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Abstract 

 

The Great Ordovician Biodiversification Event (GOBE) is regarded as one of the most 

significant evolutionary events in the history of Phanerozoic life. The present study integrates 

palynological, petrographic, molecular and stable isotopic (δ13C of biomarkers) analyses of 

cores from four boreholes that intersected the Goldwyer Formation, Canning Basin, Western 

Australia, to determine depositional environments and microbial diversity within a Middle 

Ordovician epicontinental, tropical sea. Data from this study indicate lateral and temporal 

variations in lipid biomarker assemblages extracted from Goldwyer Formation rock samples. 

These variations likely reflect changing redox conditions between the upper (Unit 4) and 

lower (Units 1+2) Goldwyer, which is largely consistent with existing depositional models 

for the Goldwyer Formation. Cryptospores were identified in Unit 4 in the Theia-1 well and 

are most likely derived from bryophyte-like plants, making this is the oldest record of land 

plants in Australian Middle Ordovician strata. Biomarkers in several samples from Unit 4 that 

also support derivation from terrestrial organic matter include benzonaphthofurans and δ13C-

depleted mid-chain n-alkanes. Typical Ordovician marine organisms including acritarchs, 

chitinozoans, conodonts and graptolites were present in the lower and upper Goldwyer 

Formation, whereas the enigmatic organism Gloeocapsomorpha prisca (G. prisca) was only 

detected in Unit 4. The correlation of a strong G. prisca biosignature with high 3-

methylhopane indices and 13C depleted G. prisca–derived chemical fossils (biomarkers) is 

interpreted to suggest an ecological relationship between methanotrophs and G. prisca. This 

research contributes to a greater understanding of Ordovician marine environments from a 

molecular perspective since few biomarker studies have been undertaken on age-equivalent 

sections. Furthermore, the identification of the oldest cryptospores in Australia and their 
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corresponding terrestrial biomarkers provides further insight into the geographical 

distribution and evolution of early land plants. 

Keywords: Darriwilian, Canning Basin, biomarkers, methanotrophs, Gloeocapsomorpha 

prisca, cryptospores 

 

Graphical Abstract 
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 Introduction 

 

The Ordovician is a unique time in Earth’s history, with characteristically high sea levels and 

a major increase in marine biodiversity (e.g. Cooper and Sadler, 2004). This rise in 

biodiversity is commonly referred to as the Great Ordovician Biodiversification Event 

(GOBE) which, together with the Cambrian Explosion, are the most significant Paleozoic 

evolutionary events (Cooper and Sadler, 2004; Harper, 2006; Servais et al., 2009). The 

GOBE has been extensively studied using the fossil record, but far less is known about the 

biomarker assemblages of Middle Ordovician marine depositional environments. The 

Darriwilian Goldwyer Formation (Fig. 1, Fig. 2) of the Canning Basin, Western Australia, is 

one of a few examples of Middle Ordovician sediments on the Australian continent deposited 

in an equatorial inland sea containing a prolific and diverse microfossil assemblage 

(Winchester-Seeto et al., 2000; Quintavalle and Playford, 2006a,b; 2008).  

During the Ordovician, sea levels were probably higher than at any other time in the 

Paleozoic (Munnecke et al., 2010) and the expansion of marine habitats was an important 

stimulus for the diversification. Although the rise in biodiversity predominantly applied to 

marine organisms, life on land also started to evolve during this time. The Middle Ordovician 

(Dapingian) records the earliest evidence of land plants in the form of cryptospores—

microfossils of presumed bryophyte origin (Rubinstein et al., 2010). Some of these early 

plants may resemble bryophytes in their size and morphology, but their biology remains 

largely unknown (Edwards et al., 2014). Recent work by Lenton et al. (2012, 2016) suggests 

that the appearance of early land plants could have had a significant impact on global climate, 

potentially contributing to the Late Ordovician cooling and the rise in atmospheric oxygen. 

Biomarkers are useful reconstruction tools which provide detailed information on past 

microbial communities, terrestrial inputs in marine environments, as well as other 
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palaeoenvironmental conditions such as water column chemistry and stratification (e.g. Peters 

et al., 2005). Moreover, the study of biomarkers, molecular compounds with specific 

biosynthetic origins, can reveal further information on the physiology and ecology of extinct 

taxa (e.g. Hoffmann et al., 1987; Blokker et al., 2001; Gupta et al., 2006; Dutta et al., 2007; 

Jacob et al., 2007). Of particular interest here is Gloeocapsomorpha prisca (G. prisca), an 

organic-walled microfossil of controversial habitat and physiology, which exhibits 

characteristic geochemical properties and has contributed to many Cambro-Ordovician 

organic-rich rocks (e.g. Reed et al., 1986; Foster et al., 1986, 1989, 1990; Fowler et al., 2004; 

Boreham and Ambrose, 2007). Biomarkers also have the potential to identify organisms that 

are rarely preserved as fossils, such as 3-methylhopanes which are pertinent to detect the 

presence of methanotrophs (e.g. Farrimond et al., 2004 and references therein). Coupling 

biomarker studies with compound-specific isotope analyses can provide further insight into 

organic matter sources, microbial communities and biogeochemical cycles. 

The primary aim of the present study is to provide further understanding of Middle 

Ordovician microbial community structure from a molecular perspective. The Goldwyer 

Formation is an analogue for Middle Ordovician epeiric tropical environments, and the multi-

disciplinary approach allows for integration of molecular signatures with micro- and 

macrofossils. This paper presents data from molecular and compound-specific stable isotopic 

(δ13C of biomarkers) analyses together with palynological and petrological studies to 

understand the relationships between palaeoenvironment, microbial communities, and the 

type of organic matter preserved within the marine sediments.  
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 Geological background 

 

The Canning Basin, located in the northwestern part of Western Australia (WA) (Fig. 1), is 

the largest onshore sedimentary basin in that state covering an area of about 430,000 km2 

(Triche and Bahar, 2013). The basin contains rocks of Ordovician to Cretaceous age (Forman 

and Wales, 1981; Kennard et al., 1994). Deposition began in the Early Ordovician as a 

consequence of extensional tectonics, with rapid subsidence during the Early–Middle 

Ordovician resulting in the onset of marine conditions (Romine et al., 1994). Macro- and 

microfossils from the Middle Ordovician Goldwyer Formation corroborate a shallow marine 

depositional environment (Winchester-Seeto et al., 2000; Haines, 2004; Quintavalle and 

Playford, 2006a,b; 2008). By the Late Ordovician, subsidence ceased and marginal marine 

and evaporitic conditions were established. Smaller scale transgressive-regressive cycles are 

superimposed on this broad regional trend (Haines, 2004).  

Four informal lithologic units (designated Units 1 to 4) have been described for the 

Goldwyer Formation by Foster et al. (1986) in the eastern Canning Basin. Palynological 

assemblage zones roughly correlate to these lithological units (Quintavalle and Playford, 

2006b), as shown in Figure 2. In a sequence stratigraphic framework, the lower Goldwyer 

succession (Units 1+2) records a major transgression affecting most of the basin that 

deposited open marine mudstones over 700 m thick in basinal areas and condensed-section 

carbonates on platforms and terraces. The onset of the transgression is shown by an abrupt 

increase in petrophysical borehole electric-log measurement of gamma radiation in 

Goldwyer-1 and Theia-1 (Fig. 1). The transgression was followed by a slow regressive phase 

with the deposition of outer shelf to fore slope facies (Romine et al., 1994; Haines, 2004). A 

smaller scale regression resulted in the deposition of a carbonate-dominated succession (Unit 
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3), followed by another transgression with the deposition of the upper Goldwyer Formation 

(Unit 4), that can also be observed in the gamma-ray logs (Fig. 1).  

For the present study, the lower and upper calcareous mudstone units of the Goldwyer 

Formation were sampled in four wells from west to east: Goldwyer-1, Theia-1, Santalum-1A 

and Solanum-1. Santalum-1A and Solanum-1 intersect a more limestone-dominated 

succession in comparison to the mudstone-dominated sediments intersected in Goldwyer-1, 

and Theia-1, especially in relation to Unit 4, indicating shallower conditions on the more 

southeastward part of the Broome Platform (Haines, 2004). The carbonates from Unit 4 in 

Solanum-1 and Santalum-1A are bioturbated whereas the samples from Units 1+2 and Unit 4 

in Goldwyer-1 and Theia-1 comprise grey-black mudstone with no obvious bioturbation. 

Further sample description is provided in the supplementary online material (SOM). 

 

 Materials and Methods 

 

3.1 Sampling strategy and preparation 

 

To investigate the depositional environment of the Goldwyer Formation, cores from 

Goldwyer-1, Santalum-1A, Solanum-1 and the recently drilled well, Theia-1 (Finder 

Exploration Pty Ltd, 2015) were sampled (Table 1). As noted above, four informal rock units 

have been recognised in the Goldwyer Formation (Units 1 to 4; Foster et al., 1986); however, 

the shale-rich sections of Unit 1 and Unit 2 of the lower Goldwyer Formation could not be 

separated in Theia-1 and hence are agglomerated. Unit 3, composed predominantly of 

carbonate, was not sampled due to its low TOC contents. Unit 4 of the upper Goldwyer 

Formation was sampled most frequently based on previous records of the distinctive 

palynomorph G. prisca. Sample selection from Units 1+2 and Unit 4 was based on: 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 
8 

availability of core; previously measured total organic carbon (TOC) contents (> 1 wt. %); 

and, for three wells, evidence of low thermal maturity from existing Rock-Eval data and 

maceral reflectance values. Organic matter from Theia-1 is the most thermally mature, and 

samples with high TOC were selected. Sample material was obtained from core stored at the 

Geological Survey of Western Australia core library.  

Ensuring hydrocarbon syngeneity in ancient rocks is crucial to avoid misinterpretation of 

the biomarker signatures (e.g. Brocks et al., 2003). Once the cut core samples were obtained 

from the core library, special precaution was taken to minimise further surface contamination. 

