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The Mesoproterozoic Velkerri and Kyalla formations in the Beetaloo Sub-basin in northern Australia 

contain the world’s oldest shale plays. In unconventional exploration, the main challenge is the 

identification of sweet spots from which hydrocarbons can be produced economically. In fine-grained 

siliciclastic intervals, the distribution of these sweet spots is mainly controlled by the evolution of the 

sedimentary system and its effects on organic matter distribution. The aim of the present work is 

therefore to reconstruct the stratigraphic architecture of the Velkerri-Kyalla interval and to integrate 

its stratigraphic evolution with chemostratigraphic and chronostratigraphic frameworks. Based on 

core descriptions and well correlations, we reconstructed the facies distribution within the Velkerri-

Kyalla interval along two regional well sections. This allowed for the recognition of stratigraphic 

stacking patterns and to identify multiple depositional sequences. Three stratigraphic orders are 

observed within the Velkerri-Kyalla formations. The studied interval is interpreted to be deposited 

during one second-order depositional sequence, containing four nested third-order depositional 

sequences. These, in turn, are composed of thirteen nested fourth-order transgressive-regressive 

sequences. By integrating the sequence stratigraphic architecture with available geochronological 

constraints, we postulate a chronostratigraphic framework for these Mesoproterozoic strata. The 

Velkerri Formation was likely deposited between 1400 Ma and 1280 Ma, and the overlying Kyalla 

Formation between 1250 Ma and 1190 Ma. Furthermore, by coupling the sequence stratigraphy, 

chemostratigraphy and existing provenance studies, and chronostratigraphy, we were able to 

construct regional paleogeographic maps to illustrate the evolution of the basin in the broader context 

of the Mesoproterozoic of northern Australia. 
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1. Introduction 

Sweet spots in unconventional plays are formed by the co-occurrence of three elements: (1) 

hydrocarbon enrichment (2) suitable geomechanical properties leading to fracture conductivity, and 

(3) good reservoir drive (OTTMANN AND BOHACS, 2014). This means economic plays consist of 

hydrocarbon-bearing intervals with suitable reservoir conditions to recover high volumes of oil and/or 

gas after hydraulic stimulation. Two elements directly relate to the distribution of sedimentary 

heterogeneities in the play: hydrocarbon enrichment and geomechanical properties that are both 

controlled by the sedimentary facies including mineral and organic contents. Understanding the 

distribution of sedimentary heterogeneities is therefore of paramount importance for predicting the 

distribution of sweet spots in self-sourced reservoirs. In frontier exploration, the scale of the 

sedimentary heterogeneities that control the distribution and quality of these reservoirs is often sub-

seismic (<40 m). Therefore, seismic reflection data are only suitable to constrain the top and base of 

a play and exploration largely relies on the interpretation of well data to understand its stratigraphic 

evolution and to predict areas with higher prospectivity potential. 

The increasing interest in shale plays and the development of model-independent sequence 

stratigraphy (CATUNEANU, 2006; CATUNEANU ET AL., 2009, 2010, 2019A) have resulted in numerous basin-

scale studies of fine-grained siliciclastic rocks (PASSEY ET AL., 2010; KIETZMANN ET AL., 2014; KOHL ET AL., 

2014; BORCOVSKY ET AL., 2017; BYUN ET AL., 2018; CROMBEZ ET AL., 2019; KNAPP ET AL., 2019). These studies 

mainly focussed on understanding the distribution of sedimentary facies and their stacking patterns 

(e.g., VAN BUCHEM ET AL., 2005), and on defining or refining a stratigraphic framework (e.g., SMITH AND 

BUSTIN, 2000; ANGULO AND BUATOIS, 2012; BORCOVSKY ET AL., 2017). Important for exploration, 

understanding the stratigraphic architecture of a play allows for a test of its potential seismic 

expression (e.g. ZELLER ET AL., 2015), and is also a prerequisite for sweet spot prediction using process-

based models (e.g. CROMBEZ ET AL., 2017). 

Unconventional shale reservoir exploration in Australia currently focuses on the Mesoproterozoic 

Beetaloo Sub-basin located in northern Australia (Figure 1). Map-based estimates of the resources 

suggest 899 Bbbl (P50) of oil in place (OIP) for the Kyalla Formation, and 85 Bbbl (P50) of OIP and 208 

TCF (P50) of gas in place in the Amungee Member of the Velkerri Formation (REVIE, 2017B). Although 

this resource potential has stimulated significant exploration activity (HOFFMAN, 2015; CLOSE ET AL., 

2017; SHERIDAN ET AL., 2018; BRUCE AND GARRAD, 2021), the high-resolution, basin-scale stratigraphic 

architecture of this Mesoproterozoic interval has not yet been published. 

Here, we reconstruct the stratigraphic architecture of the Velkerri, Moroak and Kyalla formations in 

the Beetaloo Sub-basin. Using publicly available wireline log and geochemical data from wells 

arranged along N-S and E-W cross-sections we (1) reconstruct the spatial and stratigraphic facies 

distribution, (2) identify stacking patterns, and (3) reconstruct a sequence stratigraphic framework. 

This process allows us to assess the controls on the sedimentary architecture, to integrate the cyclicity 

in chrono- and chemostratigraphic frameworks, and to discuss the basin-scale paleogeographic 

evolution of the Beetaloo Sub-basin. 
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Figure 1: Location of the study area. This basement depth map highlights the extent of the greater McArthur 

area and the location of the Beetaloo Sub-basin. Note the occurrences of the deepest depocenters in structurally 

complex areas and over the Beetaloo sub-basins (Data from FROGTECH, 2018, Beetaloo Sub-Basin extend from 

WILLIAMS, 2019). 

2. Geological background 

2.1. The greater McArthur Basin and the Beetaloo Sub-Basin 

The greater McArthur Basin is an inclusive definition of the Paleoproterozoic to Mesoproterozoic 

sedimentary basins located in the Northern Territory of Australia (RAWLINGS, 1999; AHMAD ET AL., 

2013; CLOSE, 2014). The thickest parts of the basin are thought to exceed 12 km (Figure 1, FROGTECH, 

2018), and are located in structurally complex areas or the area defined as the Beetaloo Sub-basin 

(Beetaloo). The Beetaloo was first defined as a sub-basin based on a gravity and magnetic anomaly 

(JACKSON ET AL., 1987; PLUMB AND WELLMAN, 1987). Today, this concealed sub-basin is interpreted to 

extend over more than 60 000 km2. The limits of the Beetaloo Sub-basin have been recently updated 

and formalized by the Northern Territory Geological Survey and have been constrained using 

lithostratigraphic data from wells tied to stratigraphic interpretations of the available 2D seismic 

surveys (WILLIAMS, 2019). Accordingly, the sub‑basin boundary is currently defined using the top of 

the Kyalla Formation, constrained by a cut-off depth of 400 m below surface (WILLIAMS, 2019). It is 

important to note that the current geophysical definition does not correspond to the extent of the 

sediments of interest for hydrocarbon exploration and hydrocarbon plays have been identified 

beyond the extents of the geophysically defined boundary (BRUCE AND GARRAD, 2021).  
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The Beetaloo lies on the North Australian Craton (NAC) and is bound to the north by the Batchelor and 

Urapunga fault zones, to the east by the Batten Fault Zone and the Murphy high, to the south by the 

Helen Springs high, and the west by the Birrindudu Basin. It comprises three distinct depocenters 

including the eastern Beetaloo depocenter separated from the western Beetaloo depocenter by the 

Daly Waters high and the OT Downs depocenter (Figure 1). Although the petroleum wells and regional 

seismic data highlight relatively flat-lying Proterozoic strata (Figure 2A), the greater McArthur Basin 

fill records the formation and break-up of different supercontinents (e.g. MEERT AND SANTOSH, 2017; 

MULDER ET AL., 2015; MYERS ET AL., 1996; PISAREVSKY ET AL., 2014). Its stratigraphy is traditionally 

subdivided into four non-genetic packages, the youngest package is the Wilton package and comprises 

the Roper Group (RAWLINGS, 1999). Geochronology studies based on detrital zircons, Re-Os analyses, 

and intrusions dating, suggest Mesoproterozoic ages for the Roper Group (JACKSON ET AL., 2000; 

KENDALL ET AL., 2009; YANG ET AL., 2018), which contains the Velkerri and Kyalla formations (Figure 2B). 

This interval mainly comprises siliciclastic sedimentary rocks (POWELL ET AL., 1987; DONNELLY AND CRICK, 

1988; JACKSON ET AL., 1988; ABBOTT AND SWEET, 2000; MUNSON, 2016), that have been intruded by 

Mesoproterozoic dolerite dykes and sills (TUCKER AND BOYD, 1987; ABBOTT ET AL., 2001). 

