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The potential of C20 tricyclic and tetracyclic diterpane distributions in oils (and by extension, rock extracts) to aid the interpretation of sources of organic matter and depositional environments—spanning carbonate, marl, freshwater and saline lacustrine, normal marine and transitional—from Neoproterozoic to Neogene, is investigated using GC-MS and GC-MS-MS analysis of a range of oils of known origin. Contributions from gymnosperms are readily distinguished by abundant characteristic tricyclics and/or tetracyclics [e.g., 5β(H)-rimuane, 5β(H)-rosane, isopimarane and phyllocladanes]. Even at low levels, phyllocladane appears a reliable indicator of Carboniferous or younger source. A fairly uniform, limited range of diterpanes at relatively low abundance is observed in oils from other sources, with the 13β(H),14α(H)-cheilanthane often being the most abundant C20 diterpane associated with carbonates and marls. Other tricyclics include the previously proposed 8β-methyl-13α-ethylpodocarpane and a series of unidentified compounds, mostly sharing mass spectra with abundant fragment ions at m/z 123, 163 and 191, together with methyl (m/z 261), but not ethyl, loss from the molecular ion. This limited range of tricyclics suggests a common group of source organisms (probably bacterial) and or diagenetic transformation resulting in a few thermodynamically stable products. It may explain why pimarane is at most a trace component, despite pimaroids being widely occurring natural products. Where gymnosperms have made little contribution, C20 tetracyclic diterpanes are typically sparse and comprise beyerane, atisanes and possibly also 16α(H)-kaurane (which co-elutes with the first of the pair of atisane isomers), with beyerane usually the most abundant in terms of m/z 276→123 response. These compounds are not detected in oils from Neoproterozoic and Cambrian carbonates, but analysis of more samples is required to confirm this trend. Despite some caveats, diterpane distributions can provide useful information related to age and depositional environment as well as providing a tool for oil-oil correlation.
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1 INTRODUCTION
The terpenoid family is the largest group of natural products and there is considerable interest in it from the perspective of pharmacological applications. The most prolific producers are plants, fungi and marine invertebrates (Fischer et al., 2015; Reveglia et al., 2018; Karunanithi and Zerbe, 2019). In comparison, the bacterial terpenome is relatively small, but biochemical and genomic studies suggest that terpenoid biosynthesis among bacteria is widespread (Cane and Ikeda, 2012; Yamada et al., 2015; Dickschat, 2019; Rudolf et al., 2021). Our knowledge of bacterial terpene generation is growing rapidly, but establishing whether the relevant genes in specific bacteria are expressed is hampered by how successfully the microbes can be cultured. Active diterpene synthases have been identified in Actinomycetes, Streptomycetes, Nocardia and Rhizobium, where they are associated with organic matter degradation in soil, and they have also been found in the non-sulphur bacteria Chloroflexus and Rhodospirillum (Smanski et al., 2012).
Diterpenes have a variety of functions in plants, including growth regulation (Hanson, 1990), and signaling and protection against microbial or herbivore attack (Hammerbacher et al., 2019; Hunziker et al., 2021). Despite the ubiquity of diterpenes in plants, little is known about how their transport and focussing are controlled. In a recent molecular simulation study (Raza et al., 2023), it was found that model diterpenes permeated freely through plant membranes, so transport proteins may not be needed, as they are for other small molecules (Grotewold, 2004; Tomkins et al., 2021). In addition, permeability was greater for modelled membrane compositions of plants compared to those of animals, suggesting that plant membranes have adapted to facilitate low-energy transport processes for signaling molecules (Raza et al., 2023). Such passive transport across cell membranes is not without precedent in plants, having been recognized for lignin components (Vermass et al., 2019).
Abundant tricyclic and tetracyclic diterpanes in bitumen and oil are usually associated with woody gymnosperm contributions, and particularly conifer resinites (e.g., Noble et al., 1985a; Noble et al., 1985b; Noble et al., 1986; Simoneit et al., 1986; Weston et al., 1989; Philp, 1994; Killops et al., 1995; Keeling and Bohlmann, 2006). The most reliable of such gymnosperm indicators are thought to be the tetracyclanes beyerane (Bey), phyllocladane (Phyl) and kaurane (Kau), the structures of which are shown in Figure 1A. The precursors of these hydrocarbons are formed via the action of various cyclase enzymes on geranylgeranyl diphosphate (GGPP; e.g., Bohlmann et al., 1998), and the corresponding alkenes occur widely among the gymnosperms (Otto and Wilde, 2001), the first reliable fossil records of which date to the Pennsylvanian (Gymnosperm Database, 2023). However, abundant beyerane, phyllocladane and kaurane have been observed in Early Carboniferous coals, which points to an earlier origin for these compounds, possibly from pteridophytes (Disnar and Harouna, 1994) or progymnosperms. Whereas phyllocladane appears limited to Carboniferous and younger deposits, kaurane and beyerane have been reported in some rare, cuticle-rich, Devonian coals from China (Sheng et al., 1992; Song et al., 2017).
