
 

 

 
 

 

 

Isotopic Constraints on the 

Depositional Environment and Paleo-

Redox Conditions of the Greater 

McArthur Basin, Northern Territory 

Thesis submitted in accordance with the requirements of the University of 
Adelaide for an Honours Degree in Geology 

 

Maxwell Morrison Bullen 

November 2017 



Maxwell Bullen 

Paleo-Depositional Environment and Redox history of the Greater McArthur Basin 

 

i 

 

ISOTOPIC AND TRACE ELEMENT CONSTRAINTS ON THE PALEO-
DEPOSITIONAL ENVIRONMENT AND REDOX HISTORY OF THE GREATER 
MCARTHUR BASIN, NORTHERN TERRITORY 

RUNNING TITLE 

Paleo-Depositional Environment and Redox history of the Greater McArthur Basin 

ABSTRACT 

The Limbunya Package of the Greater McArthur Basin, Northern Territory, hosts the 

oldest known hydrocarbon reservoirs. Despite the prospective nature of the Fraynes 

Formation (ca. 1638 Ma), the depositional environment and redox conditions for these 

organic-rich sediments and the associated carbonates is not well understood. Utilising 

high resolution stable and radiogenic isotope proxy records (δ
13

C, Sr 
87

/ Sr 
86

 and 

Nd 
143

/ Nd 
144

), we show that basin restriction was prevalent during deposition of the 

Fraynes Formation. As basin restriction has been suggested for the correlative Barney 

Creek Formation, we argue that this event affected the entire Greater McArthur Basin. 

The 13C and 87Sr/86Sr isotopic signatures measured in this study (Manbulloo S1 core) 

are compared to corresponding stratigraphic units from the central McArthur Basin 

(LV09001 core). The results show evidence for coherent basin-wide C and Sr isotopic 

patterns that in turn could be used for the chemostratigraphy purposes during the 

deposition of the organic rich shales (Fraynes and Barney Creek Formations) and the 

overlying Reward dolomite sequences. Differences in 13C isotope signal in the 

underlying Campbell Springs Dolomite (Teena Dolomite equivalent) are proposed to be 

related either to differences in the C isotope composition of local DIC pools at these two 

paleo-locations (i.e., LV09001 and Manbulloo sites), or the isotopically lighter 13C 

signal in the latter core could reflect deeper depth of the deposition for dolomite at this 

site. Linking redox-sensitive trace element enrichments with total organic carbon data 

indicates that the water column was anoxic to euxinic during the deposition of the 

Fraynes Formation, with episodes of euxinia driven by the relatively high input of 

organic matter. Overall, knowledge gained here, particularly in regard to the links 

between paleo-depositional environments, redox conditions, and the occurrences of 

organic-rich shales, can be applied to other Precambrian frontier basins. 
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INTRODUCTION 

The demand and use of hydrocarbons as an energy source is at a historic high, and 

this rate is continuing to grow at a rate of ca. 10% p.a. (Olah & Prakash, 2017). These 

rising energy demands have driven research into discovering and exploiting what was 

previously recognised as uneconomical source rock, most notably from the increased 

use of fracking in unconventional shale reservoirs in the last decade (Stephenson, 

2015). The intracratonic Greater McArthur Basin of northern Australia is of interest for 

further exploration because of (i) its large economic potential, hosting high grade 

mineralisation and some of the world’s oldest proven hydrocarbons (Ahmad, Dunster, 

& Munson, 2013; Munson, 2016; Revie & Edgoose 2015), and also (ii) for its unique 

sedimentary record that provides a ‘window’ into the mid-Proterozoic evolution of the 

Earth’s surface environment and the oceans (Shen, Canfield, & Knoll, 2002).  

The Greater McArthur Basin comprises of 5 lithologically distinct depositional 

packages (Rawlings, 1999), with the Mesoproterozoic Wilton package (ca. 1490-1325 

Ma) currently attracting intense interest due to the unconventional hydrocarbon 

potential of the organic rich Kyalla and Velkerri Formations (Close et al., 2017; Cox et 

al., 2016; Revie & Edgoose, 2015). However, the Paleoproterozoic carbonate-

dominated Glyde package (1640-1600 Ma) also contains potentially exploitable 

hydrocarbon resources, with the Barney Creek Formation being recognised for its 

hydrocarbon source and unconventional reservoir potential (Crick, Boreham, Cook, & 

Powell, 1988; Rodrigues et al., 2015).  

Geochemical data and strontium isotope ( Sr 
87

/ Sr 
86

) constraints from Giuliano 

(2016) and Johnston et al. (2008) show that during the deposition of the Barney Creek 

Formation (ca. 1640 Ma), the McArthur Basin underwent a partial/full restrictive event, 
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where interaction with the global ocean was inhibited. This event, along with previous 

research suggesting the McArthur Basin water column was anoxic (Johnston et al., 

2008), potentially allowing the onset of free sulphide (euxinic) bottom waters in a 

stratified water column, analogous to the modern day Black Sea (Fry et al., 1991; 

German, Holliday, & Elderfield, 1991).   

Because of the antiquity of these Palaeoproterozoic source rock, studies focusing 

on the generation and preservation of organic material over long geological time periods 

is critical in understanding the potential of such frontier basins both locally and 

globally. This requires the proper interpretation of the paleo-depositional environment 

and proxy-based reconstruction of the past changes in the ocean redox structure to fully 

understand the potential of Precambrian sedimentary basins. 

This study will investigate the geochemical properties of the Limbunya Package 

(Glyde Package equivalent) in order to further understand the conditions present during 

the deposition of organic rich shales (i.e. Fraynes Formation, presumably an equivalent 

of the Barney Creek Formation), and the associated carbonate (dolomite) sequences. By 

linking the isotopic ratios of carbon, strontium and neodymium (δ
13

C, Sr 
87

/ Sr 
86

 and 

ɛNd) with major and trace elemental abundances, inferences regarding the relative 

source of continental and marine input into the basin are able to be made, further 

constraining the paleo-depositional environment as well as the chemical and redox 

stratification of the basin. Isotopic Tracer, coupled with with organic carbon data (TOC) 

and paleo-redox proxies, provides evidence for conditions that led to transient euxinia.  