 

Figure 2: A. Two-dimensional cross-sections from the sub-surface of the Beetaloo Sub-basin. Note the Daly 

Waters High (DWH) dividing the sub-basin into two depocenters. B. Simplified lithostratigraphy of the Roper 

Group (modified from RAWLINGS, 1999). This study focuses on the Velkerri to Kyalla interval. 

Paleogeographic reconstructions suggest the NAC occupied a position around 30°N during the 

deposition of the Roper Group (PISAREVSKY ET AL., 2014; MEERT AND SANTOSH, 2017). At this time, the 

NAC was located to the east of western Laurentia. In these geodynamical reconstructions, the 

deposition of the Roper Group is linked to the break-up of the Nuna supercontinent and the initiation 

of a rift system between Laurentia and the NAC (MULDER ET AL., 2015). The major unconformity at the 

base of the Roper Group is attributed to the Isan Orogeny (DE VRIES ET AL., 2008; BLAIKIE AND KUNZMANN, 

2020), and includes inversion of pre-existing structures (LINDSAY, 2001). Although the deposition of the 
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Roper Group started in an active geodynamical setting, most recent studies suggest an intra-cratonic 

setting influenced by flexural tectonics was responsible for the deposition of the interval comprising 

the Velkerri to Kyalla formations (LANIGAN ET AL., 1994; ABBOTT AND SWEET, 2000). 

2.2. The Velkerri-Kyalla interval 

The Velkerri, Moroak and Kyalla formations occur in the upper part of the Roper Group (Figure 2B). 

The Velkerri Formation is divided into three members, from oldest to youngest: the Kalala, Amungee 

and Wyworrie members (MUNSON AND REVIE, 2018). The precise duration and age of the Velkerri 

Formation are still debated. Re-Os dating suggests that the Velkerri Formation was deposited from 

1417±29 Ma to 1361±21 Ma (KENDALL ET AL., 2009). Based on detrital zircon geochronology, YANG ET AL. 

(2018) proposed maximum depositional ages of 1308±41 Ma and 1313±47 Ma for the Velkerri 

Formation. More recent work by YANG ET AL. (2020) suggests deposition of the Kyalla Formation prior 

to 1092±16 Ma. 

The lithological characteristics of the Velkerri, Moroak and Kyalla formations were extensively 

studied by POWELL ET AL., (1987), MUNSON (2016) AND  MUNSON AND REVIE (2018). The Velkerri Formation 

is mainly composed of interlaminated and interbedded siltstone and claystone, with minor fine-

grained sandstone and rare dolomitised limestone. The conformably to unconformably overlying 

Moroak Sandstone likely represents the proximal part of the sedimentary system (POWELL ET AL., 1987; 

WARREN ET AL., 1998; ABBOTT AND SWEET, 2000). It consists predominantly of fine- to medium-grained 

sandstone, interlayered with minor coarse-grained standstone, conglomereate and siltstone 

(MUNSON, 2016). The conformably overlying Kyalla Formation is mainly composed of siltstone, silty 

claystone and rare occurrences of claystone. However, a thick sandstone interval, referred to as the 

Elliott sandstone member, can be distinguished between the lower and upper parts (MUNSON, 2016). 

It is generally accepted that the Velkerri, Moroak, and Kyalla formations were deposited on a 

continental shelf (ABBOTT AND SWEET, 2000; MUNSON, 2016) with depositional environments ranging 

from shallow marine deltaic to offshore (WARREN ET AL., 1998) with both wave- and fluvial-dominated 

environments (GORTER AND GREY, 2012; MUNSON, 2016; SHERIDAN ET AL., 2018). 

Three organic-rich intervals referred to as the A, B, and C shales, occur in the Amungee Member of 

the Velkerri Formation (MUNSON AND REVIE, 2018). In addition, high organic carbon contents have also 

been reported in the lower Kyalla Formation (JARRETT ET AL., 2019A; JARRETT ET AL., 2019B). Recent 

biomarker studies indicate that the organic matter in these sediments is derived from biomass 

dominated by bacteria with minor input from archaea and eukaryotes (JARRETT ET AL., 2019B). Total 

organic carbon (TOC) in individual shale units can exceed 12 wt%, with present day HI up to 

800mgHC.gTOC
-1 (JARRETT ET AL., 2019A). The thermal maturity of the shales ranges from early mature at 

the margins of the basin to dry gas mature in the depocenters (REVIE, 2017A) where the maximum 

burial depth was estimated to reach 4000m (FAIZ ET AL, 2021). While older organic-rich rocks exist 

(e.g., Wollogorang Formation, SPINKS ET AL., 2016; KUNZMANN ET AL., 2020) the Velkerri and Kyalla 

formations are interpreted to be the source of the world’s oldest recovered oil (CRAIG ET AL., 2013). 

3. Dataset and methods 

3.1. Data 

Data from 32 wells were studied to reconstruct the stratigraphic architecture of the Velkerri-Kyalla 

interval. Among these wells, 25 intersected the Velkerri Formation, 16 intersected the Moroak 
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Sandstone and 19 intersected the Kyalla Formation (Supplementary Table 1). The available Gamma-

Ray (GR) logs were loaded in EasyTrace, a well-log interpretation software distributed by 

BeicipFranlab, allowing for the creation of correlation panels. In addition to the GR logs, cored intervals 

from eight wells were studied for facies descriptions (Supplementary Table 2). 

The Beetaloo Basin chemostratigraphic zonation scheme was defined internally by Chemostrat Pty Ltd 

on offset legacy wells with available elemental data from the greater McArthur area (CHEMOSTRAT 

AUSTRALIA, 2014, 2016; ORIGIN ENERGY RESOURCES LTD, 2015A, 2015B, 2016; COX ET AL., 2016; 

MUNDAY, 2020; MUNDAY AND FORBES, 2020). The wells correlated into this scheme include Amungee 

NW-1, Beetaloo W-1, Kalala South-1, McManus-1, Shenandoah-1, Alexander-1, Scarborough-1, Lady 

Penryn-1 and Altree-2. The elemental data (both major and trace elements) used for the 

chemostratigraphic correlation across these wells were derived from multiple operators using a range 

of XRF instruments (both calibrated handheld XRF and laboratory XRF), as well as Inductively Coupled 

Plasma - Optical Emission Spectrometry (ICP-OES), and Inductively Coupled Plasma - Mass 

Spectrometry (ICP-MS) analytical techniques. 

Chemostratigraphy relies on the study of the geochemical variation in sedimentary rocks, typically 

being variable and sensitive to subtle shifts in provenance region or mechanisms of deposition (e.g. 

seawater and organic matter interaction). Successions that appear lithologically uniform often record 

differences related to the geochemistry of their mineral components or related to the abundance and 

proportions of accessory minerals, such as heavy and clay minerals, some of which have very 

distinctive trace element contents. Chemostratigraphy, therefore, results in the definition of zones 

with similar geochemical signatures and their correlations at various scales, analogous to a 

lithostratigraphic hierarchical scheme. 

3.2. Methods 

3.2.1.  Sedimentary and well log facies 

High-resolution images of cores, part of Hylogger datasets, were accessed through the AuScope portal 

(portal.auscope.org). This enabled the description of 2430 m of core distributed across eight wells. 

Sedimentological descriptions were carried out at the 1:200 scale, focusing on the identification of 

sedimentary structures and textures to define a facies model (sensu WALKER, 1992). As not all wells 

cored the Velkerri, Moroak and Kyalla formations, we integrate our facies descriptions with well-log 

patterns (sensu POSAMENTIER AND ALLEN, 1999), placing particular focus on the GR logs (e.g., CROMBEZ 

ET AL., 2016). GR logs were the most commonly acquired log type during the 40 years of drilling the 

wells. In the Velkerri-Kyalla interval, the mineralogy mostly reflects terrigenous material with very 

little carbonate content observed (REVIE, 2017A). Assuming the GR values approximate the abundance 

of K-rich micas mostly present in fine-grained material in the Velkerri-Kyalla interval, this log can be 

used to distinguish the proximal, more coarse-grained, sand-rich environments from the fine-grained, 

distal part of the sedimentary system. GR logs can also help to identify organic-rich marine intervals 

that are likely to be enriched in uranium. 

3.2.2.  Sequence stratigraphy 

We reconstructed the stratigraphic architecture of the Velkerri-Kyalla interval along two 2D sections 

(Figure 1). Using sedimentological descriptions and GR logs to understand the distribution of 

sedimentary environments and to identify stacking patterns, we interpreted the sequence 

http://portal.auscope.org/
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stratigraphic evolution following a model-independent approach (sensu CATUNEANU ET AL., 2009, 2011; 

CATUNEANU, 2019). We focused on shoreline trajectories (HELLAND-HANSEN AND MARTINSEN, 1996; 

HELLAND-HANSEN AND HAMPSON, 2009) that resulted in the development of different stratigraphic 

surfaces and systems tracts, and followed the terminology defined by HUNT AND TUCKER (1992) AND 

HELLAND-HANSEN AND GJELBERG (1994). The present work aims to propose a 3D stratigraphic framework 

for this Mesoproterozoic hydrocarbon play, and to integrate this framework with the available 

chronostratigraphic and chemostratigraphic datasets. The sparse data set and poor age control means 

we simply assume that the observed deepening and shallowing trends are the consequence of 

transgressions and regressions and that the paleo-shoreline moved synchronously across the basin. 

