with shallow marine facies (more common in382

Myrtle Shale; Fig. 8). The siliciclastic composition demonstrates the vicinity383

of the supratidal environment to a continental source. Interbedding with384

sandstone (LF2) and conglomerate (LF3) causing flame and ball-and-pillow385

structures may be explained by episodic and rapid deposition following sheet386

flood events. In summary, the red and green siltstone lithofacies was de-387

posited in upper intertidal to supratidal sabkha environments (Fig. 7) that388

were dominated by siliciclastic deposition.389

4.1.2. LF2: Sandstone390

The sandstone lithofacies (Fig. 3B, D) mostly occurs in the Leila Sand-391

stone and Myrtle Shale. Individual beds are typically dm-scale in thickness392

but rarely reach a few meters. LF2 is typically a pink to grey/green quartz393

arenite to subarkose, which can be silty or dolomitic. The sandstone varies394

from very fine- to coarse-grained with subangular to well-rounded grains. LF2395

is poorly to well sorted but always compositionally immature. Interbeds of396

LF1 and LF3 are common. The rocks are thickly laminated to thinly bedded,397
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usually scour underlying beds, and often contain red and green siltstone intr-398

aclasts (LF1; subangular to rounded, tabular or circular). Fining-upward of399

laminae and beds, cross-lamination (Fig. 3D), anhydrite nodules/veins, and400

mudcracks (Fig. 3C) may occur.401

Episodic floods (probably sheet floods) likely supplied coarser-grained ma-402

terial to silt-dominated supratidal sabkha environments (and possibly also403

peritidal environments; Fig. 7). These episodic events ripped-up LF1 intr-404

aclasts. Subsequent drying explains the observed mudcracks and anhydrite405

nodules.406

4.1.3. LF3: Conglomerate407

Conglomerates (Fig. 3E) are rare but occur in the Myrtle Shale and W-408

Fold Shale. They usually occur in cm- to dm-thick intervals but occasionally409

reach several meters. They can be thinly bedded but dominantly comprise a410

single massive bed with an erosional base. The conglomerates are polymictic,411

grey to brown, and are composed of granule- to boulder-sized clasts of silt-412

stone (LF1), sandstone (LF2), and occasionally dolostone (intertidal facies,413

Fig. 3E). The conglomerate is clast-supported, and clasts are sub-rounded to414

very well-rounded. Silicification and interbeds of green or red siltstone (LF1)415

can occur.416

Close association of this lithofacies with red and green siltstone (LF1)417

and sandstone (LF2) suggests deposition in supratidal sabkha environments,418

comparable to the depositional environments inferred for LF2 (Fig. 7). How-419

ever, occurrence of occasional dolostone clasts (LF4) indicates reworking of420

intertidal environments. This suggests that some conglomerates were also421

deposited in intertidal settings.422
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4.2. FA2: Shallow subtidal to intertidal423

4.2.1. LF4: Bedded dolarenite424

This lithofacies (Fig. 3F) occurs in all investigated stratigraphic units.425

Bedded dolarenite intervals are typically 10s of centimeters to several meters426

thick and interbedded with lithofacies from FA1, FA2, and dolomudstone427

(LF13) from FA3. This lithofacies is typically light to medium grey (rare428

dark grey), and can be silicified or contains floating quartz (Fig. 3G). In429

intervals where floating quartz is common, laminae and thin beds of ma-430

rine sandstone (LF5) and marine siltstone (LF6) are common. The grain431

size ranges from dolosiltite to dolorudite (mostly dolosiltite and very fine432

dolarenite). Pyrite and organic matter streaks are common when bedded433

dolarenite is interbedded with dolomudstone (LF13). Furthermore, pyrite434

and base metals sulfides can occur in brecciated intervals. This lithofacies435

is generally thickly laminated to medium bedded; however, some intervals436

are massive. Parallel-planar lamination dominates but nodular bedding, car-437

bonate nodules, wavy and/or discontinuous shale and siltstone laminae, or438

cross-lamination may occur. Furthermore, laminae, beds, and channels of the439

same lithofacies or marine sandstone (LF5) with (low-angle) cross-lamination440

are common. Individual beds or bed sets can fine-upwards. This lithofa-441

cies can host cm- to dm-thick, brecciated and silicified horizons interpreted442

to represent exposure surfaces. Sedimentary structures include scour sur-443

faces (Fig. 3F), rare silicified or calcite-filled fenestrae (laminoid or irregular,444

1–2 mm high, up to 10 mm long), rip-up clasts and mud chips, discrete in-445

traclast beds (tempestites?), and soft-sediment deformation such as loading446

and ball-and-pillow structures. Acicular and radiating pseudomorphs (Coxco447
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needles) several centimeters across, interpreted by Winefield (2000) as arago-448

nite pseudomorphs, are rare and confined to the Coxco Member. Sand-filled449

mudcracks and anhydrite veins may occur when interbedded with FA1, and450

molar tooth structures are common in darker varieties when this facies is451

interbedded with muddy microbialaminite (LF12 of FA3).452

Facies relationships (interbedding with other lithofacies from FA2, occa-453

sional interbedding with FA1 and FA3), stratigraphic position in shoaling-454

upward parasequences, and sedimentary structures (e.g., mudcracks, fenes-455

trae) indicate that this lithofacies represents deposition in shallow subtidal456

to upper intertidal, and occasionally even supratidal environments. However,457

the supratidal environments in which bedded dolarenite may have occasion-458

ally been deposited (e.g., beach ridges and tidal channel levees) were likely459

seaward of the sabkha and supratidal belt of FA1 and generally smaller scale460

and more frequently flooded (cf. Shinn et al., 1969; Maloof and Grotzinger,461

2012). Comparison with modern equivalent depositional environments such462

as the Bahamas (e.g., Field, 1931; Illing, 1954; Shinn et al., 1969; Shinn,463

1983b; Rankey, 2002; Rankey and Morgan, 2002; Reijmer et al., 2009; Mal-464

oof and Grotzinger, 2012) and the Trucial Coast along the Persian Gulf465

(e.g., Kendall and Skipwith, 1969a,b; Wagner and van der Togt, 1973; Al-466

sharhan and Kendall, 2003; Kendall and Alsharhan, 2011) suggests that bed-467

ded dolarenites from the middle McArthur Group were likely deposited in a468

complex mosaic of environments (Fig. 7) including shallow subtidal shoals,469

lagoons, shoreface, beaches, beach ridges, tidal channels, levee crests, and470

tidal channel bars. Therefore, this lithofacies lumps carbonate rocks from471

different subenvironments (cf. Kunzmann et al., 2014) that are difficult to472
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distinguish even in modern settings (e.g., sediments in ponds, tidal channels,473

and adjacent marine areas; Shinn et al., 1969; Shinn, 1983b). Further com-474

plication arises from the poorly understood preservation potential of modern475

subenvironments such as tidal channels and ponds (Wright, 1984; Maloof476

and Grotzinger, 2012), and differences between modern and Proterozoic en-477

vironments such as the lack of bioturbation. Nevertheless, the presence of478

sedimentary structures allows evaluating depositional processes in more de-479

tail on the scale of individual beds. For example, bedded dolarenite beds480

with cross-lamination and/or mudcracks are comparable to modern suprati-481

dal beach ridge deposits (Maloof and Grotzinger, 2012) and intertidal chan-482

nel bar and supratidal levee sediments (Shinn et al., 1969; Shinn, 1983b).483

Small cm-scale channels with internal cross-lamination are similar to storm484

deposits in shallow subtidal shoreface environments (Inden and Moore, 1983)485

and beaches, tidal channels, and intertidal flats (e.g., Kendall and Skipwith,486

1969b; Shinn et al., 1969; Shinn, 1983b; Kendall and Alsharhan, 2011). Scour487

surfaces, rip-up clasts and mud chips, and intraclast beds were likely formed488

by storms and strong tidal currents in shallow subtidal subenvironments489

like lagoons, shoreface, and tidal channels (Kendall and Skipwith, 1969b;490

Shinn, 1983b), and supratidal beach ridges (Shinn et al., 1969). Although491

fenestrae-like voids can form in subtidal grainstones (Shinn, 1983a), real fen-492

estrae most commonly occur in upper intertidal to supratidal environments493

(Shinn, 1968, 1983b,a; Flügel, 2004) such as tidal channel levees (Shinn,494

1983b). Their scarcity in rocks from the middle McArthur Group might be495

due to compaction, which has been shown to obliterate these features if early496

cementation did not occur (Shinn and Robbin, 1983).497
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The occasional occurrence of floating quartz and the continuum with498

marine sandstone (LF5) indicate proximity to a terrigenous source. The oc-499

currence of molar tooth structures in darker, presumably more organic-rich,500

varieties when interbedded with muddy microbialaminite (LF12; FA3) can be501

explained by diagenetic remineralization of organic matter (e.g., Hodgskiss502

et al., 2018). Ball-and-pillow structures and other loading-related soft sedi-503

ment deformation suggest rapid sedimentation.504

4.2.2. LF5: Marine sandstone505

Marine sandstone (Fig. 3H) occurs in the Myrtle Shale and particularly506

in the Hot Spring Member of the Lynott Formation. It typically occurs as507

centimeter to decimeter thick intervals and is associated with FA1 and other508

lithofacies of FA2, in particular bedded dolarenite (LF4). This lithofacies is509

a light to medium grey (rare dark grey) quartz arenite, medium to coarse510

grained, rounded to well rounded, and well sorted. It often contains well511

rounded carbonate grains (Fig. 3H) and a carbonate matrix (sometimes sili-512

cified). Marine sandstone often contains interbeds of bedded dolarenite with513

floating quartz and generally represents a continuum with bedded dolarenite.514

Pyrite, disseminated or concentrated in spots several mm in diameter, occurs515

in places. This lithofacies is usually massive but often contains tabular, mm-516

to cm-large rip-up clasts of bedded dolarenite, siltstone, or shale.517

The common carbonate matrix, the compositional continuum and in-518

terbedding with bedded dolarenite (LF4) with floating quartz, and interbed-519

ding other facies from FA2 and FA1 suggests that marine sandstone was also520

deposited in shallow subtidal to intertidal environments (Fig. 7). Roundness521

and sorting suggest significant transport from the terrigenous source to the522

23



  

site of deposition, unless the quartz grains were sourced from coastal outcrops523

of older siliciclastic units, as reported from Holocene sediments along the524

Trucial Coast (Kendall and Skipwith, 1969b; Kendall and Alsharhan, 2011).525

Further considering similar deposits along the Trucial Coast, varying pro-526

portions of carbonate (grains and matrix) and quartz can be explained with527

a shift in depositional environment from beaches and intertidal flats, which528

in some areas of the Trucial Coast are entirely composed of quartz grains,529

to environments more seawards (Kendall and Skipwith, 1969b; Kendall and530

Alsharhan, 2011). Rip-up clasts suggest occasional storm events or strong531

tidal currents.532

4.2.3. LF6: Marine siltstone533

The marine siltstone lithofacies (Figs. 3F, 4A) usually occurs as decimeter-534

thick intervals in the Tooganinie Formation. It is typically interbedded535

with FA1 and FA2. Marine siltstone is dark grey/green to black and often536

dolomitic. It is generally thickly laminated with planar-parallel or wavy lami-537

nation. It can have discontinuous or continuous laminae, beds, or channels of538

LF4 with uni- or bidirectional cross-lamination. Starved ripples, mudcracks,539

synaeresis cracks (Fig. 4A) and ball-and-pillow structures may occur.540

Interbedding with FA1 and FA2 suggests deposition in shallow subtidal541

to intertidal environments (Fig. 7). This interpretation is supported by the542

occasional occurrence of mudcracks. This lithofacies was likely deposited in543

subenvironments with less hydrodynamic energy than LF5. However, the544

occasional presence of channels filled with LF4 as well as starved ripples545

indicate periods of higher energy, likely related to storms and/or strong tidal546

currents. Bi-directional cross-lamination likely indicates tidal influence. Ball-547
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and-pillow structures again suggest rapid deposition.548

