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ARTICLE INFO 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 characteristics highlight the need to understand the sedimentological and structural
evolution of the basin for mineral exploration. Here we report a facies analysis 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 systematic ~3.5%o shift in the carbon isotope ratio of carbonates (8'3Cyyp) that
can likely be used for basin-wide or even global correlation. The Barney Creek Formation, the main Zn-Pb host
unit, was mostly deposited under deep subtidal to slope conditions, although shoaling to shallow subtidal en-
vironments locally occurred on paleohighs. Together with the overlying Reward Dolostone, it comprises two 3rd-
order transgressive-regressive sequences, which distinguishes it from the younger and less prospective but li-
thologically similar Caranbirini Member, which only comprises one incomplete 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 entire basin. A maximum flooding
surface in the HYC Pyritic Shale Member represents the most pyritic and organic-rich interval and can be de-
veloped as a black shale in sub-basin depocenters. It represents an ideal chemical trap for base metals in syn-
genetic 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 for targeting.
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1. Introduction

Mineral exploration for stratiform ore deposits in sedimentary ba-
sins requires a detailed understanding of the architecture and evolution
of the basin fill. Among the first steps to evaluate the prospectivity of
the sedimentary succession is to evaluate the depositional environments
of individual stratigraphic units and construct a stratigraphic frame-
work. In Phanerozoic basins, sequence and lithostratigraphy are usually
supported by biostratigraphy and geochronology to formulate a co-
herent chronostratigraphy. The limited applicability of biostratigraphy
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in Precambrian basins motivates the application of chemostratigraphy,
in particular the carbon isotope composition of inorganic carbon (e.g.,
Halverson et al., 2005, 2010), to bolster other stratigraphic data sets.
The constructed stratigraphic framework can then be used in conjunc-
tion with structural information to reconstruct basin architecture, for
example the distribution of paleohighs and sub-basins. In the search for
sediment-hosted massive Zn-Pb deposits in the McArthur Basin of
northern Australia, a detailed understanding of sub-basins is vital as
carbonaceous, pyritic mudstones deposited in sub-basins host the most
significant mineralization (e.g., McGoldrick et al., 2010). This also
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highlights the importance of sequence stratigraphy to predict where in
the sub-basin the most prospective mudstones occur.

The late Paleo- to early Mesoproterozoic McArthur Basin in the
Northern Territory of Australia contains a ~5-15 km-thick mixed sili-
ciclastic-carbonate succession with bimodal volcanics near the base
(e.g., Plumb, 1979a,b; Jackson et al., 1987; Rawlings, 1999). Together
with the Isa Superbasin in Queensland, its southeastern continuation, it
represents one of the most prospective Zn-Pb-Ag provinces in the world
(e.g., Leach et al., 2005, 2010; Huston et al., 2006). For example, do-
lomitic siltstones and shales of the ca. 1640 Ma Barney Creek Formation
in the southern McArthur Basin host the world-class McArthur River
deposit (e.g., Smith and Croxford, 1973, 1975; Croxford, 1975;
Williams and Rye, 1974; Williams, 1978; Eldridge et al., 1992; Large
et al., 1998; Logan et al., 2001; Chen et al., 2003; Ireland et al.,
2004a,b; Symons, 2006; Holman et al., 2014). In addition, the Barney
Creek Formation is one of the oldest active petroleum systems in the
world and may be an important hydrocarbon source unit and un-
conventional reservoir (Jackson et al., 1986, 1988; Crick et al., 1988;
Summons et al., 1988; Baruch et al., 2015).

Despite its economic importance, only a few sedimentological and
stratigraphic studies of the Barney Creek Formation and over- and un-
derlying stratigraphic units (i.e., middle McArthur Group) are available
in the literature (Brown et al., 1978; Jackson et al., 1987; Bull, 1998;
McGoldrick et al., 2010). In this contribution to the special issue, we
present a detailed facies analysis of the middle McArthur Group in the
southern McArthur Basin. As our facies analysis is based on exploration
drill cores, which is what exploration geologists mostly work with in
this area, our rock descriptions and interpretations of the depositional
environments can directly be applied to new drill cores. We use our
facies analysis to provide a lithostratigraphic and sequence strati-
graphic interpretation of this succession. Furthermore, we tie a high-
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resolution carbon isotope record into our stratigraphic framework and
test its applicability for future basin-wide and global stratigraphic
correlation.

2. Regional geology

The greater McArthur Basin (Fig. 1A) is part of a large Proterozoic
basin system on the North Australian Craton (e.g., Scott et al., 2000;
Giles et al., 2002; Betts et al., 2003; Betts and Giles, 2006; Selway et al.,
2009; Gibson et al., 2017). It is bounded by older Paleoproterozoic
basement of the Pine Creek Inlier in the northwest, the Arnhem Inlier in
the north, and the Murphy Inlier in the southeast (Fig. 1A). Its wes-
ternmost exposure occurs in the Birrindudu Basin along the Northern
Territory-Western Australia border. Elsewhere, the basin extends under
younger sedimentary cover or the Gulf of Carpentaria. The McArthur
Basin is divided into the northern McArthur and southern McArthur
basins, separated by the east-west striking Urupunga Fault Zone. The
most important structural features are the Walker and Batten Fault
Zones in the northern and southern McArthur Basin respectively
(Fig. 1A, B). These structurally complex fault zones are north-south
striking corridors, each about 80 km wide and 200 km long. They were
initially interpreted to represent asymmetric half-grabens in which se-
diment thickness significantly exceeds those in adjacent areas (e.g.,
Plumb, 1979a; Plumb and Wellman, 1987). However, a seismic re-
flection survey in the southern McArthur Basin failed to confirm a
graben-like depocenter (Rawlings et al., 2004). Instead, the seismic
data suggest that the middle McArthur Group was deposited in a gently
east-dipping ramp setting, characterized by small-scale sub-basins that
opened along the Emu Fault in the Batten Fault Zone (Fig. 1B; Rawlings
et al., 2004).

The ca. 1670-1600 Ma McArthur Group is exposed in the southern
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Fig. 1. Simplified geological map of the McArthur Basin and magnetics of the Batten Fault Zone. A) Geographical distribution of McArthur Basin and equivalent
stratigraphy, as well as basement inliers and younger sedimentary cover (modified from Ahmad et al. (2013)). B) Reduced to pole magnetics overlaid on the tilt-
derivative of the Batten Fault Zone (inset in A) highlighting the current structural complexity of the basin (modified from Blaikie and Kunzmann, 2018). Also shown

are the location of the McArthur River deposit and studied drill cores.



M. Kunzmann et al.

Batten Fault Zone

North | South
| Lower Balbirini Dolostone
Lookin mos Fm 1609+3 Ma
| Glass Fg’\ §1Ae14i4 M§ 1613+4 Ma

Stretton Sandstone 1625+2Ma

Yalco Formation

Donnegan
Hot Spring 1636+4 Ma
Caranbirini

Lynott Formation
1636+4 Ma

Reward Dolostone

Barney Creek Fm }L_:?g ';f;rriiir;t's' Cooley
1640+3 Ma, 1639+3 Ma W-Fold S Dolo.

this study

McArthur Group
Umbolooga Subgroup| Batten S.

Teena Dolostone Coxco Dolo. 16416 Ma
Emmerugga Mitchell Yard
Dolostone Mara Dolostone
Tooganinie = Myrtle Shale
Formation Leila Sandstone

Tatoola Sandstone 1648+3 Ma

Amelia Dolostone

Mallapunyah Formation
Masterson Sandstone

sandstone [ dolostone red beds
B siitstone [ shale

Fig. 2. Stratigraphy, dominant lithology, and geochronological constraints of
the McArthur Group. Stratigraphy modified from Ahmad et al. (2013), radio-
metric ages from Page and Sweet (1998) and Page et al. (2000).

McArthur Basin and reaches a thickness of 1-3.5km (Jackson et al.,
1987; Rawlings, 1999; Rawlings et al., 2004). The McArthur Group is
subdivided into the Umbolooga and Batten Subgroups, separated by a
local unconformity at the top of the Reward Dolostone (Fig. 2; Jackson
et al., 1987). This contribution focuses on the middle McArthur Group,
i.e. from the Tooganinie Formation to the middle Lynott Formation
(Fig. 2).

The ca. 200 m-thick Tooganinie Formation conformably overlies the
Tatoola Sandstone (Fig. 2). It is dominated by dololutite, stromatolites
(including Conophyton), dolarenite, oolites, and dolomitic siltstone and
shale. Regular interbedding of dolostone and siliciclastic beds is a
characteristic feature of the Tooganinie Formation (Jackson et al.,
1987). Evidence for exposure include mudcracks, halite casts, gypsum
pseudomorphs, and tepees. The inferred depositional environment en-
compasses peritidal lagoon and shoal complexes in the southern Batten
Fault Zone, which transition into sabkha and terrestrial environments
to the north (Jackson et al., 1987).

The < 10-30 m thick Leila Sandstone is composed of sandstone and
dolomitic sandstone and conformably overlies the Tooganinie
Formation (Jackson et al., 1987). Cross-bedding, mudcracks, and in-
traclasts are common. This unit was likely deposited in shallow subtidal
to emergent environments (Jackson et al., 1987).

The Emmerugga Dolostone is up to 620 m thick and is subdivided
into the Mara Dolostone and Mitchell Yard members in the southern
Batten Fault Zone (Fig. 2; Plumb and Brown, 1973). The Mara Dolos-
tone consists of stromatolitic dolostone (with prominent Conophyton),
dolarenite, and dololutite with occasional halite casts. The dolostones
are arranged in shallowing-upward cycles and were deposited in
shallow subtidal to intertidal environments (Brown et al., 1978; Ahmad
et al., 2013). The Mitchell Yard Member is composed of heavily altered
dololutite. Therefore, inferred depositional environments for this
member span a wide range from deep subtidal to supratidal (Brown
et al., 1978; Jackson et al., 1987; Ahmad et al., 2013).

The Teena Dolostone conformably overlies the Emmerugga
Dolostone and is subdivided into a lower unnamed member and the
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upper Coxco Dolostone Member (Fig. 2; Jackson et al., 1987). The
lower member is up to 60 m thick and mainly consists of dololutite,
stromatolitic dolostone, and cross-laminated dolarenite deposited in
shallow subtidal to intertidal (Brown et al., 1978; Ahmad et al., 2013)
or supratidal environments (Jackson et al., 1987). The Coxco Dolostone
Member is up to 70m thick and is characterized by dololutite and
minor stromatolitic dolostone. The most striking feature of this unit are
radiating fans of near-vertical to vertical, acicular, mm to <10 cm large
‘Coxco needles’. These needles have been variably interpreted as
gypsum pseudomorphs (Walker et al., 1977), lacustrine trona (Jackson
et al,, 1987), and seafloor aragonite cement (Brown et al., 1978;
Winefield, 2000). A tuff bed in the Coxco Dolostone Member yielded a
U-Pb SHRIMP age of 1639 + 6 Ma (Page et al., 2000).

The transition to the overlying Barney Creek Formation was ac-
companied by a change in the tectonic regime in the southern McArthur
Basin, and likely led to formation of local unconformities (cf. Walker
et al., 1983). The depositional setting changed from a stable shallow
marine platform, likely with inherited relief, to a compartmentalized
basin with numerous paleohighs and sub-basins (McGoldrick et al.,
2010). Sub-basin formation was related to a sinistral strike-slip regime
of arcuate and broadly N-S trending fault systems (Emu, Tawallah, and
Hot Springs faults; Fig. 1B). Whereas transpression occurred at E to N
trending segments of the faults, transtension along N to NW trending
segments created accommodation space and led to opening of sub-ba-
sins (McGoldrick et al., 2010). Although these structures were later
inverted, they must have had a major control on the deposition of the
Barney Creek Formation and the overlying Reward Dolostone as in-
dicated by significant lateral facies and thickness changes within these
units (Brown et al., 1978; Jackson et al., 1987; McGoldrick et al., 2010).

The 10-900 m-thick Barney Creek Formation comprises three
members: the W-Fold Shale, the HYC Pyritic Shale, and the Cooley
Dolostone (Jackson et al., 1987). These members are overlain by the
undifferentiated upper part of the formation (Fig. 2). All three members
were defined in the HYC (‘Here’s Your Chance’) sub-basin that hosts the
McArthur River (HYC) deposit and partly represent lateral facies
changes instead of basin-wide lithostratigraphic units (Jackson et al.,
1987). This is particularly important for the Cooley Dolostone, which
only occurs along local fault scarps. The W-Fold Shale represents the
basal member of the Barney Creek Formation and consists of green and
red dolomitic siltstone or pink dololutite (Brown et al., 1978; Jackson
et al., 1987; Davidson and Dashlooty, 1993). The following HYC Pyritic
Shale Member, which hosts the McArthur River Zn-Pb-Ag deposit,
consists of dolomitic and pyritic siltstones and minor silty shales. For-
merly interpreted to record deposition in a shallow marine or lacustrine
setting (cf. Jackson et al., 1987), the HYC Pyritic Shale Member is now
generally regarded to have formed in a deep subtidal environment
(Bull, 1998; Winefield, 1999). Three tuff beds from the HYC Pyritic
Shale Member yielded U-Pb SHRIMP ages of 1638 + 7 Ma, 1639 + 3 Ma,
and 1640+ 3Ma (Page and Sweet, 1998). The Cooley Dolostone
Member is a carbonate breccia related to faults and mass flows that
interfingers with the other members of the Barney Creek Formation
(Jackson et al., 1987; Ahmad et al., 2013). The clasts are mostly
sourced from the Emmerugga and Teena dolostones (Brown et al.,
1978; Ahmad et al., 2013). The upper undifferentiated part of the
Barney Creek Formation consists of dolomitic siltstone and dolarenite
(e.g., Jackson et al., 1987).

The up to 350 m-thick Reward Dolostone conformably overlies the
Barney Creek Formation and mostly consists of dololutite, dolarenite,
stromatolitic dolostone, and dolomitic sandstone, deposited in shallow
subtidal to peritidal environments (Brown et al., 1978; Jackson et al.,
1987). It is characterized by sharp lateral thickness and facies changes
(Jackson et al., 1987).

