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ABSTRACT 

NDI Carrara 1 is a deep stratigraphic well completed in 2020 as part of the MinEx CRC National 
Drilling Initiative (NDI), in collaboration with Geoscience Australia and the Northern Territory 
Geological Survey. It is the first stratigraphic test of the Carrara Sub-basin, a newly discovered 
depocentre in the South Nicholson Region. The well intersected Proterozoic sediments with 
numerous hydrocarbon shows, likely to be of particular interest due to affinities with the known 
Proterozoic plays of the Beetaloo Sub-basin and the Lawn Hill Platform, including two organic- 
rich black shales and a thick sequence of interbedded black shales and silty-sandstones. Alongside 
an extensive suite of wireline logs, continuous core was recovered from 283.9 m to total depth at 
1750.8 m, providing high-quality data to support comprehensive analysis. Presently, this includes 
geochronology, geochemistry, geomechanics and petrophysics. Rock-Eval pyrolysis data demon-
strate the potential for several thick black shales to be a source of hydrocarbons for conventional 
and unconventional plays. Integration of these data with geomechanical properties highlights 
potential brittle zones within the fine-grained intervals where hydraulic stimulation is likely to 
enhance permeability, identifying prospective Carrara Sub-basin shale gas intervals. Detailed 
wireline log analysis further supports a high potential for unconventional shale resources. 
Interpretation of the L210 and L212 seismic surveys suggests that the intersected sequences 
are laterally extensive and continuous throughout the Carrara Sub-basin, potentially forming a 
significant new hydrocarbon province and continuing the Proterozoic shale play fairway across 
the Northern Territory and northwest Queensland.  
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Lawn Supersequence, McArthur Basin, MinEx CRC, NDI Carrara 1, organic content, organic-rich 
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Introduction 

The Australian Government’s Exploring for the Future (EFTF) program launched in 2016 
with A$100.5 million of funding provided to Geoscience Australia to explore Australia’s 
resource potential and boost investment in northern Australia. In 2020 an additional 
A$125 million of funding, spread over 4 years to 2024, was announced to expand the 
program nationwide. The EFTF energy component aims to attract industry investment by 
delivering a suite of new precompetitive geoscience data and knowledge of the oil and 
gas prospectivity of Australian sedimentary basins. One of the initial study areas was the 
Paleo- to Mesoproterozoic South Nicholson Region (Carr et al. 2020; Jarrett et al. 2020) 
of Queensland and the Northern Territory, where Geoscience Australia acquired exten-
sive new precompetitive geological datasets; most notably the 2017 L210 and the 2019 
L212 reflection seismic surveys. These seismic surveys imaged thick sedimentary succes-
sions that are directly correlatable to the known oil and gas plays in northwest 
Queensland’s northern Lawn Hill Platform. To provide stratigraphic control and further 

For full list of author affiliations and 
declarations see end of paper 

*Correspondence to: 
A. H. E. Bailey 
Geoscience Australia, Canberra, 
ACT, Australia 
Email: adam.bailey@ga.gov.au  

Accepted: 8 March 2022 
Published: 13 May 2022 

Cite this: 
Bailey AHE et al. (2022) 
The APPEA Journal 
62(S1), S378–S384. doi:10.1071/AJ21075 

© 2022 The Author(s) (or their 
employer(s)). Published by 
CSIRO Publishing on behalf of APPEA.  
This is an open access article distributed 
under the Creative Commons Attribution 
4.0 International License (CC BY). 

OPEN ACCESS  

https://www.publish.csiro.au/
https://www.publish.csiro.au/
https://doi.org/10.1071/AJ21075
www.publish.csiro.au/aj
www.publish.csiro.au/aj
mailto:adam.bailey@ga.gov.au
https://doi.org/10.1071/AJ21075
https://creativecommons.org/licenses/by/4.0/


understand the successions imaged by the seismic, the NDI 
Carrara 1 drill hole was completed in 2020 as a partnership 
between Geoscience Australia, MinEX CRC and the Northern 
Territory Geological Survey (NTGS). 