4.2.4. LF7: Microbialaminite549

Decimeter thick intervals of microbialaminite (Fig. 4B) occur in all strati-550

graphic units. This lithofacies is usually interbedded with all other facies551

of FA2 or overlies stromatolites (LF11) of FA3 in shoaling upward cycles.552

Rocks of this lithofacies are composed of light to medium grey (rare dark553

grey) doloboundstone, which is often silicified (Fig. 4B). Microbialaminite is554

characterized by an alternation of about 1 mm thick dark grey, flat, crinkly,555

and undulating laminae, which we interpret as microbial, with about 1–3 mm556

thick light to medium grey dolomite laminae. Microscopy demonstrates that557

this lithofacies contains up to 30% subangular to subrounded, up to silt-558

sized, quartz grains, equally distributed between the laminae. Irregular do-559

mal structures with ca. 5 mm synoptic relief can also occur. Fenestrae (sili-560

cified or calcite-filled, laminoid or irregular, 1–2 mm high and up to 10 mm561

long), tepees, and mudcracks can occur. This facies can be vuggy or brec-562

ciated and discrete beds of intraclast breccias may be present.563

Microbial mats comparable to microbialaminite from the McArthur Group564

occur in modern intertidal to lower supratidal flat environments such as565

Shark Bay, Western Australia (e.g., Logan, 1961; Logan et al., 1964; Hoff-566

man, 1976; Playford et al., 2013; Suosaari et al., 2016), the Arabian Gulf567

(e.g., Kendall and Skipwith, 1968, 1969a; Kinsman and Park, 1976; Duane568

and Al-Zamel, 1999; Alsharhan and Kendall, 2003; Kendall and Alsharhan,569

2011), and the Bahamas (e.g., Shinn et al., 1969; Rankey and Morgan, 2002;570

Maloof and Grotzinger, 2012). Deposition of LF7 in inter- to lower suprati-571

dal environments is supported by the occurrence of mudcracks, fenestrae,572
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and peritidal tepees (Shinn, 1968, 1983a,b; Kendall and Warren, 1987; Al-573

sharhan and Kendall, 2003). Along the arid Trucial Coast of the Arabian574

Gulf, different algal mat types can be distinguished based on morphology.575

These mat types occur in distinctive geographical zones parallel to the shore-576

line, which are controlled by the frequency of wetting (Kendall and Skipwith,577

1968, 1969a; Kinsman and Park, 1976; Alsharhan and Kendall, 2003; Kendall578

and Alsharhan, 2011). On Andros Island in the Bahamas, algal mats occur579

in different microenvironments such as levee crests and intertidal flats pro-580

tected by levees (Maloof and Grotzinger, 2012). However, a distinction be-581

tween different mat types and microenvironments in microbialaminite from582

the McArthur Group is not possible due to varying preservation potential583

(Park, 1977), the effects of burial and compaction on mat morphology, and584

lack of exposure. Nevertheless, continuous algal mats only occur in pro-585

tected environments where wave and tidal scour is weak (Hoffman, 1976). In586

conclusion, this lithofacies was likely deposited in protected inter- to lower587

supratidal environments (Fig. 7). Due to lack of grazing pressure in the Pre-588

cambrian, this lithofacies may have also been deposited in low-energy shallow589

subtidal environments.590

4.2.5. LF8: Dololutite591

Dololutite occurs in all stratigraphic units and typically appears as decime-592

ter to rarely meter thick intervals. It is generally interbedded with FA2 or593

stromatolite (LF11) of FA3. This lithofacies is thinly laminated to mas-594

sive and consists of light grey to pink, rarely dark grey dololutite/micrite595

(Figs. 3G, 4C). Silicified fenestrae are common (laminoid or irregular, 1–596

2 mm high and up to 10 mm long) and acicular, radiating, mm- to cm-scale597
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pseudomorphs (Fig. 4C, D; Coxco needles), interpreted by Winefield (2000)598

as aragonite pseudomorphs, often occur in pink dololutite of the Coxco Mem-599

ber. Irregular, cm-scale, partly brecciated silicified intervals, which we inter-600

pret as karst surfaces, can occur. Mudcracks filled with bedded dolarenite601

(LF4), channels and continuous or discontinuous laminae (scoured bases) of602

LF4 with starved ripples, cross-lamination, or fining-upward grading may603

occur.604

Similar to bedded dolarenite (LF4), stratigraphic position in shallowing605

upward parasequences and sedimentary structures suggest that this lithofa-606

cies was likely deposited in various shallow subtidal to upper intertidal, and607

occasionally supratidal environments. Considering the crystal size as indica-608

tor for original grain size, comparison with modern carbonate environments609

such as Bahamas (e.g., Shinn et al., 1969; Shinn, 1983b; Reijmer et al., 2009;610

Maloof and Grotzinger, 2012) and the Trucial Coast along the Arabian Gulf611

(e.g., Kendall and Skipwith, 1969b; Alsharhan and Kendall, 2003; Kendall612

and Alsharhan, 2011) suggests that dololutites from the McArthur Group613

were likely deposited in various depositional environments such as protected614

inner lagoons/platforms; the lee side of banks, shoals, stromatolite build ups;615

on levee crests; in intertidal ponds and low-energy parts of tidal channels.616

Similar to the bedded dolarenite (LF4), the dololutite lithofacies encompasses617

multiple potential depositional environments (Fig. 7). However, depending618

on sedimentary structures present, a more detailed interpretation may be619

possible for individual beds and bed sets. For example, intervals with karst620

surfaces, mudcracks, and fenestrae were deposited in upper inter- to suprati-621

dal environments such as ponds, levee crests, and flats. Beds with channels622
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filled with LF4 and internal cross-lamination and starved ripples, as well as623

intraclasts beds, were likely deposited during storms or strong tidal activity.624

4.2.6. LF9: Interbedded dolarenite with red, green, or brown siltstone lami-625

nae626

This lithofacies typically occurs as decimeter to meter thick intervals in627

the W-Fold Shale, interbedded with other facies from FA2. LF9 is composed628

of alternating cm-scale, light grey to pink dololutite, dolosiltite, or dolarenite629

intervals with up to 1 cm-thick, red, green, or brown siltstone or shale laminae630

(Fig. 4E). This facies is typically very thinly bedded and the siliciclastic631

laminae and beds are wavy and continuous or discontinuous. Intraclasts,632

mud chips, flame structures, scour surfaces, and acicular, radiating aragonite633

pseudmorphs may occur.634

Intimate association of this lithofacies with other facies from FA2 sug-635

gest deposition in shallow subtidal to intertidal environments. The siltstone636

laminae are very similar to LF1, further supporting a peritidal origin, and637

indicate a frequent variation between carbonate-dominated and siliciclastic-638

dominated deposition. The siltstone laminae may have been deposited in639

intertidal ponds close to a fluvial source. Lack of mudcracks suggest depo-640

sition seawards of upper intertidal environments. Intraclasts and mud chips641

indicate frequent storm and/or strong tidal energy. Flame structures sug-642

gest rapid deposition. In summary, we envision deposition as facies mosaic643

that ranged from shallow subtidal (carbonate-dominated laminae; subenvi-644

ronments comparable to bedded dolarenite (LF4) and dololutite (LF8)) to645

lower intertidal environments in the vicinity to a terrigenous source such as646

a fluvial system/estuary (Fig. 7).647
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4.3. FA3: Subtidal648

4.3.1. LF10: Ooid grainstone649

Ooid grainstone is a lithofacies in the Tooganinie Formation and occurs650

as dm-thick intervals. It is interbedded with FA3, FA2, and FA1. This651

lithofacies is composed of medium grey dolopackstone and dolograinstone652

with mostly 0.75–1.5 mm large ooids (Figs. 4F, G). The ooids are mostly653

symmetrical, and spherical to ellipsoidal, with the shape being controlled by654

large nuclei composed of quartz grains (Fig. 4G). Most grains are superfi-655

cial ooids, with the cortex being less than half as thick as the nucleus (Fig.656

4G; Flügel, 2004). The ooids are mostly radial-fibrous, although this might657

be a secondary diagenetic feature as the radially oriented crystals transect658

individual laminae. Aggregation of several ooids can occur (Fig. 4G). Ooid659

grainstones are massive and often silicified. Rip-up clasts of bedded dolaren-660

ite (LF4) and dololutite (LF8) occur (Fig. 4F).661

Ooids require environments with agitated water (e.g., Bathurst, 1975),662

and oolitic sands forming linear or parabolic bars occur in the Bahamas663

(e.g., Hine, 1977; Halley et al., 1983; Rankey et al., 2006; Reeder and Rankey,664

2008; Rankey and Reeder, 2011), Shark Bay, Western Australia (e.g., Jahnert665

and Collins, 2011; Playford et al., 2013), and the Arabian Gulf (Kendall666

and Skipwith, 1969b; Kendall and Alsharhan, 2011). Ooid shoals commonly667

form in shallow subtidal environments by strong tidal currents at platform668

margins, in straits and seaways between (barrier) islands (e.g., Rankey et al.,669

2006; Reeder and Rankey, 2008; Rankey and Reeder, 2011; James and Jones,670

2016, p. 167), in subtidal hypersaline lagoons (e.g., Jahnert and Collins, 2011;671

Playford et al., 2013), or in subtidal platform interiors where wave and storm672
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action are more important than tides (James and Jones, 2016, p. 174). We673

generally interpret ooid grainstones to reflect high-energy shallow subtidal674

environments (Fig. 7) . However, Inden and Moore (1983) point out that675

many thin ooid grain- and packstone beds were likely deposited in beach676

environments which can be identified by interbedding with supratidal facies.677

This association is seen in the Tooganinie Formation. Therefore, it is possible678

that the ooid grainstones we observe in the Tooganinie Formation were also679

deposited in beach environments (Fig. 7).680

4.3.2. LF11: Stromatolite681

Stromatolites occur in all stratigraphic units and are typically decimeter682

to a few meters thick. They are typically interbedded with other facies from683

FA3, and also facies from FA1 and FA2. Stromatolites are composed of684

medium grey (rare black) doloboundstone (Fig. 5A). They can be silicified685

and entirely brecciated, or may grow on brecciated surfaces and may be686

brecciated at the top. Laterally linked domal and columnar forms dominate687

and reach a few dm in height. Conophyton can also occur. The synoptic688

relief typically does not exceed 10 cm. However, due to limited exposure689

in drill cores, the macroscale geometry of stromatolites (e.g., dm- to m-scale690

synoptic relief) and their occurrence as bioherms versus biostromes is difficult691

to assess. Areas between domes are typically filled by micrite.692

We interpret stromatolites from the middle McArthur Group to have been693

deposited dominantly in shallow subtidal environments (Fig. 7), and possi-694

bly more rarely in intertidal settings. This interpretation is consistent with695

lack of sedimentary structures indicating exposure. Furthermore, high-relief696

stromatolites comparable to those from the McArthur Group are known from697
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modern subtidal environments such as Shark Bay, Western Australia (e.g.,698

Logan, 1961; Logan et al., 1964; Hoffman, 1976; Reid et al., 2003; Jahnert and699

Collins, 2011, 2012; Playford et al., 2013; Suosaari et al., 2016) and the Ba-700

hamas (Dravis, 1983; Dill et al., 1986). High-relief stromatolites are typical701

in areas with high wave and tidal energy, such as headlands (e.g., Hoffman,702

1976). Common brecciation of stromatolites may indicate deposition as part703

of barrier complexes subjected to storms.704

4.3.3. LF12: Muddy microbialaminite705

Muddy microbialaminite occurs in dm-thick intervals in the Reward Dolo-706

stone and Lynott Formation. It is usually interbedded with lithofacies of FA2707

and FA3. This lithofacies is composed of dark grey to black (presumably or-708

ganic matter-rich) doloboundstone (Fig. 5B). It can be clay-rich and is rarely709

silicified. Interbeds of dolomudstone (LF13) can occur. Fine-grained pyrite710

may occur along laminae. This lithofacies is characterized by an alternation711

of ca. 1 mm thick flat, crinkly, or undulating laminae (sometimes disrupted712

or buckled up), which we interpret as microbial, with about 1–3 mm thick,713

grey dolomite laminae. Molar tooth structures are common but fenestrae714

(laminoid, calcite-filled, 1 mm high and 5-10 mm long) are rare.715

In Hamelin Pool of Shark Bay, Western Australia, high-relief stromato-716

lites comparable to LF11 occur in subtidal settings at headlands character-717

ized by intense tidal and wave activity, and the steepest slope along this718

coastline. In contrast, more protected peritidal areas of the coastline, such719

as bights and embayments have shallower slopes and have significantly lower720

wave and tidal activity (Hoffman, 1976). These areas are not dominated721

by high-relief stromatolites but instead colonized by microbial mats (Jahnert722
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and Collins, 2012) comparable to microbialaminite and muddy microbialami-723

nite from the McArthur Group. The hypersaline conditions prevent grazing724

stress at Hamelin Pool, but lack of predators in the Precambrian would sug-725

gest that microbial mats may have been common in Proterozoic low-energy726

shallow subtidal environments. In contrast to microbialaminite (LF7), we727

interpret these dark grey to black (‘muddy’) microbialaminites to have been728

generally deposited in mostly quiet submerged environments (Fig. 7), such as729

lagoons, to account for their high clay and presumably high organic-matter730

content.731

4.3.4. LF13: Dolomudstone732

Dolomudstone occurs as decimeter- to meter-thick intervals interbedded733

with lithofacies of FA2 and FA3 in the Barney Creek Formation, Reward734

Dolostone, and the Lynott Formation. This lithofacies is generally com-735

posed of dark grey to black, homogeneous dololutite or dolosiltite (Fig. 5C).736

The rocks are clay- and presumably organic matter-rich, and may also be737

silty. Interbeds of muddy microbialaminite (LF12) or black shale (LF17)738

can occur, and it can be transitional with dololutite (LF8). Pyrite and base739

metals sulfides may occur in streaks, spots, along fractures (Fig. 5C), dis-740

seminated or stratiform. This lithofacies is thinly laminated to massive, may741

have nodular bedding or contain pale grey nodules (sometimes plastically742

deformed). Slumping, loading and ball-and-pillow structures may occur, as743

well as molar tooth structures. Subhorizontal organic matter flakes and rip-744

up clasts of dolarenite may occur. Discontinuous or wavy shale laminae and745

dolarenite laminae with cross-lamination or starved ripples can also occur.746

This facies can contain subhorizontal flakes of organic matter that are up747
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to several mm in length. Some intervals occur as ‘flake breccia’, which is748