Based on these interpretations it is implied that the identified transgressions and normal and forced 

regressions were synchronous. Indeed, in this case study, we cannot identify with confidence the 

coeval deposition of transgressive and normal or forced regressive systems tracts resulting from the 

spatially different sediment supplies or local structural movements. 

4. Results 

4.1. From cores to well logs 

4.1.1.  Sedimentary facies and environments 

Based on the sedimentary facies identification criteria (Figure 3), four main facies associations were 

identified from the core descriptions (E1 to E4, Figure 4). It is noted that the limited quantity of data 

meant it was not possible to consistently distinguish wave- from fluvial- dominated areas (sensu 

AINSWORTH ET AL., 2011). Therefore, we group delta-front and foreshore environments in “E1: fluvial-

influenced foreshore” environments, and shorefaces and pro-deltas in “E2: fluvial-influenced 

shoreface” environments. Two other environments are distinguished: turbiditic (E3) and offshore 

transition to offshore (E4). Here, we chose the wave denomination over the fluvial denomination 

because of the lack of observed unidirectional current structures and the abundance of wavy and 

tangential bedded strata , which are interpreted as the basin being wave-dominated and fluvial-

influenced. 

The fluvial-influenced foreshore environments (E1) are composed of planar-bedded, light grey to 

beige, fine-grained sandstone and siltstone. They preserve cross-bedding (Figure 3B), sometimes sub-

massive (Figure 3A), or slightly wavy-bedded (Figure 3C). They are often marked by an erosional base 

with gravel lags (Figure 4). The planar- to cross-bedded sandstones are interpreted to reflect 

deposition in shallow marine environments, either in foreshores or upper shorefaces (WALKER AND 

PLINT, 1992) or in reworked sand bars (BHATTACHARYA AND WALKER, 1992). The large number of erosive 

surfaces and lags likely reflect storm or fluvial events on the margin. 
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Figure 3: Sedimentary facies from cores intersecting the Velkerri-Kyalla interval. A. Sub-massive sandstone; B. 

Cross-bedded sandstone, C. Wavy-bedded sandstone; D. Heterolithic sandstone and shale with synaeresis cracks; 

E. Heterolithic, sandstone and shale with synaeresis cracks and tangential bedding; F. Heterolithic, wavy-bedded 

sandstone and shale with synaeresis cracks and tangential bedding; G. Heterolithic, wavy- to planar-bedded 

sandstone and shale with fining-upward trends and erosive surfaces; H. Heterolithic, wavy- to planar-bedded 

sandstone and shale with unidirectional current ripples and erosive surfaces; I. Heterolithic, planar-bedded 

sandstone and shale; J. Heterolithic, wavy-bedded sandstone and shale; K. Massive to planar-bedded shale. 

The fluvial-influenced shoreface environments (E2) are composed of wavy bedded, light to dark grey, 

heterolithic siltstone and shale. In this environment, fining-upward cycles (cm- to m-scale) preserving 

synaeresis cracks (Figure 3 D. and E) and tangential bedding (Figure 3 E and F) are common (Figure 4). 

The occurrence of fining-upward cycles, wavy bedding, and the heterolithic deposits is interpreted to 

be controlled by fair- and storm-weather wave oscillatory currents (DUMAS AND ARNOTT, 2006; SUTER, 

2006). Furthermore, it is likely that the variation in the river flow regime affected the grain size of the 

sediments delivered to the basin, explaining the heterolithic nature of this environment. Synaeresis 
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cracks are interpreted to reflect the mixing of fresh and seawater (PLUMMER AND GOSTIN, 1981), 

attesting the presence of rivers delivering fresh water to the system. 

 

Figure 4: Synthetic facies description from studied drill cores. Identified facies reflect wave- to fluvial-dominated 

sedimentary environments. At the scale of the descriptions, and with the data available, no tide-dominated 

deposits were identified. 

The turbiditic environments (E3) are composed of heterolithic planar-bedded, dark to light grey 

siltstone (Figure 3 I). Fining- and coarsening-upward trends can be present (Figure 3 G), as well as rare 

current ripples (Figure 3 H). These sediments are often surrounded by planar-bedded, dark grey shale 

and fine-grained siltstone with tangential bedding (Figure 4). In this facies, the planar-bedded 

siltstones are interpreted to represent distal lobe deposits formed on the shelf (BOUMA, 1964; WALKER, 

1992). The fining-upward trends in the siltstones, together with the tangential bedding preserved in 

the shales surrounding the coarser interval, likely reflect the episodic evolution of the system 

controlled by periods of a higher flow regime in the river system feeding the basin. 
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Offshore transition to offshore environments (E4) are composed of planar-bedded to massive shale 

and fine-grained siltstone (Figure 3 K). Minor erosive surfaces, tangential bedding, fining upward and 

wavy-bedded (Figure 3 J) intervals are often present while synaeresis cracks are rare. Here, the planar 

bedding is attributed to hyperpycnal flows settling. Rare tangential bedding is interpreted to either 

reflect turbidite flows or storm-induced currents (DUMAS AND ARNOTT, 2006). The occurrence of small 

reactivation surfaces, or erosive surfaces, are also interpreted to be related to episodic storm activity 

or unidirectional currents (MACQUAKER ET AL., 2010). The massive, dark grey to black facies is 

interpreted to represent the deepest part of the sedimentary system and to reflect mainly pelagic 

settling below the storm-wave base (STOW AND PIPER, 1984; STOW ET AL., 2001). 

Overall, the Velkerri, Moroak and Kyalla formations represent wave-dominated environments ranging 

from foreshore, upper and lower shoreface, to offshore. In this wave-dominated framework, the 

offshore transition reflects environments between storm- and fair-weather-wave base, while the 

shoreface-foreshore boundary is placed at the base of the low tide level. Although wave-dominated, 

the occurrence of synaeresis cracks within the Moroak and the Kyalla formations indicates the mixing 

of fresh- and saltwater and therefore a fluvial influence. The interpretation of a fluvial-influenced 

depositional environment is further supported by the occurrence of gutters and unidirectional 

currents (WILSON ET AL., 2021) that confirm sediments were deposited in a fluvial-influenced 

environment with sediment flowing to a turbiditic system. 

4.1.2.  Sedimentary environment and well log facies 

Using GR logs, we extend the interpretation of depositional environments to uncored wells 

intersecting the Velkerri, Moroak and Kyalla formations. Although environmental reconstructions 

based on well logs are less precise compared with core logging, shoreline shifts can be reconstructed 

by distinguishing four GR facies (G1 to G4, Figure 4). Shallow water deposits (G1) often present low 

GR values and either have a sharp base or are located above decreasing GR trends. These low GR 

values are interpreted to reflect the high abundance of coarse-grained content in E1 environments. 

Sharp bases are the result of sudden changesin the sedimentary environment, while the gradual 

decrease in GR values is interpreted as a coarsening-upward trend indicating shoreline progradation.  

Turbidite deposits (G2) are marked by a blocky GR pattern alternating from medium to high GR values. 

This likely reflects shifts from silt-rich lobe deposits to the mud-rich levee and overbank deposits of 

E3. High GR values are typical for deep water deposits of GR facies G3 and present high-frequency 

variation that is likely linked to subtle lithologic changes in the lower shoreface (E2) to offshore (E4) 

deposits. Finally, the highest GR values occur in facies G4 representing the organic-rich black shales 

(from E4). In addition to the four GR facies, which represent different depositional environments, GR 

trends can be linked to transgressions and regressions. While a gradual increase of the GR values (over 

10s of meters) is interpreted to reflect a transgressive period, a gradual decrease of the GR values 

(over 10s of meters) is interpreted to reflect a regressive trend. 

  



 

Page 11 of 39 
 

4.2. 2D well correlations 

Our study is based on two well sections, oriented east-west (E-W) and north-south (N-S). The E-W well 

section spans 466 km and comprises 15 wells (Figure 5). It extends from Broadmere-1 in the east to 

Sever-1 in the west. The second well section spans 348 km and also comprises 15 wells (Figure 6). It 

extends from Prince-of-Wales-1 in the north to Elliott-1 in the south. The top of the Moroak Sandstone 

is used as a datum in both sections, assuming it represents a pseudo-horizontal surface. As we aim to 

establish a quasi-chronostratigraphic framework, our correlations may diverge from the 

lithostratigraphic subdivision of this succession. 