NDI Carrara 1 was drilled within the Northern Territory, 
about 250 km north west of Mount Isa, in the Carrara Sub- 
basin – a new depocentre revealed by the L210 South 
Nicholson Deep Crustal Seismic Survey (Carr et al. 2020;  
Jarrett et al. 2020). The well is a collaboration between the 
MinEx CRC National Drilling Initiative (NDI), Geoscience 
Australia and the Northern Territory Geological Survey. 
Drilled to a total depth of 1750.8 mRT, the well penetrated 
a succession of Cambrian-age carbonate and siliciclastic 
rocks assigned to the Georgina Basin before intersecting a 
thin section of potentially Mesoproterozoic South Nicholson 
Group sediments that unconformably overly a succession of 
potentially Paleoproterozoic-age siliclastic and carbonate- 
rich sediments. Although drilled off structure, there were 
numerous hydrocarbon shows within both the Cambrian 
and the Paleoproterozoic intervals. Bitumen was observed 
within core vugs between 528.3 and 528.6 mRT, and several 
oil stains were observed in association with fractures and 
carbonate veins between 763 and 769 mRT. Notable levels 
of gas, up to 2% (or 2000 units), were recorded in associa-
tion with black Paleoproterozoic shales. This gas consisted 
primarily of methane with trace ethane, propane and 
butane. Ditch cuttings were recovered from surface to 
283.9 mRT, with continuous core acquired from 283.9 to 
TD at 1750.8 mRT. Two stages of wireline logging were 
conducted and included both open-hole and cased-hole 
logs for formation evaluation. The well was then plugged 
and decommissioned (Carson et al. 2021). 

Discussion 

Geoscience Australia has worked with partners to undertake 
a comprehensive analysis program, including geo-
chronology, geochemistry, geomechanics and petrophysics, 
to understand the resource potential of the Proterozoic 
Carrara Sub-basin. Analysis focused primarily on rock sam-
ples acquired from the recovered core and cuttings. A total 
of 438 samples were collected approximately every 4 m 
downhole, and were processed according to the procedure 
described in Butcher et al. (2021). Additional samples have 
since been taken for further investigation. Details of these 
samples, planned analyses and available results can be 
found at https://www.ga.gov.au/eftf/projects/barkly-isa- 
georgetown/south-nicholson-national-drilling-initiative. 

Geochemistry 

Rock-Eval pyrolysis was performed on 417 samples, includ-
ing 87 cuttings from 15 to 284 m and 330 core samples from 
284 to 1750.8 m, to assess the hydrocarbon-generation 

potential of Carrara Sub-basin sediments. The data from 
these analyses are reported in Butcher et al. (2021) and 
are discussed in Grosjean et al. (2022). 

Several organic-rich sections are identified within both 
the Cambrian and the Proterozoic intervals. In the 
Cambrian, organic-rich marls are identified from 361 to 
425 m, with total organic carbon (TOC) of up to 4.7 wt% 
and Hydrogen Index (HI) values greater than 300 mg/gTOC, 
indicating the presence of an excellent source rock with 
potential for oil generation. Tmax values range from 406 to 
442°C for the Cambrian section, indicating an immature to 
peak mature level of thermal maturity for oil generation 
(Butcher et al. 2021). Two significant organic-rich intervals 
are present in the Proterozoic interval, which preliminary 
geochronology results suggest may be genetically related to 
known northern Australian Proterozoic shales in the north-
ern Lawn Hill Platform and Beetaloo Sub-basin. Black mud-
stones between 680 and 725 m have TOC of up to 5.5 wt% 
(mean TOC = 2.0 wt%) with a mean associated HI of 
80 mg/gTOC, implying that these rocks may have some 
remaining-gas-generation potential (Table 1). A thick inter-
val of interbedded micrites and shales from 950 to 1430 m 
demonstrates good organic richness, with a mean TOC of 
1.2 wt%. However, HI is very low with a mean value of 
2 mg/gTOC, implying that this interval retains no present- 
day generative potential. Within this organic-rich interval is a 
unit, dominated by black shales, with TOC of up to 3.2 wt% 
and a mean value of 1.6 wt% from 1040 to 1265 m (Table 1). 
This unit features several intervals with TOC >2.0 wt% 
(Butcher et al. 2021) that are likely to have the highest 
potential as a source rock and unconventional play. 