Systematic trends in the isotopic signatures of C and Sr are compared to previous 

studies to determine whether the Greater McArthur Basin has basin wide isotopic 

patterns that could be used for chemostratigraphy. Alternatively, if there is spatial 
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variation within the acquired isotope trends, then smaller sub-basins potentially 

developed individual signatures due to localised effects, and potential contributing 

factors are briefly discussed. 

 

Figure 1: Geological map of the Northern Territory, showing all major basins and outlining the 

known extent of the Greater McArthur Basin (Close, 2015) and the Beetaloo Basin (Revie, 2016). 

The core that underwent geochemical analysis in the study (Manbulloo S1) will be compared with 

LV09001, which lies ca. 500km to the SE. Map adapted from the Northern Territory Geological 

Survey (NTGS) Strike database. 
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GEOLOGICAL SETTING 

The McArthur Basin contains extensive sedimentary packages up to 10 km thick, 

ranging in age from Paleoproterozoic to Neoproterozoic. The five lithologically distinct 

packages, as described by Rawlings (1999), are separated by regional unconformities 

(Ahmad et al., 2013) associated with inversion events (Betts et al., 2016). Previous 

work within other coeval basins have discovered that the sedimentary succussions from 

Rawlings (1999) have stratigraphic correlations with the Birrindudu Basin and 

Tomkinson Province, with the extent of the entire sedimentary sequence referred to as 

the Greater McArthur Basin (Figure 1; Close, 2014). The intracratonic sedimentary 

superbasin formed by lithospheric tilting and transpressional rifting, casued by 

subduction and magmatic arc processes in Central Austalia (Scott et al., 2000). The low 

oxygen conditions in the coeval ocean-atmosphere system allowed for organic rich 

black shales to develop, and, despite its antiquity, the basin has experienced a low level 

of post depositional deformation, which has allowed for the preservation of these 

hydrocarbon reservoirs (Fennel, Follows, & Falkowski, 2005).  

The Limbunya Group consists of mixed carbonate (dolomite) and siliciclastic 

sequences, reflecting variable conditions of shallow-marine to moderately-deep 

depositional environments which allowed the formation of extensive stromatolitic 

carbonate platforms and organic rich shales. The targeted study area within the group is 

the organic rich Fraynes Formation (Barney Creek Formation equivalent) and the over 

and underlying dolomitic units. The Fraynes Formation is a laminated dolomitic 

siltstone with organic rich black shale intervals, with a higher proportion of carbonate 

up section. U-Pb dating of detrital zircons give a maximum depositional age of 1638 ± 9 

Ma (Ahmad & Dunster, 2013). The Fraynes Formation conformably overlies the 
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Campbell Springs Dolomite, which is mainly a stromatolitic carbonate unit with rare 

sandstone formed in a shallow marine (possibly tidal) setting. The Reward Dolomite 

conformably overlies the Fraynes Formation, and consists of mainly dolostone and 

dolomitic sandstone, and show evidence of evaporates. From this, a shallow lagoon or 

evaporative shallow marine style of depositional has been proposed (Ahmad & Dunster, 

2013). The proposed changes in depositional environment throughout the Limbunya 

Group stems from sea level change and basin subsidence caused by tectonic processes 

in central Australia (Schmid, 2015; Scott et al., 2000). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Stratigraphic log of the Manbulloo S1 core, which is the reference core for this study. 

Stratigraphic abbreviations are as follows: UUM = Undifferentiated Upper McArthur, CSD = 

Campbell Springs Dolomite, MD = Mallahbah Dolostone. 
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METHODS  

Selection and sampling of drill core 

The Manbulloo S1 core, which forms the basis for this study, shows no evidence 

of large scale alteration, and contains a complete and undisturbed record of the major 

lithological formations relevant to this study (Figure 2). A total of 215 samples from 

Manbulloo S1 core were taken from the NTGS core facility in Darwin, and were 

collected with a resolution of between 3-10 meters, although this was increased to 20 

cm intervals in organic rich zones. Variation of resolution was dependent on key 

lithological boundaries, and proximity to any obvious diagenetic alteration. 

TOC and elemental concentration for black shales 

Twenty samples taken from the three black shale rich intervals were crushed into 

a fine power using a tungsten carbide mill and analysed for trace element concentration 

and Total Organic Carbon (TOC) content. TOC data was collected by measuring the 

pressure created from the dissolution of ca. 200 mg of rock powder in a solution of 4 M 

HCl/3% FeCl2 (5 mL), following the method from Sherrod et al. (2002). The TOC was 

then calculated by measuring the total carbon content within the sample using a Perkin 

Elmer CHNS/O Elemental Analyser, and subtracting the inorganic carbon fraction from 

this value. Trace elemental concentration analyses were also taken out on the 20 

selected black shale fractions. These were measured using an Agilent 7500 Series ICP-

MS with Octopole Reaction System, and achieved on a total digest (Hydrofluoric and 

Nitric acid). Further analysis of hydrocarbon potential was undertaken on a Weatherford 

Instruments SRA™ instrument at the University of Adelaide. 



Maxwell Bullen 

Paleo-Depositional Environment and Redox history of the Greater McArthur Basin 

 

9 

 

δ C 
13  isotope analysis 

A selection of 144 carbonate-rich samples were mirco-drilled along bedding 

planes, and the rock powder was precisely weighed (ca. 0.5-1 mg) and placed into 1 mL 

glass septa vials. The vials were purged with helium, and phosphoric acid (ca. 10 drops, 

1M) was added. The ratio of the isotopic composition from the resultant gas (CO2) was 

measured using a Dual Inlet Isotope Ratio Mass Spectrometer (DI-IRMS) at the 

University of Adelaide. Of the 144 samples that were run, a total of 14 were repeated 

and the results from these runs displayed a high reproducibility. The standards used 

were ANU P3, UAC-1 and CO-8, and the carbonate-associated C isotope ratios 

expressed are relative to Pee Dee Belemnite (PDB) using the following equation: 

δ
13

C (‰)= [( C 
13

/ CSAMPLE
 

 