The contact with the overlying Lynott Formation is variably tran-
sitional or unconformable (Jackson et al., 1987; Ahmad et al., 2013;
Walker et al., 1983). This contact represents the boundary between the
Umbolooga and Batten subgroups (Fig. 2) and the end of the major



M. Kunzmann et al.

transgressive-regressive cycle that started with the deposition of the
lower Emmerugga Dolostone. The Lynott Formation comprises the up
to 400 m thick Caranbirini, up to 350 m thick Hot Spring, and up to
134 m thick Donnegan members (Jackson et al., 1987). The Caranbirini
Member shares lithological similarities with the Barney Creek Forma-
tion as it is composed of dolomitic and partly pyritic siltstone and shale.
The rocks were likely deposited in deep subtidal environments. The
overlying Hot Spring Member represents shoaling and mostly consists
of stromatolitic dolostone, cross-laminated dolarenite, and dololutite
with common evaporite pseudomorphs. This unit was deposited in
peritidal environments (Jackson et al., 1987; Ahmad et al., 2013). A tuff
bed in the Hot Spring Member was dated at 1636 +4Ma by U-Pb
SHRIMP analysis (Page et al., 2000). Further shallowing-upward led to
deposition of purple-brown dolomitic siltstones and sandstones, and
silicified stromatolitic dolostone and dolarenite of the Donnegan
Member. This unit was deposited in peritidal to supratidal sabkha en-
vironments (Jackson et al., 1987; Ahmad et al., 2013).

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

The only mined stratiform sediment-hosted Zn-Pb-Ag deposit in the
McArthur Basin is the McArthur River deposit (Fig. 1B). It is by far the
largest zinc resource in this basin with a pre-mining estimate of 227 Mt
at 9.2% Zn, 4.1% Pb, 41 g/t Ag, and 0.2% Cu (Logan et al., 1990). The
mineralization is hosted by the HYC Pyritic Shale Member in the HYC
sub-basin, which is ca. 1-2km X 5km large and bounded to the east by
the Western Fault of the Emu Fault system (e.g., Porter, 2017). Timing
of the mineralization is debated but generally thought to be syngenetic
to diagenetic (e.g., Eldridge et al., 1992; Large et al., 1998; Ireland
et al., 2004a,b).

The stratiform sediment-hosted Teena Zn-Pb deposit is located in
the Teena sub-basin, 8 km to the west of the McArthur River deposit
and has a resource estimate of 58 Mt at 11.1% Zn and 1.6% Pb (Taylor
et al.,, 2017). Two stratiform ore bodies, separated by a siliciclastic
mass-flow deposit, are hosted by the HYC Pyritic Shale Member and
occur at a depth between 600 and 1000 m for more than 1.5 km along
strike (Taylor et al., 2017). The mineralization is interpreted as early
diagenetic (Taylor et al., 2017).

Other sediment-hosted Zn-Pb deposits in the McArthur Basin in-
clude the Cooley and Ridge deposits, a group of small deposits located
immediately east of McArthur River (Williams, 1978). Here, the HYC
Pyritic Shale Member is only mineralized in the western portion of the
Ridge II deposit. The ore occurs ca. 300 m stratigraphically above the
mineralization at the McArthur River deposit. The bulk of the miner-
alization is epigenetic and hosted by carbonate breccias of the Em-
merugga Dolostone (Cooley deposits) or Cooley Dolostone Member
(Ridge deposits) of the Barney Creek Formation (Williams, 1978).
Carbonate-hosted Zn-Pb mineralization also occurs at the Coxco de-
posit, comprising two prospects located ca. 10 km southeast of McAr-
thur River (Walker et al., 1983). Epigenetic mineralization occurs in
karst cavities and breccias within the Mara Dolostone Member of the
Emmerugga Dolostone and the Reward Dolostone, separated by a karst
surface. The W-Fold and Mitchell Yard sub-basins, ca. 5km to the west
and 6 km to the southwest of McArthur River respectively, host weak
stratiform mineralization in the HYC Pyritic Shale Member (e.g.,
Lambert and Scott, 1973). Furthermore, weak stratiform and breccia-
hosted Zn mineralization has also been reported from the ca. 1730 Ma
McDermott and Wollongorang formations of the Tawallah Group
(Spinks et al., 2016).

3. Methods

In this paper we present a detailed facies analysis of stratigraphic
units comprising the middle McArthur Group. We then use this sedi-
mentological evaluation for a sequence stratigraphic interpretation.
Furthermore, high-resolution carbon isotope chemostratigraphic
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records are integrated into this sequence stratigraphic framework to
test its applicability in the McArthur Basin. All facies data are sum-
marized in Table 1 and all carbon and oxygen isotope ratios are pro-
vided in Supplementary Table 1.

3.1. Facies analysis

Facies analysis is based on decimetre scale logs of 16 drill cores.
However, a presentation of all core data is beyond the scope of this
paper. Therefore, only three drill core logs are presented herein, which
were chosen to represent as much stratigraphy as possible, as well as
sub-basin and paleohigh settings. Facies associations and lithofacies
were distinguished based on compositional and textural properties, and
the occurrence of distinct sedimentary structures. Petrographic analysis
of polished thin sections supported the facies analysis.

3.2. Sequence stratigraphy

We defined third-order transgressive-regressive (T-R) sequences
following the convention of Embry (1993, 2009) and Embry and
Johannessen (2017). T-R sequences are divided into a transgressive
systems tract (TST), formed during base level rise, and a regressive
systems tract, formed during base level fall. Therefore, sequences are
bound by subaerial unconformities or unconformable shoreline ravi-
nement surfaces on the flanks of the basin, and maximum regressive
surfaces (MRS) in more basinal settings. The TST and RST are separated
by the maximum flooding surface (MFS). We identified sequence stra-
tigraphic surfaces by a combination of facies data and available gamma
logs. The gamma log records the radioactivity of naturally-occurring
uranium, thorium, and potassium. These elements are common in clays
and thus, an increase in radioactivity corresponds to an increase in clay
content (i.e., shale). Generally speaking, an increase in shale marks the
deepening of the depositional environment in siliciclastic systems. In
mixed siliciclastic-carbonate systems, it is important to complement
gamma ray interpretations with facies analysis as flooding can be
manifested in the deposition of carbonate facies with potentially
weaker radioactivity. An example would be the flooding of a siliciclastic
sabkha environment and deposition of marine carbonates. In addition
to facies data and gamma logs, our sequence stratigraphic interpreta-
tion was also supported by carbon isotope chemostratigraphy as we
identified systematic shifts in the 8'3C.,y, curve associated with some
sequence boundaries and MFS.

3.3. Carbon and oxygen isotopes

The carbon isotopic composition of dissolved inorganic carbon
(DIC) in seawater varies secularly (e.g., Saltzman and Thomas, 2012).
This feature in the carbon isotope record is commonly used to correlate
carbonate rocks based on their isotopic composition because the pre-
cipitation of carbonate involves little isotopic fractionation (e.g., Maslin
and Swann, 2005). Photosynthesis preferentially consumes the light
isotope of C (*2C), which leads to depletion of organic matter in the
heavy isotope (*3C). The isotopic composition of DIC thus reflects the
partitioning of carbon between the organic carbon and carbonate
carbon reservoirs (e.g., Kump and Arthur, 1999). Considering that the
residence time of carbon in the modern ocean (ca. 100 kyr; de la Rocha,
2006) is about two orders of magnitude longer than the mixing time of
the ocean (ca. 1000 years; de la Rocha, 2006), coeval carbonate rocks in
one basin, and even globally, can have the same isotopic composition.
Apart from the composition of the global DIC, local processes can in-
fluence the isotopic composition of local water masses and carbonate
rocks that precipitate from them. The biological pump produces a
surface-to-depth isotope gradient. Primary productivity leads to a '2C-
depleted surface ocean through biological assimilation and a '?C-en-
riched deep ocean through remineralization of organic matter (e.g.,
Sarmiento and Gruber, 2006). The magnitude of this gradient depends
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Table 1 (continued)

Distribution

Depositional Environment

Sedimentary Structures

Composition

Lithofacies

hemipelagic settling and/or low density turbidity

currents

fining upward; common loading structures associated
with dolarenite laminae; often fissile breaking when

interbedded with black shale (LF17); silty dolarenite
very rare cross-lamination (tangential or straight

foresets), starved ripples, HCS

weathering); siltstone often pyritic and/or bituminous;

occasional dolarenite laminae and beds (LF14, LF15);

interbeds of other FA4 lithofacies common

Barney Creek Fm

Deposition below storm wave base; hemipelagic

settling and low-density turbidity currents

Parallel-planar laminated; fissile or rubbly

Dark grey to black shale and silty shale; dolomitic;

pyritic

LF17: Black Shale

Barney Creek Fm,

Deposition from sediment gravity flows in slope
environments; sand-sized subfacies from fine-

grained turbidity currents and grainflows;

Medium to dark grey (rare black), matrix- or clast- Very thinly to medium bedded, sometimes massive;

LF18: Mass-flow breccia

Reward Dolostone

mostly ungraded but sometimes fining- or coarsening

upward

supported grainstones, conglomerates, breccias; mono-

(sand-sized/>sand-sized)

or polymict; no fitting; tabular and equant clasts; sand
to cobble-sized; well rounded to very angular

> sand-sized subfacies from coarse-grained

turbidity currents and debris flows

carbonate clasts; minor up to granule-sized dolomitic

siltstone clasts and sand-sized quartz grains;

moderately to very poorly sorted; interstitial sulfides;

background facies is LF13 and LF16

Barney Creek Fm

Deposition below storm wave base in slope

Thickly laminated to thinly bedded; beds are massive

Dark (rare medium) grey, very fine to fine dolarenite

LF19: Rhythmite

environments; pelagic and hemipelagic fallout and

deposition from dilute turbidity currents

or have an internal, mm-scale planar lamination with
fining-upward; slump folds common; cm-scale growth

faults; scouring
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on primary productivity in the surface ocean and the export production
of organic matter. It can reach 3%o in the modern ocean (Sarmiento and
Gruber, 2006). Similar to the isotopic difference in the vertical water
mass, a horizontal water mass difference can result from restriction,
leading to more pronounced carbon isotopic excursions in platform
carbonates compared to deep marine carbonates (Saltzman and
Thomas, 2012). Further, supratidal sabkha environments can record
extremely high carbon isotope ratios due to evaporation-induced frac-
tionation (e.g., Stiller et al., 1985; Schmid, 2017). Other influences on
the carbon isotopic composition of carbonate is mineralogical variation
(< 1%o; Saltzman and Thomas, 2012), vital effects (negligible in the
Precambrian), and secondary overprints. Such overprints can be eval-
uated by carbon-oxygen isotope relationships. Early diagenetic dolo-
mitization has generally no effect on the carbon isotope composition of
carbonate rocks (Hoefs, 2009 p. 203). For detailed reviews about
carbon isotopes and their application to chemostratigraphy see Kump
and Arthur (1999), Halverson (2013), and Saltzman and Thomas
(2012).

In summary, as the carbon isotopic composition of carbonate rocks
is influenced by several factors, its application in chemostratigraphy
focuses on significant and systematic stratigraphic variability
(> 1-2%o). Further, relative shifts are more important than actual va-
lues. Examples for successful carbon isotope chemostratigraphy in the
Precambrian comes from numerous Neoproterozoic basins (e.g.,
Halverson et al., 2005; Hoffman et al., 2007; Macdonald et al., 2013;
Smith et al., 2016) and led to reconstruction of a global carbon isotope
curve for this time (e.g., Halverson et al., 2005, 2010; Cox et al., 2016).
Low resolution carbon isotope records from the McArthur Group that
did not show significant trends were previously reported by Lindsay
and Brasier (2000). We produced high-resolution carbon isotope re-
cords from the studied drill cores to reevaluate whether the middle
McArthur Group records systematic and significant variation in 83Cearb
that can be used for chemostratigraphic correlation.

The carbon (8"3Ccary) and oxygen (8'80cam,) isotope records from
the middle McArthur Group were established by analyzing 485 sam-
ples. With the exception of 15 dolomitic siltstone samples (3%) from the
HYC Pyritic Shale Member in Lamont Pass 3, all samples were carbo-
nate lithofacies (i.e., inorganic carbon > organic carbon). Hand sam-
ples were cut perpendicular to lamination and carbonate powder was
obtained by micro-drilling individual laminae or tight clusters.
Macroscopic cements and secondary minerals (e.g., Coxco needles), or
macroscopic siliciclastic and organic-rich components were avoided.
Isotopic measurements were performed in dual inlet mode on a Nu
Perspective isotope ratio mass spectrometer connected to a NuCarb
carbonate preparation device in the Stable Isotope Laboratory at McGill
University, Montréal, Canada. Approximately 80 ug of sample powder
were weighed into glass vials and reacted individually with H;PO, after
heating to 90°C for one hour. The released CO, gas was purified cryo-
genically and isotope ratios were measured against an in-house re-
ference gas. This method does not release CO, gas from ancient organic
matter. Therefore, the result only reflects the isotopic composition of
carbonate (inorganic) carbon. Samples were then calibrated to VPDB
(Vienna Pee Dee Belemnite). Errors for both §'3Ceay, and §80cay, were
better than 0.05%. (10) based on repeated analyses of standards.