On the E-W section, unit 1 (equivalent to the Kalala Member of the Velkerri Formation, Figure 5) 

records significant deepening from the top of the underlying Bessie Creek Sandstone. The sediments 

of this unit were mainly deposited below the storm-wave base, interrupted by rare occurrences of 

shoreface deposits. Unit 1 records two transgressive-regressive cycles. The top of the second cycle 

was previously highlighted by HOFFMAN (2015) as a continuous marker across the basin, being the only 

carbonate-rich interval. Unit 2 is 150-250 m thick (equivalent to the Amungee Member; Figure 5) and 

records deep water deposition below the storm-wave base, with minor to no shoreface influence and 

rare turbidite deposits. This interval records three significant peaks in the GR log, which often show a 

‘Christmas tree’ pattern, as indicative of there being a high uranium concentration in the sediment-

starved intervals (CROMBEZ ET AL., 2020). The three high GR intervals match the definitions of the A, B, 

and C organic-rich shale intervals (MUNSON AND REVIE, 2018). The uppermost cycle generally 

represents the highest GR values and is inferred to record the highest concentration of fine material 

linked to the lowest sedimentation rate. We interpret this interval to represent the most distal part of 

the sedimentary system. Unit 3 (300-500 m, equivalent to the Wyworrie Member, Figure 5) comprises 

offshore to lower shoreface sedimentation. Siltstone beds are interpreted as thin, gravity-flow 

deposits. Above these, two transgressive-regressive cycles are recorded, although the abundance of 

turbidite deposits makes it more challenging to identify these cycles as clearly as those in unit 2. The 

thickness of the overlying unit 4 (Figure 5) varies significantly across the basin. It may reach almost 

500 m in the east (where it is equivalent to the Moroak Sandstone) but thins to approximately 100 m 

in the west. This interval is mainly composed of shallow water deposits in the east, which gradually 

transition to deeper water deposits in the west. Two transgressive-regressive cycles are recorded in 

unit 4. Importantly, the transgressive parts are thinner compared to those in the underlying 

transgressive-regressive cycles. The overlying unit 5 (equivalent to lower Kyalla, ca. 250 m, Figure 5) 

records a significant deepening of the depositional environments at its base. At least one 

transgressive-regressive cycle is apparent. It comprises shoreface deposits in the east (equivalent to 

the Elliott sandstone member) and turbidite deposits in the west. Unit 6 is up to 550 m thick and 

truncated by a major erosional surface (YANG ET AL., 2020A). It mostly comprises deposits formed below 

the storm-wave base, arranged in two transgressive-regressive cycles. 
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Figure 5: Interpreted facies distribution along a W-E well section. Note the thinning of the proximal deposit of 

the Amungee member toward the west, not accompanied by sudden changes in facies and thickness across the 

Daly Waters High (located between Birdum-Creek-1 and McManus-1). 
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Figure 6: Interpreted facies distribution along an N-S section. Note the thinning of unit 2 (approximating 

Amungee Member) toward the north and onlapping of the uppermost shale (C shale) onto the middle shale (B 

shale) in the northern part of the basin. 

The N-S section records a similar facies distribution as the E-W section (Figure 6). Unit 1 is only 

intersected in the north, where it records deposition below the storm-wave base with the rare 

occurrence of lower shoreface deposits. Comparable to the E-W cross-section (Figure 5), two 
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transgressive-regressive cycles are developed in unit 1 and a carbonate-rich interval occurs at the top 

of the second cycle (Figure 6). Unit 2 also preserves the three transgressive-regressive cycles observed 

on the E-W transect. In the central part of the basin (e.g., Kalala-South-1), this unit records three high 

GR intervals. The thickness of unit 2 is variable, measuring more than 600 m in the south, and thinning 

to ca. 150 m in the north. Importantly, the second and the third shale (B and C) merge in the northern 

part of the basin between Borrowdale-2 and Lady-Penrhyn-1. Just as along the E-W section, unit 3 is 

characterized by the occurrence of turbidite deposits and two transgressive-regressive cycles. Unit 4 

records a facies shift from shallow water deposits in the south to deep water deposits in the north. 

The shallow water deposits thin from 300 m in Elliott-1 to less than 50 m in McManus-1 (Figure 6). 

These observations are similar to those made along the E-W transect, which also demonstrates 

thinning and deepening from east to west (Figure 5). Unit 5 again records significant deepening across 

the study area; however, in contrast to the E-W section, two transgressive-regressive cycles are 

preserved within this unit (Figure 6). The second cycle records a similar facies distribution as the one 

observed along the E-W transect, which we interpret as the Elliott sandstone member of the Kyalla 

Formation. Unit 6 mostly comprises offshore to lower shoreface deposits, arranged in two 

transgressive-regressive cycles. This unit reflects an overall deepening of the depositional 

environments. 

5. Discussions 

5.1. Stratigraphic architecture 

An understanding of the 2D facies distribution along two transects allows us to relate the observed 

facies shifts to relative sea level variations. This in turn allows us to reconstruct the stratigraphic 

architecture of the shale play. In the greater McArthur Basin, regional unconformities interpreted to 

have formed in response to major tectonic events, bind the major sedimentary groups (RAWLINGS, 

1999). These unconformities have previously been interpreted as 1st-order sequence boundaries 

(KUNZMANN ET AL., 2020). In our case study, this means the unconformities at the base and top of the 

Roper Group represent such 1st-order sequence boundaries. Lower rank sequences are nested within 

this 1st-order sequence (CATUNEANU, 2019B) and the identified sequences within the Velkerri, Moroak 

and Kyalla formations represent 2nd and lower order sequences. 

5.1.1.  Second-order stratigraphic evolution 

As the stratigraphic architecture results from the complex interplay between sediment supply and 

accommodation, not all systems’ tracts have to be developed and preserved in all locations across a 

sedimentary basin (CATUNEANU, 2006, 2019A). At the scale of the study (300-500 km), the 2nd-order 

sequence boundaries (SB) will be expressed as unconformable contacts. In the Beetaloo Sub-basin 

(i.e., 60 000km2) the Bessie Creek Sandstone is unconformably overlain by the Velkerri Formation 

(MUNSON, 2016). The boundary between the Moroak and the Kyalla formations is an unconformable 

surface in the eastern part of the basin but becomes conformable in the western Beetaloo (Figure 5). 

The uppermost major unconformity in this study is the boundary between the deep water facies of 

the Kyalla Formation and the shallow water/continental facies of the overlying Jamison sandstone. 

This is the 1st-order sequence boundary developed at the top of the Roper Group, which is developed 

as an erosive surface and is interpreted to have removed several 100s of meters of stratigraphy (YANG 

ET AL., 2020A). Considering the characteristics of these three surfaces, the one at the top of the Bessie 

Creek Sandstone is interpreted to be 2nd-order. The unconformity at the top of the Roper Group, being 
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of 1st-order, will also bind a 2nd-order sequence (Figure 7 and Figure 8). This implies that the studied 

interval comprises one 2nd-order sequence that should include a major maximum flooding surface 

(MFS). In the Velkerri and Kyalla formations, several intervals were deposited below the storm wave-

base and are characterized by high GR values and represent potential MFSs. Among these deep water 

deposits, unit 2 (A, B, and C shales from the Amungee Member) records a high organic content 

(WARREN ET AL., 1998; MUNSON AND REVIE, 2018; JARRETT ET AL., 2019B). This could be attributed to 

organic matter concentration in sediment starved environments related to increased distance from 

sediment sources (PASSEY ET AL., 2010), occurring at the maximum backstep of the sedimentary system. 

In detail, GR values are often higher in the C shale than in the A and B shales, which is interpreted as 

the effect of lower dilution of authigenic uranium by detrital particles (CROMBEZ ET AL., 2020). This 

surface has a basin-wide extent, and we interpret it as a 2nd-order MFS (Figure 7 and Figure 8). The 

underlying units 1 and 2 (Kalala and Amungee members, up to the C shale) represent a 2nd-order 

transgressive systems tract (TST), which is followed by a 2nd-order regression spanning the interval 

from the C shale to the sub-Jamieson unconformity. At this order, no downstepping is observable, 

which suggests that the 2nd-order regression recorded in units 3-6 (ca. Wyworrie Member, Moroak, 

and Kyalla formations) is normal and represents a 2nd-order highstand systems tract (HST). However, 

a 2nd-order forced regression should not be excluded and could be present below the erosional surface 

at the base of the Jamison sandstone. In this 2nd-order framework, the Jamison sandstone is 

interpreted as a lowstand systems tract (LST), being deposited in a continental (GORTER AND GREY, 

2012), or shallow water setting (MUNSON, 2016), after a relative sea level drop that resulted in the 

erosion of the top of the Kyalla Formation. In the studied interval, besides the Jamison sandstone, no 

LST is identified in any other order. In this case study, 2nd-order SBs are expressed as a shift from 

“shallow water” regressive deposits to “deep water” transgressive units and the SBs are stacked with 

the transgressive surfaces (TS). 