Rock properties 

X-ray diffraction (XRD) analyses were undertaken on the 
same sample set that was sub-sampled for the Rock-Eval 
pyrolysis, discussed above. In total, 420 samples were ana-
lysed via quantitative XRD (qXRD) including 33 cuttings and 
333 core samples, and provided bulk mineralogy of samples 
with identification of 18 mineral groups, with one extra 
group for unknown minerals where diffraction peaks could 
not be identified (Carson et al. 2022). 

The mechanical properties of shale reservoirs, such as 
strength, plasticity, brittleness and elasticity, are often a 

Table 1. Summary of potential source intervals identified within 
the Carrara Sub-basin from the well NDI Carrara 1.       

Source 
interval (m) 

No. 
samples 

Mean 
TOC 
(wt%) 

TOC 
range 
(wt%) 

Mean HI 
(mg/ 

gTOC)   

361–425 15 1.0 0.2–4.7  287 

680–725 11 2.0 0.3–5.5  76 

1040–1265 50 1.6 0.2–3.2  3   
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function of mineralogy (Jarvie et al. 2007; Sone and Zoback 
2013; Perez Altamar and Marfurt 2014). Accurately identi-
fying brittle intervals in organic-rich shales is essential in 

understanding and developing shale reservoirs. While shale 
reservoirs are capable of generating and trapping vast quan-
tities of hydrocarbons, extremely low permeabilities can 
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Fig. 1. Downhole plot of NDI Carrara 1 showing total organic 
carbon (TOC) content (black circles) and XRD-derived brittle-
ness index (BI, red circles). The brown shaded zone represents 
TOC values of ≥2 wt% and the green shaded zone represents 
XRD-derived BI of ≥0.48 (brittle). Grey shaded zones represent 
the potential source intervals identified in  Table 1.   
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yield very limited gas flow unless a large volume of the 
reservoir can be connected to a wellbore through hydraulic 
stimulation (Jarvie et al. 2007; Perez Altamar and Marfurt 
2014). Brittle rocks are incapable of supporting large quan-
tities of strain and will fail, creating structural permeability 
pathways when stimulated (Saldungaray and Palisch 2012;  
Perez Altamar and Marfurt 2014). Brittleness Index (BI) is a 
proxy for rock strength and, hence, provides insight into 
stimulation effectiveness (Jarvie et al. 2007; Gray et al. 
2012). However, the utility of BI as an indicator of rock 
properties has been discussed (e.g. Sone and Zoback 2013;  
Herwanger et al. 2015; Mathia et al. 2016; Zhang et al. 
2017; Tenthorey and Ayling 2021) and in many cases BI is 

a successful indicator of rock strength. Conversely, there 
are examples where BI does not exhibit any relationship 
with rock strength and is not correlated with effective 
reservoir stimulation (e.g. Mathia et al. 2016). Hall 
(2019) demonstrates that understanding depositional and 
diagenetic processes is essential to fully comprehending the 
relationship between mineralogy and brittleness. However, 
in basins with limited data availability BI is a useful and 
cost effective tool for identifying zones of interest over a 
large area. 

Numerous methods for calculating BI exist, though the 
most commonly used is the Jarvie et al. (2007) relationship 
based on mineralogy as it is both simple and reproducible: 

BI = Quartz
Quartz+Carbonate+Clay

(1)  

BI is calculated as a value from 0 to 1 and shales are 
typically characterised as ductile when BI < 0.16, less duc-
tile when BI = 0.16–0.32, less brittle when BI = 0.32–0.48 
and brittle when BI > 0.48 (Perez Altamar and Marfurt 
2014). Using Eqn 1, BI was calculated from the NDI 
Carrara 1 qXRD data. The results are presented in Fig. 1, 
and summarised in Table 2 for the potential source intervals 
previously identified. 