4. Facies analysis

We distinguish 19 lithofacies (LF) grouped into four facies associa-
tions (FA; Table 1; Figs. 3-7): supratidal to continental, shallow sub-
tidal to intertidal, subtidal, and deep subtidal to slope. Genetically re-
lated lithofacies are grouped into facies associations that represent
specific depositional environments with respect to sea level. Lithofacies
grouped in the same facies association were likely deposited as lateral
equivalents. We avoid terms such as ‘middle shelf’ in our facies no-
menclature because this succession was deposited in a basin with
complex architecture. Although carbonate rocks from the middle
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Fig. 3. Hand specimen photographs of various lithofacies from FA1 and FA2. A) Red siltstone (LF1) with cm-scale anhydrite nodule (black arrow). Note dis-
continuous laminae of sandstone (LF2; white arrows). Lamont Pass 3, 1060.3 m; Myrtle Shale. B) Anhydrite nodule (black arrow) displaces laminae of red siltstone
(LF1; white arrows) and laminae and beds of sandstone (LF2; orange arrows). Lamont Pass 3, 1028.5 m; Myrtle Shale. C) Interbedding of green siltstone (LF1; white
arrows) with sandstone (LF2; black arrows). Note mudcrack (orange arrow). Lamont Pass 3, 1041.5 m; Myrtle Shale. D) Cross-lamination (white arrow) in sandstone
(LF2). Lamont Pass 3, 976.6 m; Myrtle Shale. E) Conglomerate (LF3) with carbonate (black arrows) and siltstone (white arrows) clasts. Lamont Pass 3, 861.5m,
Myrtle Shale. F) Interbedding of medium grey bedded dolarenite (LF4) with dark grey marine siltstone (LF6; white arrow). Dolarenite can occur as discontinuous
lenses (black arrow). Note scour surface at base of dolarenite bed (orange arrow). The bedded dolarenite shows fining-upward immediately above the scour surface.
Features pointed out by blue arrows are either deformed mudcracks or synaeresis cracks filled with dolarenite. Lamont Pass 3, 1144.9, Myrtle Shale. G) Dololutite
(LF8; black arrow) with two laminae of bedded dolarenite (LF4; white arrows) characterized by fining-upward and floating quartz (dark grains). Lamont Pass 3,
407.1 m; Lynott Formation. H) Marine sandstone (LF5) with quartz (black arrows) and carbonate grains (white arrows). Leila Yard 1, 252.1 m, Lynott Formation.

McArthur Group experienced recrystallization and the terms (dol)are-
nite and (dolo)lutite thus refer to crystal size instead of grain size,
original grain size was presumably a major control on crystal size.
Therefore, we treat crystal size as an approximation of initial grain size
in these well preserved carbonate rocks.

4.1. FAI: supratidal to continental

4.1.1. LF1: red or green siltstone

This lithofacies is typical for the Myrtle Shale but also occurs in the
Tooganinie Formation. It generally occurs in intervals that are a deci-
metre to a few metres thick. It consists of red or green siltstone (minor
clay-rich siltstone or claystone, Fig. 3A, C), in places dolomitic. The
rocks are laminated to massive and characterized by common anhydrite
nodules (often displacing lamination; Fig. 3A, B) and anhydrite veins,
occasional chicken wire texture, mudcracks (typically deformed), and
flame and ball-and-pillow structures at interfaces with sandier facies.
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Siltstones occasionally have starved ripples and a spotty texture with
oxidation/reduction spots. The siltstones are typically finely laminated
to finely bedded and may be locally truncated by sand channels (LF2,
Fig. 3A, C, D) some of which contain intraclasts.

The common occurrence of mudcracks in red and green siltstone
indicates frequent exposure. Interbedding of this lithofacies with var-
ious shallow marine facies suggests a marginal marine rather than a
fully continental environment. In marginal marine environments,
mudcracks are usually confined to upper intertidal to supratidal en-
vironments (e.g., Shinn, 1983b; Alsharhan and Kendall, 2003; James
and Jones, 2016 p.159). A supratidal depositional environment is also
consistent with the often observed displacive growth of anhydrite no-
dules because it indicates a diagenetic origin below the sediment sur-
face, which is typical for supratidal sabkha environments (e.g., Evans
et al., 1969; Kendall and Skipwith, 1969a,b; Butler, 1969; Warren and
Kendall, 1985; Kirkham, 1997; Kendall and Alsharhan, 2011). How-
ever, the presence of nodular anhydrite does not necessarily prove
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Fig. 4. Hand specimen, core tray, and thin section photographs of various lithofacies from FA2 and FA3. A) Marine siltstone (LF6, dark grey beds, black arrow) with
bedded dolarenite (LF4, light grey laminae, white arrow) laminae. Note synaerisis crack (orange arrow). Lamont Pass 3, 1174.6 m, Myrtle Shale. B) Silicified
microbialaminite (LF7) with potential calcite-filled laminoid fenestrae (white arrow). Lamont Pass 3, 408.5; Lynott Formation. C) Pink-brown dololutite (LF8) with
acicular, radiating pseudomorphs (Coxco needles) interpreted by Winefield (2000) as former aragonite crystals. GRNT-79-3, 427.3 m; Coxco Member. D) Thin section
photograph (transmitted light) of Coxco needles. Further magnification reveals that the matrix (white arrow) has an inequigranular, hypidiotopic, tightly packed
mosaic fabric with dolomite crystals mostly ranging from 20 to 50 um. The needles (black arrow) also have an inequigranular, hypidiotopic, tightly packed mosaic
fabric but crystal sizes mostly range from 100 to 200 um. GRNT-79-4, 217.0 m; Coxco Member. E) Interbedding of dolarenite with red and brown siltstone (LF9). Note
cm-scale interbedding. Core diameter is 3.6 cm. GRNT-79-3, around 395.0 m. W-Fold Shale. F) Ooid grainstone (LF10) with intraclasts (white arrows). Lamont Pass 3,
1245.8 m; Myrtle Shale. G) Thin section photograph (cross-polarized light) of ooid grainstone (LF10). This rock has a packstone fabric with mostly 0.75-1.5 mm
large, spherical to ellipsoidal, radial-fibrous ooids. Quartz grains form the nuclei (white arrows). Note the thin cortices (orange arrows) classifying most of these ooids
as superficial (Fliigel, 2004). Also note two aggregated ooids (blue arrow). The matrix has an inequigranular, xenotopic, tightly packed mosaic fabric. Lamont Pass 3,

1246.0 m; Myrtle Shale.

deposition in a sabkha environment because thick successions of la-
minated gypsum formed in subaqueous salina and shallow marine en-
vironments are transformed into nodular anhydrite during burial
(Warren and Kendall, 1985). Nevertheless, considering that sulfate
deposits formed in these environments are usually several meters thick
(Warren and Kendall, 1985; Warren, 2010), we would expect to observe
massive and nodular bedded anhydrite and not isolated anhydrite no-
dules that do not dominate the sediment by volume. Although both red
and green siltstone contain mudcracks and anhydrite nodules, we in-
terpret green siltstone to have formed more seaward where tides would
have flooded the area more frequently and/or in ponds and creeks. In
contrast, the red variety was likely deposited in higher supratidal en-
vironments, less frequently flooded by seawater and passing into a
continental environment. This interpretation is consistent with red
siltstone intervals being thicker and less frequently interbedded with

shallow marine facies (more common in Myrtle Shale; Fig. 8). The si-
liciclastic composition demonstrates the vicinity of the supratidal en-
vironment to a continental source. Interbedding with sandstone (LF2)
and conglomerate (LF3) causing flame and ball-and-pillow structures
may be explained by episodic and rapid deposition following sheet
flood events. In summary, the red and green siltstone lithofacies was
deposited in upper intertidal to supratidal sabkha environments (Fig. 7)
that were dominated by siliciclastic deposition.

4.1.2. LF2: sandstone

The sandstone lithofacies (Fig. 3B, D) mostly occurs in the Leila
Sandstone and Myrtle Shale. Individual beds are typically dm-scale in
thickness but rarely reach a few meters. LF2 is typically a pink to grey/
green quartz arenite to subarkose, which can be silty or dolomitic. The
sandstone varies from very fine- to coarse-grained with subangular to
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Fig. 5. Hand specimen and core tray photographs of various lithofacies from FA3 and FA4. A) Stromatolite (LF11) with ca. 2 cm synoptic relief. Lamont Pass 3, 932.2;
Teena Dolostone. B) Muddy microbialaminite (LF12) with characteristic crinkly lamination. Lamont Pass 3, 624.9 m; Reward Dolostone. C) Dolomudstone (LF13)
with pyrite (white arrows) along fractures. Lamont Pass 3, 711.8 m; Barney Creek Formation. D) Dolarenite bed (medium grey; LF14) in dolomitic siltstone (dark
grey; LF16). Note loading at sharp base producing flame structures (white arrows) and gradual upper transition zone. Black arrow points at base of this transition
zone. GRNT-79-1, 22.3 m; Barney Creek Formation. E) Dolarenite (LF14) produced ball-and-pillow structure (white arrow) by sinking into dolomitic siltstone (LF16).
Grain size appears larger as it is due to drill bit marks on outer side of core. GRNT-79-1, 206.2; Barney Creek Formation. F) Interbedded dolarenite (white arrows)
with grey siltstone (orange arrows) facies (LF15). Note the regular interbedding of thin dolarenite laminae and beds. In contrast, dolarenite of LF14 is usually
characterized by dm-scale beds. However, both were likely deposited by gravity-flows. Core diameter is 3.6 cm. GRNT-79-1, around 168.5m; Barney Creek

Formation.

well-rounded grains. LF2 is poorly to well sorted but always composi-
tionally immature. Interbeds of LF1 and LF3 are common. The rocks are
thickly laminated to thinly bedded, usually scour underlying beds, and
often contain red and green siltstone intraclasts (LF1; subangular to
rounded, tabular or circular). Fining-upward of laminae and beds,
cross-lamination (Fig. 3D), anhydrite nodules/veins, and mudcracks
(Fig. 3C) may occur.

Episodic floods (probably sheet floods) likely supplied coarser-
grained material to silt-dominated supratidal sabkha environments
(and possibly also peritidal environments; Fig. 7). These episodic events
ripped-up LF1 intraclasts. Subsequent drying explains the observed
mudcracks and anhydrite nodules.

4.1.3. LF3: conglomerate

Conglomerates (Fig. 3E) are rare but occur in the Myrtle Shale and
W-Fold Shale. They usually occur in cm- to dm-thick intervals but oc-
casionally reach several meters. They can be thinly bedded but

dominantly comprise a single massive bed with an erosional base. The
conglomerates are polymictic, grey to brown, and are composed of
granule- to boulder-sized clasts of siltstone (LF1), sandstone (LF2), and
occasionally dolostone (intertidal facies, Fig. 3E). The conglomerate is
clast-supported, and clasts are sub-rounded to very well-rounded. Sili-
cification and interbeds of green or red siltstone (LF1) can occur.

Close association of this lithofacies with red and green siltstone
(LF1) and sandstone (LF2) suggests deposition in supratidal sabkha
environments, comparable to the depositional environments inferred
for LF2 (Fig. 7). However, occurrence of occasional dolostone clasts
(LF4) indicates reworking of intertidal environments. This suggests that
some conglomerates were also deposited in intertidal settings.

4.2. FA2: shallow subtidal to intertidal

4.2.1. LF4: bedded dolarenite
This lithofacies (Fig. 3F) occurs in all investigated stratigraphic
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Fig. 6. Hand specimen and core tray photographs of various lithofacies from FA4. A) Dolomitic siltstone (LF16) is the most common facies in the Barney Creek
Formation. Core diameter is 3.6 cm. GRNT-79-8, around 494.0 m; Barney Creek Formation. B) Note typical thick lamination in dolomitic siltstone (LF16). Core
diameter is 3.6 cm. GRNT-79-1, 259.8 m; Barney Creek Formation. C) Clast-supported, poorly sorted, and ungraded mass-flow breccia (LF18; > sand-sized subfacies)
with subangular to subrounded clasts of muddy microbialaminite (white arrow) and dolomudstone (black arrow). Core diameter is 3.6 cm. MANT-79-2, 295.0 m;
Barney Creek Formation. D) Clast-supported mass-flow breccia (LF18, sand-sized subfacies). This subfacies has a similar origin and composition to dolarenite (LF14,
compare to D and E). However, this subfacies of mass-flow breccia is typically polymict and coarser grained. GRNT-79-7, 121.0 m; Barney Creek Formation. E)
Strongly weathered, pyritic black shale (LF17). White crust (blue arrows) is sulfate formed by pyrite weathering. Note fine lamination of this lithofacies. Core
diameter is 3.6 cm. GR10, around 60.0 m; Barney Creek Formation. F) Rhythmite (LF19) with slump fold. Typical for this lithofacies is the ‘rthythmic’ alternation of
lighter grey and darker grey dolarenite and dololutite. Lamont Pass 3, 758.3 m; Barney Creek Formation.

units. Bedded dolarenite intervals are typically 10s of centimeters to
several meters thick and interbedded with lithofacies from FA1, FA2,
and dolomudstone (LF13) from FA3. This lithofacies is typically light to
medium grey (rare dark grey), and can be silicified or contains floating
quartz (Fig. 3G). In intervals where floating quartz is common, laminae
and thin beds of marine sandstone (LF5) and marine siltstone (LF6) are
common. The grain size ranges from dolosiltite to dolorudite (mostly
dolosiltite and very fine dolarenite). Pyrite and organic matter streaks
are common when bedded dolarenite is interbedded with dolomud-
stone (LF13). Furthermore, pyrite and base metals sulfides can occur in
brecciated intervals. This lithofacies is generally thickly laminated to
medium bedded; however, some intervals are massive. Parallel-planar
lamination dominates but nodular bedding, carbonate nodules, wavy
and/or discontinuous shale and siltstone laminae, or cross-lamination
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may occur. Furthermore, laminae, beds, and channels of the same li-
thofacies or marine sandstone (LF5) with (low-angle) cross-lamination
are common. Individual beds or bed sets can fine-upwards. This litho-
facies can host cm- to dm-thick, brecciated and silicified horizons in-
terpreted to represent exposure surfaces. Sedimentary structures in-
clude scour surfaces (Fig. 3F), rare silicified or calcite-filled fenestrae
(laminoid or irregular, 1-2 mm high, up to 10 mm long), rip-up clasts
and mud chips, discrete intraclast beds (tempestites?), and soft-sedi-
ment deformation such as loading and ball-and-pillow structures. Aci-
cular and radiating pseudomorphs (Coxco needles) several centimeters
across, interpreted by Winefield (2000) as aragonite pseudomorphs, are
rare and confined to the Coxco Member. Sand-filled mudcracks and
anhydrite veins may occur when interbedded with FA1l, and molar
tooth structures are common in darker varieties when this facies is
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Fig. 7. Schematic block diagram depicting interpreted depositional environments, including sub-basin and paleohigh settings, of middle McArthur Group
(Tooganinie Formation to Hot Spring Member of Lynott Formation; Fig. 2). Insets are enlargements of depositional settings and grey-scale block figures show
sedimentary structures as observed in drill core. Very shallow seafloor inclination would have permitted peritidal environments to migrate hundreds of kilometers

with relative sea level fluctuations of meters to a few tens of meters.

interbedded with muddy microbialaminite (LF12 of FA3).