12 )/( C 
13

/ CSTANDARD
 

 

12 )-1] x 1000 

Sr/ Sr 
86

 
87  isotope analysis 

A selection of 32 carbonate-rich samples were mirco-drilled along bedding 

planes, and the rock powder (ca. 0.5 mg) was washed with ammonium acetate (1.5 mL, 

1 M) to remove any loosely bound cations (Bailey, McArthur, Prince, & Thirlwall, 

1999). The resulting powder was washed and dried, and the leached with dilute 

ammonium acetate (2 x 1.5 ml, 10% w/w). The use of a weak acid minimizes the partial 

dissolution of any clays within the sample (Bailey et al., 1999; Halverson & Hubert-

Théou, 2015). The original sample was reconcentrated using high purity nitric acid (3.5 

M) and the strontium was separated using ion chromatography in polyprep columns 

containing Eichrom Sr resin SPS (extended method in Appendix B). The purified Sr 

fraction (ca. 800 ng of Sr) was loaded onto outgassed rhenium filaments, and the 

carbonate-associated Sr 
87 / Sr 

86
 ratio was measured using an Isotopx Phoenix Thermal 
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Ionisation Mass Spectrometer (TIMS), operating in double collector dynamic 

measurement mode. The reproducibility at two standard error was better than 0.000005. 

Standards used throughout this procedure were JDO-1 and SRM 987. 

Samarium and neodymium isotopic analysis 

A total of 10 silt-rich intervals covering a majority of the core length were taken 

for Sm/Nd isotopic analysis. Samples were mircodrilled along bedding planes, and the 

rock powder (ca. 0.067 g) combined with a mixed spike ( Sm 
147  + Nd 

150
, ca. 0.45 g) was 

dissolved in a solution of nitric acid (2 mL, 7M) and hydrofluoric acid (4 mL, 48 wt.%). 

The sample was then left at 140°C overnight and evaporated and reconcentrated using 

hydrochloric acid (6 mL, 6 M). Using ion chromatography in polyprep columns 

containing AG 50W-X8 200-400 mesh resin, the rare earth element fraction was 

concentrated. The subsequent isolation of both Sm and Nd was carried out in quartz 

glass columns using Eichrom Ln ion exchange resin. The purified Sm and Nd fractions 

were loaded onto outgassed rhenium filaments and the analysis was carried out on an 

Isotopx Pheonix TIMS. Machine fractionation was corrected for through normalisations 

to a Nd 
146

/ Nd 
144

 value of 0.721903. The error was consistently lower than 2se = 

0.000006. The standard used in this procedure was SCo-1. For a full, detailed 

methodology and specifications used in the Sm/Nd experimental method, including 

TIMS mode of function and Nd model assumptions, see Appendix B. 

Trace element analysis for carbonates 

Carbonate leachates prepared for Sr 
87 / Sr 

86
 ratio analysis were also measured for 

their elemental composition. A fraction of the leachate was diluted with nitric acid (2%) 
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into aliquots of ca. 1:2000 and ca. 1:100,000 dilutions. These solutions were used to 

determine elemental concentrations using an Agilent 8900x (QQQ) Inductively Coupled 

Plasma Mass Spectrometer (ICP-MS). An internal standard (indium) was mixed with 

the samples to compensate for any potential matrix effects. A calibration curve was 

established (5 samples, 0-500 ppb) and six blanks were used throughout the sampling. 

Plasma conditions are shown in extended methods, Appendix B. The standard used was 

JDO-1. 

Cerium anomalies (Ce*), the deviation of the concentration of Ce relative to the 

Lanthanum (La) and Praseodymium (Pr), were calculated from this trace element data 

using the following equation from Bau and Dulski (1996): 

Ce*SN = CeSN/√LaSN x PrSN 

Where SN denotes that the elemental concentration has been normalised to the 

Post Archean Australian Shale (PAAS) composite of Nance and Taylor (1976). 

Praseodymium anomalies (Pr*) are calculated using the same of criteria, where the 

enrichment is normalised to the neighbouring lanthanides, as shown in the equation 

from Bau and Dulski (1996): 

Pr*SN=   PrSN/√CeSN x NdSN 

RESULTS  

TOC and elemental concentration on black shale fraction 

The TOC content for 20 black shale samples ranged from 0.1 to 8.1%, with the 

highest average TOC content located within the upper Fraynes Formation (Figure 3a). 

There is an observed covariance in TOC content and the redox sensitive elemental ratios 

of Mo/Al and U/Al between 0.5 and ca. 4% TOC (Figure 3a and b), and lie along the 
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same trend observed in Mesoproterozoic black shales of the McArthur Basin (Cox et al., 

2016). The Ce anomalies in these dolomitic black shales were exclusively negative for 

all samples measured. 

 

Figure 3: (a and b) Trace element enrichment with respect to TOC. Both molybdenum and 

uranium have similar trends, showing a covariance with TOC from 0.5 to ca. 4%. The relationship 

breaks down outside of this range. The elemental concentrations measured were normalised to Al 

to correct for any detrital component present within the sample (Tribovillard et al., 2006). Data is 

depicted with results of the Velkerri Shale from the Altree 2 core (Cox et al., 2016).  

 

Organic matter maturity proxies (Tmax) reveal that mid and upper Fraynes 

Formation have been heated to within the oil window, samples from the lower Fraynes 

Formation are overmature (Figure 4b). Free hydrocarbons (S1 –Figure 4c) and residual 

kerogen (S2 –Figure 4d) all decrease down section. For a full data set of trace element 

concentrations and hydrocarbon properties, see Appendix A. 

Figure 4: The change of hydrocarbon properties as a function of stratigraphic depth. a) TOC. b) 

Tmax –proxy for thermal maturity. c) S1 – measure of free hydrocarbons. d) S2 – residual kerogen. 