Table 2. Brittleness index (BI) calculated from XRD data ( Eqn 1) 
presented for each of the potential source intervals identified from 
Rock-Eval pyrolysis data ( Table 1).       

Source 
interval (m) 

Mean 
BI 

BI range BI standard 
deviation 

Brittleness   

361–425 0.39 0.22–0.65 0.11 Less brittle 

680–725 0.65 0.26–0.74 0.13 Brittle 

1040–1265 0.48 0.15–0.81 0.20 Brittle 

Note: BI is a unitless ratio with a minimum of 0 and maximum of 1.  

1.00

F
ai

r

G
oo

d

E
xc

el
le

nt

0.90

0.80

0.70

0.60

0.50

0.40

Brittle

Less brittle

Legend

Source interval

All values

950–1430 m

361–425 m

680–725 m

1040–1265 m

0.30

0.20

0.10

0
0 1.00 2.00 3.00

TOC (%)

4.00 5.00 6.00

TOC (%) : XRD brit tleness index

X
R

D
 b

rit
tle

ne
ss

 in
de

x

Fig. 2. Total organic carbon (TOC) content (wt%) vs XRD bulk mineralogy-derived brittleness index (BI; unitless 
ratio). Area highlighted in green is where BI implies brittle rocks (>0.48) and TOC is >2 wt%; area highlighted in 
yellow is where BI implies less brittle rocks (0.32–0.48) and TOC is 1–2 wt%. Areas where there is fair to good 
TOC and less brittle to brittle BI imply intervals where further exploration for shale gas may be warranted.   
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Bailey et al. (in press) present a workflow for identifying 
potential shale gas target intervals using TOC data and BI to 
identify organic-rich intervals that are likely to respond 
favourably to hydraulic stimulation. In order to gauge the 
utility of BI values calculated in the Carrara Sub-basin, 
Geoscience Australia has used this process to assist in iden-
tifying intervals within NDI Carrara 1 that may form poten-
tial shale gas intervals. This work will, in part, guide the 
selection of further samples which will be subjected to 
detailed geomechanical analysis to constrain mechanical 
and elastic properties. 

Fig. 1 demonstrates that the potential source intervals in 
the Proterozoic section (680‒7725 and 1040‒1265 m) are 
also likely to be brittle, with mean BI values over those 
intervals of 0.65 and 0.48, respectively (Table 2). Fig. 2 
presents a crossplot of the TOC and XRD-derived BI, which 
further illustrates the presence of brittle rocks with 
TOC ≥ 2.0 wt%. 

Summary and conclusions 

The recently drilled deep stratigraphic well NDI Carrara 1 is 
the first intersection of the Carrara Sub-basin, a frontier prov-
ince with potential genetic ties to the known Proterozoic shale 
plays of the northern Lawn Hill Platform and the Beetaloo 
Sub-basin. The well recovered cuttings and core samples for 
the entire length of the well, and these are currently the focus 
of an extensive analysis program by Geoscience Australia and 
partners. Organic geochemistry highlights the presence of 
several organic-rich intervals within both the Proterozoic 
section and the overlying Cambrian interval. Preliminary geo-
chronology results imply that the Proterozoic section, which 
contains two organic-rich black shale intervals with elevated 
TOC at the depth range of 680–725 and 1040–1265 mRT, may 
be related to known northern Australian Proterozoic shales. 
Calculation of brittleness indices from qXRD data demon-
strates that these two shale intervals are likely to be brittle 
and, hence, hydraulic stimulation is likely to enhance perme-
ability. These data imply that these black shales may form 
potential shale gas plays within the Carrara Sub-basin; addi-
tional analyses are being undertaken by Geoscience Australia 
to further understand these rocks and their prospectivity. 
Interpretation of regional, deep-crustal seismic lines suggests 
that these potential shale gas plays are laterally extensive and 
continuous throughout the Carrara Sub-basin, potentially 
forming a significant new hydrocarbon province and continu-
ing the Proterozoic shale play fairway across the Northern 
Territory and northwest Queensland. 
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