Facies relationships (interbedding with other lithofacies from FA2,
occasional interbedding with FA1 and FA3), stratigraphic position in
shoaling-upward parasequences, and sedimentary structures (e.g.,
mudcracks, fenestrae) indicate that this lithofacies represents deposi-
tion in shallow subtidal to upper intertidal, and occasionally even su-
pratidal environments. However, the supratidal environments in which
bedded dolarenite may have occasionally been deposited (e.g., beach
ridges and tidal channel levees) were likely seaward of the sabkha and
supratidal belt of FA1 and generally smaller scale and more frequently
flooded (cf. Shinn et al., 1969; Maloof and Grotzinger, 2012). Com-
parison with modern equivalent depositional environments such as the
Bahamas (e.g., Field, 1931; Illing, 1954; Shinn et al., 1969, 1983b;
Rankey, 2002; Rankey and Morgan, 2002; Reijmer et al., 2009; Maloof
and Grotzinger, 2012) and the Trucial Coast along the Persian Gulf
(e.g., Kendall and Skipwith, 1969a,b; Wagner and van der Togt, 1973;

Alsharhan and Kendall, 2003; Kendall and Alsharhan, 2011) suggests
that bedded dolarenites from the middle McArthur Group were likely
deposited in a complex mosaic of environments (Fig. 7) including
shallow subtidal shoals, lagoons, shoreface, beaches, beach ridges, tidal
channels, levee crests, and tidal channel bars. Therefore, this lithofacies
lumps carbonate rocks from different subenvironments (cf. Kunzmann
et al., 2014) that are difficult to distinguish even in modern settings
(e.g., sediments in ponds, tidal channels, and adjacent marine areas;
Shinn et al., 1969, 1983b). Further complication arises from the poorly
understood preservation potential of modern subenvironments such as
tidal channels and ponds (Wright, 1984; Maloof and Grotzinger, 2012),
and differences between modern and Proterozoic environments such as
the lack of bioturbation. Nevertheless, the presence of sedimentary
structures allows evaluating depositional processes in more detail on
the scale of individual beds. For example, bedded dolarenite beds with
cross-lamination and/or mudcracks are comparable to modern
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supratidal beach ridge deposits (Maloof and Grotzinger, 2012) and in-
tertidal channel bar and supratidal levee sediments (Shinn et al., 1969,
1983b). Small cm-scale channels with internal cross-lamination are si-
milar to storm deposits in shallow subtidal shoreface environments
(Inden and Moore, 1983) and beaches, tidal channels, and intertidal
flats (e.g., Kendall and Skipwith, 1969b; Shinn et al., 1969, 1983b;
Kendall and Alsharhan, 2011). Scour surfaces, rip-up clasts and mud
chips, and intraclast beds were likely formed by storms and strong tidal
currents in shallow subtidal subenvironments like lagoons, shoreface,
and tidal channels (Kendall and Skipwith, 1969b; Shinn, 1983b), and
supratidal beach ridges (Shinn et al., 1969). Although fenestrae-like
voids can form in subtidal grainstones (Shinn, 1983a), real fenestrae
most commonly occur in upper intertidal to supratidal environments
(Shinn, 1968, 1983b,a; Fliigel, 2004) such as tidal channel levees
(Shinn, 1983b). Their scarcity in rocks from the middle McArthur
Group might be due to compaction, which has been shown to obliterate
these features if early cementation did not occur (Shinn and Robbin,
1983).

The occasional occurrence of floating quartz and the continuum
with marine sandstone (LF5) indicate proximity to a terrigenous source.
The occurrence of molar tooth structures in darker, presumably more
organic-rich, varieties when interbedded with muddy microbialaminite
(LF12; FA3) can be explained by diagenetic remineralization of organic
matter (e.g., Hodgskiss et al., 2018). Ball-and-pillow structures and
other loading-related soft sediment deformation suggest rapid sedi-
mentation.

4.2.2. LF5: marine sandstone

Marine sandstone (Fig. 3H) occurs in the Myrtle Shale and parti-
cularly in the Hot Spring Member of the Lynott Formation. It typically
occurs as centimeter to decimeter thick intervals and is associated with
FA1 and other lithofacies of FA2, in particular bedded dolarenite (LF4).
This lithofacies is a light to medium grey (rare dark grey) quartz are-
nite, medium to coarse grained, rounded to well rounded, and well
sorted. It often contains well rounded carbonate grains (Fig. 3H) and a
carbonate matrix (sometimes silicified). Marine sandstone often con-
tains interbeds of bedded dolarenite with floating quartz and generally
represents a continuum with bedded dolarenite. Pyrite, disseminated or
concentrated in spots several mm in diameter, occurs in places. This
lithofacies is usually massive but often contains tabular, mm- to cm-
large rip-up clasts of bedded dolarenite, siltstone, or shale.

The common carbonate matrix, the compositional continuum and
interbedding with bedded dolarenite (LF4) with floating quartz, and
interbedding other facies from FA2 and FA1l suggests that marine
sandstone was also deposited in shallow subtidal to intertidal en-
vironments (Fig. 7). Roundness and sorting suggest significant transport
from the terrigenous source to the site of deposition, unless the quartz
grains were sourced from coastal outcrops of older siliciclastic units, as
reported from Holocene sediments along the Trucial Coast (Kendall and
Skipwith, 1969b; Kendall and Alsharhan, 2011). Further considering
similar deposits along the Trucial Coast, varying proportions of carbo-
nate (grains and matrix) and quartz can be explained with a shift in
depositional environment from beaches and intertidal flats, which in
some areas of the Trucial Coast are entirely composed of quartz grains,
to environments more seawards (Kendall and Skipwith, 1969b; Kendall
and Alsharhan, 2011). Rip-up clasts suggest occasional storm events or
strong tidal currents.

4.2.3. LF6: marine siltstone

The marine siltstone lithofacies (Figs. 3F and 4A) usually occurs as
decimeter-thick intervals in the Tooganinie Formation. It is typically
interbedded with FA1 and FA2. Marine siltstone is dark grey/green to
black and often dolomitic. It is generally thickly laminated with planar-
parallel or wavy lamination. It can have discontinuous or continuous
laminae, beds, or channels of LF4 with uni- or bidirectional cross-la-
mination. Starved ripples, mudcracks, synaeresis cracks (Fig. 4)A and
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ball-and-pillow structures may occur.

Interbedding with FA1l and FA2 suggests deposition in shallow
subtidal to intertidal environments (Fig. 7). This interpretation is sup-
ported by the occasional occurrence of mudcracks. This lithofacies was
likely deposited in subenvironments with less hydrodynamic energy
than LF5. However, the occasional presence of channels filled with LF4
as well as starved ripples indicate periods of higher energy, likely re-
lated to storms and/or strong tidal currents. Bi-directional cross-lami-
nation likely indicates tidal influence. Ball-and-pillow structures again
suggest rapid deposition.

4.2.4. LF7: microbialaminite

Decimeter thick intervals of microbialaminite (Fig. 4B) occur in all
stratigraphic units. This lithofacies is usually interbedded with all other
facies of FA2 or overlies stromatolites (LF11) of FA3 in shoaling upward
cycles. Rocks of this lithofacies are composed of light to medium grey
(rare dark grey) doloboundstone, which is often silicified (Fig. 4B).
Microbialaminite is characterized by an alternation of about 1 mm thick
dark grey, flat, crinkly, and undulating laminae, which we interpret as
microbial, with about 1-3 mm thick light to medium grey dolomite
laminae. Microscopy demonstrates that this lithofacies contains up to
30% subangular to subrounded, up to silt-sized, quartz grains, equally
distributed between the laminae. Irregular domal structures with ca.
5mm synoptic relief can also occur. Fenestrae (silicified or calcite-
filled, laminoid or irregular, 1-2 mm high and up to 10 mm long), te-
pees, and mudcracks can occur. This facies can be vuggy or brecciated
and discrete beds of intraclast breccias may be present.

Microbial mats comparable to microbialaminite from the McArthur
Group occur in modern intertidal to lower supratidal flat environments
such as Shark Bay, Western Australia (e.g., Logan, 1961; Logan et al.,
1964; Hoffman, 1976; Playford et al., 2013; Suosaari et al., 2016), the
Arabian Gulf (e.g., Kendall and Skipwith, 1968; Kendall and Skipwith,
1969a; Kinsman and Park, 1976; Duane and Al-Zamel, 1999; Alsharhan
and Kendall, 2003; Kendall and Alsharhan, 2011), and the Bahamas
(e.g., Shinn et al.,, 1969; Rankey and Morgan, 2002; Maloof and
Grotzinger, 2012). Deposition of LF7 in inter- to lower supratidal en-
vironments is supported by the occurrence of mudcracks, fenestrae, and
peritidal tepees Shinn, 1968, 1983a,b; Kendall and Warren, 1987;
Alsharhan and Kendall, 2003. Along the arid Trucial Coast of the Ara-
bian Gulf, different algal mat types can be distinguished based on
morphology. These mat types occur in distinctive geographical zones
parallel to the shoreline, which are controlled by the frequency of
wetting (Kendall and Skipwith, 1968; Kendall and Skipwith, 1969a;
Kinsman and Park, 1976; Alsharhan and Kendall, 2003; Kendall and
Alsharhan, 2011). On Andros Island in the Bahamas, algal mats occur in
different microenvironments such as levee crests and intertidal flats
protected by levees (Maloof and Grotzinger, 2012). However, a dis-
tinction between different mat types and microenvironments in mi-
crobialaminite from the McArthur Group is not possible due to varying
preservation potential (Park, 1977), the effects of burial and compac-
tion on mat morphology, and lack of exposure. Nevertheless, con-
tinuous algal mats only occur in protected environments where wave
and tidal scour is weak (Hoffman, 1976). In conclusion, this lithofacies
was likely deposited in protected inter- to lower supratidal environ-
ments (Fig. 7). Due to lack of grazing pressure in the Precambrian, this
lithofacies may have also been deposited in low-energy shallow subtidal
environments.

4.2.5. LF8: dololutite

Dololutite occurs in all stratigraphic units and typically appears as
decimeter to rarely meter thick intervals. It is generally interbedded
with FA2 or stromatolite (LF11) of FA3. This lithofacies is thinly la-
minated to massive and consists of light grey to pink, rarely dark grey
dololutite/micrite (Figs. 3G and 4C). Silicified fenestrae are common
(laminoid or irregular, 1-2 mm high and up to 10 mm long) and aci-
cular, radiating, mm- to cm-scale pseudomorphs (Fig. 4C, D; Coxco
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needles), interpreted by Winefield (2000) as aragonite pseudomorphs,
often occur in pink dololutite of the Coxco Member. Irregular, cm-scale,
partly brecciated silicified intervals, which we interpret as karst sur-
faces, can occur. Mudcracks filled with bedded dolarenite (LF4),
channels and continuous or discontinuous laminae (scoured bases) of
LF4 with starved ripples, cross-lamination, or fining-upward grading
may occur.

Similar to bedded dolarenite (LF4), stratigraphic position in shal-
lowing upward parasequences and sedimentary structures suggest that
this lithofacies was likely deposited in various shallow subtidal to upper
intertidal, and occasionally supratidal environments. Considering the
crystal size as indicator for original grain size, comparison with modern
carbonate environments such as Bahamas (e.g., Shinn et al., 1969,
1983b; Reijmer et al., 2009; Maloof and Grotzinger, 2012) and the
Trucial Coast along the Arabian Gulf (e.g., Kendall and Skipwith,
1969b; Alsharhan and Kendall, 2003; Kendall and Alsharhan, 2011)
suggests that dololutites from the McArthur Group were likely de-
posited in various depositional environments such as protected inner
lagoons/platforms; the lee side of banks, shoals, stromatolite build ups;
on levee crests; in intertidal ponds and low-energy parts of tidal
channels. Similar to the bedded dolarenite (LF4), the dololutite litho-
facies encompasses multiple potential depositional environments
(Fig. 7). However, depending on sedimentary structures present, a more
detailed interpretation may be possible for individual beds and bed sets.
For example, intervals with karst surfaces, mudcracks, and fenestrae
were deposited in upper inter- to supratidal environments such as
ponds, levee crests, and flats. Beds with channels filled with LF4 and
internal cross-lamination and starved ripples, as well as intraclasts beds,
were likely deposited during storms or strong tidal activity.

4.2.6. LF9: interbedded dolarenite with red, green, or brown siltstone
laminae

This lithofacies typically occurs as decimeter to meter thick inter-
vals in the W-Fold Shale, interbedded with other facies from FA2. LF9 is
composed of alternating cm-scale, light grey to pink dololutite, dolo-
siltite, or dolarenite intervals with up to 1cm-thick, red, green, or
brown siltstone or shale laminae (Fig. 4E). This facies is typically very
thinly bedded and the siliciclastic laminae and beds are wavy and
continuous or discontinuous. Intraclasts, mud chips, flame structures,
scour surfaces, and acicular, radiating aragonite pseudmorphs may
occur.

Intimate association of this lithofacies with other facies from FA2
suggest deposition in shallow subtidal to intertidal environments. The
siltstone laminae are very similar to LF1, further supporting a peritidal
origin, and indicate a frequent variation between carbonate-dominated
and siliciclastic-dominated deposition. The siltstone laminae may have
been deposited in intertidal ponds close to a fluvial source. Lack of
mudcracks suggest deposition seawards of upper intertidal environ-
ments. Intraclasts and mud chips indicate frequent storm and/or strong
tidal energy. Flame structures suggest rapid deposition. In summary, we
envision deposition as facies mosaic that ranged from shallow subtidal
(carbonate-dominated laminae; subenvironments comparable to
bedded dolarenite (LF4) and dololutite (LF8)) to lower intertidal en-
vironments in the vicinity to a terrigenous source such as a fluvial
system/estuary (Fig. 7).