All three black shale layers are deposited within the Fraynes Formation. 
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δ13C isotopes 

For δ
13

C isotope analysis, 144 samples were chosen to give a resolution of ca. 2 

m, with higher resolution measured across key lithological boundaries (Reward/Fraynes 

and Fraynes/Campbell Springs). The spread of δ
13

C values within the core was between  

-3.0‰ and +1.0‰ (Figure 5a). The δ
13

C signal is predominantly negative from  

1192.5 m -721.1 m, and there is an up-section shift towards more positive values 

starting within the upper Fraynes Formation. Positive values are observed throughout 

the rest of the core, except for an extreme negative value of -2.85‰ at 613.9 m 

belonging to what is interpreted to be an exposure surface. This strong stratigraphic 

trend in δ
13

C values is independent of lithology, as dolomitic members plot in both of 

the two major positive and negative bands, and the organic rich dolomitic silts of the 

Fraynes Formation have both negative and positive δ
13

C compositions.  

Sr 
87 / Sr 

86  isotopes 

A total of 32 carbonate rich samples were selected and analysed for their Sr 
87

/ Sr 
86

 

ratio. These values varied from 0.0705161 (2se = 0.000003) to 0.721634 (2se 

=0.000007) with a mean of 0.709482 (Figure 5b). The variation within the core was 

paired alongside relevant lithological units, and the mean value of the Fraynes 

Formation was 0.719919 compared to 0.708524 for all samples of dolomitic 

composition. The exception is a more radiogenic Sr 
87

/ Sr 
86

 ratio measured in the lower 

Blue Hole Formation. The lowest Sr 
87

/ Sr 
86

 values measured in the dolomitic units 

(Reward, Campbell Springs, Blue Hole Formations) are consistent with what is 

considered to be the late Paleo-Proterozoic marine Sr isotope compositions of ca. 0.705-

0.707 (Kuznetsov et al., 2010; Veizer & Compston, 1976). 



Maxwell Bullen 

Paleo-Depositional Environment and Redox history of the Greater McArthur Basin 

 

14 

 

Sm/Nd isotopes 

Sm/Nd isotopic ratios were undertaken on 10 shale rich samples representative of 

all major lithological units, with a resolution of ca. 80 m. The Nd 
143

/ Nd 
144

 ratios range 

from 0.510866 and 0.512145, and the initial Sm 
147

/ Nd 
144

 ratios range from 0.0685-

1.848 with an average of 0.1133. The εNd(t) value was between -10.26 and -3.93 (Figure 

5c), with an anomalous sample with a highly evolved εNd(t) value of -26.54 at 734.9 m. 

This single sample is considered an outlier and is omitted from interpretation.  

Figure 5: Isotopic data gathered from Manbulloo S1 versus stratigraphic depth. (a) Carbonate-

associated δ13C data showing that the overall trend to more positive values up section, with a 

relatively sudden shift from -1 to 1‰ occurring in the upper Fraynes Formation. (b) Carbonate-

associated Sr 
87 / Sr 

86  ratio, outlining more radiogenic values occurring during the Fraynes 

Formation. The blue bar represents the Sr 
87 / Sr 

86  ratio range of seawater during the time of 

deposition (Kuznetsov et al., 2010; Veizer & Compston, 1976). (c) Variation in εNd(t)values, showing 

that there is no significant siliciclastic provenance change occurring during deposition. 

Stratigraphic abbreviations are as follows: UUM = Undifferentiated Upper McArthur, CSD = 

Campbell Springs Dolomite, MD = Mallahbah Dolostone. 

Major and trace element analysis of carbonate rich members 

The 32 carbonate samples measured for their elemental concentrations are 

illustrated in Figure 6, and show that incompatible elements (Al and K), which are 

enriched in continental crust, were also enriched during the deposition of the Fraynes 

Formation and the lower Blue Hole Formation. Iron concentrations show no systematic 
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change with lithology, and Mn showed a depletion in concentration throughout the 

Fraynes Formation. The exposure surface at 613.9 m has anomalous values in most 

elements, with an obvious enrichment in Al, K and Sr, and a depletion in Mn and Fe. 

The Ce* data showed a small positive anomaly with a maximum of 1.13, while negative 

values are persistent through the Fraynes Formation with a minimum of 0.93. A full 

table of all element concentrations measured can be found in Appendix A. 

Figure 6: Stratigraphic variation in redox sensitive, major and trace element concentrations. (a) 

Aluminium. (b) Potassium. (c) Iron. (d) Manganese. (e) Strontium. (f) Cerium anomaly calculated 

as Ce*SN = CeSN/[√LaSN x PrSN] where SN refers to shale normalisation using values for PAAS 

from Nance amd Taylor (1976). Stratigraphic abbreviations are as follows: UUM = 

Undifferentiated Upper McArthur, CSD = Campbell Springs Dolomite, MD = Mallahbah 

Dolostone. 
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DISCUSSION 

Diagenesis and clay contamination effects on the primary isotope signals 

The carbonate-associated Sr 
87

/ Sr 
86   ratios are significantly higher in samples from 

Fraynes Formation compared to the remaining data set. While values directly above and 

below the Fraynes Formation conform to the marine Sr 
87

/ Sr 
86

 ratio of 0.0705-0.707 

(Kuznetsov et al., 2010), the more radiogenic values measured suggest a greater 

continental contribution to the Sr 
87

/ Sr 
86  ratios in Fraynes Formation samples. A cross 

plot of Al concentration vs Sr 
87

/ Sr 
86  reveals that Fraynes Formation samples with an 

elevated  Sr 
87

/ Sr 
86

 ratio also have elevated Al concentrations (Figure 7a). Although the 

rock powder was washed with ammonium acetate, and carefully leached with weak 

acetic acid, it was determined that these high values are likely due to the dissolution of 

clay particles (Bailey et al., 1999), and do not represent a primary seawater signature. 

To eliminate samples impacted by the leaching of radiogenic Sr from clays, only 

samples with Al concentrations of less than 2000 ppm are considered in the further 

discussion, due to their presumably least affected Sr 
87

/ Sr 
86

 signatures by clay 

contamination.  