Rock samples were surface washed several times with organic solvents to remove surface 

contamination prior to grinding. Procedural blanks were adopted throughout the washing, 

grinding and extraction process to avoid (cross) contamination. The protocol for sample 

preparation and extraction is described in detail in the SOM.  

 

3.2 Analytical methods 

 

Rock-Eval pyrolysis, organic petrology, palynology and organic geochemical analyses were 

undertaken following published, standardised methods which are described in the SOM.  

 

 Results and Interpretation 

 

4.1 Palynology 

 

Palynological analyses, using standard processes, were carried out on selected samples from 

Units 1+2 and Unit 4 in all four wells. Palynomorph assemblages and some selected key 

species are summarised in Table 2 and illustrated in Figure 3. The results indicate a marine 
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depositional environment with rare evidence of land-plant input in Unit 4. The marine 

microfossils include: scolecodonts (worm jaw fragments,Fig. 3a), chitinozoans (Fig. 3b), 

graptolite fragments (Goldwyer-1, Fig.3c), spinose acritarchs (Fig. 3d-f), and G. prisca 

colonies (Theia-1, Santalum-1A and Solanum-1, Fig. 3g). Quintavalle and Playford (2006, 

2008) provide the most recent and comprehensive systematic accounts of Ordovician 

palynofloras from the Canning Basin. Winchester-Seeto et al. (2000, 2001) also described 

chitinozoa from the Goldwyer and Nita formations and related quantitative abundances of 

these microfossils with small scale transgressive-regressive cycles in Unit 4 of Santalum-1A.  

Key differences are noted between our samples from Units 1+2 and Unit 4 (Table 2). 

G. prisca microfossils are only observed in Unit 4 and the samples from Units 1+2 comprise 

dark to very dark brown organic debris with chitinozoan and graptolite fragments and rare 

acritarchs and leiosphaerids. As reviewed by Quintavalle and Playford (2006b, 115-124), the 

age of the Goldwyer Formation, as determined from associated faunal elements (trilobites, 

graptolites, and conodonts) is Middle Ordovician, Darriwilian (= Llanvirn). Inter alia, the co-

occurrence of Dasydorus cirritus, Sacculidium aduncum (Fig. 3d), Pirea sp. cf. P. ornata 

(Fig. 3e), Striatotheca indistincta (Fig. 3f), and in the assemblage from Theia-1 core (1217.7-

1217.67 m) confirms correlation with palynofloras from the Goldwyer Formation (see 

Quintavalle and Playford 2006b). 

Cryptospores were found in Unit 4 of Theia-1 (1217.67–1217.7 m), occurring as both 

dyads and tetrads, and all in enclosed envelopes (Fig. 3i). The tetrads exhibit strong 

similarities to an undescribed Dapingian cryptospore previously identified in samples from 

Argentina (Rubinstein et al., 2010). A single specimen appears to exhibit a trilete mark (Fig. 

3h), with thickened laesurae (sutures), and thereby differs from those reported by Steemans et 

al. (2009). However, if this is a true trilete spore, it would predate the current oldest 

occurrence of trilete spores (late Katian/Hirnantian) by ca. 20 Ma (Steemans et al., 2009). 
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4.2 Organic Petrology 

 

Organic petrological analyses undertaken in both white light and ultraviolet/blue light 

(fluorescence mode) showed that the macerals in Unit 4 at Solanum-1 and Santalum-1A 

comprise common fluorescing liptinite and rare vitrinite-like faunal remains, probably at least 

in part derived from graptolites (Sherwood and Li, 2016), as shown in Figure 4. The liptinite 

in most samples from Solanum-1 comprises acritarch-derived lamalginite, along with lesser 

amounts of liptodetrinite and telalginite derived from G. prisca (Fig. 4b-c). Liptinite in the 

lowermost sample (~490 m depth) from Santalum-1A occurs mainly as telalginite, derived 

from G. prisca (Fig. 4a), along with sparse acritarch-derived lamalginite. 

The uppermost sample (973 m) from Unit 4 in Goldwyer-1 contains rare fluorescing 

liptodetrinite and lamalginite derived from acritarchs. In contrast, the organic matter in the 

samples from Units 1+2 in this well comprises non-fluorescing, finely disseminated bitumen 

with rare to sparse vitrinite-like faunal remains exhibiting characteristics similar to that of 

chitinozoans and graptolites (Fig. 4d).  

 

4.3 Organic richness and thermal maturity 

 

Rock-Eval pyrolysis results are summarised in Table 1. The Goldwyer Formation samples 

from Unit 4 contain type II kerogen with TOC contents up to 3.6 wt. %. Bitumen and faunal 

reflectance range between 0.5 and 0.7% (Table 1). Bitumen and faunal reflectance is used 

widely to determine maturity in early Paleozoic sediments where vitrinite is either scarce or 

absent, and this technique has been applied to the Goldwyer Formation samples (Sherwood 

and Li, 2016). On the basis of conversions of bitumen reflectance to vitrinite reflectance from 
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Schoenherr et al. (2007) and considerations of differences between faunal reflectance and 

vitrinite reflectance from Hartkopf-Fröder et al. (2015), the maceral reflectance indicate that 

Unit 4 is in the early stage of oil generation. The organic matter preserved in Units 1+2 at 

Goldwyer-1 and Theia-1 are also classified as type II kerogen, with a maximum TOC content 

of 4.5 wt. % (Fig 1). Slightly higher thermal maturities are observed in these samples 

(maceral reflectance of 0.8–1.5%). In Theia-1, maceral reflectance values are >1% and the 

absence of hopanes and steranes corroborate high thermal maturity (in the main stage of gas 

generation). However, Tmax values are suppressed in this well due to the presence of 

generated hydrocarbons, as determined by the high production index (0.2 > PI < 0.38) (Table 

1: Finder Exploration Pty Ltd, 2015). 

 

4.4 Aliphatic and aromatic hydrocarbons 

 

All aliphatic hydrocarbon fractions contain abundant short to mid chain length n-alkanes (C12 

[occasionally], C14 to C23), with some samples showing additional contributions of longer 

chain n-alkanes (up to C33) (Fig. 5). The isoprenoids pristane (Pr) and phytane (Ph) were 

consistently present but varied in abundance throughout the samples (Fig. 5, Table 3). The 

C27–C35 hopanes and C26–C30 steranes were below detection limit in full scan GC-MS 

analysis and were identified using selected ion monitoring (SIM) mode and multiple reaction 

monitoring (MRM) GC-MS (Fig. 6, S1, S2, S3 and S4). The aromatic hydrocarbon fractions 

were dominated by naphthalene, phenanthrene and their methylated derivatives. A detailed 

account of the n-alkane, hopane and sterane assemblages and aromatic compounds is 

provided in the SOM. Compound specific carbon isotope (δ13C) analysis was performed upon 

n-alkanes from selected samples (Table 4). Samples from Units 1+2 displayed slightly lower 

n-alkane δ13C values (–31.3 to –33.8‰) than samples from Unit 4 (–27.1 to –32.3‰). In Unit 
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4 of Santalum-1A, the C14–C20 n-alkanes were more enriched (–27.1 to –29.4‰) than the 

C25–C32 n-alkanes (–29.9 to –32.3‰). Trends in the δ13C values are illustrated in Figure 7, 8, 

9 and S5. The most important molecular and isotopic signatures are summarised in Table 5, 

together with their biological and environmental interpretation. 
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 Discussion 

 

5.1 Evidence of water-column stratification and anoxia 

 

Molecular proxies indicative of environmental conditions are displayed in Fig. 10 and listed 

in Table 3 and Table 5. The Pr/Ph ratio, dibenzothiophene/phenanthrene (DBT/P) ratio and 

C35 homohopane index are commonly used redox indicators (Didyk et al., 1978; Hughes et 

al., 1995; Peters et al., 2005). An elevated gammacerane index is indicative of a stratified 

water column (Moldowan et al., 1985; Sinninghe Damsté et al., 1995; Tulipani et al., 2015). 

The samples from Unit 4 in Santalum-1A and Solanum-1 on the eastern part of the Broome 

Platform, contained low gammacerane indices (<0.1) and low C35 homohopane indices 

(average of 0.04) (Fig. 10), suggesting deposition under relatively oxygenated conditions 

with enhanced water column circulation, which is corroborated by the presence of 

bioturbation in these sediments. 

Although there are fewer data from Units 1+2 in comparison to Unit 4, these samples 

displayed higher gammacerane indices (0.3–0.7) (Fig. 10) and slightly higher C35 

homohopane indices (average of 0.06). However, the Pr/Ph ratio and DBT/P ratio do not 

exhibit distinct differences between Unit 4 and Units 1+2 (Fig. 10). Nonetheless, due to 

sedimentological features such as laminations and only occasional bioturbation, deposition of 

Units 1+2 likely occurred under less oxygenated conditions. Deposition of Units 1+2 

occurred during a maximum transgression (Romine et al., 1994) and sedimentological 

features such as high TOC content, laminations and only occasional bioturbation suggests 

anoxic bottom waters. In this case, decreased oxygenation is likely a result of deeper water 

conditions facilitated by the transgression. However, this hypothesis does not account for 

topographic variations along the Broome Platform. Silty lenses in the upper part of Units 1+2 
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at Theia-1 suggest wave action on a muddy shelf. Due to the size of the basin, distance 

between sampled wells and the low sampling density of Units 1+2, it remains difficult to 

infer relationships between molecular redox proxies and the geological framework.  