matrix supported, and has pale grey dolostone clasts that are subangular to749

rounded, mostly tabular, and subhorizontal.750

We interpret this lithofacies to have been deposited in quiet subtidal en-751

vironments (Fig. 7). This is consistent with the interbedding with facies752

from FA2 and FA3 and the transitional character with dololutite (LF8). De-753

position above wave base is indicated by the occurrence of rip-up clasts,754

and cross-lamination and starved ripples in dolarenite laminae. The flake755

breccia intervals may have also been formed by storm events. Beds show-756

ing loading and ball-and-pillow structures were rapidly deposited, and beds757

with slumping suggest deposition on an inclined sea floor. This lithofacies758

likely represents deposition in a similar environment as the muddy micro-759

bialaminite (LF12). The absence of microbial laminae may be due to higher760

sedimentation rates or greater water depth, both factors that would inhibit761

photosynthetic microbial communities.762

4.4. Deep subtidal to slope763

4.4.1. LF14: Dolarenite764

This lithofacies generally occurs as decimeter- to a few meter-thick inter-765

vals in the undifferentiated Barney Creek Formation. It is often interbed-766

ded with LF15, LF16, and LF18. The dolarenite lithofacies is composed767

of medium grey, dolosiltite to dolarenite (Fig. 5D), with very fine- to fine-768

grained dolarenite clearly dominating. This facies can be silty or contain769

rounded quartz grains. It can also contain pyrite, either disseminated or as770

spotty accumulations. This lithofacies is thinly laminated to medium bedded771

and rarely has (low-angle) cross-lamination, starved ripples, or HCS. Beds772
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are either not graded or show fining- or coarsening upward. Bed bases are773

often sharp and scour underlying beds (Fig. 5D). However, tops are often774

transitional with overlying lithofacies (Fig. 4D). Loading and ball-and-pillow775

structures sinking into underlying dolomitic siltstone (LF16) beds are com-776

mon (Fig. 5E), and slumping may also occur. Dolarenite can have mm to cm777

scale, rounded, intraclasts of LF4, LF11, and LF16. Common are sub-mm to778

mm scale organic matter flakes, which are either disseminated, concentrated779

in certain beds, or form discontinuous laminae.780

It is likely that this lithofacies represents a range of different depositional781

environments. However, the mostly decimeter-scale thickness, scoured bases,782

sand-dominated grain- and packstone textures, occasional low-angle cross-783

lamination, grading, organic matter flakes, and interbedding with hemipelagic784

facies (LF16) suggest deposition from sediment gravity flows (Fig. 7) such785

as grainflows and turbidity currents in deep subtidal slope environments786

(Coniglio and Dix, 1992; James and Jones, 2016, p. 216). The material was787

sourced from platform margin environments such as shoals. Another possible788

origin of certain beds is deposition by storms near storm wave base. This789

interpretation is consistent with the occurrence of HCS and scoured bases.790

However, the common interbedding with LF16 generally favors deposition791

from gravity flows.792

4.4.2. LF15: Interbedded dolarenite with grey siltstone793

This is a common lithofacies in the undifferentiated Barney Creek For-794

mation that occurs as decimeter- to meter-thick intervals. It is typically795

interbedded with silty dolarenite/dolomitic siltstone (LF16). Interbedding796

of medium grey dolosiltite and dolarenite (occasionally with floating quartz)797
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with dark grey dolomitic siltstone characterizes this lithofacies (Fig. 5F). The798

alternation is mostly on a cm-scale; however, it can reach 10 to 20 cm in thick-799

ness. This lithofacies is thickly laminated to very thinly bedded. Dolarenite800

laminae and beds typically scour underlying siltstone laminae/beds. They801

commonly display loading, flame, and ball-and-pillow structures and may802

internally show cross-lamination, SCS, and starved ripples. They can also803

have mud chips and organic matter flakes. Slumping, cm-scale growth faults,804

and carbonate nodules occasionally occur.805

We interpret the depositional environment of this lithofacies to be compa-806

rable to that of dolarenite (LF14): deposition mostly from sediment gravity807

flows (Fig. 7). However, LF15 is marked by much thinner (mostly cm-scale)808

but regularly occurring, gravity flow deposits, dolarenite, interbedded with809

dolomitic siltstone (LF16) as background sediment.810

4.4.3. LF16: Silty dolarenite/dolomitic siltstone811

This lithofacies (Fig. 6A, B) occurs as decimeter- to tens of meters-thick812

intervals in the HYC Pyritic Shale Member and overlying undifferentiated813

Barney Creek Formation and Caranbirini Member of the Lynott Formation.814

It is by far the most common lithofacies of the Barney Creek Formation in815

sub-basins. Interbedding with other lithofacies of FA4 is typical. Lithofacies816

16 represents a continuum between medium to dark grey silty dolostone and817

dark grey to black dolomitic siltstone and very fine sandstone, which have818

been distinguished in logs. The compositional difference is typically also819

manifested in bedding differences. Whereas the silty dolarenite subfacies is820

very thinly to thinly bedded, the dolomitic siltstone subfacies is thickly lam-821

inated (Fig. 6B). In the HYC Pyritic Shale Member, the dolomitic siltstone822
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is generally pyritic and bituminous. These rocks generally have a parallel-823

planar and occasionally wavy lamination. Individual laminae and beds may824

be normally graded. Carbonate nodules, slumping, growth faults, loading825

(where in contact with the dolarenite facies) and rare dolarenite clasts may826

occur. Silty dolarenite has rare HCS, low-angle cross-lamination (tangential827

or straight foresets), and starved ripples.828

The dolomitic siltstone sub-facies was likely deposited below storm wave829

base as indicated by absence of wave- or storm-induced sedimentary struc-830

tures. However, deposition in slightly shallower environments, around storm831

wave base, of the silty dolarenite sub-facies is suggested by occasional HCS,832

low-angle cross-lamination and starved ripples. This is consistent with the833

higher abundance of carbonate, which is generally produced in shallow subti-834

dal environments and subsequently supplied to shallower and deeper deposi-835

tional environments by storm-generated currents. Both sub-facies were likely836

deposited as a result of hemipelagic settling and/or low-density turbidity cur-837

rents (Fig. 7; Wignall, 1994). Bull (1998) similarly suggested sub-wave-base838

environments for fine-grained siliciclastic sediments of the Barney Creek For-839

mation.840

4.4.4. LF17: Black shale841

Black shale occurs as decimeter- to meter-thick intervals in the HYC842

Pyritic Shale Member and the undifferentiated Barney Creek Formation. It843

is interbedded with dolomitic siltstone of LF16. This lithofacies is composed844

of dark grey to black shale and silty shale (Fig. 6E). It is typically pyritic845

and can also be dolomitic. Black shales are parallel-planar laminated and846

fissile or rubbly.847
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Deposition below storm wave base is indicated by lack of any storm- or848

wave-induced sedimentary structures and the interbedding with dolomitic849

siltstone of LF16. Likely depositional mechanisms include hemipelagic set-850

tling and low-density turbidity currents (Wignall, 1994) in deep subtidal to851

slope environments (Fig. 7).852

4.4.5. LF18: Mass-flow breccia (sand-sized/>sand-sized)853

This lithofacies occurs as centimeter- to meter-thick intervals in the Bar-854

ney Creek Formation and Reward Dolostone and is typically interbedded855

with other facies from FA4. Slope breccias interrupt the deposition of LF19856

and LF16 facies. Mass-flow breccias are composed of medium to dark grey857

(rare black) grainstones, conglomerates, and breccias. They are matrix- or858

clast-supported, mostly polymict but sometimes monomict, and moderately859

(rare) to very poorly sorted. The clast size is either dominated by granule- to860

cobble-sized clasts (Fig. 6C) or sand-sized grains (Fig. 6D), which we distin-861

guish in logs. The sand-sized subfacies is similar to dolarenite (LF14) with862

the main differences being polymict composition and generally larger grain-863

size. The tabular- to equant-shaped clasts of mass-flow breccias typically864

show no fitting. Compositionally, this facies is dominated by well-rounded865

to very angular carbonate clasts; however, angular dolomitic siltstone clasts866

and quartz grains may also occur. Interstitial pyrite and base metal sulfides867

may occur. Mass-flow breccias are very thinly to medium bedded, sometimes868

massive. They are typically ungraded but may also show normal or inverse869

grading.870

The lack of fitting, unsorted clasts, and variable degree of roundness, as871

well as interbedding with rhythmite (LF19) and silty dolarenite/dolomitic872
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siltstone (LF16) indicate a gravity-flow origin (e.g., Coniglio and Dix, 1992;873

Flügel, 2004; James and Jones, 2016, p. 2016). Mass-flow breccias were874

likely generated by gravitational collapse and coherent mass wasting of lithi-875

fied platform margin and upper slope deposits (Playton et al., 2010) and876

subsequent down-slope transport and re-sedimentation (Fig. 7). Whereas877

polymict deposits suggest mixing of clasts from multiple platform margin878

environments (e.g., shoals, biological buildups) and/or upper slope environ-879

ments, monomict deposits had only one source area and are typically the880

result of erosion and re-deposition of upper slope carbonates (Coniglio and881

Dix, 1992). Variability in clast size, grading (un-, normal-, or inverse graded),882

and bedding (bedded or massive) suggest that transport mechanisms differed883

for individual beds and likely included coarse-grained turbidity currents and884

debris flows for the larger than sand-sized subfacies, and fine-grained turbid-885

ity currents and grainflows for the sand-sized subfacies. Therefore, the origin886

of the latter is similar to dolarenite (LF14) beds.887

4.4.6. LF19: Rhythmite888

Rhythmites, characterized by alternation of darker and lighter grey lam-889

inae and beds of similar thickness, can occur as meter- to decameter-thick890

intervals in the undifferentiated Barney Creek Formation. This lithofacies is891

composed of dark grey (rare medium grey), very fine to fine dolarenite (Fig.892

6F). It is typically thickly laminated to thinly bedded. Individual laminae893

and beds can have an erosional base. They are massive or have an internal,894

mm-scale, planar-parallel lamination with fining-upward. Slump folds (Fig.895

6F) and cm-scale growth faults are common.896

The absence of wave or current-induced structures indicates deposition897
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below storm wave base. Furthermore, common slump folds suggest depo-898

sition onto an inclined sea floor such as a slope (Fig. 7). The sediments899

were likely deposited out of suspension, either as pelagic and hemipelagic900

fallout from the water column or as sediment-seawater-mixtures that moved901

downslope as dilute allodapic flows (e.g., Coniglio and Dix, 1992; Playton902

et al., 2010; James and Jones, 2016, p. 214). Fallout deposition can occur903

after storms, tides, or currents transported fine material from the platform904

interior or platform margin into deeper water settings. If these suspensions905

are dense enough they can transform into dilute allodapic flows. The occa-906

sionally observed sharp, erosional lower contacts, and normal grading support907

the interpretation of deposition out of allodapic flows such as dilute turbidity908

currents (e.g., Cook and Mullins, 1983).909

5. Discussion910

5.1. Stratigraphic evolution911

The three studied drill cores intersect the middle McArthur Group in dif-912

ferent tectonic settings. GRNT-79-7 intersects the Barney Creek Formation913

in the Glyde sub-basin (Fig. 1). In contrast, Leila Yard 1 and Lamont Pass914

3 intersect the succession on the adjacent paleohigh to the north (although915

this area is marked by small, higher order sub-basins). As the Barney Creek916

Formation was the drilling target, only Lamont Pass 3 intersects a signifi-917

cant stratigraphic range below the Barney Creek Formation. Therefore, our918

stratigraphic interpretation only considers the vertical evolution for these919

units.920

The Tooganinie Formation is the oldest intersected stratigraphic unit,921
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cored below ca. 1045 m in Lamont Pass 3 (Fig. 8). The intersected thickness922

is ca. 229 m, but its base was not drilled. Consistent with general descriptions923

of this unit by Jackson et al. (1987), our log shows that it is distinguished by924

interbedding of peritidal dolostones, mostly stromatolites (LF11), and green925

siltstones (LF1; Fig. 8). In Lamont Pass 3, the top shoals from subtidal926

stromatolites to sabkha environments, as indicated by increasing abundance927

of red siltstone with anhydrite (LF1). Therefore, the Tooganinie Formation928

represents a regressive transition into the Leila Sandstone and Myrtle Shale.929

The Leila Sandstone in Lamont Pass 3 is 11 m thick (Fig. 8). It is an im-930

mature, medium- to coarse-grained sandstone with abundant siltstone (LF1)931

rip up clasts, siltstone laminae, and mudcracks. Therefore, this sandstone932

was likely deposited in supratidal environments and represents continuation933

of upward shoaling.934

Eighty-two meters of the Myrtle Shale were intersected in Lamont Pass935

3. We interpret the Myrtle Shale to represent a mosaic of sabkha environ-936

ments, dominated by interbedding of red and green siltstone (LF1). This drill937

core records a gradual transition from the Myrtle Shale into the overlying938

Emmerugga Dolostone, marked by two conglomerate cycles. Each conglom-939

erate bed is limited to siltstone clasts in the lower half but carbonate clasts940