5.1.2. Third-order stratigraphic evolution 

Within the 2nd-order sequences, a higher frequency of cyclicity is observed in the Velkerri, Moroak and 

Kyalla formations. Nested 3rd-order sequences will be bound by 3rd-order SBs, as well as 1st- and 2nd-

order SBs already identified. While 2nd-order cyclicity implies basin-wide shoreline shifts, 3rd-order SBs 

in the Beetaloo are interpreted to record shifts of a few 10s of kilometres. This means that the 3rd-

order SBs are expected to gradually change expression across the basin. A potential 3rd-order SB is the 

surface at the top of unit 1 (below the A shale). It represents an important facies shift from strata 

deposited above the storm wave-base to deep water facies. While this surface does not show evidence 

of erosion, its significant lateral extent (100s km) makes it a potential 3rd-order SB. Higher in the 

stratigraphy, the surface at the transition between units 4 and 5 (ca. Moroak and the lower Kyalla 

Formation) reflects a significant vertical facies change and is potentially erosive in the southern and 

eastern parts of the study area. In addition, the surface at the top of unit 5 (Elliott sandstone member; 

Figure 5 and Figure 6) is likely unconformable in the south and east but transitions into a conformable 

surface towards the north and west. As this surface also records an abrupt facies change in most parts 

of the basin, it is interpreted as 3rd-order SB. In summary, three 3rd-order SBs were identified in the 

studied interval, in addition to the 1st and 2nd-order SBs previously identified bracketing four 3rd-order 

sequences. 
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Figure 7: Stratigraphic architecture of the Velkerri-Kyalla interval along an E-W transect. Note on this figure the 

colours represent the 3rd-order systems tracts, and the stratigraphic lines’ strokes account for the different 

stratigraphic orders. 
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Figure 8: Stratigraphic architecture of the Velkerri-Kyalla interval along an N-S transect. Note on this figure the 

colours represent the 3rd-order systems tracts, and the stratigraphic lines’ strokes account for the different 

stratigraphic orders. 

The oldest 3rd-order sequence comprises two transgressive-regressive cycles. Of these two cycles, the 

first one often records a surface with the highest GR values within this sequence. We interpret this 

surface as the corresponding first 3rd-order MFS. No other sequence stratigraphic surface is 
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identifiable in the available data set for this sequence; therefore, we divide this 3rd-order sequence 

into a HST overlying an TST. 

The second 3rd-order sequence contains the 2nd-order MFS that is also interpreted as a 3rd-order 

sequence MFS. In the upper part of the sequence, the shallow water deposits that constitute unit 4 

(ca. Moroak Sandstone) can either be interpreted as being a highstand normal regressive or a forced 

regressive. In the case of a highstand normal regression, the rising relative sea-level would generate 

accommodation on the margin of the basin, which would likely be filled by backshore and continental 

deposits. Neither our study nor previous work on the Moroak Sandstone (POWELL ET AL., 1987; MUNSON, 

2016) report such sedimentary environments, with the shallowest parts of unit 4 (ca. Moroak 

Sandstone) being described as tidal flat deposits. The absence of continental deposits in the known 

extent of the Moroak Sandstone suggests that accommodation was not created at the basin margin. 

These observations are more compatible with a forced regression and downstepping of the shoreline 

(CATUNEANU, 2006). A basal surface of forced regression (BSFR) is therefore interpreted at the base of 

unit 4 (ca. Moroak Sandstone). It separates an HST present in unit 3 (above the C shale) and a falling 

stage systems tract (FSST) present in unit 4 (ca. Moroak Sandstone) from the top of the second 3rd-

order sequence (Figure 7 and Figure 8). While the observed sedimentary environments are compatible 

with a forced regression, the absence of a significant erosion surface to the east and south of the basin 

suggests that the relative sea-level fall was of limited amplitude. 

Above unit 4, the third sequence records two transgressive-regressive trends. The second one appears 

poorly preserved along the eastern part of the basin (Figure 5). In this sequence, the deepest 

sedimentary environments are observed 10s of meters above the base of the sequence and are 

interpreted as MFSs. Towards the south and east of the basin, the top of the sequence comprises 

shallow water deposits that progressively transition into gravity flow deposits towards the west 

(equivalent to the Elliott sandstone member). In detail, the GR log often records a sharp drop, which 

reflects a sudden basin-ward shift of the shoreline (CATUNEANU, 2019A). This is likely accompanied by 

the truncation of the underlying strata, explaining the poor preservation of the second transgressive-

regressive cycle in the eastern part of the basin (Figure 5). We interpret this sudden facies shift as 

forced regression, with its basal surface placed at the GR drop in the east and south and beneath the 

gravity flow deposits in the west. Alternatively, the unit 4 interval may be either a highstand or 

lowstand normal regression. However, this would imply that during the deposition of the sand-rich 

interval the relative sea-level was slowly rising, favouring the accumulation of continental deposits on 

the edges of the basin. As we did not identify any non-marine facies in the Elliott sandstone member, 

the highstand or lowstand normal regression interpretations seem unlikely. 

The uppermost 3rd-order sequence recorded in the studied interval is truncated by the 1st-order sub- 

Jamison sequence boundary. This sequence comprises two well-developed transgressive-regressive 

cycles across the basin. In the southern and eastern parts of the basin, multiple prograding deposits 

occur that are difficult to identify in other parts of the basin. In the west, the GR log shows 

progressively increasing values, which we interpret as a fining-upward trend. Identifying an MFS is 

more challenging than in the underlying 3rd-order sequences. Because of the occurrence of multiple 

coarse-grained, prograding deposits in the upper part of this sequence, we interpret the MFS to be 

located at the end of the first deepening cycle. In this sequence only two systems tracts are 

identifiable, a TST and an HST. 

In the third order, similarities exist with the stratigraphic architecture suggested by ABBOTT AND SWEET 

(2000). Our basal sequence boundary (SB1) and the SB3 respectively correspond to the base and top 
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of their Veloak sequence, while the SB3 and the topmost SB5 respectively correspond to the base and 

top of their Shermi sequence. By adding more wells intersecting the Velkerri-Kyalla interval, we are 

able to refine previous work on the stratigraphy of these formations and identify additional sequences 

previously not identified. 

5.1.3.  Fourth-order stratigraphic evolution 

The available facies and GR data permit the identification of high-frequency cyclicity nested within the 

3rd-order sequences of the Velkerri, Moroak and Kyalla formations. These cycles are between 100 m 

(in the west and north) and 250 m thick (in the south and east), and we interpret them as 4th-order 

sequences (CATUNEANU, 2019B). Although clearly identifiable, the available data does not allow the 

identification of stacking patterns necessary to divide the regressive part into lowstand, highstand, 

and forced regressive deposits (sensu HUNT AND TUCKER, 1992, and HELLAND-HANSEN AND GJELBERG, 

1994). Therefore, we use the framework proposed by JOHNSON AND MURPHY (1984), only distinguishing 

two surfaces: maximum regressive surfaces (MRS) and MFS. These surfaces are used to distinguish 

regressive systems tracts (RSTs) and TSTs. Twelve 4th-order sequences can be identified from our data 

set. In addition, a thick interval of turbidite deposits, most likely representing another 4th-order 

regressive event, suggest that a 13th T-R cycle may have occurred in unit 3 (ca. Kalala Member). 

5.2. Chronostratigraphic framework 

Previous work on the Velkerri, Moroak and Kyalla formations provided a number of different age 

constraints for these units (ABBOTT ET AL., 2001; KENDALL ET AL., 2009; YANG ET AL., 2018, 2019). Recently, 

YANG ET AL. (2018) suggested that the Velkerri and Moroak formations were deposited between 1349 

Ma and 1320 Ma, while the Kyalla Formation must be younger than 1313 ± 47 Ma and older than the 

maximum depositional age of 959 ± 18 Ma of the overlying Jamison sandstone. The integration of 

these available age constraints into our sequence stratigraphic framework allows us to better 

understand the age and duration of the studied stratigraphic interval. Without integration, the 

available ages suggest high sedimentation rates for the Velkerri-Moroak interval; for example, 110 m 

x Ma-1 for Tanumbirini-1 and 90 m x Ma-1 for Amungee-NW1 (assuming the uncompacted thickness to 

have been 1.8 times higher than the current; FOWLER AND YANG, 1998). Organic-rich rocks generally 

form under low sedimentation rates (< 50 m x Ma-1, TYSON, 2001). Considering that the primary 

productivity in the Proterozoic was generally low (CROCKFORD ET AL., 2018), the sedimentation rates in 

the Velkerri-Moroak interval may have been less than 50 m x Ma-1. However, they could have also 

been close to modern values, considering that individual Proterozoic basins are reported to have had 

higher organic matter burial rates (HODGSKISS ET AL., 2020). 