The presence of hydrogen sulfide within the sunlight zone of the water column and/or 

at the sediment/water interface is known as photic zone euxinia (PZE). Phototrophic sulfur 

bacteria such as Chlorobiaceae flourish in such conditions (Grice et al., 2005; Schwark and 

Frimmel, 2004). Commonly used biomarkers of Chlorobiaceae include chlorobactane, 

isorenieratane, palaerenieratane and their derivatives, the aryl isoprenoids with corresponding 

enriched δ13C values (Summons and Powell, 1987; Grice et al., 1996). Biomarkers for PZE 

have been identified in some (restricted) Ordovician–Silurian settings (Koopmans et al., 

1996; Pancost et al., 1998; Vandenbroucke et al., 2009; Smolarek et al., 2017). In this study, 

trace amounts of palaerenieratane and isorenieratane were identified in Solanum-1 at 316.2–

316.3 m and in Theia-1 at 1552.7–1552.75 m and aryl isoprenoids of uncertain origin in 

others (SOM). The low abundance of aryl isoprenoids and aromatic C40 carotenoids possibly 

suggest short periods of PZE, but mixing and oxygenation of the water column must have 

been frequent to prevent the development of PZE for prolonged periods of time. 

 

5.2 Microbial communities inferred from hopane and sterane distributions 

 

The ratio of the C27 to C35 hopanes to C27 to C29 steranes (H/St) generally reflects the balance 

of bacterial versus eukaryotic contributions to sedimentary organic matter. Hopanes are the 

molecular fossils of hopanoids produced by diverse groups of bacteria, whilst steranes are 

derived from sterols common to all eukaryotes and are generally absent in bacteria, with few 

exceptions (Volkman, 1986, 2006; Summons et al., 2006). Further information on bacterial 

and algal populations can be obtained from the distributions and relative abundances of the 
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C31 2α- and 3β-methylhopanes and the C27, C28 and C29 steranes. Figure 10 shows variations 

in the H/St ratios versus methylhopane abundance between Units 1+2 and Unit 4.  

In Unit 4, high H/St ratios (H/St average of 6.7) are observed, reflecting a strong 

predominance of bacteria. These values are significantly above the global average (0.5–2.0) 

of Phanerozoic marine oils and sediments (Peters et al., 2005). During the Ordovician, fixed 

nitrogen content of the oceans was low due to extensive denitrification (LaPorte et al., 2009; 

Melchin et al., 2013; Rohrssen et al., 2013). Eukaryotic algae commonly require a steady 

supply of fixed nitrogen, and such environmental conditions would have limited their 

presence in Ordovician oceans (LaPorte et al., 2009). Unit 4 also exhibited high 3-

methylhopane abundances, illustrated by high 3-methylhopane indices and low 2-

methylhopane/3-methylhopane ratios (Fig. 10, Table 3). Both methanotrophic bacteria and 

acetic acid bacteria have the ability to produce 3-methylhopanoids (Farrimond et al., 2004; 

Welander and Summons, 2012), but the presence of acetic acid bacteria would be unlikely in 

such carbonate-rich, marine environments. The high 3-methylhopane abundance in Unit 4 is 

interpreted to be indicative of aerobic methanotrophic bacteria, which is consistent with the 

relatively oxygenated character of the water column under which the sediments within 

Santalum-1A and Solanum-1 were deposited. Methanotrophic bacterial activity implies the 

presence of methane in aerobic waters. An enhanced methane cycle has been proposed by 

Rohrssen et al. (2013) and is thought to have facilitated the presence of methanotrophs. In 

marine sediments characterised by low concentrations of oxygen and other electron acceptors 

such as nitrate and sulfate, methanogenesis can account for a significant proportion of organic 

matter diagenesis. Under such conditions anaerobic oxidation of methane via either sulfate or 

nitrate reduction would have been low, allowing a greater proportion of methane to escape 

from the sediments into the water column. In comparison to the present-day, Ordovician 

oceans were characterised by low concentrations of oxygen, nitrate and sulfate (Gill et al., 
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2007; LaPorte et al., 2009; Hammarlund et al., 2012; Thompson and Kah, 2012) and 

diagenetic methane cycling likely played an important role during deposition of the upper 

Goldwyer Formation, signified by the abundance of methanotrophic bacteria, especially in 

Unit 4. A graphical representation of the microbial community present during deposition of 

Unit 4 is provided in Figure 11.  

The samples from Units 1+2 display significantly lower H/St ratios (<2) compared to 

Unit 4, accompanied with relatively elevated 2-methylhopane abundances. Enhanced levels 

of fixed nitrogen could have resulted from greater cyanobacterial contributions shown by the 

relatively elevated 2-methylhopane abundance (Summons and Jahnke, 1990; Summons et al., 

1999; Farrimond et al., 2004). This could have enhanced algal productivity, reflected in the 

lower H/St ratios. Although the presence of 2-methylhopanes in sediments is often correlated 

to cyanobacteria, several other modern-day bacteria are known to produce 2-

methylhopanoids (Ricci et al., 2014) which inhabit a multitude of modern environments. 

These environments are characterised by suboxia or anoxia, high osmolarity and limited fixed 

nitrogen (Ricci et al., 2014), which is in agreement with the reducing character of Units 1+2. 

In this case, the high relative 2-methylhopane abundance can reflect both an increase in 

cyanobacterial abundance and low oxygen levels. 

Steranes are biomarkers for algae and most likely acritarchs (e.g. Talyzina et al., 2000; 

Volkman, 2006). Acritarch microfossils have been identified in Unit 4 (Table 2, Fig. 3) in 

this study and in previous studies of the Goldwyer Formation (Winchester-Seeto et al., 2000; 

Quintavalle and Playford, 2006b). The absence of acritarch microfossils in some samples 

from Units 1+2 in this study may be due to sampling bias because relatively few samples 

were subjected to palynological analysis. Thus, the sterane assemblages are inferred to be 

indicative of algal as well as acritarch contributions to the biomass in Units 1+2 and Unit 4. 

Common steranes (C27, C28 and C29), dinosteranes and 4α-methyl-24-ethylcholestanes have 
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been identified in numerous acritarch microfossils (e.g. Arouri et al., 2000; Talyzina et al., 

2000). Dinosterane (4α,23,24-trimethylcholestane) and 4α-methyl-24-ethylcholestanes were 

detected in selected samples from Units 1+2 and Unit 4 at varying abundances (Fig. 6, Table 

3), which could be related to different acritarch communities. A suite of 24-n-

propylcholestanes, biomarkers for pelagophyte microalgae (Table 5), were present in Unit 4 

but not detected in Units 1+2 (Fig. 6). Pelagophyte microalgae first appeared during the 

Neoproterozoic to Paleozoic, but there are two hiatuses of the C30 sterane biomarkers in the 

marine rock record from Middle–Late Cambrian and Late Ordovician–early Silurian 

(Rohrssen et al., 2015). In the Goldwyer Formation, C30 sterane abundances reach 3.1% 

(Table 3), which is higher than the maximum values observed during the Late Ordovician (up 

to 1.2%, Rohrssen et al., 2015).  

The C27:C28:C29 sterane distribution in Lower Paleozoic marine deposits is generally 

characterised by either equal amounts of C27 and C29 steranes or a predominance of C29 

steranes (Grantham and Wakefield, 1988; Schwark and Empt, 2006;), although, a strong 

predominance of C27 steranes has been noted in certain Upper Ordovician marine sections 

(Mustafa et al., 2015; Smolarek et al., 2017). In the upper Goldwyer, the percentages of C27 

steranes (of C27-29 steranes) vary from ca. 30% to 50%, the percentages of C28 steranes vary 

from ca. 14% to 27%, and the percentages of C29 steranes vary from ca. 22% to 52% (Table 

3). In Solanum-1, variations are evident in the C27:C28:C29 sterane distribution throughout 

Unit 4 (Fig. 12) possibly relating to changes in algal/acritarch populations, with a 

predominance of the C27 steranes being coincident when sterane abundance is lowest (H/St 

>6), and there is increased preservation of G. prisca. In the lower Goldwyer Formation the 

percentage of C29 steranes is slightly higher (ca. 46% to 54%) than that in the upper 

Goldwyer Formation (ca. 22% to 52%), providing further indication that different biological 

communities were present during deposition of Units 1+2 and Unit 4.  
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5.3 Gloeocapsomorpha prisca 

 

Microfossils characteristic of G. prisca were identified in Unit 4 of Theia-1, Solanum-1 and 

Santalum-1A (Fig. 3, Fig. 4, Table 2). Hydrocarbon fractions of G. prisca-rich rocks typically 

contain distinctive odd-carbon-numbered n-alkanes in the C15 to C19 range with minor 

contributions of C20+ n-alkanes, abundant odd-carbon-numbered n-alkylcyclohexanes, low 

contributions of acyclic isoprenoid hydrocarbons, a strong predominance of hopanes versus 

steranes and abundant long-chain alkylnaphthalenes and alkylbenzenes (e.g. Hoffmann et al., 

1987; Guthrie and Pratt, 1995; Fowler et al., 2004). The typical odd-over-even n-alkane 

signature of G. prisca was observed in selected Unit 4 samples from Goldwyer-1, Theia-1, 

Santalum-1A and Solanum-1, with varying prevalence. For example, the n-alkane odd-over-

even predominance (OEP) was present at the base of Unit 4 for Solanum-1 (Fig. 5a), less 

abundant in the Theia-1 samples (likely due to higher maturity) (Fig. 5e) and absent in the 

Santalum-1A samples (Fig. 5b). Comparison of n-alkane profiles from Solanum-1 samples 

where G. prisca has been quantified (Sherwood and Li, 2016) showed that the n-alkane OEP 

only became prominent when the G. prisca liptinite visual abundance was at least 5% of the 

sample. The δ13C values of n-alkanes in the Solanum-1 samples showed a shift towards more 

depleted carbon isotopic signatures when G. prisca is abundant (Fig. 12), and the odd-carbon 

numbered n-C17 and n-C19 were more depleted in 13C (–31.4‰) in comparison to the n-C16 

and n-C18  alkanes (–30.0‰) (Fig. 7). These results suggest that the depleted isotopic 

signature is related to the aliphatic biopolymer of G. prisca, which is the predominant source 

of the n-C17 and n-C19 alkanes.  