Possible diagenetic alteration of bulk carbonates by meteoric waters was assessed 

by plotting the elemental ratio of Sr/Mn against the Sr 
87

/ Sr 
86

 of studied carbonates, as 

shown in Figure 7b. This is based on the diagenetic trends noted in Banner and Hanson 

(1990). Overall, these associations show that there is not any obvious diagenetic 

influence on Sr 
87

/ Sr 
86

 ratios, other than in the samples with highly radiogenic Sr and 

elevated Al (see open squares in Figure 7), which were already removed due to the 

above-mentioned effects of the dissolution of clay particles in the leachate. 
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Figure 7: Cross plot of elemental concentration and radiogenic strontium values from the 

Manbulloo S1 core. a) Aluminium component of samples vs the Sr 
87

/ Sr 
86

 ratio. The grey arrow 

indicates increased clay contamination (Bailey et al., 1999). b) Sr 
87 / Sr 

86  vs Sr/Mn concentration. 

The grey arrow indicates the alteration trend during any mineral-water interaction upon meteoric 

diagenesis (Banner & Hanson, 1990). General trends showed that diagenesis did not have a great 

effect on samples, although all data points that had an Al concentration above 2000 ppm were 

omitted from this study, due to clay contamination. 

Paleoredox proxies 

To further constrain the redox structure of the water column in the Greater 

McArthur Basin, this study utilised selected redox sensitive elements including 

Molybdenum (Mo), Uranium (U), and Cerium (Ce). Molybdenum generally occurs in 

seawater as the molybdate anion (MoO4
-2), and is the most abundant transition metal in 

modern ocean (Collier, 1985). Mo is commonly used as a redox proxy as it displays 

little affinity for detrital minerals, but forms complexes with organic molecules and H2S 

under reducing conditions (Tribovillard, Algeo, Lyons, & Riboulleau, 2006). As shown 

by Scott and Lyons (2012), Mo concentrations in black shales are much higher than 

average crustal levels, and have a strong correlation with TOC. Under euxinic 

conditions, Mo can react with both organic matter and H2S, and is consequently 

partitioned from the water column at higher rates under sulfidic conditions. Because of 

this, Mo enrichment and TOC content show a linear covariance under anoxic but non-

sulfidic conditions, and exhibit a much stronger non-linear covariance in euxinic 
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environments, where sinks for Mo include both organic matter and sulphide phases 

(Cox et al., 2016; Scott & Lyons, 2012). 

Uranium in seawater under oxidising conditions exists as the U6+ ion, but in 

anoxic conditions, this can be reduced to the immobile U4+ ion (Tribovillard et al., 

2006). Langmuir (1978) argued that the reduction of sulphates to sulphides in anoxic 

settings results in the inorganic removal of U from the water column. Precipitation is 

allowed under these conditions, as the U4+ion accumulates along with biogenic material 

at the sediment-water interface (Lüning & Kolonic, 2003). Previous studies have 

documented that U forms a close correlation with TOC content in organic rich shales 

(Renchun, Yan, Sijie, Shuai, & Li, 2015; Schovsbo, 2002). 

In short, the U4+ ion can be deposited into sediment under reducing conditions, 

but the process may be increased by the onset of euxinia, where a large input of organic 

material helps the formation of organometallic complexes via reaction with humic acids 

(Klinkhammer & Palmer, 1991; McManus, Berelson, Klinkhammer, Hammond, & 

Holm, 2005).  

Using data of the enrichments of Mo and U with respect to TOC in bulk 

sediments, the oxic, dyoxic, anoxic and euxinic redox conditions can be inferred 

(Lyons, Reinhard, & Planavsky, 2014; Klinkhammer & Palmer, 1991). Redox sensitive 

element abundances from the Fraynes Formation exhibit a strong covariance with 

respect to TOC. This relationship is most prominent in Mo for when TOC was more 

than 0.5% and less than 4% (Figure 3), indicative of anoxic conditions. A single sample 

with 8.1% TOC shows strong enrichment in both Mo and U, indicative of euxinic 

conditions in which both organic and sulphide phases are prominent sinks for Mo and 

U. These enrichments, with respect to TOC, are consistent with the stratigraphically 
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younger Mesoproterozoic black shales from the McArthur Basin (i.e., the Velkerri 

Formation; Cox et al., 2016), which similarly indicate anoxic conditions below 4% TOC 

and euxinic conditions above ca. 4% TOC (Figure 3). Due to a relatively low sampling 

resolution of the Fraynes Formation used in this study, the true euxinic threshold for the 

Limbunya Package can only be assumed to exist between ca. 4% and 8.1% TOC, and a 

more detailed systematic high-resolution sampling would be necessary to refine the 

stratigraphic position and timing of such true euxinic conditions. 

These relationships between TOC and the proxy-inferred transition from anoxic to 

euxinic conditions in the basin are not surprising for Proterozoic depositional settings 

(Cox et al., 2016). The increase of decaying organic matter within the basin can lead to 

a high oxidant demand in bottom waters, as the remineralisation process starves the 

system of free O2 and oxidant (Jenkyns, 2010). The reduction of organic matter can 

continue by using secondary oxidant sources (Tribovillard et al., 2006) in a predictable 

order dependent the thermodynamically favourable compounds (NO3
-
, Fe 

3+ then SO4
2-

; 

Kouhasuer, 2009). Because of the relatively low pO2 environment in the mid-

Proterozoic, and the anticipated low levels of nitrate and sulphate in seawater (Fennel et 

al., 2005; Jenkyns, 2010), the prominent electron acceptors in such setting would be 

ferric iron. Johnston et al. (2010) argued that in such low pO2 conditions, once the Fe 
3+ 

pool is exhausted, any further reduction will result in the onset of euxinia. As a result, 

the evidence suggests that the transition of anoxic to euxinic conditions during the 

Fraynes Formation is dependent on the relative input on organic material, and the 

relative concentration of ferric iron within the basin. 

Other examples of deposition under euxinic conditions within the Manbulloo S1 

core were not observed, this could be due to limited geochemical resolution resulting in 
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other euxinic intervals not becoming identified, or that euxinia only existed for a brief 

period. The latter is consistent with Lyons et al. (2014), who argued that the effect of 

euxinia on the seawater Mo inventory results in self-limitation, as Mo is an essential 

micronutrient required for the reduction of nitrogen. 