By integrating the detrital zircon geochronology data from previous studies (YANG ET AL., 2018, 2019; 

Supplementary Table 2) into our stratigraphic architecture, we were able to construct a 

chronostratigraphic framework. To do so, we selected samples with a concordance of ≥ 95% between 
206Pb/207Pb and 206Pb/238U ages. As recommended by COPELAND (2020), we only consider the youngest 

zircon age to represent the maximum depositional age. 
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Figure 9: Lithostratigraphic, chronostratigraphic, and sequence stratigraphic framework of the studied interval 

(data from ABBOTT ET AL., 2001; KENDALL ET AL., 2009; YANG ET AL., 2018, 2019). Note this is a composite section 

based on wells Altree-1, McMannus-1, and Elliott-1. On this figure, the ages in the black arrows are interpreted 

from all chronostratigraphic data available. The ± 25 Ma represent 10% of the Velkerri-Kyalla interval deposition. 

When integrated into our stratigraphic framework, only five of the 20 reported samples present a 

maximum depositional age younger than the underlying strata. As shown in Figure 9, integrated with 

available Re-Os ages, only three samples are considered to provide significant insights into the 

depositional ages of the Velkerri, Moroak and Kyalla formations. A zircon was analysed from the 

Jamison sandstone that yielded a maximum depositional age of 1142 +/- 47 Ma. This indicates that 

the underlying Kyalla Formation was likely deposited prior to ca. 1150 Ma. At the top of the Wyworrie 

Member, a zircon yielding a maximum depositional age of 1298 ± 47 Ma suggests that the transition 

from the Velkerri Formation to the Moroak sandstone occurred around 1280 Ma. Finally, a zircon from 

the Bessie Creek Sandstone yielded a maximum depositional age of 1409 ± 42 Ma, implying that the 

base of the Velkerri Formation is not older than ca. 1400 Ma. In addition to the selected detrital 

zircons, available Re-Os constraints from KENDALL ET AL. (2009) collected from well Urapunga 4 to the 

north of the Beetaloo Sub-basin provide a Re-Os age of 1417 ± 29 Ma at the base of the Velkerri 

Formation, which is compatible with the interpreted depositional age of ca. 1400 Ma for the base of 

this interval. Another Re-Os age indicates an age of 1361 ± 21 Ma for the uppermost organic-rich 

interval of the Velkerri Formation. This is compatible with a maximum depositional age of 1280 Ma 

for the top of the Velkerri Formation. 
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Previous work often refers to a U-Pb intrusive age to constrain the minimum depositional age for the 

Velkerri and Kyalla formations. However, these ages are not utilized in this study as they are derived 

from outcropping units to the north of the study area (ABBOTT ET AL., 2001), or intrusive rocks located 

in the underlying strata (BODORKOS ET AL., 2020). Thus, they do not provide direct calibration of the 

depositional age of the units in the subsurface of the Beetaloo. 

The geochronological framework indicates that the Velkerri Formation was deposited over a period of 

ca. 120 m.y. This suggests an average duration of ca. 15 m.y. for each of the eight fourth-order 

transgressive-regressive cycles. Assuming a similar duration for the cycles in the Moroak sandstone 

and the Kyalla Formation gives an age of ca. 1250 Ma for the boundary between the Moroak sandstone 

and Kyalla Formation, and an age of ca. 1190 Ma for the top of the Kyalla Formation. Using the 

presented chronostratigraphic framework, sedimentation rates computed for both the Velkerri and 

Moroak formations, respectively, are 21.26 m x Ma-1 for Tanumbirini-1 and 17.4 m x Ma-1 for 

Amungee-NW-1. These sedimentation rates are consistent with values expected for Proterozoic 

organic-rich shales (< 50 m x Ma-1). They are also within the same order of magnitude as a recent 

estimate of 40 m x Ma-1 (post-compaction) for the Velkerri Formation based on Milankovitch cyclicity 

infers (MITCHELL ET AL., 2020). 

Our chronostratigraphic framework allows us to calculate the duration of sequences of different 

hierarchical ranks, assuming the transgressive-regressive cycles have a constant cyclicity. The 2nd-

order sequence represents a duration of at least 210 m.y. Assuming 300 m of sediment were eroded 

at the top of the Kyalla Formation (FAIZ ET AL., 2021), which represents approximately two 

transgressive-regressive cycles. It places the end of the Kyalla deposition at ca. 1160 Ma. This is 

compatible with the youngest zircons analysed in the lower Jamison sandstone (Figure 9). The 3rd-

order sequences span on average 52.5 m.y., with the second sequence recording the longest duration 

(105 Ma) and the first sequence recording the shortest duration (30 Ma). In summary, the 4th-order 

sequences in the studied stratigraphic interval are ca. 15 m.y. long; the 3rd-order sequences between 

50 and 100 m.y long; and, the 2nd-order sequences at least 200 m.y. long. These sequence durations 

are systematically longer than the average ranges presented by a recent study on the cyclicity of the 

sedimentary records globally (300 yr to 0.1 m.y. for 4th order, 10000 yr to 3 m.y. for 3rd order, and 0.5 

to 30 m.y. for 2nd order; CATUNEANU, 2019B). Since the data presented in CATUNEANU (2019B) largely 

stem from Phanerozoic basins, this may indicate different controls on sequence formation in the mid-

Proterozoic. 

Erosion rates are mainly controlled by the uplift rates that control the slope (SCHALLER ET AL., 2001; 

MONTGOMERY AND BRANDON, 2002) and the climate that will drive the expression of chemical and 

mechanical erosion processes (SUMMERFIELD AND HULTON, 1994; MOLNAR, 2004; JIONGXIN, 2005). At the 

time of deposition of the studied interval, the atmosphere and the biosphere were significantly 

different from today (LYONS ET AL., 2014), which suggests a different, poorly quantified control of the 

climate on the erosion rates. Present day estimations of erosion rates show values of up to 10 mm x 

yr-1 (10 000 m x Ma-1) and suggest a strong relationship with topography (MONTGOMERY AND BRANDON, 

2002) and the uplift rates (CYR ET AL., 2010). In the Proterozoic, the topography around the basin was 

probably low as the closest mountain ranges were 250 km south of the basin (YANG ET AL., 2020B). 

Because of this low topography and the absence of land plants, we interpret the erosion rate to be in 

the lower part of the present-day range, i.e. less than 0.10 mm.yr-1 (100 m.Ma-1). This suggests that 

the erosion at the top of the Kyalla Formation took place in a few million years, which agrees with the 

maximum depositional age determined from zircons found in samples from the lower Jamison 

sandstone. 
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5.3. Controls on stratigraphic evolution and regional implications 

5.3.1.  Sediment sources and links to chemostratigraphy 

The reconstructed facies distribution provides important information on the directions from which 

sediments were supplied. All the units thin towards the north and west. In addition, shallow water 

deposits are the predominant facies in the wells that intersect the southern and eastern part of the 

Moroak Sandstone (e.g., Elliott-1 and Tanumbirini-1) and pinch out towards the north and west (e.g., 

Tarlee-S3). In the Elliott sandstone member of the Kyalla Formation, turbidite deposits occur in the 

western part of the basin and are interpreted to be temporally equivalent with the shallow water 

deposits in the east (e.g., Tanumbirini-1). These observations indicate that the proximal part of the 

sedimentary system was located in the southeast and the basin deepened to the northwest. 

Furthermore, no significant changes in sediment supply direction occurred during the deposition of 

the Velkerri to Kyalla formations. This contrasts with the interpretation of YANG ET AL. (2020A) who 

suggested that sediments were partly delivered from the north. 

Further constraints on sediment sources are provided by integrating the chemostratigraphic 

framework from MUNDAY AND FORBES (2020) with our stratigraphic architecture (Figure 10). A total of 

five chemo-sequences (S0-S4) were distinguished and have been further subdivided into chemo-

packages based on the variability of elemental composition. The relative elemental abundance is 

interpreted to reflect variations in sediment provenance and depositional processes, as well as the 

environment of deposition and diagenetic alteration. 

In the Velkerri Formation, the transition from the first to the second 3rd-order sequence coincides with 

the transition from the first to the second chemo-sequence, which is interpreted as a distinct change 

in sediment provenance. The first sequence is characterised by relatively high Zr content, most likely 

caused by increased zircon abundance. The second sequence has more mafic characteristics, indicated 

by an increase in ratios such as Ti/Nb and Ti/Th ratios and is, in addition, also enriched in phosphorus 

(COX ET AL., 2016; MUNDAY AND FORBES, 2020). A potential source was located in the Mount Isa region 

(YANG ET AL., 2018). The second shift in geochemical composition is recorded above the C shale (Figure 

10). This shift reflects a return to a more felsic source (MUNDAY AND FORBES, 2020) located to the east 

of the basin (YANG ET AL., 2019). 
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Figure 10: Stratigraphic and chemostratigraphic frameworks of the Velkerri, Moroak, and Kyalla formations. The 

chemostratigraphic packages are from MUNDAY AND FORBES (2020). Note the different colours relate to different 

chemo-sequences. 