(LF4 and LF8) come in towards the top. This suggests retrogradation of941

the shoreline and re-working of inter- to supratidal carbonate environments.942

The basal carbonate bed of the Emmerugga Dolostone is a dolarenite breccia943

dominated by carbonate clasts with a silty matrix, again indicating a gradual944

transition.945

The Emmerugga Dolostone in Lamont Pass 3 is an ∼80 m-thick inter-946
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val dominated by subtidal stromatolites (LF11) and shallow subtidal bedded947

dolarenites (LF4; Fig. 8), representing flooding of the Myrtle Shale sabkha948

environments. The stromatolites are commonly entirely brecciated, grow on949

brecciated surfaces and/or are brecciated at the top. The abundant brec-950

ciation may indicate regular storm activity and that stromatolite bioherms951

formed barriers that allowed dolarenite and dololutite deposition in protected952

low-energy environments. We choose the base of a ca. 60 m thick, faulted953

and brecciated dolarenite interval as the boundary with the overlying Teena954

Dolostone (Fig. 8). However, a clear facies distinction between these units955

is not observable in Lamont Pass 3. Furthermore, a distinction between the956

Mara Dolostone and Mitchell Yard Member in the Emmerugga Dolostone957

cannot be made in Lamont Pass 3. This ambiguity highlights the need for958

careful stratigraphic studies and potential revision of stratigraphic nomencla-959

ture in the southern McArthur Basin considering complex paleotopography960

inherited by the underlying Tawallah Group, lateral facies changes, and di-961

achronous deposition.962

The overlying Teena Dolostone is only represented by the brecciated963

dolarenite succession in Lamont Pass 3. At least part of this brecciation964

is due to faulting, accompanied by strong pyrite and weak base metals min-965

eralization. The uppermost Teena Dolostone is intersected in Leila Yard 1966

and comprises shallow subtidal to intertidal facies (FA2). The occurrence of967

Coxco needles indicates that the Coxco Member is developed in this area.968

In contrast, it is not developed ca. 42 km to the southeast in Lamont Pass969

3 (Fig. 8). GRNT-79-7 does not intersect this part of the stratigraphy but970

a study by Davidson and Dashlooty (1993) demonstrated that the Coxco971
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Member is developed in the Glyde sub-basin.972

The transition into the overlying Barney Creek Formation coincided with973

fault reactivation, which led to renewed extension of the basin and the for-974

mation or reactivation of numerous sub-basins and paleohighs (McGoldrick975

et al., 2010). This episode of extension led to flooding of peritidal facies of976

the Teena Dolostone in Leila Yard 1 and Lamont Pass 3, and deposition of977

deep subtidal to slope facies (FA4) of the Barney Creek Formation in all978

three drill cores (Fig. 8).979

The W-Fold Shale is a transitional unit that is only developed as a one980

meter-thick interval of alternating dolarenite and dark grey siltstone (LF15)981

in Leila Yard 1. The following HYC Pyritic Shale Member is a bituminous982

and pyritic dolomitic siltstone (LF16) in all three drill cores, independent983

of a paleohigh or sub-basin setting. This lithological uniformity testifies to984

significant deepening of the entire southern Batten Fault Zone. In addition,985

the sedimentological composition of the HYC Pyritic Shale Member in the986

three drill cores presented here is comparable to the correlative mineralized987

interval at McArthur River (Large et al., 1998) and a studied core located988

approximately 23 km southwest of McArthur River (Bull, 1998). Despite989

the similar sedimentological composition, our transect shows a significantly990

thicker HYC Pyritic Shale Member in the sub-basin intersection in GRNT-991

79-7 (78 m) compared to the paleohigh intersections in Lamont Pass 3 (33 m)992

and Leila Yard 1 (17 m). Furthermore, a 7 m-thick black shale (LF17) interval993

occurs in GRNT-79-7. These observations are consistent with the generally994

deeper depositional environment in the sub-basin.995

The overlying undifferentiated Barney Creek Formation is marked by sig-996

42



  

nificant lateral thickness changes, from less than 200 m on the paleohigh997

to more than 800 m in the sub-basin (Fig. 8). Furthermore, the Barney998

Creek Formation in GRNT-79-7 is truncated by the sub-Cambrian unconfor-999

mity, and therefore the current thickness of the Barney Creek Formation in1000

this sub-basin section is a minimum estimate of its original thickness. This1001

lateral thickness difference indicates significant fault-controlled subsidence1002

in the sub-basin. The undifferentiated Barney Creek Formation is mostly1003

composed of silty dolarenite/dolomitic siltstone (LF16) but compared to the1004

HYC Pyritic Shale Member has a higher carbonate content, is less bitumi-1005

nous, and contains abundant carbonate gravity flow deposits (LF14, LF15,1006

LF18). Mass-flow breccias (LF18) are particularly common in the middle1007

and upper part of the undifferentiated Barney Creek Formation (Fig. 8).1008

Taken together, these features indicate general shoaling upward. The undif-1009

ferentiated Barney Creek Formation is dominated by dolomitic siltstone in1010

Leila Yard 1 and GRNT-79-7. However, in Lamont Pass 3, located close to1011

the Emu Fault (Fig. 1), the upper part comprises subtidal (FA3) to shallow1012

subtidal (FA2) carbonate facies (Fig. 8). This indicates that while rapid1013

early subsidence occurred across the entire studied part of the Batten Fault1014

Zone at the onset of HYC Pyritic Shale Member deposition, subsidence rates1015

of the eastern part of this particular paleohigh decreased during deposition1016

of the upper undifferentiated Barney Creek Formation and allowed the es-1017

tablishment of subtidal to shallow subtidal environments.1018

The overlying formations are only preserved in the two drill cores from1019

the paleohigh. The Reward Dolostone shows a continuation of the general1020

shoaling observed in the undifferentiated Barney Creek Formation. It thick-1021
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ens from 13 m in Leila Yard 1 on the northwestern side of the paleohigh to1022

40 m in Lamont Pass 3 in the southeast. This thickness increase is accompa-1023

nied by a facies shift from mostly deep subtidal carbonate facies to mostly1024

shallow subtidal to intertidal carbonate facies (Fig. 8). Therefore, Lamont1025

Pass 3 continues to record shallower depositional environments (as observed1026

in the upper undifferentiated Barney Creek) than Leila Yard 1.1027

The Caranbirini Member of the Lynott Formation is ca. 70 m thick in1028

both Leila Yard 1 and Lamont Pass 3 (Fig. 8). It records a shift to deeper1029

depositional environments, indicated by the deposition of deep subtidal to1030

slope (FA4) black shale (LF17) facies and dolomitic siltstone (LF16) in Leila1031

Yard 1 and subtidal (FA3) muddy microbialaminite (LF11) and dolomud-1032

stone (LF13) in Lamont Pass 3. This means, although the Caranbirini Mem-1033

ber shows general deepening, a lateral gradient from deeper environments in1034

the northwest to shallower environments in the southeast is preserved on this1035

paleohigh. Therefore, the lateral gradient that is already present in the upper1036

Barney Creek Formation continues through to the Caranbirini Member.1037

The Hot Spring Member of the Lynott Formation is composed of shallow1038

subtidal to intertidal facies (FA2) in both Leila Yard 1 and Lamont Pass 31039

(Fig. 8). A lateral depth gradient is not observable. The total thickness of1040

this member is unknown as both cores are collared in the Hot Spring Member.1041

5.2. Sequence stratigraphy1042

We have identified four complete and two partial T-R sequences over the1043

studied interval. The upper part of the RST of sequence T in the Tooganinie1044

Formation is cored in Lamont Pass 3 (Fig. 8). A MRS at the top of a red and1045

green siltstone bed coincides with a shift in the gamma pattern and marks1046
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the top of a succession dominated by supratidal siltstone.1047

The overlying TST of sequence TM is marked by regular interbedding of1048

subtidal stromatolites (LF11) and shallow subtidal to supratidal siltstones1049

(LF6, LF1), producing a characteristic pattern of alternating low and high1050

gamma ray readings (Fig. 8). The stromatolite/siltstone ratio generally in-1051

creases upsection in the TST, indicating flooding, and the TST culminates1052

in a MFS within a thick stromatolite interval (Fig. 8). The following RST1053

comprises the uppermost Tooganinie Formation, where it is marked by de-1054

creasing stromatolite/siltstone ratio, the shallow marine to supratidal Leila1055

Sandstone, and sabkha facies of the Myrtle Shale. The top of sequence TM1056

coincides with the boundary of the Myrtle Shale to the Emmerugga Dolo-1057

stone (Fig. 8). We identify this surface as a MRS.1058

Southgate et al. (2000) and Jackson et al. (2000) describe a sequence1059

boundary at the base of the Leila Sandstone as ‘incision surface that truncates1060

subtidal green shale of the Tooganinie Formation’ and separates shallower1061

facies above from deeper facies below. Due to rare outcrops, they only ob-1062

served the Leila-Tooganinie contact in one location near the McArthur River1063

deposit. In Lamont Pass 3, the Tooganinie-Leila contact is not associated1064

with significant incision. It is a scour surface marked by shale/siltstone rip up1065

clasts in the lowermost 5 cm of the Leila Sandstone, which can be explained1066

by deposition of the sandstone on top of unlithified shale/siltstone. We in-1067

terpret this surface as a regressive surface of marine erosion (RSME), which1068

is a highly diachronous surface associated with a minor time gap formed as a1069

scour zone during base level fall (Plint, 1988). Further support for an overall1070

gradual transition instead of a major unconformity representing a sequence1071
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boundary comes from shale/siltstone beds and rip up clasts throughout the1072

Leila Sandstone in Lamont Pass 3. Furthermore, the uppermost Tooganinie1073

Formation already contains red siltstone with anhydrite nodules, as typical1074

for the overlying Myrtle Shale in Lamont Pass 3.1075

The overlying TST of sequence ET culminates in a MFS marked by a1076

thin dolomudstone (LF13) bed and a corresponding peak in the gamma ray1077

log (Fig. 8). The following RST is capped by a MRS at the top of the Teena1078

Dolostone, which comprises bedded dolarenite (LF4) in both Lamont Pass 31079

and Leila Yard 1. Using the gamma ray log available from Lamont Pass 3,1080

the MRS could be placed slightly lower at the inflection point of increasing1081

gamma ray valuesd. However, we choose the facies change as MRS as this1082

entire interval is brecciated in Lamont Pass 3 (post-depositional), making it1083

difficult to interpret the gamma ray log.1084

Southgate et al. (2000) and Jackson et al. (2000) describe a karst sur-1085

face at the base of the Teena Dolostone (i.e. in the middle of our sequence1086

ET), which they observed in one location. This proposed sequence bound-1087

ary is also used as base for the River Supersequence (a 2nd-order sequence1088

defined on the Lawn Hill Platform in Queensland) in the southern McArthur1089

Basin (Jackson et al., 2000). In Lamont Pass 3, the transition between the1090

Emmerugga and Teena dolostones is transitional and we do not observe an1091

unconformity. Furthermore, the entire Teena Dolostone is faulted, and as1092

a result, is brecciated (Fig. 8) and mineralized with pyrite and minor base1093

metal sulfides. Future studies and a more regional assessment are required1094

to better understand this contact.1095

The overlying Barney Creek Formation comprises two sequences, herein1096
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called B1 and B2. Sequence B1 comprises the W-Fold Shale, HYC Pyritic1097

Shale Member, and roughly the lower half of the undifferentiated Barney1098

Creek Formation (Fig. 8). Although slightly thicker in the sub-basin inter-1099

sected in GRNT-79-7, the TST of B1 is generally only a few meters thick in1100

the studied drill cores (Fig. 8). On the paleohigh, the MFS sits within an1101

interval of bituminous dolomitic siltstone (LF16) of the middle HYC Pyritic1102

Shale Member, marked by a peak in the gamma ray log in Lamont Pass 3,1103

and elevated pyrite abundance in Leila Yard 1. In the sub-basin section of1104

GRNT-79-7, it sits within a black shale (LF17) interval in the middle HYC1105

Pyritic Shale Member. As discussed above, the HYC Pyritic shale Member1106

records significant flooding across the entire basin, not only in sub-basins.1107