Cerium is a useful as a paleo-redox proxy because it is one of two Rare Earth 

Elements (REE) that exists in multiple redox states (the other being Europium). While 

all other REEs are trivalent, Ce 
3+

 can be oxidised to Ce 
4+

. As such, the abundance of Ce 

can be enriched or depleted in seawater and/or marine sediments relative to the 

neighbouring trivalent lanthanides, depending on the redox state of the water column 

(Wilde, Quinby-Hunt, & Erdtmann, 1996). The relative enrichment/depletion of Ce is 

expressed as Ce*, where the concentrations are normalised to shale (PAAS) to remove 

natural variations in the absolute concentration of REE (Tostevin et al., 2016).  

Under persistent and widespread oxic conditions, Ce 
4+

 is removed from the 

seawater by ion (e.g., Mn) hydroxide phases, consequently seawater and authigenic 

phases (other than iron (oxy)hydrides) precipitated from seawater will show a negative 

Ce anomaly. In contrast, under persistent and widespread anoxic conditions, Ce 

anomalies will not develop, as the chemical properties of Ce are similar to La and Pr 

(Wang, Liu, & Schmitt, 1986). Thus, in redox stratified waters, one can observe both 

negative and positive Ce anomalies in seawater, due to the remineralisation of iron 

(oxy)hydroxides as they pass through the redox cline (Elderfield & Greaves, 1981). As 

a result, the presence of Ce anomalies implies active redox cycling of Ce with the water 

column (Slack et al., 2007). To determine whether the Ce anomalies are independent of 

a possible La anomalies, the Ce* was plotted against Pr* to define the ‘true’ Ce 

anomaly, using the criteria from Bau and Dulski (1996), as shown in Figure 8.  
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Figure 8: Ce and Pr anomoly cross plot, based on Bau and Dulski (1996). Cerium anomaly 

calculated as Ce*SN = CeSN/[√LaSN x PrSN], and the Pr anomaly is calculated as Pr*SN = 

PrSN/[√CeSN x NdSN. SN refers to shale normalisation using values for PAAS from Nance amd 

Taylor (1976). 

While most calculated Ce anomalies fall within the values that are indeterminate, 

many examples exhibit a true negative Ce* signatures that are indicative of oxidative 

cycling of Ce (Figure 8). These true negative Ce anomalies are almost entirely hosted 

within the Fraynes Formation, and seemingly represent a local oxidation event within 

the basin. This does not confer with previous evidence of anoxic to euxinic conditions, 

and instead the negative Ce* results could be representative of the intersection of the 

redoxcline relative to the sediment-water interface (i.e., tracing the changes in Ce* of 

the water column in the McArthur Basin due to the relative changes in the depth of the 

deposition of Fraynes Formation). German et al. (1991) observed that the Ce* 

anomalies in the Black Sea water column are not static, but display variation with 

respect to the depth or position of the redoxcline, with the most negative values 

occurring at depth of the oxic-anoxic interface (see also Figure 9d). 
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C-isotope constraints on primary productivity and organic matter burial 

Isotopic fractionation of carbon occurs because organisms preferentially uptake 

light carbon isotopes ( C 
12

) by discriminating against C 
13

 during the fixation of CO2 

during photosynthesis. As a result, organic material is systematically enriched in the 

light isotope of carbon compared to the original pool of C used for photosynthesis (Fry 

et al., 1991; O’Leary, 1981). The absolute δ
13

C value varies depending on different 

biological carbon fixation mechanisms and the overall composition of the dissolved 

inorganic carbon (DIC) pool.  

Carbon isotope analysis is commonly undertaken on sedimentary carbonates 

because the δ
13

C value of precipitated carbonates very closely approximates the 

composition of the DIC pool at the water-sediment interface (Halverson, Wade, 

Hurtgen, & Barovich, 2010). Consequently, the composition of the DIC pool is largely 

governed by organic carbon burial and water column stratification. For example, 

complete organic matter remineralisation coupled with complete mixing results in the 

isotopic composition of the DIC pool becoming unchanged. In contrast, the Black Sea 

shows a notable δ
13

C isotopic trend with the DIC becoming more negative with depth 

(Fry et al., 1991). This negative trend is due to the remineralisation of the isotopically 

light organic matter at the water-sediment interface, and the subsequent release of such 

isotopically light DIC into the water column. The observed δ
13

C gradient of the Black 

Sea exists because of a lack of vertical mixing associated with salinity stratification 

(Kemp, Testa, Conley, Gilbert, & Hagy, 2009).  

For the late Paleoproterozioc and the early Mesoproterozoic, the δ
13

C of 

carbonate precipitated from seawater has a values typically near 0‰ PDB (Strauss, Des 

Marais, Hayes, & Summons, 1992; Buick, Des Marais, & Knoll, 1995). Such 
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anticipated ‘normal’ seawater δ
13

C values are observed throughout the upper half of the 

core (i.e., in dolomites deposited above the Fraynes Formation). In contrast to this, 

exclusively negative δ
13

C values are observed in the lower half of the core, including 

the Fraynes Formation (Figure 5a). The transition from negative to positive δ
13

C values 

is abrupt, and coincides with the transition from organic rich dolomitic shales (Fraynes 

Formation) to pure dolomites of the Reward Formation. The εNd(t) trend based on 

neodymium isotope data showed input in the basin was distinctly crustal and basement 

derived, based on potential inliers that are used as an example of basement composition 

for a likely source of clastic sediments (Cox et al., 2016). Only slight variation in the 

εNd(t) isotope records was noticed, which gives no convincing evidence that the 

provenance of Nd sources in shales systematically changed throughout the deposition of 

the Limbunya Package. 

Sr-isotope constraints on the basin restriction 

Strontium isotopes are used in the reconstruction of paleo-depositional 

environments because they track relative contributions of old continental material with 

radiogenic Sr 
87

/ Sr 
86

 ratios, and unradiogenic hydrothermal Sr sources in the ocean 

and/or coastal marine system. Due to the long residence time of Sr in the ocean it is 

considered to be well mixed in open marine systems (Edmond, 1992), consequently, 

deviations in Sr 
87

/ Sr 
86

 ratios to radiogenic values are considered indicative of basin 

restriction (Kuznetsov et al., 2010), in which input of strontium becomes dominated 

from continental sources.  