In Unit 4 of Solanum-1, high abundances of G. prisca, shown as a pronounced OEP, 

correlated with TOC abundance equal or greater than 1 wt. %, Pr/Ph ratios >1, lower C35 
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homohopane indices, elevated H/St ratios, increased 3-methylhopane indices and depleted 

carbon isotopic signatures of the individual n-alkanes (Fig. 12). Furthermore, these intervals 

were characterised by a change in sedimentation from carbonate to mud-dominated and 

bioturbation became less prominent, as observed in the “hylogged” core section (Fig. S6). 

Elevated TOC contents indicate anoxic bottom waters. The disparity between elevated TOC 

contents and relatively high Pr/Ph ratios and low homohopane indices has been noted 

previously in the G. prisca-rich Guttenberg Member from Iowa (Pancost et al., 1998). In the 

Guttenberg Member, G. prisca makes up 45 to 95 % of the organic matter and it is argued 

that dense layers of G. prisca limited the production of sedimentary hydrogen sulfide. This 

would have enhanced the preservation of phytol and bacteriohopanetetrol, rationalising 

relatively high Pr/Ph ratios and low homohopane indices in comparison to sections above and 

below the Guttenberg Member (Pancost et al., 1998). In the present study, G. prisca 

abundances are much lower and such an explanation cannot be employed. Marine carbonates 

are commonly associated with high homohopane indices (Peters et al., 2005) and a change 

from carbonate- to mud-dominated sedimentation is likely driving the observed shift in 

homohopane index. Likewise, variations in source inputs to Pr and Ph could account for the 

slight increase in Pr/Ph ratio. Anoxic to dysoxic bottom waters would have promoted 

methanogenesis and subsequently increased the methane flux into the water column, allowing 

for an increase in methanotrophs, reflected in increased 3-methylhopane indices (Fig. 12). 

Rapid sedimentation and burial of refractory G. prisca microfossils likely resulted in 

preservation of organic matter in a predominantly oxygenated water column.  

Lipids derived from aerobic methanotrophs are known to be significantly depleted in 

δ13C (Summons et al., 1994). In Unit 4 of Solanum-1, the co-occurrence of (i) G. prisca 

biosignatures, (ii) increased 3-methylhopane indices and (iii) depleted carbon isotopic 

signatures (Fig. 12) suggests a relationship between G. prisca and methanotrophs. In the 
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Guttenberg Member, G. prisca biomass is significantly enriched in 13C relative to that of 

other photoautotrophic organisms (Pancost et al., 1999) and G. prisca-derived bitumens from 

North America exhibit enriched δ13C values for n-C17 and n-C19 relative to the even 

numbered n-alkanes, which is the opposite to these values in the Solanum-1 samples (Fig. 8). 

In the Guttenberg Member equal amounts of 3- and 2-methylhopanes were recorded (Pancost 

et al., 1998), whereas the Solanum-1 rock extracts show a distinct predominance of 3-

methylhopanes (3MHI of 9-15%) relative to the 2-methylhopanes (2MHI of 3-7%) (Fig. 12). 

Hence, it seems likely that G. prisca utilised carbon ultimately derived from either methane 

or aerobic methanotrophs resulting in 13C-depleted n-alkanes. Similar n-alkane carbon 

isotopic profiles (as shown in Fig. 8) are noted in oils sourced by G. prisca in the Canning 

and Amadeus basins (Edwards et al., 2013; Jarrett et al., 2016) and a predominance of 3- 

versus 2-methylhopane is recorded in oil (Dodonea-1) sourced by this unit (Edwards et al., 

1995). These results suggest that the association between methanotrophs and G. prisca may 

not have been a local phenomenon. Although the uptake of 13C depleted carbon via 

methanotrophs is thought to be the most plausible explanation for the observed isotopic shifts 

in Solanum-1, other processes (e.g. recycling of CO2) may have played a role. Nonetheless, 

the carbon isotopic variations in Australia and North America (Fig. 8) are significant and 

further investigation is needed to elucidate the underlying biogeochemical processes 

associated with G. prisca. 

Nitrogen isotopes of G. prisca- rich sedimentary rocks, including samples from the 

Goldwyer Formation, have been reported previously (Kiipli and Kiipli, 2013) which 

exhibited average δ15N values of +7.4‰. Relative to the atmospheric N2 source (0‰), 

denitrification in the water column leads to a much larger isotopic fractionation (~20‰) than 

microbial nitrogen fixation (<3‰) (Luo et al., 2016). These results indicate that 

denitrification occurred when G. prisca was abundant, suggesting G. prisca was a nitrate 
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using not N2-fixing microorganism (Kiipli and Kiipli, 2013). Cyanobacteria and aerobic 

methanotrophs have the ability to fix atmospheric nitrogen, thus providing a potential 

nitrogen source for G. prisca.   
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5.4 Significance of microfossils and terrestrial biomarkers 

 

Land-plant input is evident from the presence of cryptospores and, potentially, a trilete spore 

in Unit 4 of Theia-1 (Fig. 3). Palynological studies have been performed on the Goldwyer 

Formation (e.g. Foster et al., 1986; Winchester-Seeto et al., 2000; Quintavalle and Playford, 

2006a,b; 2008 and references therein) but this is the first study to find probable land-plant 

spores. Because of the scarcity of records of land-plant spores within the upper Goldwyer 

Formation, we suggest that the terrestrial palynomorphs found in Theia-1 are locally derived 

rather than long distance transport from the hinterland. Palaeogeographic maps indicate the 

presence of peritidal environments on the Broome Platform (Romine et al., 1994) and 

periodic exposure of these areas would have allowed for the formation and development of 

terrestrial life.  

To date, the earliest uncontroversial record of land plants (embryophytes) is Early-

Middle Ordovician (Dapingian) (Rubinstein et al., 2010), predating the Goldwyer Formation. 

The samples of the present study therefore provide an exceptional opportunity to investigate 

terrestrial inputs of organic matter during the Ordovician and potentially identify biomarker 

signals of early land-plants. Middle to Late Ordovician terrestrial organisms and ecosystems 

most likely comprised microbial mats, bryophytes/bryophyte-like plants and fungi (Redecker 

et al., 2000; Wellman and Gray, 2000). The fungi and spores identified in this period indicate 

that soil development was sufficient to support early bryophytes (Redecker et al., 2000). 

Little is known about terrestrially sourced aliphatic and aromatic biomarker signatures of 

Ordovician plants (e.g. see Romero-Sarmiento et al., 2011). Most commonly used terrigenous 

proxies for Upper Paleozoic to recent sediments include long-chain n-alkanes derived from 

plant waxes (Eglinton and Hamilton, 1967), degradation products from conifer resins (e.g. 

Otto and Simoneit, 2001), and the carbon isotopic composition of plant-derived mid- to long-
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chain n-alkanes (Rieley et al., 1991; Bird et al., 1995; Naraoka and Ishiwatari, 1999; 

Chikaraishi and Naraoka, 2003; Eley et al., 2016). 

Modern bryophytes (e.g. Sphagnum mosses) and aquatic macrophytes are common 

sources for odd-carbon-numbered mid-chain n-alkanes (C21, C23, C25), and their relative 

abundance can be used to trace macrophytes and/or bryophytes in ancient deposits (e.g. 

Ficken et al., 2000; Mead et al., 2005; McKirdy et al., 2010; Tulipani et al., 2014; Inglis et 

al., 2015). Some samples from Santalum-1A had alkane distributions that are dominated by 

mid-chain n-alkanes (Fig. 5b, 5e-f, 9, S5). One of these samples also exhibited a slight OEP 

at n-C25 and n-C27 (Fig. 5b), a typical bryophyte signature (e.g. Inglis et al., 2015). Stable 

carbon isotopes of n-C23–32 are more depleted in δ13C (average of –31.0‰) than n-C16–19 

(average of –27.8‰), suggesting that different sources are contributing to the short-chain and 

mid-chain n-alkanes (Fig. 9, Fig. S5). To further assess the significance of this isotopic 

discrepancy, the difference in δ13C between short- and mid-chain n-alkanes was calculated 

(Table 6). These values show that the isotopic shift towards depleted δ13C values is greater in 

the Santalum-1A samples (δ13C(n-C16–19) – δ
13C(n-C23–32) = 2.3 to 4‰) in comparison to the 

samples from Solanum-1, Goldwyer-1 and Theia-1 (δ13C(n-C16–19) – δ
13C(n-C23–32) = –0.3 to 

1.5‰). Taking into account the geological context and presence of land-plant spores, non-

vascular C3 plants (i.e. bryophytes or aquatic macrophytes) are thought to have contributed to 

the mid-chain n-alkanes preserved in the upper Goldwyer Formation at Santalum-1A. 

Possible explanations for the depleted mid-chain n-alkane signature include: (i) atmospheric 

CO2 may have been depleted which is readily reflected in bryophyte δ13C as these plants lack 

stomata to regulate their resistance to inwards CO2 diffusion (e.g. Royles et al., 2014), or (ii) 

bryophyte biosynthesis of lipids underlies fractionation of the n-alkanes (e.g. Brader et al., 

2010). A third possibility may be that bryophytes use recycled and isotopically depleted CO2 
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from methanotrophs, which is well known from modern-day environments (Kip et al., 2010; 

Nichols et al., 2014). 

High abundances of benzonaphthofurans were present in the Theia-1 sample from 

1217.67–1217.7 m, which also contained the terrestrial palynomorphs. Although the origin of 

oxygenated heterocyclic aromatic compounds such as dibenzofurans and benzonaphthofurans 

is still unknown, these compounds prevail in terrestrial sediments and previous studies have 

suggested a land plant origin (Sephton et al., 2005; Versteegh and Riboulleau, 2010; Li and 

Ellis, 2015;). In this case, the co-occurrence of benzonaphthofurans with the cryptospores and 

the absence of these aromatic compounds in other Goldwyer Formation samples points 

towards a common terrestrial source.  