4.3. FA3: subtidal

4.3.1. LF10: ooid grainstone

Ooid grainstone is a lithofacies in the Tooganinie Formation and
occurs as dm-thick intervals. It is interbedded with FA3, FA2, and FAL.
This lithofacies is composed of medium grey dolopackstone and dolo-
grainstone with mostly 0.75-1.5 mm large ooids (Fig. 4F, G). The ooids
are mostly symmetrical, and spherical to ellipsoidal, with the shape
being controlled by large nuclei composed of quartz grains (Fig. 4G).
Most grains are superficial ooids, with the cortex being less than half as
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thick as the nucleus (Fig. 4G; Fliigel, 2004). The ooids are mostly radial-
fibrous, although this might be a secondary diagenetic feature as the
radially oriented crystals transect individual laminae. Aggregation of
several ooids can occur (Fig. 4G). Ooid grainstones are massive and
often silicified. Rip-up clasts of bedded dolarenite (LF4) and dololutite
(LF8) occur (Fig. 4F).

Ooids require environments with agitated water (e.g., Bathurst,
1975), and oolitic sands forming linear or parabolic bars occur in the
Bahamas (e.g., Hine, 1977; Halley et al., 1983; Rankey et al., 2006;
Reeder and Rankey, 2008; Rankey and Reeder, 2011), Shark Bay,
Western Australia (e.g., Jahnert and Collins, 2011; Playford et al.,
2013), and the Arabian Gulf (Kendall and Skipwith, 1969b; Kendall and
Alsharhan, 2011). Ooid shoals commonly form in shallow subtidal en-
vironments by strong tidal currents at platform margins, in straits and
seaways between (barrier) islands (e.g., Rankey et al., 2006; Reeder and
Rankey, 2008; Rankey and Reeder, 2011; James and Jones, 2016 p.
167), in subtidal hypersaline lagoons (e.g., Jahnert and Collins, 2011;
Playford et al., 2013), or in subtidal platform interiors where wave and
storm action are more important than tides (James and Jones, 2016 p.
174). We generally interpret ooid grainstones to reflect high-energy
shallow subtidal environments (Fig. 7). However, Inden and Moore
(1983) point out that many thin ooid grain- and packstone beds were
likely deposited in beach environments which can be identified by in-
terbedding with supratidal facies. This association is seen in the Too-
ganinie Formation. Therefore, it is possible that the ooid grainstones we
observe in the Tooganinie Formation were also deposited in beach
environments (Fig. 7).

4.3.2. LF11: stromatolite

Stromatolites occur in all stratigraphic units and are typically
decimeter to a few meters thick. They are typically interbedded with
other facies from FA3, and also facies from FA1 and FA2. Stromatolites
are composed of medium grey (rare black) doloboundstone (Fig. 5A).
They can be silicified and entirely brecciated, or may grow on brec-
ciated surfaces and may be brecciated at the top. Laterally linked domal
and columnar forms dominate and reach a few dm in height. Con-
ophyton can also occur. The synoptic relief typically does not exceed
10 cm. However, due to limited exposure in drill cores, the macroscale
geometry of stromatolites (e.g., dm- to m-scale synoptic relief) and their
occurrence as bioherms versus biostromes is difficult to assess. Areas
between domes are typically filled by micrite.

We interpret stromatolites from the middle McArthur Group to have
been deposited dominantly in shallow subtidal environments (Fig. 7),
and possibly more rarely in intertidal settings. This interpretation is
consistent with lack of sedimentary structures indicating exposure.
Furthermore, high-relief stromatolites comparable to those from the
McArthur Group are known from modern subtidal environments such
as Shark Bay, Western Australia (e.g., Logan, 1961; Logan et al., 1964;
Hoffman, 1976; Reid et al., 2003; Jahnert and Collins, 2011; Jahnert
and Collins, 2012; Playford et al., 2013; Suosaari et al., 2016) and the
Bahamas (Dravis, 1983; Dill et al., 1986). High-relief stromatolites are
typical in areas with high wave and tidal energy, such as headlands
(e.g., Hoffman, 1976). Common brecciation of stromatolites may in-
dicate deposition as part of barrier complexes subjected to storms.

4.3.3. LF12: muddy microbialaminite

Muddy microbialaminite occurs in dm-thick intervals in the Reward
Dolostone and Lynott Formation. It is usually interbedded with litho-
facies of FA2 and FA3. This lithofacies is composed of dark grey to black
(presumably organic matter-rich) doloboundstone (Fig. 5B). It can be
clay-rich and is rarely silicified. Interbeds of dolomudstone (LF13) can
occur. Fine-grained pyrite may occur along laminae. This lithofacies is
characterized by an alternation of ca. 1 mm thick flat, crinkly, or un-
dulating laminae (sometimes disrupted or buckled up), which we in-
terpret as microbial, with about 1-3 mm thick, grey dolomite laminae.
Molar tooth structures are common but fenestrae (laminoid, calcite-
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filled, 1 mm high and 5-10 mm long) are rare.

In Hamelin Pool of Shark Bay, Western Australia, high-relief stro-
matolites comparable to LF11 occur in subtidal settings at headlands
characterized by intense tidal and wave activity, and the steepest slope
along this coastline. In contrast, more protected peritidal areas of the
coastline, such as bights and embayments have shallower slopes and
have significantly lower wave and tidal activity (Hoffman, 1976). These
areas are not dominated by high-relief stromatolites but instead colo-
nized by microbial mats (Jahnert and Collins, 2012) comparable to
microbialaminite and muddy microbialaminite from the McArthur
Group. The hypersaline conditions prevent grazing stress at Hamelin
Pool, but lack of predators in the Precambrian would suggest that mi-
crobial mats may have been common in Proterozoic low-energy shallow
subtidal environments. In contrast to microbialaminite (LF7), we in-
terpret these dark grey to black (‘muddy’) microbialaminites to have
been generally deposited in mostly quiet submerged environments
(Fig. 7), such as lagoons, to account for their high clay and presumably
high organic-matter content.

4.3.4. LF13: dolomudstone

Dolomudstone occurs as decimeter- to meter-thick intervals inter-
bedded with lithofacies of FA2 and FA3 in the Barney Creek Formation,
Reward Dolostone, and the Lynott Formation. This lithofacies is gen-
erally composed of dark grey to black, homogeneous dololutite or do-
losiltite (Fig. 5C). The rocks are clay- and presumably organic matter-
rich, and may also be silty. Interbeds of muddy microbialaminite (LF12)
or black shale (LF17) can occur, and it can be transitional with dolo-
lutite (LF8). Pyrite and base metals sulfides may occur in streaks, spots,
along fractures (Fig. 5C), disseminated or stratiform. This lithofacies is
thinly laminated to massive, may have nodular bedding or contain pale
grey nodules (sometimes plastically deformed). Slumping, loading and
ball-and-pillow structures may occur, as well as molar tooth structures.
Subhorizontal organic matter flakes and rip-up clasts of dolarenite may
occur. Discontinuous or wavy shale laminae and dolarenite laminae
with cross-lamination or starved ripples can also occur. This facies can
contain subhorizontal flakes of organic matter that are up to several
mm in length. Some intervals occur as ‘flake breccia’, which is matrix
supported, and has pale grey dolostone clasts that are subangular to
rounded, mostly tabular, and subhorizontal.

We interpret this lithofacies to have been deposited in quiet subtidal
environments (Fig. 7). This is consistent with the interbedding with
facies from FA2 and FA3 and the transitional character with dololutite
(LF8). Deposition above wave base is indicated by the occurrence of rip-
up clasts, and cross-lamination and starved ripples in dolarenite la-
minae. The flake breccia intervals may have also been formed by storm
events. Beds showing loading and ball-and-pillow structures were ra-
pidly deposited, and beds with slumping suggest deposition on an in-
clined sea floor. This lithofacies likely represents deposition in a similar
environment as the muddy microbialaminite (LF12). The absence of
microbial laminae may be due to higher sedimentation rates or greater
water depth, both factors that would inhibit photosynthetic microbial
communities.

4.4. Deep subtidal to slope

4.4.1. LF14: dolarenite

This lithofacies generally occurs as decimeter- to a few meter-thick
intervals in the undifferentiated Barney Creek Formation. It is often
interbedded with LF15, LF16, and LF18. The dolarenite lithofacies is
composed of medium grey, dolosiltite to dolarenite (Fig. 5D), with very
fine- to fine-grained dolarenite clearly dominating. This facies can be
silty or contain rounded quartz grains. It can also contain pyrite, either
disseminated or as spotty accumulations. This lithofacies is thinly la-
minated to medium bedded and rarely has (low-angle) cross-lamina-
tion, starved ripples, or HCS. Beds are either not graded or show fining-
or coarsening upward. Bed bases are often sharp and scour underlying
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beds (Fig. 5D). However, tops are often transitional with overlying li-
thofacies (Fig. 4D). Loading and ball-and-pillow structures sinking into
underlying dolomitic siltstone (LF16) beds are common (Fig. 5E), and
slumping may also occur. Dolarenite can have mm to cm scale,
rounded, intraclasts of LF4, LF11, and LF16. Common are sub-mm to
mm scale organic matter flakes, which are either disseminated, con-
centrated in certain beds, or form discontinuous laminae.

It is likely that this lithofacies represents a range of different de-
positional environments. However, the mostly decimeter-scale thick-
ness, scoured bases, sand-dominated grain- and packstone textures,
occasional low-angle cross-lamination, grading, organic matter flakes,
and interbedding with hemipelagic facies (LF16) suggest deposition
from sediment gravity flows (Fig. 7) such as grainflows and turbidity
currents in deep subtidal slope environments (Coniglio and Dix, 1992;
James and Jones, 2016 p. 216). The material was sourced from plat-
form margin environments such as shoals. Another possible origin of
certain beds is deposition by storms near storm wave base. This inter-
pretation is consistent with the occurrence of HCS and scoured bases.
However, the common interbedding with LF16 generally favors de-
position from gravity flows.

4.4.2. LF15: interbedded dolarenite with grey siltstone

This is a common lithofacies in the undifferentiated Barney Creek
Formation that occurs as decimeter- to meter-thick intervals. It is ty-
pically interbedded with silty dolarenite/dolomitic siltstone (LF16).
Interbedding of medium grey dolosiltite and dolarenite (occasionally
with floating quartz) with dark grey dolomitic siltstone characterizes
this lithofacies (Fig. 5F). The alternation is mostly on a cm-scale;
however, it can reach 10-20 cm in thickness. This lithofacies is thickly
laminated to very thinly bedded. Dolarenite laminae and beds typically
scour underlying siltstone laminae/beds. They commonly display
loading, flame, and ball-and-pillow structures and may internally show
cross-lamination, SCS, and starved ripples. They can also have mud
chips and organic matter flakes. Slumping, cm-scale growth faults, and
carbonate nodules occasionally occur.

We interpret the depositional environment of this lithofacies to be
comparable to that of dolarenite (LF14): deposition mostly from sedi-
ment gravity flows (Fig. 7). However, LF15 is marked by much thinner
(mostly cm-scale) but regularly occurring, gravity flow deposits (do-
larenite), interbedded with dolomitic siltstone (LF16) as background
sediment.

4.4.3. LF1é: silty dolarenite/dolomitic siltstone

This lithofacies (Fig. 6A, B) occurs as decimeter- to tens of meters-
thick intervals in the HYC Pyritic Shale Member, overlying un-
differentiated Barney Creek Formation, and Caranbirini Member of the
Lynott Formation. It is by far the most common lithofacies of the Barney
Creek Formation in sub-basins. Interbedding with other lithofacies of
FA4 is typical. Lithofacies 16 represents a continuum between medium
to dark grey silty dolostone and dark grey to black dolomitic siltstone
and very fine sandstone, which have been distinguished in logs. The
compositional difference is typically also manifested in bedding dif-
ferences. Whereas the silty dolarenite subfacies is very thinly to thinly
bedded, the dolomitic siltstone subfacies is thickly laminated (Fig. 6B).
In the HYC Pyritic Shale Member, the dolomitic siltstone is generally
pyritic and bituminous. These rocks generally have a parallel-planar
and occasionally wavy lamination. Individual laminae and beds may be
normally graded. Carbonate nodules, slumping, growth faults, loading
(where in contact with the dolarenite facies) and rare dolarenite clasts
may occur. Silty dolarenite has rare HCS, low-angle cross-lamination
(tangential or straight foresets), and starved ripples.

The dolomitic siltstone sub-facies was likely deposited below storm
wave base as indicated by absence of wave- or storm-induced sedi-
mentary structures. However, deposition in slightly shallower en-
vironments, around storm wave base, of the silty dolarenite sub-facies is
suggested by occasional HCS, low-angle cross-lamination and starved
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ripples. This is consistent with the higher abundance of carbonate,
which is generally produced in shallow subtidal environments and
subsequently supplied to shallower and deeper depositional environ-
ments by storm-generated currents. Both sub-facies were likely de-
posited as a result of hemipelagic settling and/or low-density turbidity
currents (Fig. 7; Wignall, 1994). Bull (1998) similarly suggested sub-
wave-base environments for fine-grained siliciclastic sediments of the
Barney Creek Formation.

4.4.4. LF17: black shale

Black shale occurs as decimeter- to meter-thick intervals in the HYC
Pyritic Shale Member and the undifferentiated Barney Creek Formation.
It is interbedded with dolomitic siltstone of LF16. This lithofacies is
composed of dark grey to black shale and silty shale (Fig. 6E). It is
typically pyritic and can also be dolomitic. Black shales are parallel-
planar laminated and fissile or rubbly.

Deposition below storm wave base is indicated by lack of any storm-
or wave-induced sedimentary structures and the interbedding with
dolomitic siltstone of LF16. Likely depositional mechanisms include
hemipelagic settling and low-density turbidity currents (Wignall, 1994)
in deep subtidal to slope environments (Fig. 7).

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

This lithofacies occurs as centimeter- to meter-thick intervals in the
Barney Creek Formation and Reward Dolostone and is typically inter-
bedded with other facies from FA4. Slope breccias interrupt the de-
position of LF19 and LF16 facies. Mass-flow breccias are composed of
medium to dark grey (rare black) grainstones, conglomerates, and
breccias. They are matrix- or clast-supported, mostly polymict but
sometimes monomict, and moderately (rare) to very poorly sorted. The
clast size is either dominated by granule- to cobble-sized clasts (Fig. 6C)
or sand-sized grains (Fig. 6D), which we distinguish in logs. The sand-
sized subfacies is similar to dolarenite (LF14) with the main differences
being polymict composition and generally larger grainsize. The tabular-
to equant-shaped clasts of mass-flow breccias typically show no fitting.
Compositionally, this facies is dominated by well-rounded to very an-
gular carbonate clasts; however, angular dolomitic siltstone clasts and
quartz grains may also occur. Interstitial pyrite and base metal sulfides
may occur. Mass-flow breccias are very thinly to medium bedded,
sometimes massive. They are typically ungraded but may also show
normal or inverse grading.