The transition from the Amungee to the Wyworrie Member is characterised by a shift from relatively 

high Na concentrations to high K concentrations, reflecting a switch from plagioclase-dominant 

feldspars to potassium-rich feldspars, as well as a significant and sustained increase in Zr 

concentration. It is important to note that this return to a more felsic source coincides with the end 

of the deposition of organic-rich units. Changes in elemental composition at the base of the Moroak 
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Sandstone (S2 to S3) are considered to represent a change in facies - from pro-delta to delta-front - 

rather than a change in sediment provenance. It is interpreted to be related to the occurrence of a 

3rd-order forced regression. The shift from chemo-sequence 3 to 4 is commonly marked by the 

occurrence of an ironstone (Sherwin Member) on top of the Moroak Sandstone displaying Fe-rich 

lithologies. The overlying Kyalla Formation is itself characterised by its high Rb/Al ratio and coincides 

with a shift in detrital zircon provenance (YANG ET AL., 2019). The detrital zircon data were interpreted 

as indicative of a provenance shift from the east (e.g., Mount Isa region) to the south (e.g., Arunta 

region, YANG ET AL., 2019). However, detailed chemostratigraphic analyses highlighted numerous 

similarities between chemo-sequence 2 and 4 (MUNDAY AND FORBES, 2020), suggesting that this shift 

reflects a change in the depositional environments but maintains similar source compositions. 

Furthermore, the single chemo-sequence identified in the Kyalla Formation is consistent with the 

absence of a northern source region that would likely have had a different geochemical signature. 

Chemo-package and chemo-sequence boundaries often coincide with surfaces of sequences of 

stratigraphic significance. This suggests that, at the scale of the study, the factors that controlled the 

sequence stratigraphic architecture also affected the chemostratigraphy. The good correlation 

between the interpreted sequence stratigraphy and chemostratigraphy in the basin corroborates that 

both datasets are complementary. Chemostratigraphic data are very powerful for reinforcing 

sequence stratigraphic interpretations in areas and intervals of lower confidence. 

5.3.2.  Structural framework and relative sea-level variations 

The Daly Waters High (Figure 1) presently splits the sub-basin into two depocenters (eastern and 

western depocenters) and was previously interpreted as a topographic high during the Proterozoic 

(YANG ET AL., 2020B). Stratigraphic observations from wells on either side of this structure (e.g., Tarlee-

S3 and McManus-1) do not indicate significant thickness or facies variations during the deposition of 

units 2-6 (ca. the Amungee and Wyworrie members of the Velkerri Formation, and the Moroak 

sandstone and Kyalla Formation). This suggests that the Daly Water High did not affect sediment 

dispersal at the time of deposition and only became a prominent structural feature in the basin after 

the deposition of the studied interval. However, this does not imply there were earlier or later 

structural reorganisations along the Daly Water High in the basin. In fact, significant thickness variation 

between the Tarlee-1 and Birdum-Creek-1 wells suggests there was a local bathymetric high within 

the eastern depocenter during the deposition of the A, B and C shale. While the available data are not 

sufficient to accurately locate all the small structural features, the thinning of the unit 2 (equivalent 

to the Amungee Member) in Tarlee-1 suggests that local structural movements may have occurred 

within the two depocenters. Similar observations can be made in the northern part of the basin, where 

stratigraphic correlations, supported by chemostratigraphy (MUNDAY AND FORBES, 2020), indicate the 

stratigraphic pinch out of the interval usually separating the B and C shales. The B and C shale intervals 

are juxtaposed in this area, which suggests the occurrence of a topographic high in the northern part 

of the basin. Considering its location, we refer to this topographic feature as the Urapunga Arch. 

Although active between the deposition of the B and C shales, it probably existed before the 

deposition of the A shale and remained present until after the deposition of the C shale. The location 

of this structural high may be important for the accumulation of organic-rich strata in the Velkerri 

Formation. While recent work has emphasized the role of primary productivity over basin restriction 

(COX ET AL., 2019), this topographic high occurs over an area where it potentially separated the 

Beetaloo Sub-basin from the ocean between Laurentia and the NAC. Therefore, the Urapunga Arch 

may have restricted the water renewal of the basin, favouring the development of anoxic 
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environments. This structural feature would also prevent upwelling from providing nutrients, 

consequently driving the increased primary productivity in the A-C shales. This mechanism highlights 

the importance of rivers to deliver the nutrients sourced from the mafic rocks located to the south of 

the basin (YANG ET AL., 2019). 

In the Velkerri, Moroak and Kyalla formations the 4th-order transgressive-regressive cycles (Figure 11 

C) present a regular periodicity. This rhythmicity suggests that these were likely controlled by eustatic 

variation. The interpretation of medium-term eustatic variations in this Mesoproterozoic interval 

aligns with the results from MITCHELL ET AL. (2020) who highlighted short-term eustatic variations in 

the lower part of the studied interval. 

 

Figure 11: Wheeler diagram showing sequence stratigraphic architecture (A), the distribution of the sedimentary 

facies in the Velkerri, Moroak, and Kyalla formations (B), the variation of the relative sea level (C), and chemo-

sequences (D) (chemo-sequences from MUNDAY AND FORBES, 2020). 

Unlike the 4th-order cycles, the 3rd-order sequences have different periods (from 30 m.y. to 105 m.y.), 

which may suggest they were controlled by irregular, regional, structural processes. Within the 

Velkerri, Moroak and Kyalla formations, four intervals are interpreted as 3rd-order transgressions 

(Figure 11A) related to rapid relative sea-level rise events. They all show a sudden deepening of the 

sedimentary environment, with three of them recording a shift from subaerial unconformities to deep 

water deposits (ca. the bases of the Velkerri, the lower Kyalla, and upper Kyalla formations, Figure 11 

B). We interpret the pace and amplitude of these changes to reflect rapid, structurally controlled 
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subsidence (Figure 11C). In addition to the 3rd-order transgressions, four regressive intervals are 

recorded within the studied interval (Figure 11 A). Here, the regressive parts of sequences 1 and 4 

only record highstand deposition, while sequences 2 and 3 record both highstand deposition and 

forced regression. We interpret 3rd-order HSTs to have been deposited during phases of regional 

subsidence when sediment supply exceeded accommodation, and FSSTs to reflect large scale basin 

uplift (Figure 11 C). 

When placed into a broader geodynamic context, the Velkerri, Moroak and Kyalla formations are 

interpreted to have been deposited during the closing of the Mirning Ocean and associated with 

subduction-related magmatism and orogeny located couple hundreds of kilometres to the south of 

the Beetaloo Sub-basin (YANG ET AL., 2019). The different basin-scale, uplift and subsidence phases 

observed in the Beetaloo Sub-basin can therefore be tied to the motions of the different cratons 

located around the basin. Indeed, craton accretions and variations in subduction speed will affect the 

stress regime and control the vertical motion of the area (ROHAIS ET AL., 2018). Two phases of uplift are 

recorded during the deposition of the Moroak sandstone (ca. 1250 Ma) and the Elliott sandstone 

member of the Kyalla Formation (ca. 1225 Ma), and precede the development of a major 

unconformity at the base of the Jamison sandstone (ca. 1150 Ma). The interpreted ages for each of 

these uplifts and resulting erosion events match the ages proposed by SMITS ET AL. (2014) for the 

accretion of the West, North and South Australian cratons. They showed cratons did not accrete prior 

to 1200 Ma, which suggests that the uplift event recorded by the sub-Jamison unconformity happened 

after the deposition of the Kyalla Formation and may record the cratons’ accretions. This observation 

could also indicate that the uplift events present in the studied interval are related to the variation of 

the subduction velocity towards the S-SW edge of the North Australia Craton. 

5.3.3.  Paleogeographic evolution 

The top of the Bessie Creek Sandstone is marked by a transgressive surface of erosion likely replacing 

a subaerial unconformity separating shallow water facies below the from deep water facies of unit 1 

(ca. Kalala Member, Figure 12 A). We interpret most parts of the basin to have been mostly continental 

at the top of the Bessie Creek Sandstone (Figure 12A; this continental top has been eroded by the 

basal Velkerri transgression), transitioning into shallow marine and eventually offshore facies to the 

north of the study area. These deeper deposits are postulated to reflect the transition into an open 

ocean that lies further to the north (YANG ET AL., 2018). The strata overlying this surface are interpreted 

to record a transgression during the deposition of units 1 and 2 (ca. the Kalala and Amungee members, 

Figure 12B), in which the A, B, and C shales reflect intervals of maximum shoreline backstepping. At 

the end of the transgression, the shoreline is interpreted to have shifted significantly towards the 

south, close to the Tennant Creek and Arunta provinces. 