Strata of the RST shoal to shallow subtidal facies in the undifferentiated1108

Barney Creek in Lamont Pass 3. The RST is capped by a MRS, which is1109

associated with a sharp increase in gamma ray values and a shift in δ13Ccarb1110

from increasing to decreasing values (Fig. 8). In contrast to Lamont Pass1111

3, the RST does not record shoaling to shallow subtidal environments in1112

Leila Yard 1 and GRNT-79-7. Here, the MRS sits within silty dolarenite1113

(LF16) turbidite deposits (Fig. 8), which is a typical location for the MRS in1114

deeper water settings (Embry and Johannessen, 2017). Gamma ray data are1115

not available to identify the exact stratigraphic location of the MRS. How-1116

ever, using a δ13Ccarb shift associated with the MRS in Lamont Pass 3 as a1117

chronostratigraphic marker, the MRS can be identified in these holes (Fig.1118

8).1119

Sequence B2 comprises the upper undifferentiated Barney Creek Forma-1120

tion and the Reward Dolostone (Fig. 8). The TST records less relative deep-1121
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ening of depositional environments across the studied area than the TST of1122

B1. In Leila Yard 1 and GRNT-79-7, silty dolarenite gives way to pyritic and1123

bituminous dolomitic siltstone and Lamont Pass 3 records deepening from1124

shallow subtidal bedded dolarenite (LF4) to subtidal dolomudstone (LF13).1125

The MFS sits within a pyritic black shale (LF17) interval in the sub-basin1126

succession of GRNT-79-7 and is associated with a δ13Ccarb shift from de-1127

creasing to increasing values. This shift also occurs in Lamont Pass 3 and1128

helps to identify the MFS within an interval of generally high gamma ray1129

values (Fig. 8). In Leila Yard 1, the MFS is expressed as pyritic dolomitic1130

siltstone. The RST of sequence B2 is marked by shoaling from slope facies1131

(Leila Yard 1) and subtidal facies (Lamont Pass 3) of the undifferentiated1132

Barney Creek Formation to shallow subtidal and intertidal facies of the upper1133

Reward Dolostone in both cores. In GRNT-79-7, the RST is truncated by1134

the Cambrian unconformity (Fig. 8). We place the sequence boundary in the1135

upper Reward Dolostone (but not the top), at the onset of rising gamma ray1136

values in Lamont Pass 3. We identify the sequence boundary as MRS is Leila1137

Yard 1 but it is unclear whether it is a MRS or an unconformable shoreline1138

ravinement surface in Lamont Pass 3. However, we do not see evidence for1139

significant truncation and erosion as expected for an unconformable shore-1140

line revinement surface. In fact, the δ13Ccarb values change gradually across1141

the boundary into the Caranbirini Member, which is consistent with a grad-1142

ual change (i.e., MRS) instead of a hiatus. As the Reward-Lynott contact1143

has previously been described as a locally developed unconformity (Ahmad1144

et al., 2013), a regional scale perspective is required to better understand1145

where this contact is developed as unconformity.1146
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Sequence L comprises the Caranbirini and Hot Spring members of the1147

Lynott Formation. A thin TST is developed in the lowermost Caranbirini1148

Member and culminates in a MFS expressed as pyritic black shale (LF17) in1149

Leila Yard 1 and a dolomudstone (LF13) marked by a gamma ray peak in1150

Lamont Pass 3 (Fig. 8). Although Leila Yard 1 records deeper depositional1151

environments during deposition of the Caranbirini Member, including the1152

lower RST of sequence L, shoaling upwards to shallow sub- to intertidal1153

environments in the Hot Spring Member is recorded in both drill cores (Fig.1154

8).1155

The Barney Creek Formation and the Caranbirini Member are lithologi-1156

cally similar and hence may be difficult to distinguish. Sequence stratigraphy1157

can be used to distinguish these two units. Whereas the Barney Creek For-1158

mation comprises one full sequence (B1) and the TST and lower RST of a1159

second sequence (B2), the Caranbirini Member only consists of one TST and1160

part of an RST (L).1161

5.3. Sequence stratigraphic correlation with Lawn Hill Platform1162

The late Paleoproterozoic succession in Queensland is divided into seven1163

2nd-order supersequences (Southgate et al., 2000). Geochronological con-1164

straints indicate that middle McArthur Group equivalent strata is repre-1165

sented by the River Supersequence, which can be subdivided into eight 3rd-1166

order sequences (Fig. 9; Krassay et al., 2000). We present a possible correla-1167

tion of these sequences with our interpreted sequence stratigraphic framework1168

in the southern McArthur Basin (Fig. 9). Correlation of these sequences as-1169

sumes that they formed synchronously, which means that the interplay of1170

accommodation space and sedimentation was controlled by the same mech-1171
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anism in both areas or that both at least shared the same allostratigraphic1172

control. Correlation of strata in these areas is complicated by the complex1173

tectonic history of the north Australian Proterozoic basins. Specifically, seis-1174

mic sections indicate onlap of Lawn Hill strata onto the southern Murphy1175

inlier (Southgate et al., 2000), which separates the southern McArthur Basin1176

from the Lawn Hill Platform. Furthermore, only the upper three sequences1177

of the River Supersequence are preserved on the northern Lawn Hill Platform1178

(Southgate et al., 2000; Krassay et al., 2000). These observations indicate1179

that the Murphy inlier was a paleohigh at the time of deposition, separating1180

depocenters on both sides. Nevertheless, as both successions were deposited1181

in less than ca. 15 million years and have a comparable number of sequences1182

with similar thicknesses, it is reasonable to assume more or less synchronous1183

deposition and to attempt to correlate the sequence stratigraphic records1184

from both areas (Fig. 9).1185

Previous workers have proposed different stratigraphic positions for the1186

base of the River Supersequence in the southern McArthur Basin (Fig. 9).1187

For example, the unconformity described by Southgate et al. (2000) from the1188

base of the Leila Sandstone has been used as base of the River Supersequence1189

(Southgate et al., 2000; McGoldrick et al., 2010). However, we identify this1190

surface as a RSME and not as a sequence boundary. Another possibility1191

was suggested by Jackson et al. (2000) who described a karst surface at the1192

base of the Teena Dolostone and used this sequence boundary as the base1193

for the River Supersequence. Although future work is required to better1194

understand this contact, we do not recognize a karst surface or sequence1195

boundary between the Emmerugga and Teena dolostones in Lamont Pass 3.1196
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Therefore, we offer an alternative interpretation for the base of the River1197

Supersequence in the southern McArthur Basin.1198

Second-order sequences such as the River Supersequence are thought to1199

have a duration between 3 and 50 million years (Vail et al., 1991) and are1200

mostly controlled by regional tectonics (e.g., Nystuen, 1998; Embry, 2009).1201

The boundaries are marked by a change of the tectonic regime (Embry, 2009)1202

and significant deepening and erosion in different parts of the basin. In the1203

middle McArthur Group, the most significant tectonic activity occurred at1204

the Teena-Barney Creek transition (e.g., McGoldrick et al., 2010). Move-1205

ment along broadly north-south striking strike-slip faults led to significant1206

sub-basin deepening in some areas and significant uplift and erosion in other1207

areas. For example, GRNT-79-7 records 900 m of deep subtidal to slope fa-1208

cies of the Barney Creek Formation (Fig. 8) deposited in the Glyde sub-basin1209

along the western side of the Emu Fault and indicates significant subsidence.1210

In contrast, deposition of mass-flow breccias (Cooley Dolostone Member),1211

for example at McArthur River (Williams, 1978; Ireland et al., 2004a), were1212

shed from uplifted fault blocks along the Emu Fault and indicate erosion.1213

About 10 km south of the McArthur River deposit, a karst surface separates1214

the lower Emmerugga Dolostone from the Reward Dolostone (Walker et al.,1215

1983). This surface could have formed any time between the Emmerugga and1216

Reward dolostones; however, we suggest it formed at the top of the Teena1217

Dolostone, leading to truncation of the Teena and upper Emmerugga dolo-1218

stones and non-deposition of the Barney Creek Formation. This is consistent1219

with the general occurrence of clasts of Teena and Emmerugga dolostones in1220

the Cooley Dolostone Member (Williams, 1978; Jackson et al., 1987). Based1221
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on these observations, we suggest that the base of the River Supersequence1222

coincides with the Teena-Barney Creek transition in the southern McArthur1223

Basin. Following this assumption, we correlate previously described 3rd-1224

order sequences from the Lawn Hill Platform (Krassay et al., 2000) with1225

3rd-order sequences described in this contribution (Fig. 9).1226

The base of the River Supersequence sits within the upper portion of the1227

1647±4 Ma Lady Loretta Formation on the Lawn Hill Platform (Bradshaw1228

et al., 2000; Krassay et al., 2000, Fig. 9). Following our proposed position1229

of the base of the River Supersequence in the southern McArthur Basin, the1230

1640±3 Ma Barney Creek Formation correlates with the upper Lady Loretta1231

Formation (Fig. 9). The 1636±4 Ma Lynott Formation in the McArthur1232

Basin may represent sequences 3–4 of the River Supersequence, which belong1233

to the 1644±8 Ma Riversleigh Siltstone on the Lawn Hill Platform.1234

The sequence stratigraphic correlation proposed herein is only a first at-1235

tempt to reconstruct a regional 3rd-order sequence stratigraphic framework.1236

A more precise geochronological framework and extended carbon isotope1237

record is required to test this correlation and expand it to other areas of the1238

greater McArthur Basin (e.g., Birrindudu Basin, Walker Fault Zone).1239

5.4. Carbon isotope chemostratigraphy1240

Carbon and oxygen isotope ratios show no systematic relationship for La-1241

mont Pass 3 and Leila Yard 1 (Fig. 10), indicating a lack of strong secondary1242

alteration. In contrast, carbon and oxygen isotopes in GRNT-79-7 show a1243

weak positive correlation (Fig. 10), suggesting that some samples experi-1244

enced secondary alteration, which may be due to meteoric waters (Allan and1245

Matthews, 1982). Furthermore, a small subset (n=6) of samples from this1246
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core have very light δ18Ocarb values (<-15h; Fig. 10), likely indicating that1247

they experienced significant alteration. These samples are indicated by open1248

circles in Fig. 8 and not further considered. As only samples from GRNT-1249

79-7 experienced weak alteration, we generally consider the carbon isotope1250

data set to be a faithful record of the primary carbon isotopic composition1251

of the depositional environment.1252

Carbon isotope values of mostly carbonate lithofacies (only 15 samples1253

were dolomitic siltstone; see Methods) show significant and systematic varia-1254

tion in the middle McArthur Group (Fig 8). In Lamont Pass 3, δ13Ccarb val-1255

ues gradually increase throughout the Tooganinie Formation from ca. -3.5h1256

to ca. -2h. Due to absence of carbonate beds, we were not able to pro-1257

duce a δ13Ccarb record from the overlying Leila Sandstone and Myrtle Shale.1258

However, values continue to increase upsection through the Emmerugga and1259

Teena dolostones to a maximum of ca. 0h in the middle Barney Creek1260

Formation, followed by an upsection decrease to ca. -2h to -1.5h in the1261

Reward Dolostone and Lynott Formation (Fig. 8).1262

This trend generally does not correspond to major changes in the de-1263

positional settings throughout the succession. Although shoaling to inter-1264

to supratidal environments in the upper Tooganinie Formation is accompa-1265

nied by a trend towards higher δ13Ccarb, the isotopic ratio is much lower1266

as reported from modern and ancient sabkha environments (Stiller et al.,1267

1985; Schmid, 2017). Furthermore, the highest δ13Ccarb values are recorded1268

by the Barney Creek Formation, which reflects the deepest depositional en-1269

vironments in the middle McArthur Group. Shoaling upward, as recorded1270

in the Reward Dolostone and Hot Spring Member is accompanied by de-1271
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creasing δ13Ccarb. A lateral isotope gradient across the presented ca. 60 km1272

transect, spanning a sub-basin and paleohigh environment, is also not ob-1273

servable. These observations suggest that the 3.5h variation in the middle1274

McArthur Group does not record vertical or horizontal isotope gradients in1275

the basin.1276

In contrast, we attribute a subordinate δ13Ccarb trend of ca. 1–2h in car-1277

bonate lithofacies of the Barney Creek Formation (Fig. 8) to a depth gradient1278

in the dissolved inorganic carbon reservoir of the sampled water body. In La-1279

mont Pass 3, deepening in the basal Barney Creek Formation corresponds to1280

decreasing δ13Ccarb values from -1 to -1.5h at the MFS of sequence B1. The1281

following RST is marked by increasing δ13Ccarb to maximum values around1282

0h at the sequence boundary. The overlying TST of sequence B2 shows1283

decreasing values to ca. -1h, followed by values around -0.5h in the RST1284

of the upper Barney Creek Formation (Fig. 8).1285

Although the observed isotopic range of 1–2h in the Barney Creek For-1286

mation in Lamont Pass 3 is relatively low, comparable values and trends1287

are observable in the other two drill cores (Fig. 8). In GRNT-79-7, δ13Ccarb1288

values decrease from -2h to ca. -4h in the lower Barney Creek Formation1289

(due to lack of carbonate beds only a low resolution data set was produced),1290

followed by an upsection trend of increasing values to ca. 0h at the B21291

sequence boundary. The TST of sequence B2 is marked by decreasing values1292

to ca. -2h around the MFS. However, the MFS itself was not analyzed be-1293

cause it does not sit within a carbonate interval. The preserved lower part of1294

the RST shows slightly increasing δ13Ccarb values (Fig. 8). Importantly, the1295

described trends in GRNT-79-7 occur in stratigraphically thicker intervals1296
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compared to Lamont Pass 3, reflecting significantly greater sedimentation1297

rates in the sub-basin. Due to the lack of carbonate beds, we only present1298

δ13Ccarb data from the middle portion of the Barney Creek Formation in Leila1299

Yard 1. Carbon isotope ratios increase from ca. -1h in the upper RST of1300

sequence B1 to 0h at the B2 sequence boundary. This maximum is followed1301

by a decline to -2h in the TST of sequence B2.1302

The Reward Dolostone also shows a 1–2h trend in δ13Ccarb. In Lamont1303

Pass 3, δ13Ccarb values sharply increase from ca. -1 to 0h in the lower Reward1304