 

5.5 Regional and global correlations of the Goldwyer Formation 

 

This study investigated palaeoenvironmental conditions associated with the deposition of the 

Middle Ordovician Goldwyer Formation in the Canning Basin, Western Australia. As no 

biomarker studies are known from age-equivalent sections elsewhere in the world, little can 

be said about the (geographical) diversity of biomarkers during the Darriwilian. However, the 

results of this study can be compared to slightly older and younger Ordovician biomarker 

studies from Gondwana, Laurentia and Baltica, particularly in relation to G. prisca and 

acritarch (sterane) assemblages. As mentioned in section 5.3, variations in carbon isotopic 

signatures are observed in the G. prisca biomass from Australia (Canning and Amadeus 

basins) and North America. In the Amadeus Basin, G. prisca-rich sediments are present in 

the older Lower Ordovician Horn Valley Siltstone (see e.g. McKirdy, 1977; Gorter, 1984; 

Elphinstone, 1989; Summons and Powell, 1991; Summons et al., 2002; Haines and Wingate, 

2007). Middle Cambrian G. prisca-rich sediments are also known from the adjacent Georgina 
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Basin (e.g. Boreham and Ambrose, 2007). Whether or not the Canning, Amadeus and 

Georgina basins were connected at any time during the Ordovician remains controversial 

(e.g. Haines and Wingate, 2007; Jakobsen et al., 2013). Macrofossil fauna from the Amadeus 

are highly endemic in comparison to the Canning and Georgina basins (Jakobsen et al., 

2013a, 2013b) and these latter basins lack the characteristic peri-Gondwanan Ordovician 

acritarchs (Molyneux et al., 2013). The distinctive nature of the (micro)fauna in the 

intracratonic Australian basins might suggest limited interaction with the open ocean because 

oceanic circulation patterns are thought to be reasonably well established during the Middle 

Ordovician (Servais et al., 2014). Results of this study show some isotopic similarities in G. 

prisca related sediments and oils of the Canning and Amadeus basins, but further work is 

required to systematically compare biomarker assemblages and evaluate regional similarities.  

Upper Ordovician sections from Laurentia and Baltica have been used to study 

molecular biosignatures preserved in low latitudinal tropical environments (Pancost et al., 

2013, 1999, 1998; Rohrssen et al., 2013; Mustafa et al., 2015). The Upper Ordovician 

(Katian–Hirnantian) in eastern Canada (Vauréal Fm. and Ellis Bay Fm.) experienced 

similarly high bacterial and methanotrophic activity (Rohrssen et al., 2013) as presented here 

for Unit 4 of the Middle Ordovician Goldwyer Formation. Both the Canadian and Australian 

sedimentary sections were deposited on tropical carbonate platforms. Hence, elevated 

bacterial and methanotrophic activity could have been a widespread phenomenon occurring 

throughout the Middle–Late Ordovician, as carbonate-rich shallow marine environments 

represented much of the epeiric seas that covered large areas of the landmasses. The 

sedimentary sections of eastern Canada and the Australian Goldwyer Formation show 

significant affiliations in chitinozoan assemblages, but this similarity is not mirrored by the 

associated acritarchs (Quintavalle and Playford, 2006a,b). The upper Goldwyer Formation 

contains higher abundances of C30 steranes (up to 3.1 %) in comparison to the Ordovician 
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localities from Canada and North America (up to 1.2%; Rohrssen et al., 2015). Differences 

are also noted in the C27:C28:C29 sterane distribution, with the Canadian sections showing a 

consistent predominance of C29 steranes (>60%). Furthermore, no G. prisca biomarker 

signatures are present in rock extracts from the Vauréal and Ellis Bay formations (Rohrssen 

et al., 2013). Although eastern Canada was situated at low latitudes during the Late 

Ordovician, sea surface temperatures are estimated to be more than 5 degrees cooler in 

comparison to the Darriwilian (Trotter et al., 2008) which may have driven the observed 

variations in biodiversity, both on the macrofossil and molecular scale.  

Further variations are noted in sterane assemblages from other localities in Laurentia 

and Baltica. In Iowa and Ontario, Middle–Upper Ordovician sections exhibit either equal 

amounts of the C27 and C29 steranes, or a predominance of the C29 steranes (ca. 50–60%) 

(Obermajer et al., 1999; Pancost et al., 2013). In sections from Baltica, a predominance of C29 

steranes is observed during the Katian, which shifts to a strong predominance of C27 steranes 

(ca. 50–98%) during the Hirnantian (Mustafa et al., 2015; Smolarek et al., 2017). Despite the 

limited amount of data, these geographical and temporal variations highlight the potential for 

biomarker studies to evaluate biodiversity changes throughout the Ordovician.  

There is a growing body of evidence that terrestrial life originated on the Gondwanan 

palaeocontinent during the Early–Middle Ordovician (Steemans et al., 2010 and references 

therein; Edwards et al., 2014). Land-plant microfossils have been recorded from the Middle 

and Upper Ordovician of Gondwana and peri-Gondwana terranes (Argentina, Czech 

Republic, Saudi Arabia, Libya, Turkey), Avalonia and China (Steemans et al., 2010) (Fig. 

13). The tetrad and dyad cryptospores from Unit 4 represent the oldest land-plant spores from 

Australia. They are time-equivalent to those found in other Gondwanan localities, 

contributing to the numerous lines of evidence that terrestrial life originated on Gondwana. 

Some of these studies detected land-plant spores in similar depositional environments 
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(Strother et al., 2015), but none include published biomarker and compound-specific stable 

isotope analyses. In this study, the combination of biomarkers and palynology has proven 

successful to identify terrigenous inputs into the marine environment. Thus, biomarkers 

provide a powerful tool to track terrestrial signals in Early Paleozoic settings when 

microfossils are either scarce or absent. 
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 Conclusions 

 

This study investigated the fossil and biomarker signature of Middle Ordovician 

(Darriwilian) rocks in the Canning Basin of Australia, which are coeval with the GOBE. 

Palynological, petrographic, molecular and stable carbon (δ13C) isotope analyses of 

biomarkers have demonstrated that the upper (Unit 4) organic-rich section of the Middle 

Ordovician Goldwyer Formation contains a hitherto unrecognised land plant input into the 

marine environment. This is the oldest occurrence of land plant microfossils (cryptospores) in 

Australia, supporting the observation that life on land evolved on the Gondwanan 

palaeocontinent. Terrestrial biomarkers identified in Unit 4 include benzonaphthofurans and 

13C-depleted mid-chain n-alkanes. 

Molecular redox proxies and hopane and sterane distributions reveal differences 

between the upper (Unit 4) and lower (Units 1+2) Goldwyer Formation, with the microbial 

communities changing with the redox conditions. In Unit 4, the abundance of C30 sterane 

relative to C27–C29 steranes exceeds those typical of Ordovician rocks, which may be linked 

to the distinct nature of the Australian Middle Ordovician (micro)fauna and acritarch 

assemblages.  

Methanotrophic bacteria were abundant in Unit 4 and similar assemblages have been 

observed in the Upper Ordovician carbonate dominated, shallow marine sediments of 

Laurentia, suggesting that enhanced methane cycling played an important role in tropical 

carbonate dominated environments during the Middle–Late Ordovician. In Unit 4 of 

Solanum-1, the abundance of methanotrophic bacteria (as inferred from the 3-methylhopane 

index) correlated with higher inputs of G. prisca. The depleted carbon isotopic composition 

of G. prisca biomarkers suggests a potential ecological affiliation where methanotrophic 

bacteria provided the carbon source for G. prisca. The co-occurrence of land plants and 
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methanotrophic bacteria within this setting may also point towards a symbiotic relationship. 

These findings highlight the ecological significance of methanotrophic bacteria during the 

Ordovician. G. prisca is absent in Units 1+2 and sediments rich in G. prisca have an irregular 

distribution throughout Unit 4 in the wells studied on the Broome Platform.  

The results of this study provide further insight into Ordovician palaeoenvironmental 

conditions for both marine- and terrestrial-ecosystems. Combining biomarkers and stable 

carbon isotopic studies with palynology and organic petrology has enabled the investigation 

into the biosignatures of early land plants. This combined approach could be applied to 

additional Ordovician sections where microfossils are scarce, and could assist with the 

delineation of the geographical distribution and origin of early land plants. 
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Captions of tables and figures 

 

Table 1: Summary of Rock-Eval pyrolysis, biomarker and organic petrological data for 

Units 1+2 and Unit 4 of the Goldwyer Formation in Goldwyer-1, Solanum-1, Santalum-1A 

and Theia-1. 

Table 2: Summary of palynomorph assemblages and key species identified in this study in 

the Goldwyer Formation in Goldwyer-1, Santalum1A, Solanum-1 and Theia-1. 

Table 3: Key aliphatic and aromatic biomarker parameters for Units 1+2 and Unit 4 of the 

Goldwyer Formation in Goldwyer-1, Solanum-1, Santalum-1A and Theia-1. 

Table 4: n-Alkane-specific 13C values [‰ VPDB] for selected samples from Units 1+2 and 

Unit 4 of the Goldwyer Formation in selected Canning Basin wells. Reported values 

represent average values of two or more measurements where the difference between the 

measurements was equal to, or less than, 0.5 per mil. Where there is no value, the peaks were 

too small to be measured reliably.  

Table 5: Key aliphatic and aromatic hydrocarbon signatures identified in samples from the 

Goldwyer Formation and their paleobiological and/or environmental interpretation. n-Alkane 

carbon isotopic values are interpreted to signify different source inputs to Unit 4 at Solanum-

1 and Santalum-1A. 

Table 6: Average 13C values for short- (C16–C19) and mid to long- (C23–C32) chain n-alkanes 

in samples from the Goldwyer Formation. The n-alkanes show a progressive depletion with 

increasing carbon number, but the depletion is notably greater in Santalum-1A (Δ) in 

comparison to other samples. 