Constraints determined from detrital zircons (YANG ET AL., 2019) and chemostratigraphy show that this 

transgression was not associated with a shift in provenance (Figure 11D). Following this transgression, 

a turbidite system with deposition towards the northwest was established, most likely confined by the 

Urapunga Arch to the north (Figure 12C). The next significant step in the evolution of the basin was 

the northwestward progradation of the shallow marine facies of the Moroak Sandstone (Figure 12D). 

The base of the turbiditic interval and the base of the Moroak Sandstone are marked by a change of 

chemo-sequence (Figure 11D) (MUNDAY AND FORBES, 2020). This change is not synchronous with the 

structural reorganisation observed in the extent of the basin. However, the sudden occurrence of 

gravity flow deposits suggests the reorganisation of continental drainage systems far outside of the 

study area; these are interpreted to be related to the closure of the Mirning ocean. 
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Figure 12: Schematic Paleogeographic evolution during the deposition of the Velkerri, Moroak and Kyalla 

formations. 

The base of the Kyalla Formation is marked by another 2nd-order transgression (Figure 12E). However, 

we interpret this to have been associated with a less significant shoreline backstepping than the 2nd-

order transgression that led to the deposition of the A, B and C shales of the Amungee Member. 

Indeed, core descriptions (Figure 4) show shallower facies in the lower Kyalla Formation, and 

chemostratigraphic analyses highlight similarities between S2 and S4, which can be interpreted as 

derived from the same sedimentary environments (Figure 11 D, MUNDAY AND FORBES, 2020). The 

organic content in the lower Kyalla Formation is moderately high, suggesting that the Urapunga Arch 

still existed during deposition of this interval. The Urapunga Arch would have provided ideal conditions 

for the development of a silled basin enabling organic matter to accumulate. Overlying the lower 

Kyalla Formation, the Elliot Member reflects regression, with shallow water deposits prograding from 

the SE towards the NW, progressively transitioning into gravity flow deposits (Figure 12F). The 

accumulation of turbidite deposits on the shelf suggests that the Urapunga Arch was still present, 

preventing gravity flows from transiting into open ocean settings. The overlying strata, up to the sub-

Jamison unconformity, records a transgression with the second-largest backstep of the shoreline 
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observed in this study (Figure 12G). We postulate the shoreline to have shifted almost as far south as 

during the deposition of the C shale. 

6. Conclusions 

A detailed understanding of the stratigraphic architecture and facies heterogeneities in shale plays is 

important for reducing the risks and costs associated with exploration. Based on core descriptions, GR 

interpretations and well correlations this study reconstructed the stratigraphic evolution of the 

Mesoproterozoic Velkerri to Kyalla formation interval in the Beetaloo Sub-basin. This study integrated 

sequence stratigraphy with chemostratigraphy and chronostratigraphy to show that: 

(1) The studied interval is mostly composed of sedimentary rocks that were deposited in wave-

dominated, fluvial-influenced marine environments ranging from foreshore to offshore, 

including gravity flow deposits and delta front facies. 

(2) Four main GR facies can be distinguished by upscaling core descriptions into GR log signatures. 

These include shallow water deposits, shoreface to offshore deposits, turbidite deposits and 

organic-rich deposits. 

(3) The studied interval is composed of one 2nd-order depositional sequence, four 3rd-order 

depositional sequences, and 13 4th-order transgressive-regressive cycles. 

(4) Stratigraphic sequences and chemo-sequences are linked in the Beetaloo Sub-basin. Both 

approaches are complementary and all chemo-sequence changes occur across surfaces of 

sequence stratigraphic significance. 

(5) Sediments were likely supplied from the southeast during the deposition of the Velkerri, 

Moroak and Kyalla formations. 

(6) Integrating previously published geochronology with our stratigraphic architecture suggests 

that the Velkerri Formation was likely deposited between 1400 Ma and 1280 Ma, the Moroak 

Sandstone between 1280 Ma and 1250 Ma and the Kyalla Formation between 1250 Ma and 

1190 Ma. 

(7) The Daly Waters High, presently the main structural feature in the Beetaloo Sub-basin, did not 

affect the sediment dispersal during the deposition of the Velkerri-Kyalla interval. 

(8) Small structural highs likely existed in the Beetaloo sub-basin. For instance, a high that we 

have named the Urupunga Arch, existed in the northern part of the basin. It may have acted 

as a sill, limiting the water exchange between the basin and the open ocean. 

(9) The studied stratigraphic interval records three phases of uplift. They are interpreted to be 

related to the continental geodynamic evolution of the area and reflect the progressive 

closure of the Mirning ocean located to the south of the Beetaloo Sub-basin. 

This work can be used as a foundation for detailed studies focussing on the paleoenvironmental, 

mineralogical, petrophysical, and mechanical variations in the Beetaloo Sub-basin. Moreover, by 

identifying the controls on the basin’s stratigraphic architecture, the findings of this study enable 

predictive models to be built. These models can be used to predict the distribution of sedimentary 

heterogeneities likely to generate hydrocarbons and provide favourable conditions for hydraulic 

stimulation.  
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Supplementary material 

Supplementary Table 1: Wells used for this study. 

Well Name Kyalla Fm. Moroak Fm. Velkerri Fm. 

Alexander 1   X 

Altree 2   X 

Amungee NW 1 X X X 

Balmain 1 X   

Beetaloo W1 X X X 

Birdum Creek 1 X X X 

Borrowdale 2   X 

Broadmere 1   X 

Burdo 1 X X  

Chanin 1 X X  

Elliott 1 X X X 

Friendship 1   X 

Golden Grove 1   X 

Jamison 1 X X  

Kalala South 1 X X X 

Lady Penrhyn 1   X 

Lawrence 1   X 

Marmbulligan 1   X 

Mason 1 X   

McManus 1 X X X 

Prince of Wales 1   X 

Ronald 1 X X  

Scarborough 1   X 

Sever 1   X 

Shenandoah 1 X X X 

Shortland 1 X   

Tanumbirini 1 X X X 

Tarlee 1 X X X 

Tarlee 2 X X X 

Tarlee S3 X X X 

Walton 2   X 

Wyworrie 1 X X X 

Total 19 16 25 
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Supplementary Table 2: Cored intervals described for this study. 

Well Name Top (m) 
Bottom 

(m) 
Thickness (m) Formation 

Alexander 1 400 640 240 Velkerri 

Elliott 1 1080 1400 320 Moroak & Kyalla 

Jamison 1 1360 1560 200 Kyalla 

Lady Penrhyn 2 290 450 160 Velkerri 

McManus 1 650 850 200 Velkerri & Moroak 

Shenandoah 1 1580 1600 20 Kyalla 

Shenandoah 1 2500 2520 20 Velkerri 

Tarlee S3 1100 1640 540 Velkerri 

Walton 2 250 980 730 Velkerri 

  Total 2430  
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Supplementary Table 3: Zircon ages from samples located in the studied interval (data from YANG ET AL., 2018, 

2019). 

Well Depth Stratigraphic unit Sample 
Minimum Zircon Age 

(Ma) 
Walton 2 227 Upper Jamison W-UJ9 1040 ± 100 
Walton 2 1013 Bessie Creek W-BC1 1579 ± 27 
Sever 1 1167 Bessie Creek S-BC1 1354 ± 14 

McManus 1 550 Lower Jamison M-LJ3 1193 ± 79 
McManus 1 671 Moroak M-Mo8 1569 ± 57 
McManus 1 724 Moroak M-Mo11 1527 ± 45 
Jamison 1 904 Upper Jamison J-UJ3 1084 ± 83 
Jamison 1 1490 Kyalla J-Ky8 1324 ± 59 
Jamison 1 1587 Kyalla JN-Ky6 1420 ± 49 
Jamison 1 1721 Moroak J-Mo13 1404 ± 28 

Elliott 1 644 Lower Jamison E-LJ2 1142 ± 47 
Elliott 1 887 Kyalla E-Ky7 1313 ± 47 
Elliott 1 1021 Kyalla EN-Ky4 1517 ± 58 
Elliott 1 1367 Moroak EN-Mo8 1502 ± 75 
Elliott 1 1518 Moroak E-Mo13 1550 ± 57 
Elliott 1 1697 Velkerri E-Vel18 1298 ± 47 

Birdum Creek 1 887 Kyalla BirC-Ky1 1400 ± 43 
Altree 2 335 Upper Jamison A-UJ1 1092 ± 55 
Altree 2 349 Upper Jamison A-UJ2 987 ± 68 
Altree 2 1468 Bessie Creek A-BC13 1409 ± 42 

 