Dolostone, followed by a gradual decline to ca. -1.5h throughout the Reward1305

Dolostone (Fig. 8). A similar trend is recorded by the Reward Dolostone in1306

Leila Yard 1. δ13Ccarb values first increase from -2h to -1h and than decline1307

to -2.5h. In Leila Yard 1 this trend is condensed due to lower sedimentation1308

rates and systematically offset towards lighter values by ca. 1h. This is1309

consistent with a surface-to-depth isotope gradient in the sampled water1310

body, comparable to the trend in the Barney Creek Formation.1311

In summary, carbon isotope data show a systematic 3.5h trend in car-1312

bonate facies of the middle McArthur Group. This trend does not correspond1313

to the depositional environment of the stratigraphic units, suggesting it can1314

be used for basin-wide correlation. Subordinate δ13Ccarb trends of 1–2h in1315

the Barney Creek Formation and Reward Dolostone correspond to trends1316

in relative water depth and likely reflect an isotope gradient in the sampled1317

water mass. Future carbon isotope work on these units in other locations is1318

required to test whether these low-amplitude shifts in δ13Ccarb are a basin-1319

wide signal and can be used for basin-scale correlation. However, given that1320

we observe these trends in a 60 km transect across a sub-basin and paleohigh1321
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seem to suggest this.1322

5.5. Chemostratigraphic correlation with North China Craton1323

The Changcheng and Nankou groups on the North China Craton repre-1324

sent a late Paleo-Mesoproterozoic mixed siliciclastic-carbonate rift to drift1325

succession (Chu et al., 2007; Meng et al., 2011). Marine carbonate rocks of1326

the Tuanshanzi Formation comprise the upper part of the Changcheng Group1327

and are dated by an interbedded tuff bed that yielded a zircon 207Pb/206Pb1328

age of 1637±15 Ma (Zhang et al., 2013). The overlying Dahongyu Forma-1329

tion of the Nankou Group comprises basal sandstones, overlain by carbonate1330

rocks, and an interbedded tuff yielded a SHRIMP U-Pb age of 1622±23 Ma1331

(Lu et al., 2008) and a single zircon U-Pb age of 1625±6 Ma (Lu and Li,1332

1991). These formations are thus the same age as the middle McArthur1333

Group, within analytical uncertainty (Fig. 11).1334

Carbon isotope chemostratigraphic data of the Tuanshanzi and Dahongyu1335

formations were previously reported by Chu et al. (2007) and data from the1336

Tuanshanzi Formation display a strikingly similar isotopic range and trend to1337

our data from the middle McArthur Group (Fig. 11). Given the comparable1338

age, within analytical uncertainty, we propose that the Tuanshanzi Forma-1339

tion is equivalent to the interval from the Tooganinie to Lynott Formation1340

in the southern McArthur Basin. The preservation of a comparable δ13Ccarb1341

record on two different cratons indicates that the carbon isotope curve from1342

the middle McArthur Basin is at least a basin-wide record. If both succes-1343

sions were deposited in different basins, the presented data could be used to1344

construct an age-calibrated global carbon isotope record for this time.1345
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5.6. Implications for exploration1346

Our sedimentological and stratigraphic evaluation of the Barney Creek1347

Formation, the most important Zn-Pb host unit in the McArthur Basin,1348

demonstrates that this unit is not homogeneous. As expected, the formation1349

is significantly thicker in sub-basins compared to paleohighs (Figs. 8, 12).1350

The undifferentiated Barney Creek Formation shows lateral facies variation.1351

On the paloehigh in Lamont Pass 3, the undifferentiated Barney Creek For-1352

mation comprises carbonate facies deposited in shallow marine environments.1353

In contrast, both the sub-basin intersection in GRNT-79-7 and the paleohigh1354

intersection in Leila Yard 1 record deep subtidal and more siliciclastic-rich1355

facies (Fig. 8).1356

The sedimentology of the HYC Pyritic Shale Member, which hosts the1357

mineralization at McArthur River and Teena, is similar across the stud-1358

ied area and previously studied mineralized and unmineralized cores (Large1359

et al., 1998; Bull, 1998). However, the well-developed organic-rich and pyritic1360

black shale and silty shale interval (MFS of sequence B1) in the sub-basin in1361

GRNT-79-7 may be an important difference to paleohigh settings. Metallo-1362

genic models for McArthur-type deposits suggest metal transport by oxidized1363

and sulfide-poor fluids, and chemical trapping by reducing and sulfidic strata1364

(e.g., Large et al., 1998; Huston et al., 2006); the high abundance of organic1365

matter and sulfide in the HYC Pyritic Shale Member would provide excel-1366

lent trapping conditions. As the black shale interval in sub-basins is even1367

more pyritic and organic-matter rich, it represents an even better chemical1368

trap. This interval would therefore be the most prospective base metal tar-1369

get if the mineralization was syngenetic (Large et al., 1998). However, recent1370
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microcharacterization revealed that the mineralization at McArthur River1371

occurred during late-stage diagenesis (Spinks et al., 2017). This model im-1372

plies that mineralization occurred after initial compaction and lithification,1373

which would have significantly reduced the initially high porosity and per-1374

meability of the black shale interval. Although developed as ideal chemical1375

trap, the lithification and compaction would potentially convert the black1376

shale interval into a seal (i.e., physical trap) for ascending brines. Following1377

the diagenetic model, targeting should focus on the transgressive interval of1378

the HYC Pyritic Shale Member below the MFS. Regardless of whether the1379

MFS was a chemical trap (syngenetic model) or a physical trap (diagenetic1380

model), sequence stratigraphy is a powerful tool for targeting as it predicts1381

the stratigraphic position of this important interval. Ideally, it should be1382

coupled to facies maps showing where in the basin the MFS is developed as1383

a silty and black shale.1384

The alternatives of syngenetic and late-stage diagenetic mineralization1385

have important implications for the timing of fluid pumping. Assuming syn-1386

genetic mineralization, Garven et al. (2001) linked fluid pumping to tectonic1387

activity during deposition of the HYC Pyritic Shale Member. However, mod-1388

eling by Sheldon and Schaubs (2017) demonstrated that extension, which1389

created the accommodation space for deposition of the HYC Pyritic Shale1390

Member (e.g., McGoldrick et al., 2010), does not promote upward fluid flow.1391

The diagenetic model implies that fluid pumping occurred later during un-1392

differentiated Barney Creek time. A suitable stratigraphic interval might be1393

the upper Barney Creek Formation around the B1-B2 sequence boundary.1394

Here mass-flow breccias are common (Fig. 8). Although speculative, they1395
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may record slope and platform failure caused by a short-lived compressional1396

event. This would be consistent with observations from the McArthur River1397

deposit, where Hinman (1995) postulated compression during deposition of1398

the upper Barney Creek Formation. This compressional event could be a1399

suitable fluid pumping mechanism in the diagenetic model.1400

The generally lower abundance of organic matter and sulfide as reductant1401

and possible sulfur source in the undifferentiated Barney Creek Formation1402

has a negative effect on the trapping potential. This makes this part of the1403

Barney Creek Formation less attractive than the HYC Pyritic Shale Mem-1404

ber. An exception could be the organic-rich and pyritic black shale interval1405

developed at the MFS of sequence B2 in the sub-basin section in GRNT-79-71406

(Figs. 9, 12). However, as the host unit and its trapping potential is only1407

one critical component of the mineral system, other components (e.g., fluid1408

pumping) also need to be considered. The same is true for the lower Caran-1409

birini Member, which shows good trapping potential due to the organic-rich1410

and pyritic composition of the recorded MFS of sequence L (Fig. 8).1411

6. Conclusion1412

A facies analysis reveals that rocks of the middle McArthur Group (i.e.,1413

Tooganinie to Lynott Formation) can be grouped into four facies associations1414

and 19 lithofacies, spanning diverse depositional environments from deep sub-1415

tidal and slope to supratidal sabkhas. Based on this detailed sedimentological1416

evaluation, we provide a sequence stratigraphic interpretation of the middle1417

McArthur Group. Confirming Bull (1998), the Barney Creek Formation and1418

overlying Reward Dolostone comprise two T-R sequences. This observation1419

59



  

can be used to distinguish the Barney Creek Formation from the lithologically1420

similar Caranbirini Member, which only consists of one incomplete sequence.1421

The middle McArthur Group shows a systematic 3.5h δ13Ccarb trend that1422

does not correspond to variation in depositional environments and thus likely1423

reflects a basin-wide signal. In contrast, 1–2h variation in the Barney Creek1424

Formation and Reward Dolostone correspond to changes in relative water1425

depth and likely represent an isotope gradient within the basin. We use1426

our sequence stratigraphic interpretation of the middle McArthur Group in1427

the southern McArthur Basin to propose a possible correlation with coeval1428

strata from the Lawn Hill Platform in Queensland. Furthermore, based on1429

strikingly similar δ13Ccarb records and comparable ages, we propose that the1430

middle McArthur Group correlates with the Tuanshanzi Formation from the1431

North China Craton.1432

Important for mineral exploration, our study shows that the Barney Creek1433

Formation is a heterogeneous unit. As generally agreed, the HYC Pyritic1434

Shale Member is most prospective in sub-basins where it is thicker. In the1435

depocenters of sub-basins, a maximum flooding surface in the HYC Pyritic1436

Shale Member is developed as pyritic and organic-rich silty shale and black1437

shale. If the mineralization was syngenetic, this interval would be an ideal1438

chemical trap for base metal mineralization. In contrast, in the diagenetic1439

model for mineralization, it would likely be a physical trap (seal) for ascend-1440

ing metalliferous brines due to compaction and lithification. Regardless of1441

the preferred model for mineralization, sequence stratigraphy can be used to1442

target this interval, ideally combined with facies maps depicting the litho-1443

logical variation of this maximum flooding surface within the basin.1444
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Kunzmann, M., Li, Z.-X., Dudás, F. Ö., Strauss, J. V., Macdonald, F. A.,1515

2016. Continental flood basalt weathering as a trigger for Neoproterozoic1516

Snowball Earth. Earth and Planetary Science Letters 446, 89–99.1517

Crick, I. H., Boreman, C. J., Coook, A. C., Powell, T. G., 1988. Petroleum1518

Geology and Geochemistry of Middle Proterozoic McArthur Basin, North-1519

ern Australia II: Assessment of Source Rock Potential. American Associa-1520

tion of Petroleum Geologists Bulletin 72, 1495–1514.1521

Croxford, N. J. W., 1975. The McArthur Deposit: A Review of the Current1522

Situation. Mineralium Deposita 10, 302–304.1523

Davidson, G. J., Dashlooty, S. A., 1993. The Glyde Sub-basin: A1524

volcaniclastic-bearing pull-apart basin coeval with the McArthur River1525

base-metal deposit, Northern Territory. Australian Journal of Earth Sci-1526

ences 40 (6), 527–543.1527

de la Rocha, C. L., 2006. The Biological Pump. In: Elderfield, H. (Ed.), The1528

Oceans and Marine Gechemistry. Vol. Treatise in Geochemistry, Vol. 6.1529

Pergamon.1530

Dill, R. F., Shinn, E. A., Jones, A. T., Kelly, K., Steinen, R. P., 1986. Giant1531

subtidal stromatolites forming in normal salinity waters. Nature 324, 55–1532

58.1533

63



  

Dravis, J. J., 1983. Hardened subtidal stromatolites, Bahamas. Science 219,1534

385–386.1535

Duane, M. J., Al-Zamel, A. Z., 1999. Syngenetic textural evolution of modern1536

sabkha stromatolites (Kuwait). Sedimentary Geology 127, 237–245.1537

Eldridge, C. S., Williams, N., Walshe, J. L., 1992. Sulfur Isotope Variability1538

in Sediment-Hosted massive Sulfide Deposits as Determined Using Ion Mi-1539

croprobe SHRIMP: II. A Study of the H.Y.C. Deposit at McArthur River,1540

Northern Territory, Australia. Economic Geology 88, 1–26.1541

Embry, A. F., 1993. Transgressive–regressive (T–R) sequence analysis of the1542

Jurassic succession of the Sverdrup Basin, Canadian Arctic Archipelago.1543

Canadian Journal of Earth Sciences 30, 301–320.1544

Embry, A. F., 2009. Practical Sequence Stratigraphy. Canadian Society of1545

Petroleum Geologists.1546

Embry, A. F., Johannessen, E. P., 2017. Two Approaches To Sequence1547

Stratigraphy. In: Montenari, M. (Ed.), Stratigraphy and Timescales, Vol-1548

ume 2: Advances in Sequence Stratigraphy. Elsevier, pp. 85–118.1549

Evans, G., Schmidt, V., Bush, P., Nelson, H., 1969. Stratigraphy and geologic1550

history of of the sabkha, Abu Dhabi, Persian Gulf. Sedimentology 12, 145–1551

159.1552

Field, R. M., 1931. Geology of the Bahamas. Geological Society of America1553

Bulletin 42, 759–784.1554
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Figures1893