The lack of fitting, unsorted clasts, and variable degree of round-
ness, as well as interbedding with rhythmite (LF19) and silty dolar-
enite/dolomitic siltstone (LF16) indicate a gravity-flow origin (e.g.,
Coniglio and Dix, 1992; Fliigel, 2004; James and Jones, 2016 p. 2016).
Mass-flow breccias were likely generated by gravitational collapse and
coherent mass wasting of lithified platform margin and upper slope
deposits (Playton et al., 2010) and subsequent down-slope transport
and re-sedimentation (Fig. 7). Whereas polymict deposits suggest
mixing of clasts from multiple platform margin environments (e.g.,
shoals, biological buildups) and/or upper slope environments, mono-
mict deposits had only one source area and are typically the result of
erosion and re-deposition of upper slope carbonates (Coniglio and Dix,
1992). Variability in clast size, grading (un-, normal-, or inverse
graded), and bedding (bedded or massive) suggest that transport me-
chanisms differed for individual beds and likely included coarse-
grained turbidity currents and debris flows for the larger than sand-
sized subfacies, and fine-grained turbidity currents and grainflows for
the sand-sized subfacies. Therefore, the origin of the latter is similar to
dolarenite (LF14) beds.

4.4.6. LF19: rhythmite

Rhythmites, characterized by alternation of darker and lighter grey
laminae and beds of similar thickness, can occur as meter- to deca-
meter-thick intervals in the undifferentiated Barney Creek Formation.
This lithofacies is composed of dark grey (rare medium grey), very fine
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to fine dolarenite (Fig. 6F). It is typically thickly laminated to thinly
bedded. Individual laminae and beds can have an erosional base. They
are massive or have an internal, mm-scale, planar-parallel lamination
with fining-upward. Slump folds (Fig. 6F) and cm-scale growth faults
are common.

The absence of wave or current-induced structures indicates de-
position below storm wave base. Furthermore, common slump folds
suggest deposition onto an inclined sea floor such as a slope (Fig. 7).
The sediments were likely deposited out of suspension, either as pelagic
and hemipelagic fallout from the water column or as sediment-sea-
water-mixtures that moved downslope as dilute allodapic flows (e.g.,
Coniglio and Dix, 1992; Playton et al., 2010; James and Jones, 2016 p.
214). Fallout deposition can occur after storms, tides, or currents
transported fine material from the platform interior or platform margin
into deeper water settings. If these suspensions are dense enough they
can transform into dilute allodapic flows. The occasionally observed
sharp, erosional lower contacts, and normal grading support the in-
terpretation of deposition out of allodapic flows such as dilute turbidity
currents (e.g., Cook and Mullins, 1983).

5. Discussion
5.1. Stratigraphic evolution

The three studied drill cores intersect the middle McArthur Group in
different tectonic settings. GRNT-79-7 intersects the Barney Creek
Formation in the Glyde sub-basin (Fig. 1). In contrast, Leila Yard 1 and
Lamont Pass 3 intersect the succession on the adjacent paleohigh to the
north (although this area is marked by small, higher order sub-basins).
As the Barney Creek Formation was the drilling target, only Lamont
Pass 3 intersects a significant stratigraphic range below the Barney
Creek Formation. Therefore, our stratigraphic interpretation only con-
siders the vertical evolution for these units.

The Tooganinie Formation is the oldest intersected stratigraphic
unit, cored below ca. 1045 m in Lamont Pass 3 (Fig. 8). The intersected
thickness is ca. 229 m, but its base was not drilled. Consistent with
general descriptions of this unit by Jackson et al. (1987), our log shows
that it is distinguished by interbedding of peritidal dolostones, mostly
stromatolites (LF11), and green siltstones (LF1; Fig. 8). In Lamont Pass
3, the top shoals from subtidal stromatolites to sabkha environments, as
indicated by increasing abundance of red siltstone with anhydrite
(LF1). Therefore, the Tooganinie Formation represents a regressive
transition into the Leila Sandstone and Myrtle Shale.

The Leila Sandstone in Lamont Pass 3 is 11 m thick (Fig. 8). It is an
immature, medium- to coarse-grained sandstone with abundant silt-
stone (LF1) rip up clasts, siltstone laminae, and mudcracks. Therefore,
this sandstone was likely deposited in supratidal environments and
represents continuation of upward shoaling.

Eighty-two meters of the Myrtle Shale were intersected in Lamont
Pass 3. We interpret the Myrtle Shale to represent a mosaic of sabkha
environments, dominated by interbedding of red and green siltstone
(LF1). This drill core records a gradual transition from the Myrtle Shale
into the overlying Emmerugga Dolostone, marked by two conglomerate
cycles. Each conglomerate bed is limited to siltstone clasts in the lower
half but carbonate clasts (LF4 and LF8) come in towards the top. This
suggests retrogradation of the shoreline and re-working of inter- to
supratidal carbonate environments. The basal carbonate bed of the
Emmerugga Dolostone is a dolarenite breccia dominated by carbonate
clasts with a silty matrix, again indicating a gradual transition.

The Emmerugga Dolostone in Lamont Pass 3 is an ~80 m-thick in-
terval dominated by subtidal stromatolites (LF11) and shallow subtidal
bedded dolarenites (LF4; Fig. 8), representing flooding of the Myrtle
Shale sabkha environments. The stromatolites are commonly entirely
brecciated, grow on brecciated surfaces and/or are brecciated at the
top. The abundant brecciation may indicate regular storm activity and
that stromatolite bioherms formed barriers that allowed dolarenite and



M. Kungmann et al. Ore Geology Reviews 106 (2019) 150-175

NW

Leila Yard 1
6"Cearb (%0)

4 2 0
. % 42.0 km paleohigh | sub-basin
)
I's \
° o
o 17.3km ————SE
)
o,
300 — ' Lamont Pass 3 GRNT-79-7
8"Cearb (%0) GRin api 8"Cearb (%0)
z 0 1 0 300 600 4 -2 01
ore T T
: s
s | & |
o o
£ \'o' |
008l | B %l | B O * = |  I-----
S| 100 le |
© %
g L // | X |
£ / Y
— B
g I J i.\
c e
100 D ! | o%]
200 /— | |
— i o
E ’ ) , .
= ! |1 FA 1: Supratidal to continental
B » =1
L% | | | conglomerate
_ mfs I sandstone
0 ! .? ‘ siltstone (red/green)
(m) /300 — ? |
|3 I : Shallow subtidal to intertidal
3 g / | ! [ dololutite
wlk / [ o | B microbialaminite
G>J~;,°E’ - = | ° | [ alternating dolarenite and
cls o red/green/brown siltstone
B s> | [ [ bedded dolarenite
100 —& 400 °
7 B marine sandstone
- | -500-— | el o
= % ‘ Bl marinesiltstone
g | FA 3: Subtidal
gu [ 1 ooid grainstone
K] ‘ 1 muddy microbialaminite
-200 — I stromatolite
7 S — Il dolomudstone
o) .
o FA 4: Deep subtidal to slope
9] [ ] dolarenite
IS : [ alternating dolarenite
IS and grey siltstone
_ ilty dol ite/
-300 —— T T T zS:IIo om?t?criir}ltsione
- black shale
A mass-flow breccia (sand-
+ ! ! = sizescsi/> s‘gndr-sci?ed)san
§ 1000 | | Hl rhythmite
|| ‘ ‘ Other
= e J J g0% secondary brecciation
-400 ™
3 | Y RST
:‘ TST
‘ ~~~ unconformity
c 1100
9o of |
£ oms _ _ _ B g _ _ - — _
g ..‘o ‘
-500 {2 L
(9] o
= 4, |
c
4 \
© ° e
oy 1200 P
g "
T %l |
o
-600 | LA
o | I
-4 -2 010 300 600 4 -2 01
613Ccarb (%o) GRin api 6"Cearp (%0)

Fig. 8. Litho-, sequence, and carbon isotope stratigraphy of drill cores Leila Yard 1, Lamont Pass 3, and GRNT-79-7 (see Fig. 1 for location). Lower resolution carbon
isotope record in the Barney Creek Formation in Leila Yard 1 and GRNT-79-7 is due to scarcity of carbonate beds. Unfilled circles in GRNT-79-7 reflect altered
samples with very low 8'80,, values (see Fig. 10). Abbreviations: mfs = maximum flooding surface; sb = sequence boundary.
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dololutite deposition in protected low-energy environments. We choose
the base of a ca. 60 m thick, faulted and brecciated dolarenite interval
as the boundary with the overlying Teena Dolostone (Fig. 8). However,
a clear facies distinction between these units is not observable in La-
mont Pass 3. Furthermore, a distinction between the Mara Dolostone
and Mitchell Yard Member in the Emmerugga Dolostone cannot be
made in Lamont Pass 3. This ambiguity highlights the need for careful
stratigraphic studies and potential revision of stratigraphic nomen-
clature in the southern McArthur Basin considering complex paleoto-
pography inherited by the underlying Tawallah Group, lateral facies
changes, and diachronous deposition.

The overlying Teena Dolostone is only represented by the brecciated
dolarenite succession in Lamont Pass 3. At least part of this brecciation
is due to faulting, accompanied by strong pyrite and weak base metals
mineralization. The uppermost Teena Dolostone is intersected in Leila
Yard 1 and comprises shallow subtidal to intertidal facies (FA2). The
occurrence of Coxco needles indicates that the Coxco Member is de-
veloped in this area. In contrast, it is not developed ca. 42km to the
southeast in Lamont Pass 3 (Fig. 8). GRNT-79-7 does not intersect this
part of the stratigraphy but a study by Davidson and Dashlooty (1993)
demonstrated that the Coxco Member is developed in the Glyde sub-
basin.

The transition into the overlying Barney Creek Formation coincided
with fault reactivation, which led to renewed extension of the basin and
the formation or reactivation of numerous sub-basins and paleohighs
(McGoldrick et al., 2010). This episode of extension led to flooding of
peritidal facies of the Teena Dolostone in Leila Yard 1 and Lamont Pass
3, and deposition of deep subtidal to slope facies (FA4) of the Barney
Creek Formation in all three drill cores (Fig. 8).

The W-Fold Shale is a transitional unit that is only developed as a
one meter-thick interval of alternating dolarenite and dark grey silt-
stone (LF15) in Leila Yard 1. The following HYC Pyritic Shale Member
is a bituminous and pyritic dolomitic siltstone (LF16) in all three drill
cores, independent of a paleohigh or sub-basin setting. This lithological
uniformity testifies to significant deepening across the entire studied
part of the basin. In addition, the sedimentological composition of the
HYC Pyritic Shale Member in the three drill cores presented here is
comparable to the correlative mineralized interval at McArthur River
(Large et al., 1998) and a studied core located approximately 23 km
southwest of McArthur River (Bull, 1998). Despite the similar sedi-
mentological composition, our transect shows a significantly thicker
HYC Pyritic Shale Member in the sub-basin intersection in GRNT-79-7
(78 m) compared to the paleohigh intersections in Lamont Pass 3 (33 m)
and Leila Yard 1 (17 m). Furthermore, a 7 m-thick black shale (LF17)
interval occurs in GRNT-79-7. These observations are consistent with
the generally deeper depositional environment in the sub-basin.

The overlying undifferentiated Barney Creek Formation is marked
by significant lateral thickness changes, from less than 200 m on the
paleohigh to more than 800 m in the sub-basin (Fig. 8). Furthermore,
the Barney Creek Formation in GRNT-79-7 is truncated by the sub-
Cambrian unconformity, and therefore the current thickness of the
Barney Creek Formation in this sub-basin section is a minimum esti-
mate of its original thickness. This lateral thickness difference indicates
significant fault-controlled subsidence in the sub-basin. The un-
differentiated Barney Creek Formation is mostly composed of silty do-
larenite/dolomitic siltstone (LF16) but compared to the HYC Pyritic
Shale Member has a higher carbonate content, is less bituminous, and
contains abundant carbonate gravity flow deposits (LF14, LF15, LF18).
Mass-flow breccias (LF18) are particularly common in the middle and
upper part of the undifferentiated Barney Creek Formation (Fig. 8).
Taken together, these features indicate general shoaling upward. The
undifferentiated Barney Creek Formation is dominated by dolomitic
siltstone in Leila Yard 1 and GRNT-79-7. However, in Lamont Pass 3,
located close to the Emu Fault (Fig. 1), the upper part comprises sub-
tidal (FA3) to shallow subtidal (FA2) carbonate facies (Fig. 8). This
indicates that while rapid early subsidence occurred across the entire

Ore Geology Reviews 106 (2019) 150-175

studied part of the Batten Fault Zone at the onset of HYC Pyritic Shale
Member deposition, subsidence rates of the eastern part of this parti-
cular paleohigh decreased during deposition of the upper un-
differentiated Barney Creek Formation and allowed the establishment
of subtidal to shallow subtidal environments.

The overlying formations are only preserved in the two drill cores
from the paleohigh. The Reward Dolostone shows a continuation of the
general shoaling observed in the undifferentiated Barney Creek
Formation. It thickens from 13 m in Leila Yard 1 on the northwestern
side of the paleohigh to 40 m in Lamont Pass 3 in the southeast. This
thickness increase is accompanied by a facies shift from mostly deep
subtidal carbonate facies to mostly shallow subtidal to intertidal car-
bonate facies (Fig. 8). Therefore, Lamont Pass 3 continues to record
shallower depositional environments (as observed in the upper un-
differentiated Barney Creek) than Leila Yard 1.

The Caranbirini Member of the Lynott Formation is ca. 70 m thick
in both Leila Yard 1 and Lamont Pass 3 (Fig. 8). It records a shift to
deeper depositional environments, indicated by the deposition of deep
subtidal to slope (FA4) black shale (LF17) facies and dolomitic siltstone
(LF16) in Leila Yard 1 and subtidal (FA3) muddy microbialaminite
(LF11) and dolomudstone (LF13) in Lamont Pass 3. This means, al-
though the Caranbirini Member shows general deepening, a lateral
gradient from deeper environments in the northwest to shallower en-
vironments in the southeast is preserved on this paleohigh. Therefore,
the lateral gradient that is already present in the upper Barney Creek
Formation continues through to the Caranbirini Member.