Based on the observed carbonate-associated Sr 
87

/ Sr 
86

 trend from the Manbulloo 

S1 core, a shift to more radiogenic values, and away from values considered to represent 
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Paleoproterozoic seawater Sr 
87

/ Sr 
86

 signature (Kuznetsov et al., 2010; Veizer & 

Compston, 1976), is observed during the deposition of the Fraynes Formation (Figure 

5b). This isotopic shift to non-marine and more radiogenic Sr isotope signatures would 

be consistent with a transient basin restriction (with respect to an open ocean) during the 

deposition of the Fraynes Formation. 

Importantly, the observed changes to more radiogenic Sr 
87

/ Sr 
86

 values and lower 

δ
13

C values in the Fraynes Formation have also been documented in the correlative 

Barney Creek Formation from the central part of the McArthur Basin (Giuliano, 2016; 

LV09001 core, see Figure 1 and 10), which is more than 400 km away from the 

Manbulloo S1 site. Together, consistent results from the two different paleo-

depositional sites recorded would suggest that such purported restrictive event was a 

basin-wide phenomena, which inhibited the flow and exchange of waters between the 

coeval global ocean and the Greater McArthur Basin during the deposition of the 

Fraynes and Barney Creek Formations. Further evidence for such transient basin 

restriction and a greater influence of continental sources on water chemistry during 

deposition of the Fraynes Formation is also found in the trace element data, where a 

higher percentage of continentally derived cations is interpreted, based on the increased 

concentrations of Al, Rb and K within the carbonate associated samples (Figure 6).  

Paleodepositional and redox reconstruction of the Greater McArthur Basin: 
Comparisons to the present day Black Sea 

Previous studies have shown evidence that stratification was present in the late 

Proterozoic McArthur Basin water column (Johnston et al., 2008), along with abundant 

organic matter production and preservation (Giuliano, 2016; Summons, Powell, & 

Boreman, 1988). Accordingly, it can be assumed that the conditions present in the 
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modern day and redox stratified Black Sea could be in some way analogous to the 

conditions during the deposition of the Limbunya Package, especially with respect to 

chemical, redox and salinity stratification. A comparison of selected isotope and redox 

signatures measured from Manbulloo S1 sedimentary archives (rock samples from drill 

core) and the modern Black Sea (water samples) is illustrated in Figure 9.  

The purported restrictive event that occurred during the deposition of the Fraynes 

Formation could lead to the deviation away from the coeval δ
13

C marine values, but this 

does not explain why negative values persisted prior to deposition of the Fraynes 

Formation. Because the δ
13

C of precipitated carbonates is believed to closely 

approximate the C isotope composition of the DIC pool (Halverson et al., 2010), and the 

δ
13

C of the DIC pool in redox stratified basins is expected to systematically decreases 

with depth (Fry et al., 1991), it can be assumed that the depth of the water column can 

also control the δ
13

C value of precipitated carbonates in the McArthur Basin. The Ce* 

data fits in with this interpretation, as the values throughout the Fraynes Formation 

resemble the trend seen at the sulphide interface in the Black Sea (German et al., 1991). 

In short, the stratigraphic and systematic changes in δ
13

C and Ce* trends recorded in the 

Fraynes Formation and Overlying Reward Dolomite are consistent with the progressive 

shallowing of the depositional environment (using Black Sea water column as an 

analogue, see Figure 9). The absolute values from this comparison only conforms to the 

δ
13

C data, as Ce* is mobilised by oxygen, and the oxygen concentration of the 

atmosphere during the late-Palaeoproterozioic was much less than present day 

(Gilleaudeau et al., 2016). 
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Figure 9: Geochemical comparison of the carbonate-associated δ13C and Ce* values from the 

Limbunya Group and the Black Sea. Black Sea data taken from Fry et al. (1991) and German et al. 

(1991), and relate to water depth. Limbunya Group data is from microdrilled rock samples from 

the Manbulloo S1 core. 

 

The geochemical and isotope variations observed within the Manbulloo S1 core 

gives evidence for a significant change in the basin depositional environment 

throughout the formation of the Limbunya package. From the interpretations made, a 

major factor of the trends observed within the basin stem from the relationship of 

distinct layers in a redox stratified water column interacting with the sediment-water 

interface. The observed trends in the δ
13

C and Ce* can be the direct result of a change 

in water depth (driven by sea level and/or basin subsidence), or they can also be 

independent of this, and rather reflecting temporal changes in the redox conditions 

within the water column. In both cases, the chemocline and redox gradient in the water 

column must have been vertically shifted with respect to the sediment, and the 

geochemical and isotope indices of the water column conditions interacting at this 

interface will be integrated into the deposited sediment. 
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Isotope chemostratigraphy and intra-basin correlations 

The comparison between the data sets from the Manbulloo S1 core and the 

LV09001 core show many similarities and systematic changes for the δ
13

C and 

Sr 
87

/ Sr 
86   isotope tracers (Figure 10). The Sr 

87
/ Sr 
86  ratio is more continentally 

influenced during the deposition of both the Fraynes Formation and Barney Creek 

Formation, suggesting a basin-wide restriction with respect to an open ocean. In 

contrast, immediately above and below the deposition of these organic-rich dolomitic 

shales, the Sr 
87

/ Sr 
86  ratio of sediments reflects the anticipated mid-Proterozoic paleo-

seawater, which indicates an active exchange of water masses between the Greater 

McArthur Basin and the coeval open ocean, and is therefore unrestricted. 

Furthermore, the δ
13

C is more negative within the Fraynes and Barney Creek 

Formations, while trending to more positive values within the overlying Reward 

Dolomite. The main variance between the data sets from the Manbulloo S1 and 

LV09001 cores is noted in the Limbunya Package, where δ
13

C values recorded in the 

Campbell Springs Dolomite and Blue Hole Formation are negative, despite the Sr 
87

/ Sr 
86

 

data indicating that the basin had open access to the ocean. The two plausible ways to 

interpret such variations observed in the studied cores are that there was either (i) a local 

effect which allowed the two areas to record independent signals (e.g., differences in 

primary productivity, the isotope composition of the DIC pool), or that (ii) the water 

depth of carbonate deposition at the Manbulloo S1 site was deeper relative to the 

LV09001 site, which would translate to more negative δ
13

C values of the DIC pool, and 

thus precipitated carbonates. 
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Figure 10: Comparison of key geochemical features from the Manbulloo S1 and LV09001 core. 