Fig. 1: Simplified geological map of the McArthur Basin and magnetics of1894

the Batten Fault Zone. A) Geographical distribution of McArthur Basin and1895

equivalent stratigraphy, as well as basement inliers and younger sedimentary1896

cover (modified from Ahmad et al. (2013)). B) Reduced to pole magnetics1897

overlaid on the tilt-derivative of the Batten Fault Zone (inset in A) highlight-1898

ing the current structural complexity of the basin (Blaikie and Kunzmann,1899

2018). Also shown are the location of the McArthur River deposit and stud-1900

ied drill cores.1901

1902
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Fig. 2: Stratigraphy, dominant lithology, and geochronological constraints1903

of the McArthur Group. Stratigraphy modified from Ahmad et al. (2013),1904

radiometric ages from Page and Sweet (1998) and Page et al. (2000).1905

1906

Fig. 3: Hand specimen, core tray, and thin section photographs of various1907

lithofacies from FA1 and FA2. A) Red siltstone (LF1) with cm-scale anhy-1908

drite nodule (black arrow). Note discontinuous laminae of sandstone (LF2;1909

white arrows). Lamont Pass 3, 1060.3 m; Myrtle Shale. B) Anhydrite nodule1910

(black arrow) displaces laminae of red siltstone (LF1; white arrows) and lam-1911

inae and beds of sandstone (LF2; orange arrows). Lamont Pass 3, 1028.5 m;1912

Myrtle Shale. C) Interbedding of green siltstone (LF1; white arrows) with1913

sandstone (LF2; black arrows). Note mudcrack (orange arrow). Lamont Pass1914

3, 1041.5 m; Myrtle Shale. D) Cross-lamination (white arrow) in sandstone1915

(LF2). Lamont Pass 3, 976.6 m; Myrtle Shale. E) Conglomerate (LF3) with1916

carbonate (black arrows) and siltstone (white arrows) clasts. Lamont Pass1917

3, 861.5 m, Myrtle Shale. F) Interbedding of medium grey bedded dolarenite1918

(LF4) with dark grey marine siltstone (LF6; white arrow). Dolarenite can1919

occur as discontinuous lenses (black arrow). Note scour surface at base of1920

dolarenite bed (orange arrow). The bedded dolarenite shows fining-upward1921

immediately above the scour surface. Features pointed out by blue arrows are1922

either deformed mudcracks or synaeresis cracks filled with dolarenite. Lam-1923

ont Pass 3, 1144.9, Myrtle Shale. G) Dololutite (LF8; black arrow) with two1924

laminae of bedded dolarenite (LF4; white arrows) characterized by fining-1925

upward and floating quartz (dark grains). Lamont Pass 3, 407.1 m; Lynott1926

Formation. H) Marine sandstone (LF5) with quartz (black arrows) and car-1927

bonate grains (white arrows). Leila Yard 1, 252.1 m, Lynott Formation.1928

1929

Fig. 4: Hand specimen, core tray, and thin section photographs of various1930

lithofacies from FA2 and FA3. A) Marine siltstone (LF6, dark grey beds,1931

black arrow) with bedded dolarenite (LF4, light grey laminae, white arrow)1932

laminae. Note synaerisis crack (orange arrow). Lamont Pass 3, 1174.6 m,1933

Myrtle Shale. B) Silicified microbialaminite (LF7) with potential calcite-1934

filled laminoid fenestrae (white arrow). Lamont Pass 3, 408.5; Lynott Forma-1935

tion. C) Pink-brown dololutite (LF8) with acicular, radiating pseudomorphs1936

(Coxco needles) interpreted by Winefield (2000) as former aragonite crystals.1937

GRNT-79-3, 427.3 m; Teena Dolostone. D) Thin section photograph (trans-1938

mitted light) of Coxco needles. Further magnification reveals that the matrix1939

(white arrow) has an inequigranular, hypidiotopic, tightly packed mosaic fab-1940
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ric with dolomite crystals mostly ranging from 20-50 µm. The needles (black1941

arrow) also have an inequigranular, hypidiotopic, tightly packed mosaic fab-1942

ric but crystal sizes mostly range from 100–200 µm. GRNT-79-4, 217.0 m;1943

Teena Dolostone. E) Interbedding of dolarenite with red and brown siltstone1944

(LF9). Note cm-scale interbedding. Core diameter is 3.6 cm. GRNT-79-3,1945

around 395.0 m. W-Fold Shale. F) Ooid grainstone (LF10) with intraclasts1946

(white arrows). Lamont Pass 3, 1245.8 m; Myrtle Shale. G) Thin section1947

photograph (cross-polarized light) of ooid grainstone (LF10). This rock has1948

a packstone fabric with mosty 0.75–1.5 mm large, spherical to ellipsoidal,1949

radial-fibrous ooids. Quartz grains form the nuclei (white arrows). Note the1950

thin cortices (orange arrows) classifying most of these ooids as superficial1951

(Flügel, 2004). Also note two aggregated ooids (blue arrow). The matrix has1952

an inequigranular, xenotopic, tightly packed mosaic fabric. Lamont Pass 3,1953

1246.0 m; Myrtle Shale.1954

1955

Fig. 5: Hand specimen and core tray photographs of various lithofacies1956

from FA3 and FA4. A) Stromatolite (LF11) with ca. 2 cm of synoptic re-1957

lief. Lamont Pass 3, 932.2; Teena Dolostone. B) Muddy microbialaminite1958

(LF12) with characteristic crinkly lamination. Lamont Pass 3, 624.9 m; Re-1959

ward Dolostone. C) Dolomudstone (LF13) with pyrite (white arrows) along1960

fractures. Lamont Pass 3, 711.8 m; Barney Creek Formation. D) Dolarenite1961

bed (medium grey; LF14) in dolomitic siltstone (dark grey; LF16). Note1962

loading at sharp base producing flame structures (white arrows) and grad-1963

ual upper transition zone. Black arrow points at base of this transition1964

zone. GRNT-79-1, 22.3 m; Barney Creek Formation. E) Dolarenite (LF14)1965

produced ball-and-pillow structure (white arrow) by sinking into dolomitic1966

siltstone (LF16). Grain size appears larger as it is due to drill bit marks1967

on outer side of core. GRNT-79-1, 206.2; Barney Creek Formation. F) In-1968

terbedded dolarenite (examples shown by white arrows) with grey siltstone1969

(examples shown by orange arrows) facies (LF15). Note the regular interbed-1970

ding of thin dolarenite laminae and beds. In contrast, dolarenite of LF14 is1971

usually characterized by dm-scale beds. However, both were likely deposited1972

by gravity-flows. Core diameter is 3.6 cm. GRNT-79-1, around 168.5 m; Bar-1973

ney Creek Formation.1974

1975

Fig. 6: Hand specimen and core tray photographs of various lithofacies from1976

FA4. A) Dolomitic siltstone (LF16) is the most common facies in the Barney1977

Creek Formation. Core diameter is 3.6 cm. GRNT-79-8, around 494.0 m;1978
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Barney Creek Formation. B) Note typical thick lamination in dolomitic1979

siltstone (LF16). Core diameter is 3.6 cm. GRNT-79-1, 259.8 m; Barney1980

Creek Formation. C) Clast-supported, poorly sorted, and ungraded mass-1981

flow breccia (LF18; >sand-sized subfacies) with subangular to subrounded1982

clasts of muddy microbialaminite (white arrow) and dolomudstone (black1983

arrow). Core diameter is 3.6 cm. MANT-79-2, 295.0 m; Barney Creek For-1984

mation. D) Clast-supported mass-flow breccia (LF18, sand-sized subfacies).1985

This subfacies has a similar origin and composition to dolarenite (LF14, com-1986

pare to D and E). However, this subfacies of mass-flow breccia is typically1987

polymict and coarser grained. GRNT-79-7, 121.0 m; Barney Creek Forma-1988

tion. E) Strongly weathered, pyritic black shale (LF17). White crust (blue1989

arrows) is sulfate formed by pyrite weathering. Note fine lamination of this1990

lithofacies. Core diameter is 3.6 cm. GR10, around 60.0 m; Barney Creek1991

Formation. F) Rhythmite (LF19) with slump fold. Typical for this lithofa-1992

cies is the ’rhythmic’ alternation of lighter grey and darker grey dolarenite1993

and dololutite. Lamont Pass 3, 758.3 m; Barney Creek Formation.1994

1995

Fig. 7: Schematic block diagram depicting interpreted depositional envi-1996

ronments, including sub-basin and paleohigh settings, of middle McArthur1997

Group (Tooganinie Formation to Hot Spring Member of Lynott Formation;1998

Fig. 2). Insets are enlargements of depositional settings and grey-scale block1999

figures show sedimentary structures as observed in drill core. Very shallow2000

seafloor inclination would have permitted peritidal environments to migrate2001

hundreds of kilometers with relative sea level fluctuations of meters to a few2002

tens of meters.2003

2004

Fig. 8: Litho-, sequence, and carbon isotope stratigraphy of drill cores Leila2005

Yard 1, Lamont Pass 3, and GRNT-79-7 (see Fig. 1 for location). Lower2006

resolution carbon isotope record in the Barney Creek Formation in Leila2007

Yard 1 and GRNT-79-7 is due to scarcity of carbonate beds. Unfilled circles2008

in GRNT-79-7 reflect altered samples with very low δ18Ocarb values (see Fig.2009

10). Abbreviations: mfs=maximum flooding surface; sb=sequence boundary.2010

2011

Fig. 9: Possible correlation of 3rd-order sequences of the River Superse-2012

quence in the southern McArthur Basin (this study) and the Lawn Hill Plat-2013

form (Krassay et al., 2000). This correlation is based on placing the River2014

Supersequence boundary at the Teena-Barney Creek transition. Previous in-2015

terpretations for the base of the Supersequence include the base of the Teena2016
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Dolostone (orange dashed line and arrow; Jackson et al., 2000) and the base2017

of the Leila Sandstone (red dashed line and arrow; Southgate et al., 2000;2018

McGoldrick et al., 2010). The new correlation is permissible by existing2019

geochronological constraints (Page and Sweet, 1998; Page et al., 2000).2020

2021

Fig. 10: Carbon and oxygen isotope cross-plot of all data from Leila Yard2022

1 (n=100), Lamont Pass 3 (n=305), and GRNT-79-7 (n=80). Samples from2023

GRNT-79-7 with δ18O values below ca. -15h reflect significant meteoric2024

alteration and are only shown by unfilled circles in Fig. 5.2025

2026

Fig. 11: Carbon isotope chemostratigraphic records of the Jixian section on2027

the North China Craton (least altered samples; Chu et al., 2007) and the2028

middle McArthur Group in Lamont Pass 3 (this study). Radiometric ages2029

are from Lu and Li (1991), Lu et al. (2008), Zhang et al. (2013), Page and2030

Sweet (1998), and Page et al. (2000).2031

2032

Fig. 12: Schematic cross-section illustrating the heterogeneity of the Barney2033

Creek Formation in a paleohigh and sub-basin setting. Sequence stratigraphy2034

is shown on the right. Note vertical exaggeration (1:10). Relative thickness2035

changes are consistent with our core logs (see Fig. 8). In our preferred2036

diagenetic model for mineralization, the MFS of sequence B1 would act as2037

seal to ascending metalliferous fluids where it is developed as silty and black2038

shale. In the syngenetic model (not shown) the black shale itself would be2039

mineralized as it is more pyritic and organic-matter rich than the underlying2040

transgressive sediments.2041
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Table 1: Detailed description of lithofacies from the middle McArthur Group.