 

Figure 1: Well location map and well-well correlation panel showing gamma ray logs, 

lithological logs, total organic carbon content and depths of the samples analysed.  
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Figure 2: Palynostratigraphy of the Goldwyer Formation in the Canning Basin and 

correlation of palynozones with Unit 1, 2, 3 and 4. Modified from Quintavalle and Playford, 

2006b. 

Figure 3: Photomicrographs of selected microfossils and cryptospores identified in 

assemblages from Unit 4. Scale bar in micrometres. (a) Scolecodont (worm jaw), Goldwyer-

1, 873.9–876.6 m; (b) chitinozoan , Goldwyer-1, 873.9–876.6 m; (c) graptolite, Goldwyer-1, 

873.9–876.6 m; (d) Sacculidium aduncum (Playford and Martin, 1984) emend. Ribecai et al. 

2002, Theia-1, 1217.67–1217.7 m; (e) Pirea sp. cf. P. ornata (Burmann 1970) Eisenack et al. 

1976 , Theia-1,1217.67–1217.7 m;(f) Striatotheca indistincta  Quintavalle and Playford 2006, 

Theia-1, 1217.67–1217.7 m [same scale as 3e]; (g) Gloeocapsomorpha prisca Zalessky 1917 

emend. Foster et al. 1989, Santalum-1A, 449.7–449.8 m; (h) cryptospore with what appears 

to be a trilete mark, Theia-1, 1217.67–1217.7 m; and (i) enclosed cryptospore tetrad, Theia-1, 

1217.67–1217.7 m. 

Figure 4: Photomicrographs taken under white light and, where specified, UV light using oil 

immersion. (a) Telalginite derived from G. prisca in Santalum-1A, 449.7–449.8 m, under 

white and UV light, (b) Telalginite derived from G. prisca, lamalginite and liptodetrinite in 

Solanum-1, 296.4–296.6 m, under UV light, (c) Telalginite derived from G. prisca in 

Solanum-1, 302.8-303.0 m under UV light, and (d) periderm layering in a graptolite in 

Goldwyer-1, 972.7–975.7 m. 

Figure 5: Chromatograms (m/z 57) showing the n-alkane distributions in the lower (Units 

1+2) and upper (Unit 4) Goldwyer Formation. (a) Solanum-1, 315.58–315.59 m, (b) 

Santalum-1A, 478.2–478.4 m, (c) Goldwyer-1, 873.9–876.6 m, (d) Goldwyer-1, 980.0–

983.6 m, (e) Theia-1, 1271.48–1271.52 m, and (f) Theia-1, 1552.70–1552.75 m.  

Figure 6: MRM transitions showing C30 steranes and C30 methylsteranes identified in 

selected samples. Identification based on an oil standard and Grosjean et al., (2009). 
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Figure 7: Relative abundances of n-alkanes and δ13C of selected samples from Solanum-1 

showing relatively depleted n-alkane δ13C when the G. prisca-derived C15–C19 OEP becomes 

predominant. δ13C values provided in Table 4. 

Figure 8: δ13C values of n-alkanes from Solanum-1 that exhibit the C15–C19 OEP signature 

against the range observed for G. prisca–rich bitumens from North America. 

Figure 9: Relative abundances of n-alkanes and δ13C of selected samples from Solanum-1 

and Santalum-1A showing a shift towards depleted stable carbon isotopic signatures when the 

mid-chain n-alkanes are abundant. δ13C values provided in Table 4. 

Figure 10: Biomarker differences between the lower (Units 1+2) and upper (Unit 4) 

Goldwyer Formation as shown by (a) Pr/Ph versus gammacerane index, (b) Pr/Ph versus 

DBT/P, (c) H/St versus 2MeH/3MeH and (d) 3-methylhopane index (3MHI) (%) versus 

2MeH/3MeH. MeH = methylhopane. 

Figure 11: Graphical representation of the microbial community during deposition of Unit 4. 

Figure 12: Depth profiles in Solanum-1 of TOC content and selected molecular parameters 

indicating the change in microbial communities through the upper (Unit 4) Goldwyer 

Formation. Dashed lines indicate the top (284m) and base (317m) of Unit 4 as reported by 

Haines (2009). Log of the n-alkanes C17+C19 over C18+C20 represents the odd-over-even 

predominance caused by a contribution of G. prisca. Blue = G. prisca-poor; Green = G. 

prisca-rich. Pr = Pristane; Ph = Phytane; MHI = methylhopane index; 3MHI = 3β-methyl C30 

hopane/(3β-methyl C30 hopane + C30 hopane) × 100; 2MHI = 2α-methyl C30 hopane/(2α-

methyl C30 hopane + C30 hopane) × 100; C30 steranes (%) = C30 steranes/ΣC27–C30 steranes × 

100; C30 methylsteranes (%) = abundance of selected methylated 24-ethylcholestanes (2α-, 

3β-, 4α- and 4β-)/( ΣC27–C29 steranes + C30 methylsteranes) × 100; C35 homohopane index = 

C35 αβ hopanes (22S+22R)/ΣC31–C35 αβ hopanes (22S+22R) × 100. Phanerozoic 
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hopane/sterane average from Peters et al. (2005), Late Ordovician C30 sterane (%) range from 

Rohrssen et al. (2015). 

Figure 13: Palaeogeographic reconstruction of the mid-Ordovician (452 Ma) centered around 

Australia after Wright et al. (2013). Stars represent localities of Early–Middle Ordovician 

cryptospores. 
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Table 1 

Well Upper 

Depth 

(m) 

Lower 

Depth 

(m) 

Unit Lithology TOC 

(wt. 

%) 

HI (mg 

HC/g 

TOC) 

OI (mg 

CO2/g

TOC) 

Tmax 

(°C) 

PI C31 H 

(S/ 

S+R) 

C29 ααα 

St 

S/(S+R) 

dia 

St/(dia+ 

reg St) 

MPI Mean 

Faunal 

Reflect. 

(%) 

Mean 

Bitumen 

Reflect. 

 (%) 

Solanum-1 280.0 280.2 4 Carbonate 0.30 16 241 421 0 0.60 0.42 0.42 n.d. n.d. 0.41 

Solanum-1 284.5 284.6 4 Carbonate 0.27 93 142 440 0 0.59 0.45 0.44 0.39 n.d. n.d. 

Solanum-1 291.6 291.8 4 Carbonate 0.26 62 146 435 0.12 0.59 0.48 0.39 0.39 n.d. n.d. 

Solanum-1 296.4 296.6 4 Carbonate 0.37 110 98 435 0.02 0.59 0.50 0.39 0.42 0.71 n.d. 

Solanum-1 302.8 303.0 4 Carbonate 0.34 89 136 434 0.03 0.58 0.49 0.41 0.39 0.68 0.40 

Solanum-1 304.7 304.8 4 Carbonate 0.18 158 120 436 0.07 0.63 0.54 0.50 n.d. n.d. n.d. 

Solanum-1 308.8 308.9 4 Carbonate 0.37 435 55 439 0.03 0.59 0.54 0.46 n.d. n.d. n.d. 

Solanum-1 310.3 310.4 4 Carbonate 0.1 129 230 n.d. 0.08 0.61 0.56 0.45 n.d. n.d. n.d. 

Solanum-1 311.0 311.1 4 Carb/Mudst 0.96 480 36 441 0.02 0.59 0.48 0.46 0.24 n.d. n.d. 

Solanum-1 313.4 313.5 4 Carbonate 0.21 74 133 432 0.11 0.58 0.49 0.35 0.34 n.d. n.d. 

Solanum-1 315.6 315.6 4 Mudstone 3.58 763 9 438 0.02 0.59 0.53 0.58 0.21 n.d. n.d. 

Solanum-1 316.2 316.3 4 Carb/Mudst 0.58 244 99 437 0.02 0.60 0.51 0.46 n.d. n.d. n.d. 

Solanum-1 318.9 319.0 4 Carb/Mudst 1.32 377 22 437 0.01 0.58 0.43 0.47 0.28 0.53 n.d. 

Santalum-1A 449.7 449.8 4 Carbonate 0.39 131 144 431 0 n.d. n.d. n.d. n.d. n.d. n.d. 

Santalum-1A 459.3 459.4 4 Carbonate 0.42 8 89 420 0 n.d. n.d. n.d. n.d. n.d. n.d. 

Santalum-1A 466.6 466.7 4 Carbonate 0.26 38 183 425 0 0.55 0.28 0.35 0.53 0.60 n.d. 

Santalum-1A 470.8 470.9 4 Carbonate 0.16 20 275 421 0 0.53 0.45 0.41 n.d. n.d. n.d. 

Santalum-1A 474.6 474.7 4 Carbonate 0.11 148 198 n.d. 0.2 0.53 0.42 0.44 n.d. n.d. n.d. 

Santalum-1A 478.2 478.4 4 Carbonate 0.46 147 98 434 0.01 0.58 0.26 0.42 0.45 n.d. n.d. 

Santalum-1A 485.3 485.4 4 Carbonate 0.24 28 197 423 0 0.50 0.28 0.38 n.d. n.d. n.d. 

Santalum-1A 489.5 489.6 4 Carbonate 0.33 267 117 434 0.01 0.56 0.41 0.45 n.d. 0.55 n.d. 

Goldwyer-1 873.9 876.6 4 Mudstone 0.34 59 121 432 0.05 0.58 0.50 0.31 0.41 0.79 0.46 

Goldwyer-1 972.7 975.7 1+2 Mudstone 1.35 214 37 434 0.18 0.54 0.51 0.59 0.40 1.05 0.79 

Goldwyer-1 975.7 980.0 1+2 Mudstone 0.35 114 131 435 0.11 0.59 0.44 0.60 n.d. n.d. n.d. 
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Goldwyer-1 980.0 983.6 1+2 Mudstone 1.37 232 29 439 0.15 0.57 0.52 0.60 0.42 1.05 0.80 

Theia-1 1217.7 1217.7 4 Silty Mudst. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

Theia-1 1271.5 1271.5 4 Silty Mudst. 0.06 210 271 n.d. 0.04 n.d. n.d. n.d. n.d. n.d. n.d. 