Both cores contain a more radiogenic Sr 
87 / Sr 

86  ratio and a negative δ13C ratio during the 

deposition of the Fraynes Formation, and the equivalent Barney Creek Formation. Data from 

LV09001 taken from Giuliano (2016). 

CONCLUSIONS 

Using stable and radiogenic isotopes (δ
13

C, Sr 
87

/ Sr 
86

 and Nd 
143

/ Nd 
144

), major and trace 

elemental concentrations and organic carbon data from the Manbulloo S1 core, the 

paleo-depositional environment and redox history of the Limbunya Group has been 

constrained. Results from linking redox-sensitive trace element concentration with TOC 

showed that deep water anoxia along with transient euxinia were prevalent during the 

deposition of the Fraynes Formation. These euxinic episodes are proposed to be driven 

by the input of organic matter, creating oxygen starved bottom waters. Pronounced 

isotopic signatures ( Sr 
87

/ Sr 
86

 and δ
13

C) coupled with an increased enrichment of 

incompatible elements (Al, Rb and K) from samples within the Fraynes Formation (and 

equivalent Barney Creek Formation) show that during the deposition of the Fraynes 

Formation, the Greater McArthur Basin was not connected with the global ocean and 

experienced a basin restriction coupled with redox-stratifacation. In contrast, Sr 
87

/ Sr 
86
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values from the conformably overlying and underlying dolomitic units are consistent 

with open ocean conditions, signifying that the Greater McArthur Basin was 

communicating at some level with an open ocean during these times. Furthermore, 

comparisons with correlative stratigraphic units from the Manbulloo S1 and LV09001 

cores confirmed the existence of basin-wide Sr and C isotope patterns, and thus the 

potential for future isotopic chemostratigraphy studies for intra-basin correlation 

purposes in the Greater McArthur Basin.  
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APPENDIX A: FULL DATA SETS 

Table 1: Colours representing the separate lithologies of the Limbunya Group, to be used for 

referencing all future tables. 

 

 

 

 

Table 2: Full data set for the Sm/Nd isotope system 

 

 

Table 3: Full data set of hydrocarbon properties. All samples are from the Fraynes Formation. 
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Table 4a: Data set of major and trace elemental concentration for shale associated samples. All samples are from the Fraynes Formation. 
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Table 4b: Data set of major and trace elemental concentration for shale associated samples. All samples are from the Fraynes Formation. 
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Table 4c: Data set of rare earth elemental concentration for shale associated samples. All samples are from the Fraynes Formation 
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Table 5a: Data set of trace and major elemental concentration for carbonate associated samples, including all Sr 
87 / Sr 

86  values. BDL denotes that the 

elemental concentration was below the detection limit.  
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Table 5b: Data set of rare earth elemental concentration for carbonate associated samples. 
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Table 6: Full data set for the carbon isotope system 
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APPENDIX B: EXTENDED METHODS 

Nd/Sm isotope analysis extended methods, model assumptions and TIMS 
running modes 

Using ion chromatography in polyprep columns containing AG 50W-X8 200-400 mesh 

resin (separation of rare earth elements from micro-drilled samples), method is as 

follows: 

1: Equilibrate with 6 mL 2 M HCl 

2: Load samples in 1 mL 2 M HCl  

3: 1 mL 2 M HCl – wash/discard 

4: 1 mL 2 M HCl – wash/discard 

5: Discard 8 mL 2 M HCl 

6: Discard 4 mL 3 M HCl 

7: Discard 1 mL 6 M HCl 

8: Collect sample in 5 mL 6 M HCl 

The subsequent isolation of both Sm and Nd was carried out in quartz glass columns 

using Eichrom Ln ion exchange resin, with the method as follows: 

1: Equilibrate with 4 mL 0.16 M HCl 

2: Load samples in 0.5 mL 0.16 M HCl  

3: 1 mL 0.16 M HCl – wash/discard 

4: 1 mL 0.16 M HCl – wash/discard 

5: 13 mL 0.16 M HCl 

6: 0.5 mL 0.27 M HCl 

7: 3.5 mL 0.27 M HCl – COLLECT Nd fraction 

8: 2 mL 0.27 M HCl 

9: 3 mL 0.5 M HCl – COLLECT Sm fraction 

 

Table 6: Model assumptions for the Nd isotope system 
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The Nd analysis was carried out on a Finnigan MAT262 TIMS in both static and 

quadruple cup dynamic measurement modes, with the Nd 
146

/ Nd 
144

 value normalised to 

0.721903. The Sm analysis was carried out on a Finnigan MAT262 TIMS in static 

measurement mode. 

Sr/ Sr 
86

 
87  isotope analysis extended methods 

The strontium was separated using ion chromatography in polyprep columns containing 

Eichrom Sr resin SPS, using the following method: 

1: Wash resin with 1 reservoir of 3.5 M HNO3 

1: Wash resin with 2 reservoir of DI H2O 

3: Equilibrate resin with 0.5 mL 3.5 M HNO3 

4: Load sample in 0.5 mL 3.5 M HNO3 

5: 2x wash 0.6 mL 3.5 M HNO3 

6: 2x 0.5 DI H2O – COLLECT Sr fraction 

The Sr 
87 / Sr 

86
 ratio was measured using a Finnigan MAT262 Thermal Ionisation Mass 

Spectrometer (TIMS), operating in double collector dynamic measurement mode. 

ICP-MS plasma conditions 

The plasma conditions for work on the Agilent 8900x QQQ-ICP-MS are as follows: RF 

power 1550 W, sample depth 8 mm and Ar carrier gas flow rate 1.09 L/min, with a 

Micro Mist nebuliser and Scott Type spray chamber. The collision cell was run in He 

mode (4 mL/min He gas flow) and in O reaction mode (30% flow rate). Method from S. 

Gilbert (personal communication, September 9, 2017) 
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