Lithofacies Composition Sedimentary Structures Depositional Environ-
ment

Distribution

FA1: Suprati-
dal to continen-
tal
LF1:Red or
green siltstone

Siltstone and clay-rich siltstone,
rare claystone; partly dolomitic;
green or red

Laminated to massive; anhydrite
nodules (often displacing lami-
nae) and veins; chicken wire;
mudcracks; common mm-scale to
< 10 cm thick, continuous or dis-
continuous sandstone (LF2) lam-
inae/beds/channels with siltstone
and dolostone intraclasts; flame
and ball-and-pillow structures; oc-
casional starved ripples; sometimes
oxidation/reduction spots/texture

Upper intertidal to
supratidal sabkha envi-
ronments; green variety
more submerged en-
vironments, i.e. more
seaward and/or in creeks
and ponds

Tooganinie
Fm, Myrtle
Shale

LF2:Sandstone Quartz arenite and subarkose;
pink or medium to dark
grey/green; sometimes silty
or dolomitic; very fine to coarse;
subangular to well rounded;
poorly to well sorted; immature;
rare conglomerate interbeds with
granules

Thickly laminated to thinly bedded;
mudcracks; occasional anhydrite
nodules and veins; red and green
siltstone intraclasts (sub-angular to
rounded; circular and tabular); oc-
casional cross lamination; scouring;
occasional fining-upward

supratidal sabkha to per-
itidal; deposition during
episodic flooding (sheet
flood?) events possible

Leila Sand-
stone, Myrtle
Shale

LF3:Conglomerate Clast-supported; grey to brown;
polymict (siltstone (LF1), sand-
stone (LF2), and dolostone
clasts), granules to boulders, sub-
rounded to very well rounded;
sometimes silica cement; occa-
sional siltstone (LF3) interbeds

Thickly laminated to very thinly
bedded; erosional base

Intertidal to supratidal
(sabkha); comparable to
LF2

W-Fold
Shale; Myr-
tle Shale

FA2: Shallow
subtidal to in-
tertidal
LF4: Bedded
dolarenite

Light to medium grey, rarely
dark grey; dolosiltite to dolaren-
ite (mostly very fine but up to
coarse), rare dolorudite; silifica-
tion possible; occasional floating
quartz (sand to granules, well
rounded) or interbeds of ma-
rine sandstone (LF5) and ma-
rine siltstone (LF6); pyrite and
organic matter streaks common
when interbedded with dolomud-
stone; base metals may occur
when brecciated

Thickly laminated to medium bed-
ded, sometimes massive; typically
parallel-planar laminated/bedded
but occasional nodular bedding,
carbonates nodules, wavy and/or
discontinuous shale or siltstone
laminae, or cross lamination;
laminae/beds/channels of same
facies or marine sandstone (LF5)
with (low-angle) cross lamination;
individual beds or bed sets fining-
upward; scouring common; rare
silicified or calcite-filled fenestrae;
rip-ups, mud chips, and discrete
intraclast beds (tempestites?);
soft-sediment deformation, loading
and ball-and-pillow structures may
occur; sand-filled mudcracks and
anhydrite veins common when
interbedded with FA1; rare ra-
diating acicular pseudmorphs;
sometimes molar tooth structures
when interbedded with muddy mi-
crobialaminite; can host brecciated
and silicified exposure surfaces

Deposition in com-
plex mosaic of shallow
subtidal to upper inter-
tidal, occasionally even
supratidal environments
such as shoals, lagoons,
beaches, beach ridges,
tidal channels, levee
crests, tidal channel
bars, ponds; occasional
storm events and/or
strong tidal currents

All units

LF5: Marine
sandstone

Light to medium grey (rare dark
grey) quartz arenite; medium to
coarse grained; rounded to well
rounded; well sorted; may contain
well rounded carbonate grains,
carbonate matrix (sometimes sili-
cified); continuum with bed-
ded dolarenite containing float-
ing quartz; interbeds of bedded
dolarenite (LF4) and other facies
from FA1, FA2; some pyrite, ei-
ther disseminated or in spots

Massive; may contain tabular, mm-
to cm-scale rip-up clasts of bedded
dolarenite (LF4)

Shallow subtidal to
intertidal environments,
occasional storm events
and/or strong tidal
currents

Myrtle Shale;
Hot Spring
Mbr

1



  

LF6: Marine
siltstone

Dark grey/green to black silt-
stone; partly dolomitic; occa-
sional interbeds of FA1, FA2;
sometimes pyrite

Thickly laminated; planar-parallel
to wavy lamination; discontinuous
or continuous laminae, beds, or
channels of LF4 with uni- or bidi-
rectional cross-lamination; starved
ripples; rare mudcracks; synaeresis
cracks; occasional ball-and-pillow
structures

Shallow subtidal to up-
per intertidal; less hy-
drodynamic energy than
LF5; tidal current- and
storm-influenced

Tooganinie
Fm

LF7: Micro-
bialaminite

Light to medium grey (rare dark
grey) doloboundstone; commonly
silicified; floating quartz possi-
ble; interbedded with FA2, follows
LF11 (FA3) in shoaling-up cycles

Centimeter- to meter-thick micro-
bialaminite; mm-scale flat, crinkly,
and undulating lamination; irregu-
lar, < 5mm high domal structures;
occasional fenestrae, tepees, and
mudcracks; discrete intervals of in-
traclast breccias; sometimes vuggy
or brecciated

Low-energy inter- to
lower supratidal environ-
ments (e.g., intertidal
flats, levee crests)

All units

LF8: Dololu-
tite

Light grey to pink, rarely medium
grey dololutite/ micrite; interbed-
ded with Fa2 and LF11 of FA3

Thinly laminated to massive; com-
mon silicified fenestrae; common
acicular, radiating, mm- to cm-
scale pseudomorphs in pink dolo-
lutite; silicified karst surfaces may
occur; rare mudcracks filled with
LF4; sometimes channels and con-
tinuous or discontinuous laminae
(scoured bases) of LF4 (cross-
lamination, starved ripples, fining-
upward); LF4 intraclasts (often sili-
cified)

Deposition in complex
mosaic of shallow sub-
to lower supratidal
environments such as
protected lagoons and
platforms; on the lee side
of banks, shoals, and
stromatolite build-ups;
on levee crests; ponds;
and low-energy parts of
tidal channels; storm
and tidal activity

All units

LF9: Interbed-
ded dolarenite
with red, green,
or brown silt-
stone laminae

Light grey to pink dololutite,
dolosiltite, or dolarenite inter-
vals alternate with red, green,
or brown siltstone or shale lami-
nae (continuous or discontinuous,
< 10 mm thick)

Very thinly bedded; wavy, con-
tinuous or discontinuous bedding;
occasional acicular and radiating
pseudomorphs; intraclasts and mud
chips; some flame structures; some
scour structures

Deposition in facies mo-
saic of shallow subtidal
(carbonate laminae and
beds) to lower intertidal
environments; siliciclas-
tic component deposited
in intertidal ponds close
to fluvial/estuarine
source; storm and tidal
activity

W-Fold Shale

FA3: Subtidal
LF10: Ooid
grainstone

Medium grey dolopackstone or
dolograinstone; ooids (aggrega-
tion possible); silicified, interbed-
ded with FA1, FA2, FA3

Massive; rip-up clasts of bed-
ded dolarenite (LF4) and dololutite
(LF8)

High-energy shallow sub-
tidal bars and shoals;
beach environments also
possible

Tooganinie
Fm

LF11: Stroma-
tolite

Medium grey (rare black)
doloboundstone; occasionally
silicified and brecciated; in-
terbedded with FA1, FA2, FA3

Decimeter-scale domal or columnar
(laterally linked) with synoptic re-
lief of <10cm (potentially larger),
rare Conophyton; often grow of
brecciated surfaces and are brec-
ciated at top, or entire interval
brecciated; intraclast beds or mi-
critic fill between domes

Shallow sub-to intertidal
environments charac-
terized by high wave
and tidal energy such
as headlands; bioherms
and biostroms possible;
may have formed barrier
complexes

All units

LF12: Muddy
microbialami-
nite

Dark grey to black dolobound-
stone; clay-rich; rarely silicified;
sometimes fine-grained pyrite
along laminae; interbedded with
FA2, FA3

Flat, crinkly, and undulating lam-
ination; occasional disrupted and
buckled laminae; common mo-
lar tooth structure; rare fenestrae
(laminoid, calcite-filled, 1 mm high
and 5-10 mm long)

Quiet shallow subtidal
environments with low
wave and tidal energy
such as bights, lagoons,
and embayments

Reward
Dolostone;
Lynott Fm

LF13: Dolo-
mudstone

Dark grey to black (minor
medium grey) homogeneous
dololutite to dolosiltite; clay-
rich; sometimes silty (quartz);
pyrite and base metals may
occur disseminated, stratiform, in
streaks, spots, or along fractures;
interbeds of muddy microbialami-
nite (LF12) or back shale (LF17)
possible; can transition into
dololutite (LF8)

Thinly laminated to massive; nodu-
lar bedding and pale grey nod-
ules (can be plastically deformed)
may occur; flakes of organic matter
(< 1 cm, subhorizontal); slumping,
loading, ball-and-pillow structures
may occur; molar tooth structures
possible; rare dolarenite laminae
with cross-lamination or starved
ripples; rip-up clasts (dolarenite)
possible; discontinuous or wavy
shale laminae may occur; partly
flake breccia (pale grey clasts, sub-
angular to rounded; mostly tabu-
lar, matrix supported; clasts sub-
horizontal)

Quiet subtidal environ-
ments above storm wave
base; similar to LF12 by
algae growth prevented
by higher sedimentation
rates or greater water
depth

Barney
Creek Fm;
Reward
Dolostone;
Lynott Fm

FA4: Deep sub-
tidal to slope
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LF14: Dolaren-
ite

Mostly medium grey dolosiltite to
dolarenite (mostly very fine- to
fine-grained arenite); may be silty
or contain rounded quartz grains;
disseminated or accumulations of
pyrite may occur; interbedded
with LF15, LF16, LF18; poorly to
well sorted

Thinly laminated to medium bed-
ded; may have cross-lamination,
starved ripples, HCS; fining- or
coarsening-upward possible; often
sharp and scouring base but transi-
tional top; slumping possible; load-
ing and ball-and-pillow structures
into underlying facies common; may
have mm to cm scale intraclasts
(LF4, LF11, LF16, rounded); sub-
mm to mm scale organic matter
flakes are common, may be dissemi-
nated, concentrated in certain beds
or form discontinuous laminae

Deposition from
sediment-gravity flows
such as grainflows and
turbidity currents in
deep subtidal slope
environments; some beds
likely storm deposits
around storm wave base

Barney
Creek Fm

LF15: In-
terbedded
dolarenite with
grey siltstone

Medium grey dolosiltite and
dolarenite (floating quartz
possible) interbedded with
dolomitic siltstone of LF 16;
>50% dolosiltite/dolarenite;
generally cm-scale alteration,
sometimes 10–20 cm scale al-
teration; often interbedded and
continuous with LF16

Thickly laminated to very thinly
bedded; dolarenite beds scour silt-
stone laminae; loading, flame, and
ball-and-pillow structures common;
occasional slumping and growth
faults; mud chips and organic mat-
ter flakes; dolarenite beds can have
cross-lamination, SCS and starved
ripples; occasional carbonate nod-
ules

As LF14, deposition
from sediment grav-
ity flows; difference is
thinner but regularly
occurring beds

Barney
Creek Fm

LF16: Silty
dolaren-
ite/dolomitic
siltstone

Continuum between medium to
dark grey silty dolostone and
dark grey to black dolomitic silt-
stone/very fine sandstone (both
brown or white/rusty weather-
ing); siltstone often pyritic and/or
bituminous; occasional dolarenite
laminae and beds (LF14, LF15);
interbeds of other FA4 lithofacies
common;

Thickly laminated to thinly bed-
ded; generally parallel-planar lam-
ination, occasional wavy lamina-
tion; occasional carbonate nodules,
slumping, growth faults, fining up-
ward; common loading structures
associated with dolarenite lami-
nae; often fissile breaking when in-
terbedded with black shale (LF17);
silty dolarenite very rare cross-
lamination (tangential or straight
foresets), starved ripples, HCS

Dolomitic siltstone sub-
facies below storm wave
base, silty dolarenite in
shallower environments
close to storm wave
base; both deposition
from hemipelagic set-
tling and/or low density
turbidity currents

Barney
Creek Fm,
Caranbirini
Mbr

LF17: Black
Shale

Dark grey to black shale and silty
shale; dolomitic; pyritic

Parallel-planar laminated; fissile or
rubbly

Deposition below storm
wave base; hemipelagic
settling and low-density
turbidity currents

Barney
Creek Fm

LF18: Mass-
flow brec-
cia (sand-
sized/>sand-
sized)

Medium to dark grey (rare black),
matrix- or clast-supported grain-
stones, conglomerates, breccias;
mono- or polymict; no fitting;
tabular and equant clasts; sand to
cobble-sized; well rounded to very
angular carbonate clasts; minor
up to granule-sized dolomitic silt-
stone clasts and sand-sized quartz
grains; moderately to very poorly
sorted; interstitial sulfides; back-
ground facies is LF13 and LF16

Very thinly to medium bedded,
sometimes massive; mostly un-
graded but sometimes fining- or
coarsening upward

Deposition from sedi-
ment gravity flows in
slope environments;
sand-sized subfacies
from fine-grained tur-
bidity currents and
grainflows; > sand-
sized subfacies from
coarse-grained turbidity
currents and debris flows

Barney
Creek Fm,
Reward
Dolostone

LF19: Rhyth-
mite

Dark (rare medium) grey, very
fine to fine dolarenite

Thickly laminated to thinly bed-
ded; beds are massive or have an in-
ternal, mm-scale planar lamination
with fining-upward; slump folds
common; cm-scale growth faults;
scouring

Deposition below storm
wave base in slope en-
vironments; pelagic and
hemipelagic fallout and
deposition from dilute
turbidity currents

Barney
Creek Fm
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