Theia-1** 1276.1 1276.2 4 Silty Mudst. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

Theia-1** 1518.3 1518.3 1+2 Silty Mudst. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.48 n.d. n.d. 

Theia-1** 1523.6 1523.6 1+2 Silty Mudst. 1.92 153 30 438 0.33 n.d. n.d. n.d. 0.49 n.d. 1.05 

Theia-1** 1538.3 1538.3 1+2 Silty Mudst. 2.18 149 24 436 0.34 n.d. n.d. n.d. 0.52 1.29 1.13 

Theia-1** 1547.1 1547.1 1+2 Silty Mudst. 3.08 154 18 435 0.35 n.d. n.d. n.d. 0.53 1.30 1.05 

Theia-1 1552.7 1552.8 1+2 Silty Mudst. 3.15 214 11 441 0.27 n.d. n.d. n.d. 0.52 n.d. n.d. 

Theia-1** 1553.6 1553.6 1+2 Silty Mudst. 3.67 166 11 433 0.38 n.d. n.d. n.d. 0.56 1.28 1.17 

*analyses performed on cuttings 

**data courtesy of Finder Exploration Pty Ltd 

Tmax is not reported if the S2 is <0.2 mg/g 

n.d. = not determined, Mudst = mudstone 

PI = production index; RockEval S1/(S1+S2) 

C31H S/(S+R) = C31 homohopane 22S/(22S+22R) 

C29 ααα S/(S+R) = C29 5α,14α,17α sterane 20S/(20S+20R) 

Dia St/(dia+reg St) = ΣC27-C29 diasteranes / ΣC27-C29 diasteranes + ΣC27-C29 regular steranes 

MPI (methylphenanthrene index) = (3-MP+2-MP)/(3-MP+2-MP+9-MP+1-MP) 

Mean faunal reflect. = average of chitinozoan and graptolite maceral reflectance 

Mean bitumen reflect. =average of bitumen maceral reflectance 
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Table 2 

  
UNIT 4       UNITS  1+2   

  

Goldwyer-1 Theia-1 Santalum-1A Solanum-1 Goldwyer-1 Theia-1 Theia-1 

  

873.86-

876.61m 

1217.67-

1217.7m 

449.7-

489.6m* 

302.84-

319m* 

972.65-

975.66m 

1498.8-

1498.85m 

1552.7-

1552.75m 

ACRITARCHA Rhopaliophora spp. X X           

(spinose acritarchs) Michrystridium sp. X X           

  
Multiplicisphaeridium? sp.   X           

  

Striatotheca indistincta (Quintavalle 

and Playford (2006)) 
  X           

  

Dasydorus cirritus (Playford and 

Martin, 1984) 
  X           

  

Pirea sp. cf. P. ornata (Burmann 

(1970), Eisenack et al. (1976)) 
  X           

  

Sacculidium aduncum (Playford and 

Martin (1984) emend Ribecai et al. 

(2002)) 

  X           

PRASINOPHYCEAE  Leiosphaeridia sp.       X X X   

green algae                 

?CYANOPHYCEAE Gloeocapsomorpha prisca    X X** X(1)       

cyanobacteria Zalessky emend Foster et al. (1989)               

OTHER ORGANIC-

WALLED 

MICROFOSSILS 

(animal) 

                

chitinozoans    X X X X X X X 

scolecodonts   X X           

graptolite fragments   X         X X 

CRYPTOSPORES enclosed dyads   X           

Plant enclosed tetrads   X           

  naked ?trilete   X           

*Santalum-1A samples: 449.7–449.8 m, 459.3–459.4 m, 489.5–489.6 m, Solanum-1 samples: 302.84–303 m, 313.4–313.5 m, 311–311.12 m, 318.9–319 m 

**X: dominant >95% of assemblage, X(1): dominant in sample from 318.9–319 m 

ACCEPTED MANUSCRIPT



ACCEPTED M
ANUSCRIPT

 

 

54 

Table 3 

Well Upper 

Depth 

(m) 

Unit Pr/ 

Ph 

hopanes 

(C27-C35)/ 

steranes 

(C27-C29)  

GA 

index 

(Ga/C31H

22R)  

2MHI 

(%) 

3MHI 

(%) 

2MeH/

3MeH 

(C31-

C35) 

 

C35 

HHI 

DNH/ 

30H 

TNH/ 

(Ts+ 

Tm) 

DBT

/P 

C27 

St 

(%) 

C28 

St 

(%) 

C29 

St 

(%) 

C30 

St 

(%) 

C30 

MeSt 

(%) 

Solanum-1 280.04 4 0.6 12.5 0.01 7.8 7.7 1.13 0.02 0.06 0.01 n.d. 0.43 0.19 0.39 1.4 7.8 

Solanum-1 284.50 4 0.8 12.3 0.01 7.4 12.2 0.67 0.03 0.06 0.01 n.d. 0.39 0.19 0.41 1.0 9.5 

Solanum-1 291.60 4 0.5 3.5 0.07 10.3 7.0 1.73 0.05 0.13 0.03 0.13 0.40 0.23 0.37 2.6 9.8 

Solanum-1 296.40 4 0.6 2.6 0.09 11.7 7.2 1.98 0.07 0.15 0.04 0.11 0.38 0.25 0.37 2.7 10.6 

Solanum-1 302.84 4 0.3 3.1 0.06 8.8 9.6 1.01 0.05 0.14 0.03 0.07 0.43 0.23 0.34 2.3 9.5 

Solanum-1 304.73 4 0.7 4.9 0.08 6.5 5.2 1.27 n.d. 0.10 n.d. n.d. 0.40 0.27 0.34 0.0 0.0 

Solanum-1 308.79 4 0.5 5.6 0.03 5.9 9.5 0.60 0.02 0.08 0.01 0.06 0.49 0.17 0.34 0.0 7.3 

Solanum-1 310.30 4 0.6 6.6 0.04 7.5 5.8 1.32 0.02 0.08 n.d. n.d. 0.49 0.17 0.34 0.0 0.0 

Solanum-1 311.00 4 0.9 8.5 0.01 7.2 14.9 0.52 0.04 0.05 0.00 0.01 0.39 0.18 0.43 0.9 9.2 

Solanum-1 313.40 4 0.4 3.0 0.08 11.5 6.6 2.04 0.08 0.13 0.04 0.08 0.36 0.25 0.39 3.1 11.0 

Solanum-1 315.58 4 1.2 10.9 0.02 3.5 12.7 0.25 0.02 0.01 0.00 0.03 0.49 0.14 0.36 0.0 4.4 

Solanum-1 316.20 4 1.0 6.1 0.04 3.4 9.1 0.35 0.03 0.06 0.02 0.06 0.49 0.18 0.32 1.6 6.3 

Solanum-1 318.90 4 1.1 6.7 0.07 5.5 10.6 0.46 0.04 0.06 0.01 0.01 0.41 0.21 0.38 0.7 9.1 

Santalum-1A 449.73 4 1.8 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.02 n.d n.d n.d n.d n.d 

Santalum-1A 459.30 4 0.8 6.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d n.d n.d n.d n.d 

Santalum-1A 466.59 4 1.4 6.7 0.03 7.8 14.0 0.58 0.03 0.12 n.d. n.d. 0.33 0.21 0.46 0.0 0.0 

Santalum-1A 470.82 4 1.4 6.0 0.03 5.9 5.6 1.32 0.02 0.06 0.01 0.22 0.44 0.18 0.38 0.0 0.0 

Santalum-1A 474.60 4 1.6 5.7 0.03 4.8 9.2 0.66 0.03 0.06 0.01 0.07 0.47 0.21 0.31 0.0 0.0 

Santalum-1A 478.19 4 1.7 8.4 0.02 5.5 16.5 0.37 0.02 0.08 0.00 n.d. 0.38 0.19 0.44 0.0 5.3 

Santalum-1A 485.30 4 1.0 9.2 0.02 8.1 15.7 0.54 0.03 0.10 n.d. n.d. 0.30 0.18 0.52 0.0 0.0 

Santalum-1A 489.50 4 1.7 5.2 0.05 6.7 8.9 0.76 n.d. 0.05 0.01 0.06 0.48 0.20 0.32 0.0 0.0 

Goldwyer-1 873.86 4 1.8 1.8 0.09 5.1 2.5 1.95 0.03 0.18 0.03 0.03 0.50 0.27 0.22 0.9 4.3 

Goldwyer-1 972.65 1+2 0.6 2.0 0.33 7.0 2.7 8.04 0.07 0.07 0 0.03 0.35 0.18 0.47 0.0 8.6 
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Goldwyer-1 975.66 1+2 0.9 1.5 0.36 4.5 2.2 3.86 0.03 0.04 0 n.d. 0.31 0.14 0.54 0.0 0.0 

Goldwyer-1 979.97 1+2 1.0 1.5 0.73 6.7 4.6 7.08 0.07 0.13 0 0.03 0.36 0.18 0.46 0.0 9.5 

Theia-1 1217.7 4 1.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.10 n.d. n.d. n.d. n.d. n.d. 

Theia-1 1271.48 4 1.1 1.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.14 n.d. n.d. n.d. n.d. n.d. 

Theia-1** 1276.1 4 1.5 3.0 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.14 n.d. n.d. n.d. n.d. n.d. 

Theia-1** 1518.26 1+2 1.5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.08 n.d. n.d. n.d. n.d. n.d. 

Theia-1** 1523.56 1+2 1.1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.06 n.d. n.d. n.d. n.d. n.d. 

Theia-1** 1538.28 1+2 1.4 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.04 n.d. n.d. n.d. n.d. n.d. 

Theia-1** 1547.07 1+2 1.4 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.04 n.d. n.d. n.d. n.d. n.d. 

Theia-1 1552.70 1+2 1.4 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.06 n.d. n.d. n.d. n.d. n.d. 