The Hot Spring Member of the Lynott Formation is composed of
shallow subtidal to intertidal facies (FA2) in both Leila Yard 1 and
Lamont Pass 3 (Fig. 8). A lateral depth gradient is not observable. The
total thickness of this member is unknown as both cores are collared in
the Hot Spring Member.

5.2. Sequence stratigraphy

We have identified four complete and two partial T-R sequences
over the studied interval. The upper part of the RST of sequence T in the
Tooganinie Formation is cored in Lamont Pass 3 (Fig. 8). A MRS at the
top of a red and green siltstone bed coincides with a shift in the gamma
pattern and marks the top of a succession dominated by supratidal
siltstone.

The overlying TST of sequence TM is marked by regular interbed-
ding of subtidal stromatolites (LF11) and shallow subtidal to supratidal
siltstones (LF6, LF1), producing a characteristic pattern of alternating
low and high gamma ray readings (Fig. 8). The stromatolite/siltstone
ratio generally increases upsection in the TST, indicating flooding, and
the TST culminates in a MFS within a thick stromatolite interval
(Fig. 8). The following RST comprises the uppermost Tooganinie For-
mation, where it is marked by decreasing stromatolite/siltstone ratio,
the shallow marine to supratidal Leila Sandstone, and sabkha facies of
the Myrtle Shale. The top of sequence TM coincides with the boundary
of the Myrtle Shale to the Emmerugga Dolostone (Fig. 8). We identify
this surface as a MRS.

Southgate et al. (2000) and Jackson et al. (2000) describe a se-
quence boundary at the base of the Leila Sandstone as ‘incision surface
that truncates subtidal green shale of the Tooganinie Formation’ and
separates shallower facies above from deeper facies below. Due to rare
outcrops, they only observed the Leila-Tooganinie contact in one lo-
cation near the McArthur River deposit. In Lamont Pass 3, the Tooga-
ninie-Leila contact is not associated with significant incision. It is a
scour surface marked by shale/siltstone rip up clasts in the lowermost
5cm of the Leila Sandstone, which can be explained by deposition of
the sandstone on top of unlithified shale/siltstone. We interpret this
surface as a regressive surface of marine erosion (RSME), which is a
highly diachronous surface associated with a minor time gap formed as
a scour zone during base level fall (Plint, 1988). Further support for an
overall gradual transition instead of a major unconformity representing
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a sequence boundary comes from shale/siltstone beds and rip up clasts
throughout the Leila Sandstone in Lamont Pass 3. Furthermore, the
uppermost Tooganinie Formation already contains red siltstone with
anhydrite nodules, as typical for the overlying Myrtle Shale in Lamont
Pass 3.

The overlying TST of sequence ET culminates in a MFS marked by a
thin dolomudstone (LF13) bed and a corresponding peak in the gamma
ray log (Fig. 8). The following RST is capped by a MRS at the top of the
Teena Dolostone, which comprises bedded dolarenite (LF4) in both
Lamont Pass 3 and Leila Yard 1. Using the gamma ray log available
from Lamont Pass 3, the MRS could be placed slightly lower at the
inflection point of increasing gamma ray values. However, we choose
the facies change as MRS as this entire interval is brecciated in Lamont
Pass 3 (post-depositional), making it difficult to interpret the gamma
ray log.

Southgate et al. (2000) and Jackson et al., 2000 describe a karst
surface at the base of the Teena Dolostone (i.e. in the middle of our
sequence ET), which they observed in one location. This proposed se-
quence boundary is also used as base for the River Supersequence (a
2nd-order sequence defined on the Lawn Hill Platform in Queensland)
in the southern McArthur Basin (Jackson et al., 2000). In Lamont Pass
3, the transition between the Emmerugga and Teena dolostones is
transitional and we do not observe an unconformity. Furthermore, the
entire Teena Dolostone is faulted, and as a result, is brecciated (Fig. 8)
and mineralized with pyrite and minor base metal sulfides. Future
studies and a more regional assessment are required to better under-
stand this contact.

The overlying Barney Creek Formation comprises two sequences,
herein called B1 and B2. Sequence B1 comprises the W-Fold Shale, HYC
Pyritic Shale Member, and roughly the lower half of the un-
differentiated Barney Creek Formation (Fig. 8). Although slightly
thicker in the sub-basin intersected in GRNT-79-7, the TST of Bl is
generally only a few meters thick in the studied drill cores (Fig. 8). On
the paleohigh, the MFS sits within an interval of bituminous dolomitic
siltstone (LF16) of the middle HYC Pyritic Shale Member, marked by a
peak in the gamma ray log in Lamont Pass 3, and elevated pyrite
abundance in Leila Yard 1. In the sub-basin section of GRNT-79-7, it sits
within a black shale (LF17) interval in the middle HYC Pyritic Shale
Member. As discussed above, the HYC Pyritic Shale Member records
significant flooding across the entire studied part of the basin, not only
in sub-basins. Strata of the RST shoal to shallow subtidal facies in the
undifferentiated Barney Creek in Lamont Pass 3. The RST is capped by a
MRS, which is associated with a sharp increase in gamma ray values
and a shift in §*3Ceap, from increasing to decreasing values (Fig. 8). In
contrast to Lamont Pass 3, the RST does not record shoaling to shallow
subtidal environments in Leila Yard 1 and GRNT-79-7. Here, the MRS
sits within silty dolarenite (LF16) turbidite deposits (Fig. 8), which is a
typical location for the MRS in deeper water settings (Embry and
Johannessen, 2017). Gamma ray data are not available to identify the
exact stratigraphic location of the MRS. However, using a "Gy, shift
associated with the MRS in Lamont Pass 3 as a chronostratigraphic
marker, the MRS can be identified in these holes (Fig. 8).

Sequence B2 comprises the upper undifferentiated Barney Creek
Formation and the Reward Dolostone (Fig. 8). The TST records less
relative deepening of depositional environments across the studied area
than the TST of Bl. In Leila Yard 1 and GRNT-79-7, silty dolarenite
gives way to pyritic and bituminous dolomitic siltstone and Lamont
Pass 3 records deepening from shallow subtidal bedded dolarenite
(LF4) to subtidal dolomudstone (LF13). The MFS sits within a pyritic
black shale (LF17) interval in the sub-basin succession of GRNT-79-7
and is associated with a §'3C_,, shift from decreasing to increasing
values. This shift also occurs in Lamont Pass 3 and helps to identify the
MFS within an interval of generally high gamma ray values (Fig. 8). In
Leila Yard 1, the MFS is expressed as pyritic dolomitic siltstone. The
RST of sequence B2 is marked by shoaling from slope facies (Leila Yard
1) and subtidal facies (Lamont Pass 3) of the undifferentiated Barney
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Creek Formation to shallow subtidal and intertidal facies of the upper
Reward Dolostone in both cores. In GRNT-79-7, the RST is truncated by
the Cambrian unconformity (Fig. 8). We place the sequence boundary
in the upper Reward Dolostone (but not the top), at the onset of rising
gamma ray values in Lamont Pass 3. We identify the sequence boundary
as MRS is Leila Yard 1 but it is unclear whether it is a MRS or an un-
conformable shoreline ravinement surface in Lamont Pass 3. However,
we do not see evidence for significant truncation and erosion as ex-
pected for an unconformable shoreline revinement surface. In fact, the
8'3Cearp values change gradually across the boundary into the Car-
anbirini Member, which is consistent with a gradual change (i.e., MRS)
instead of a hiatus. As the Reward-Lynott contact has previously been
described as a locally developed unconformity (Ahmad et al., 2013), a
regional scale perspective is required to better understand where this
contact is developed as unconformity.

Sequence L comprises the Caranbirini and Hot Spring members of
the Lynott Formation. A thin TST is developed in the lowermost
Caranbirini Member and culminates in a MFS expressed as pyritic black
shale (LF17) in Leila Yard 1 and a dolomudstone (LF13) marked by a
gamma ray peak in Lamont Pass 3 (Fig. 8). Although Leila Yard 1 re-
cords deeper depositional environments during deposition of the Car-
anbirini Member, including the lower RST of sequence L, shoaling up-
wards to shallow sub- to intertidal environments in the Hot Spring
Member is recorded in both drill cores (Fig. 8).

The Barney Creek Formation and the Caranbirini Member are li-
thologically similar and hence may be difficult to distinguish. Sequence
stratigraphy can be used to distinguish these two units. Whereas the
Barney Creek Formation comprises one full sequence (B1) and the TST
and lower RST of a second sequence (B2), the Caranbirini Member only
consists of one TST and part of an RST (L).

5.3. Sequence stratigraphic correlation with Lawn Hill Platform

The late Paleoproterozoic succession in Queensland is divided into
seven 2nd-order supersequences (Southgate et al., 2000). Geochrono-
logical constraints indicate that middle McArthur Group equivalent
strata is represented by the River Supersequence, which can be sub-
divided into eight 3rd-order sequences (Fig. 9; Krassay et al., 2000). We
present a possible correlation of these sequences with our interpreted
sequence stratigraphic framework in the southern McArthur Basin
(Fig. 9). Correlation of these sequences assumes that they formed syn-
chronously, which means that the interplay of accommodation space
and sedimentation was controlled by the same mechanism in both areas
or that both at least shared the same allostratigraphic control. Corre-
lation of strata in these areas is complicated by the complex tectonic
history of the north Australian Proterozoic basins. Specifically, seismic
sections indicate onlap of Lawn Hill strata onto the southern Murphy
inlier (Southgate et al., 2000), which separates the southern McArthur
Basin from the Lawn Hill Platform. Furthermore, only the upper three
sequences of the River Supersequence are preserved on the northern
Lawn Hill Platform (Southgate et al., 2000; Krassay et al., 2000). These
observations indicate that the Murphy inlier was a paleohigh at the
time of deposition, separating depocenters on both sides. Nevertheless,
as both successions were deposited in less than ca. 15 million years and
have a comparable number of sequences with similar thicknesses, it is
reasonable to assume more or less synchronous deposition and to at-
tempt to correlate the sequence stratigraphic records from both areas
(Fig. 9).

Previous workers have proposed different stratigraphic positions for
the base of the River Supersequence in the southern McArthur Basin
(Fig. 9). For example, the unconformity described by Southgate et al.
(2000) from the base of the Leila Sandstone has been used as base of the
River Supersequence (Southgate et al., 2000; McGoldrick et al., 2010).
However, we identify this surface as a RSME and not as a sequence
boundary. Another possibility was suggested by Jackson et al. (2000)
who described a karst surface at the base of the Teena Dolostone and
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used this sequence boundary as the base for the River Supersequence.
Although future work is required to better understand this contact, we
do not recognize a karst surface or sequence boundary between the
Emmerugga and Teena dolostones in Lamont Pass 3. Therefore, we offer
an alternative interpretation for the base of the River Supersequence in
the southern McArthur Basin.

Second-order sequences such as the River Supersequence are
thought to have a duration between 3 and 50 million years (Vail et al.,
1991) and are mostly controlled by regional tectonics (e.g., Nystuen,
1998; Embry, 2009). The boundaries are marked by a change of the
tectonic regime (Embry, 2009) and significant deepening and erosion in
different parts of the basin. In the middle McArthur Group, the most
significant tectonic activity occurred at the Teena-Barney Creek tran-
sition (e.g., McGoldrick et al., 2010). Movement along broadly north-
south striking strike-slip faults led to significant sub-basin deepening in
some areas and significant uplift and erosion in other areas. For ex-
ample, GRNT-79-7 records 900 m of deep subtidal to slope facies of the
Barney Creek Formation (Fig. 8) deposited in the Glyde sub-basin along
the western side of the Emu Fault and indicates significant subsidence.
In contrast, deposition of mass-flow breccias (Cooley Dolostone
Member), for example at McArthur River (Williams, 1978; Ireland
et al., 2004a), were shed from uplifted fault blocks along the Emu Fault
and indicate erosion. About 10 km south of the McArthur River deposit,
a karst surface separates the lower Emmerugga Dolostone from the
Reward Dolostone (Walker et al., 1983). This surface could have
formed any time between the Emmerugga and Reward dolostones;
however, we suggest it formed at the top of the Teena Dolostone,
leading to truncation of the Teena and upper Emmerugga dolostones
and non-deposition of the Barney Creek Formation. This is consistent
with the general occurrence of clasts of Teena and Emmerugga dolos-
tones in the Cooley Dolostone Member (Williams, 1978; Jackson et al.,
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1987). Based on these observations, we suggest that the base of the
River Supersequence coincides with the Teena-Barney Creek transition
in the southern McArthur Basin. Following this assumption, we corre-
late previously described 3rd-order sequences from the Lawn Hill
Platform (Krassay et al., 2000) with 3rd-order sequences described in
this contribution (Fig. 9).

The base of the River Supersequence sits within the upper portion of
the 1647 + 4 Ma Lady Loretta Formation on the Lawn Hill Platform
(Bradshaw et al., 2000; Krassay et al., 2000 Fig. 9). Following our
proposed position of the base of the River Supersequence in the
southern McArthur Basin, the 1640+ 3 Ma Barney Creek Formation
correlates with the upper Lady Loretta Formation (Fig. 9). The
1636+ 4 Ma Lynott Formation in the McArthur Basin may represent
sequences 3-4 of the River Supersequence, which belong to the
1644 + 8 Ma Riversleigh Siltstone on the Lawn Hill Platform.

The sequence stratigraphic correlation proposed herein is only a
first attempt to reconstruct a regional 3rd-order sequence stratigraphic
framework. A more precise geochronological framework and extended
carbon isotope record is required to test this correlation and expand it
to other areas of the greater McArthur Basin (e.g., Birrindudu Basin,
Walker Fault Zone).