Theia-1** 1553.59 1+2 1.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.04 n.d. n.d. n.d. n.d. n.d. 

**data courtesy of Finder Exploration Pty Ltd 

n.d. = not determined 

Pr/Ph = Pristane/Phytane 

Gammacerane index = Gammacerane/C31hopane 22R 

2MHI = 2α-methyl C30 hopane/(2α-methyl C30 hopane + C30 hopane) × 100 

3MHI = 3β-methyl C30 hopane/(3β-methyl C30 hopane + C30 hopane) × 100 

2MH/3MH = 2α-methylhopanes/3β-methylhopanes (C31 - C35) 

C35 homohopane index = C35 homohopanes (22S+R)/Σ(C31-C35 homohopanes (22S+R)) 

DNH/30H = 28,30-dinorhopane/C30 17α,21β(αβ) hopane 

TNH/(Ts+Tm) = 25,28,30-trisnorhopane/(18α22,29,30-trisnorhopane+17α22,29,30-trisnorhopane) 

DBT/P = dibenzothiophene/phenanthrene 

C27 St (%) = C30 steranes/ΣC27–C29 steranes × 100 

C28 St (%) = C30 steranes/ΣC27–C29 steranes × 100 

C29 St (%) = C30 steranes/ΣC27–C29 steranes × 100 

C30 St (%) = C30 steranes/ΣC27–C30 steranes × 100 

C30 MeSt (%) = abundance of selected methylated 24-ethylcholestanes (2α-, 3β-, 4α- and 4β-)/( ΣC27–C29 steranes + C30 methylsteranes) × 100 
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Table 4 

 

Well Upper 

Depth 

(m) 

Short-chain n-alkanes Long-chain n-alkanes 

 

C14 C15 C16 C18 C19 C20 C21 C22 C23 C24 C25 C26 C27 C28 C29 C30 C31 C32 

Santalum-1A 459.3    -27.1 -27.8 -27.7 -27.4 -28.2 -29.3  -31.1        

Santalum-1A 466.6  -28.8 -27.7 -28.3 -27.9 -27.6 -28.1 -28.4 -28.4 -29.4 -30.1 -29.9 -30.3 -30.5 -31.1  -32.1 -32.3 

Santalum-1A 470.8   -27.8  -27.7 -27.7 -28.1 -28.6 -29.2 -30.0 -30.7   -30.7 -31.0    

Santalum-1A 474.6 -29.2  -27.2  -27.8 -27.3   -30.5 -31.0 -31.8 -31.8 -31.5 -31.7  -31.6 -32.1 -32.5 

Santalum-1A 478.2 -28.2 -27.7 -27.1 -27.9 -29.4  -29.5 -30.7 -31.9 -31.5 -32.0 -31.2 -31.5  -32.0 -32.0 -31.7  

Santalum-1A 485.3  -28.8 -27.8 -27.4 -28.1 -28.4  -29.7  -30.9 -30.5  -30.6  -30.9  -31.4  

Solanum-1 280.0    -27.8 -28.5 -29.1  -29.0 -29.5          

Solanum-1 284.5    -29.4               

Solanum-1 291.6     -28.3 -27.9  -28.1           

Solanum-1 296.4   -28.6 -27.8 -28.4 -28.4 -27.6  -27.6   -27.6 -28.6      

Solanum-1 302.8    -28.5   -28.8 -28.7 -28.2 -29.7 -29.7        

Solanum-1 308.8    -27.3 -28.8    -28.8          

Solanum-1* 311.0 -31.6 -31.6 -30.0 -31.3 -30.1 -31.5 -30.5            

Solanum-1 313.4    -27.9  -28.5     -28.9   -28.3     

Solanum-1* 315.6 -31.9 -31.6 -30.3  -31.4              

Solanum-1 316.2  -30.4 -30.3  -30.2 -29.7             

Solanum-1* 318.9 -31.3 -31.4 -31.0 -30.2 -31.3 -30.0 -30.4            

Goldwyer-1 873.9  -29.1 -28.5 -28.4 -29.0 -29.2   -30.0          

Goldwyer-1 972.7 -31.9 -32.2 -31.7 -31.7 -32.1 -33.0 -33.5 -32.7 -33.8  -32.6        

Goldwyer-1 980.0 -32.2 -32.3 -31.4   -32.4 -32.6  -32.2 -32.4 -32.7 -32.3  -32.4     

Theia 1 1557.2 -32.0  -32.5  -31.1 -31.9 -31.9  -33.0 -33.7 -33.4        

*13C of n-C17 could be measured due to extremely low abundance of pristane, data is shown in figure 12. In all other samples n-C17 co-eluted 

with pristane  
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Table 5 

 

Molecular signature Identified in 
Biological & environmental 

interpretation 

Further info & 

references 

OEP n-C15 to n-C19 Solanum-1 (311m, 

316–319m), Theia-1 

(1271.5m) 

G. prisca, marine organism of 

uncertain affinity 

Hoffmann et al. 

(1987), Blokker et 

al. (2001) 

Mid to long chain 

(C23–C32) n-alkanes 

Santalum-1A plant inputs (bryophytes or aquatic 

macrophytes) 

Ficken et al. (2000) 

C30-hopanes, 

homohopanes 

all samples, at varying 

abundances 

diagnostic for the domain Bacteria Brocks and 

Summons (2014) 

2α-methylhopanes all samples, at varying 

abundances 

generally diagnostic for 

cyanobacteria in Phanerozoic 

marine deposits 

Summons et al. 

(1999), Ricci et al. 

(2014, 2015) 

3β-methylhopanes all samples, at varying 

abundances 

diagnostic for certain 

methylotrophs, methanotrophs and 

acetic acid bacteria 

Summons and 

Jahnke (1990), 

Welander and 

Summons (2012) 

Gammacerane all samples, higher 

abundance in 

Goldwyer-1 (973–
984m) 

water column stratification Sinninghe Damsté 

et al. (1995) 

C27–C29 steranes all samples, at varying 

abundances 

primarily diagnostic for eukaryotes 

in marine deposits 

Brocks and 

Summons, 2014 

24-n-propylcholestane 

(C30) 

Solanum-1, Goldwyer-1 

(874–876m) 

Pelagophyte algae, a biomarker for 

marine conditions 

Moldowan et al. 

(1990) 

Dinosterane 

(4α,23,24-

trimethylcholestane) 

Solanum-1, Goldwyer-1 A biomarker for acritarchs 

(dinoflagellate biomarker in post 

Triassic sediments) 

Fensome et al. 

(1996), Moldowan 

and Talyzina 

(1998), Talyzina et 

al. (2000), Arouri et 

al. (2000) 

4α-methyl-24-

ethylcholestanes 

Solanum-1, Goldwyer-1 A biomarker for acritarchs 

(dinoflagellate biomarker in post 

Triassic sediments) 

OEP long-chain 

alkylnaphthalenes 

(C21, C23) 

Solanum-1 (280–
319m), Santalum-1A 

(449.7m) 

G. prisca, marine organism of 

uncertain affinity 

Fowler et al. (2004)  

Benzonaphthofurans Theia-1 (1217.6m) ? plant-derived Li and Ellis (2015) 

Isorenieratane, 

Palaerenieratane 
Solanum-1 (316.2–
316.3m), Theia-1 

(1552.7–1552.75m) 

Green sulphur bacteria, photic 

zone euxinia 

Brocks and 

Summons (2014) 

Isotopic signature 

   13C depleted n-C17 and 

n-C19 (–31.4‰) 

compared to n-C16 and 

n-C18 (–30.0‰) 

Solanum-1 (311m, 

316–319m) 

G. prisca utilised a 13C depleted 

carbon source (possibly from 

methanotrophs) 

 

13C depleted n-C23–32 

relative to n-C16–19 

Santalum-1A isotopic discrepancy greater than 

in other samples, mid-chain n-

alkanes attributed to a (land) plant 

input 
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Table 6 

 

Well Upper 

Depth (m) 

Unit δ13C (n-

C16-19) 
δ13C (n-

C23-32) 
Δ 

Santalum-1A 459.3 4 –27.5 –30.2 2.8 

Santalum-1A 466.6 4 –27.9 –30.2 2.3 

Santalum-1A 470.8 4 –27.7 –30.3 2.6 

Santalum-1A 474.6 4 –27.5 –31.5 4.0 

Santalum-1A 478.2 4 –28.2 –31.7 3.6 

Santalum-1A 485.3 4 –27.8 –30.9 3.1 

Solanum-1 280.0 4 –28.2 –29.5 1.3 

Solanum-1 291.6 4 –28.3   

Solanum-1 296.4 4 –28.3 –27.9 –0.3 

Solanum-1 302.8 4 –28.5 –29.2 0.7 

Solanum-1 308.8 4 –28.1 –28.8 0.7 

Solanum-1 313.4 4 –27.9 –28.6 0.7 

Solanum-1 311.0 4 –30.5  NA* 

Solanum-1 315.6 4 –30.8  NA* 

Solanum-1 316.2 4 –30.2  NA* 

Solanum-1 318.9 4 –30.8  NA* 

Goldwyer-1 873.9 4 –28.6 –30.0 1.3 

Goldwyer-1 972.7 1+2 –31.8 –33.2 1.4 

Goldwyer-1 980.0 1+2 –31.4 –32.4 0.9 

Theia-1 1557.2 1+2 –31.8 –33.3 1.5 

NA = not applicable, these samples display a strong G. prisca n-alkane signature (Fig. 4a) 
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Figures 

Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 

 

Figure 8 
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Figure 9 
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Figure 10 
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Figure 11 
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Figure 12 
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Figure 13 
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Highlights 

 Oldest cryptospores in Australia reported in the Mid-Ordovician Goldwyer 

Formation. 

 Biomarker assemblages corroborate a marine environment with land-plant input. 

 Changes in microbial communities follow redox conditions. 

 Enhanced methane cycling and abundant methanotrophic activity. 
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