5.4. Carbon isotope chemostratigraphy

Carbon and oxygen isotope ratios show no systematic relationship
for Lamont Pass 3 and Leila Yard 1 (Fig. 10), indicating a lack of strong
secondary alteration. In contrast, carbon and oxygen isotopes in GRNT-
79-7 show a weak positive correlation (Fig. 10), suggesting that some
samples experienced secondary alteration, which may be due to me-
teoric waters (Allan and Matthews, 1982). Furthermore, a small subset
(n = 6) of samples from this core have very light 8'%0.., values
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Fig. 10. Carbon and oxygen isotope cross-plot of all data from Leila Yard 1
(n = 100), Lamont Pass 3 (n = 305), and GRNT-79-7 (n = 80). Samples from
GRNT-79-7 with 880 values below ca. —15%. reflect significant meteoric al-
teration and are only shown by unfilled circles in Fig. 5.

(<-15%0; Fig. 10), likely indicating that they experienced significant
alteration. These samples are indicated by open circles in Fig. 8 and not
further considered. As only samples from GRNT-79-7 experienced weak
alteration, we generally consider the carbon isotope data set to be a
faithful record of the primary carbon isotopic composition of the de-
positional environment.

Carbon isotope values of mostly carbonate lithofacies (only 15
samples were dolomitic siltstone; see Methods) show significant and
systematic variation in the middle McArthur Group (Fig. 8). In Lamont
Pass 3, 8'%C.ap values gradually increase throughout the Tooganinie
Formation from ca. —3.5%. to ca. —2%.. Due to absence of carbonate
beds, we were not able to produce a 813C . record from the overlying
Leila Sandstone and Myrtle Shale. However, values continue to increase
upsection through the Emmerugga and Teena dolostones to a maximum
of ca. 0%. in the middle Barney Creek Formation, followed by an up-
section decrease to ca. —2%o. to —1.5%. in the Reward Dolostone and
Lynott Formation (Fig. 8).

This trend generally does not correspond to major changes in the
depositional settings throughout the succession. Although shoaling to
inter- to supratidal environments in the upper Tooganinie Formation is
accompanied by a trend towards higher 3G, the isotopic ratio is
much lower as reported from modern and ancient sabkha environments
(Stiller et al., 1985; Schmid, 2017). Furthermore, the highest §*3Cear,
values are recorded by the Barney Creek Formation, which reflects the
deepest depositional environments in the middle McArthur Group.
Shoaling upward, as recorded in the Reward Dolostone and Hot Spring
Member is accompanied by decreasing 8'3Ce,p. A lateral isotope gra-
dient across the presented ca. 60 km transect, spanning a sub-basin and
paleohigh environment, is also not observable. These observations
suggest that the 3.5%. variation in the middle McArthur Group does not
record vertical or horizontal isotope gradients in the basin.

In contrast, we attribute a subordinate 8'3C.y, trend of ca. 1-2% in
carbonate lithofacies of the Barney Creek Formation (Fig. 8) to a depth
gradient in the dissolved inorganic carbon reservoir of the sampled
water body. In Lamont Pass 3, deepening in the basal Barney Creek
Formation corresponds to decreasing 8'3Cc.q, values from —1 to
—1.5%0 at the MFS of sequence B1l. The following RST is marked by
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increasing 813C b to maximum values around 0%. at the sequence
boundary. The overlying TST of sequence B2 shows decreasing values
to ca. — 1%o, followed by values around — 0.5%. in the RST of the upper
Barney Creek Formation (Fig. 8).

Although the observed isotopic range of 1-2%. in the Barney Creek
Formation in Lamont Pass 3 is relatively low, comparable values and
trends are observable in the other two drill cores (Fig. 8). In GRNT-79-
7, 8'3Cear, values decrease from — 2%o to ca. —4%. in the lower Barney
Creek Formation (due to lack of carbonate beds only a low resolution
data set was produced), followed by an upsection trend of increasing
values to ca. 0%. at the B2 sequence boundary. The TST of sequence B2
is marked by decreasing values to ca. —2%. around the MFS. However,
the MFS itself was not analyzed because it does not sit within a car-
bonate interval. The preserved lower part of the RST shows slightly
increasing 8'3Cearp values (Fig. 8). Importantly, the described trends in
GRNT-79-7 occur in stratigraphically thicker intervals compared to
Lamont Pass 3, reflecting significantly greater sedimentation rates in
the sub-basin. Due to the lack of carbonate beds, we only present
8'3Carp data from the middle portion of the Barney Creek Formation in
Leila Yard 1. Carbon isotope ratios increase from ca. —1%o in the upper
RST of sequence B1 to 0%. at the B2 sequence boundary. This maximum
is followed by a decline to —2%. in the TST of sequence B2.

The Reward Dolostone also shows a 1-2%c trend in §'3Ceyp. In
Lamont Pass 3, 8'3C,y, values sharply increase from ca. —1 to 0%o in
the lower Reward Dolostone, followed by a gradual decline to ca.
—1.5%0 throughout the Reward Dolostone (Fig. 8). A similar trend is
recorded by the Reward Dolostone in Leila Yard 1. 83C, o, values first
increase from —2%. to —1%. and than decline to —2.5%.. In Leila Yard
1 this trend is condensed due to lower sedimentation rates and sys-
tematically offset towards lighter values by ca. 1%.. This is consistent
with a surface-to-depth isotope gradient in the sampled water body,
comparable to the trend in the Barney Creek Formation.

In summary, carbon isotope data show a systematic 3.5%. trend in
carbonate facies of the middle McArthur Group. This trend does not
correspond to the depositional environment of the stratigraphic units,
suggesting it can be used for basin-wide correlation. Subordinate
8'3Cearp trends of 1-2%o in the Barney Creek Formation and Reward
Dolostone correspond to trends in relative water depth and likely reflect
an isotope gradient in the sampled water mass. Future carbon isotope
work on these units in other locations is required to test whether these
low-amplitude shifts in 8*3C.y, are a basin-wide signal and can be used
for basin-scale correlation. However, given that we observe these trends
in a 60 km transect across a sub-basin and paleohigh seem to suggest
this.

5.5. Chemostratigraphic correlation with North China Craton

The Changcheng and Nankou groups on the North China Craton
represent a late Paleo-Mesoproterozoic mixed siliciclastic-carbonate rift
to drift succession (Chu et al., 2007; Meng et al., 2011). Marine car-
bonate rocks of the Tuanshanzi Formation comprise the upper part of
the Changcheng Group and are dated by an interbedded tuff bed that
yielded a zircon 2°7Pb/2°Pb age of 1637 + 15 Ma (Zhang et al., 2013).
The overlying Dahongyu Formation of the Nankou Group comprises
basal sandstones, overlain by carbonate rocks, and an interbedded tuff
yielded a SHRIMP U-Pb age of 1622+ 23 Ma (Lu et al., 2008) and a
single zircon U-Pb age of 1625+ 6 Ma (Lu and Li, 1991). These for-
mations are thus the same age as the middle McArthur Group, within
analytical uncertainty (Fig. 11).

Carbon isotope chemostratigraphic data of the Tuanshanzi and
Dahongyu formations were previously reported by Chu et al. (2007)
and data from the Tuanshanzi Formation display a strikingly similar
isotopic range and trend to our data from the middle McArthur Group
(Fig. 11). Given the comparable age, within analytical uncertainty, we
propose that the Tuanshanzi Formation is equivalent to the interval
from the Tooganinie to Lynott Formation in the southern McArthur
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Basin. The preservation of a comparable §'3C..y, record on two dif-
ferent cratons indicates that the carbon isotope curve from the middle
McArthur Basin is at least a basin-wide record. If both successions were
deposited in different basins, the presented data could be used to con-
struct an age-calibrated global carbon isotope record for this time.

5.6. Implications for exploration
Our sedimentological and stratigraphic evaluation of the Barney

Creek Formation, the most important Zn-Pb host unit in the McArthur
Basin, demonstrates that this unit is not homogeneous. As expected, the

formation is significantly thicker in sub-basins compared to paleohighs
(Figs. 8 and 12). The undifferentiated Barney Creek Formation shows
lateral facies variation. On the paloehigh in Lamont Pass 3, the un-
differentiated Barney Creek Formation comprises carbonate facies de-
posited in shallow marine environments. In contrast, both the sub-basin
intersection in GRNT-79-7 and the paleohigh intersection in Leila Yard
1 record deep subtidal and more siliciclastic-rich facies (Fig. 8).

The sedimentology of the HYC Pyritic Shale Member, which hosts
the mineralization at McArthur River and Teena, is similar across the
studied area and previously studied mineralized and unmineralized
cores (Large et al., 1998; Bull, 1998). However, the well-developed
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Fig. 12. Schematic cross-section illustrating the heterogeneity of the Barney Creek Formation in a paleohigh and sub-basin setting. Sequence stratigraphy is shown on
the right. Note vertical exaggeration (1:10). Relative thickness changes are consistent with our core logs (see Fig. 8). In our preferred diagenetic model for mi-
neralization, the MFS of sequence B1 would act as seal to ascending metalliferous fluids where it is developed as silty and black shale. In the syngenetic model (not
shown) the black shale itself would be mineralized as it is more pyritic and organic-matter rich than the underlying transgressive sediments.
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organic-rich and pyritic black shale and silty shale interval (MFS of
sequence B1) in the sub-basin in GRNT-79-7 may be an important dif-
ference to paleohigh settings. Metallogenic models for McArthur-type
deposits suggest metal transport by oxidized and sulfide-poor fluids,
and chemical trapping by reducing and sulfidic strata (e.g., Large et al.,
1998; Huston et al., 2006); the high abundance of organic matter and
sulfide in the HYC Pyritic Shale Member would provide excellent
trapping conditions. As the black shale interval in sub-basins is even
more pyritic and organic-matter rich, it represents an even better che-
mical trap. This interval would therefore be the most prospective base
metal target if the mineralization was syngenetic (Large et al., 1998).
However, recent microcharacterization revealed that the mineralization
at McArthur River occurred during late-stage diagenesis (Spinks et al.,
2017). This model implies that mineralization occurred after initial
compaction and lithification, which would have significantly reduced
the initially high porosity and permeability of the black shale interval.
Although developed as ideal chemical trap, the lithification and com-
paction would potentially convert the black shale interval into a seal
(i.e., physical trap) for ascending brines. Following the diagenetic
model, targeting should focus on the transgressive interval of the HYC
Pyritic Shale Member below the MFS. Regardless of whether the MFS
was a chemical trap (syngenetic model) or a physical trap (diagenetic
model), sequence stratigraphy is a powerful tool for targeting as it
predicts the stratigraphic position of this important interval. Ideally, it
should be coupled to facies maps showing where in the basin the MFS is
developed as a silty and black shale.

The alternatives of syngenetic and late-stage diagenetic miner-
alization have important implications for the timing of fluid pumping.
Assuming syngenetic mineralization, Garven et al. (2001) linked fluid
pumping to tectonic activity during deposition of the HYC Pyritic Shale
Member. However, modeling by Sheldon and Schaubs (2017) demon-
strated that extension, which created the accommodation space for
deposition of the HYC Pyritic Shale Member (e.g., McGoldrick et al.,
2010), does not promote upward fluid flow. The diagenetic model
implies that fluid pumping occurred later during undifferentiated
Barney Creek time. A suitable stratigraphic interval might be the upper
Barney Creek Formation around the B1-B2 sequence boundary. Here
mass-flow breccias are common (Fig. 8). Although speculative, they
may record slope and platform failure caused by a short-lived com-
pressional event. This would be consistent with observations from the
McArthur River deposit, where Hinman (1995) postulated compression
during deposition of the upper Barney Creek Formation. This com-
pressional event could be a suitable fluid pumping mechanism in the
diagenetic model.

The generally lower abundance of organic matter and sulfide as
reductant and possible sulfur source in the undifferentiated Barney
Creek Formation has a negative effect on the trapping potential. This
makes this part of the Barney Creek Formation less attractive than the
HYC Pyritic Shale Member. An exception could be the organic-rich and
pyritic black shale interval developed at the MFS of sequence B2 in the
sub-basin section in GRNT-79-7 (Figs. 9 and 12). However, as the host
unit and its trapping potential is only one critical component of the
mineral system, other components (e.g., fluid pumping) also need to be
considered. The same is true for the lower Caranbirini Member, which
shows good trapping potential due to the organic-rich and pyritic
composition of the recorded MFS of sequence L (Fig. 8).

6. Conclusion

A facies analysis reveals that rocks of the middle McArthur Group
(i.e., Tooganinie to Lynott Formation) can be grouped into four facies
associations and 19 lithofacies, spanning diverse depositional environ-
ments from deep subtidal and slope to supratidal sabkhas. Based on this
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detailed sedimentological evaluation, we provide a sequence strati-
graphic interpretation of the middle McArthur Group. Confirming Bull
(1998), the Barney Creek Formation and overlying Reward Dolostone
comprise two T-R sequences. This observation can be used to distin-
guish the Barney Creek Formation from the lithologically similar Car-
anbirini Member, which only consists of one incomplete sequence. The
middle McArthur Group shows a systematic 3.5%0 8"3Ceap trend that
does not correspond to variation in depositional environments and thus
likely reflects a basin-wide signal. In contrast, 1-2%. variation in the
Barney Creek Formation and Reward Dolostone correspond to changes
in relative water depth and likely represent an isotope gradient within
the basin. We use our sequence stratigraphic interpretation of the
middle McArthur Group in the southern McArthur Basin to propose a
possible correlation with coeval strata from the Lawn Hill Platform in
Queensland. Furthermore, based on strikingly similar 813C, oy, records
and comparable ages, we propose that the middle McArthur Group
correlates with the Tuanshanzi Formation from the North China Craton.
Important for mineral exploration, our study shows that the Barney
Creek Formation is a heterogeneous unit. As generally agreed, the HYC
Pyritic Shale Member is most prospective in sub-basins where it is
thicker. In the depocenters of sub-basins, a maximum flooding surface
in the HYC Pyritic Shale Member is developed as pyritic and organic-
rich silty shale and black shale. If the mineralization was syngenetic,
this interval would be an ideal chemical trap for base metal miner-
alization. In contrast, in the diagenetic model for mineralization, it
would likely be a physical trap (seal) for ascending metalliferous brines
due to compaction and lithification. Regardless of the preferred model
for mineralization, sequence stratigraphy can be used to target this
interval, ideally combined with facies maps depicting the lithological
variation of this maximum flooding surface within the basin.
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