[image: Figure 1]FIGURE 1 | (A) C20 tricyclic and tetracyclic diterpanes identified in oils. IUPAC nomenclature adopted; note C-numbering schemes in red depend upon whether cheilanthane (C25) or isoagathane (C20) is adopted as parent compound. Rosane and rimuane have 5α(H) stereochemistry (e.g., Herz and Mirrington, 1965), but geochemically stable isomers are believed to be 5β(H), conferring a trans A-B junction (Zinniker, 2005). B = basic skeletal form produced by bacteria. (B) Some possible structures for unidentified tricyclic diterpanes (B = known from bacteria). (C) Origin of major fragment ions from isoagathane (N), 8β-methyl-13α-ethylpodocarpane (J) and possible structure for L. Ions in red more abundant than blue.
Fungi are known to produce tetracyclic diterpenoids of the kaurane, phyllocladane and aphidicolane skeletal families (Quin et al., 2014), and a modified biosynthetic route to kaurene has been recognized in the symbiotic nitrogen-fixing Bradyrhizobium japonicum (Morrone et al., 2009). Both kaurene and atiserene (i.e., the unsaturated form of atisane; Figure 1A) have been observed among terpenoids from the soil bacterium Streptomyces platensis (Smanski et al., 2011 and refs therein). Kaurene is a key intermediate in the pathway to gibberellins, compounds important in reproduction and growth in fungi and bacteria, as well as in plants (Salazar-Cerezo et al., 2018; Dickschat, 2019; Hedden, 2020). Kaurene can be converted by oxidative metabolism into beyerene and atiserenes, but not phyllocladene, which is synthesised by plants in a different pathway from GGPP, via copalyl diphosphate (MacMillan and Beale, 1999). Interconversion of kaurene, beyerene, atiserene and cyclo-seco-atiserenes can occur as a result of clay/acid-catalyzed rearrangement during diagenesis (Zinniker, 2005; Hong and Tantillo, 2010; Hanson, 2018).
Among gymnosperm derived tricyclic diterpanes, 5β(H)-rimuane, 5β(H)-rosane and isopimarane (Rim, Ros and iPim, respectively, Figure 1A), or combinations of them, can be abundant, but they have also been reported in oils from pre-Silurian marine sources (Peters et al., 2005), indicating that microbial origins are possible. 5β(H)-Rosane [or its enantiomer, 8β(H),9α(Me),10β(H)-rimuane] has been identified in sediments from lake Sokorte Dika (Kenya) and suggested to be of algal origin, based on its C isotopic composition (Huang et al., 1997). The abietane (Ab, Figure 1A) skeleton is common among, but not restricted to, coniferous diterpanes. Terrestrial and marine fungi are known to produce pimaroids (Sun et al., 2012; Quin et al., 2014; Reveglia et al., 2018), but differentiating fungal contributions from those of the terrestrial plants with which they are associated is likely to be problematical.
Isoagathenediol has been identified in Rhodospirillum rubrum (Chuck and Barrow, 1995); it is a potential precursor of isoagathane, which is the equivalent of the C20 member of the 13β(H),14α(H)-cheilanthanes (Figure 1A). Although the cheilanthanes are not strictly diterpanes, the C20 member fits the general definition of one. These compounds are ubiquitous in petroleum and often dominate hydrocarbons extracted from tasmanites (e.g., Australian Permian samples; Simoneit et al., 1990). In a detailed GC-MS analysis of the bitumen extracted from Latrobe tasmanites (Late Carboniferous-Early Permian, Tasmania), a range of tricyclic diterpanes was observed, with mass spectra being obtained on the 10 most abundant C20 compounds (Greenwood and George, 1999). Other than the C20 member (16,17,18,19,20-pentanor-13β(H),14α(H)-cheilanthane; 20C, Figure 1A), cheilanthanes were not identified, but one of the other diterpanes appears to be 8β-methyl-13α-ethylpodocarpane (based on its relative retention time and mass spectrum; Figure 1A for structure). The latter compound was one of a major proposed series of 8β-methyl-13α-n-alkylpodocarpanes, in addition to 13β(H),14α(H)-cheilanthanes, observed in a Precambrian fossil oil from North China (Wang and Simoneit, 1995). It was initially thought that the cheilanthanes in tasmanites were biosynthesized by the prasinophyte alga Tasmanites, the presence of which in the sedimentary record dates back to the Precambrian (Dutta et al., 2006). Indeed, laser micropyrolysis-GC-MS of Tasmanites microfossils in Latrobe shales has been found to yield cheilanthanes (Greenwood et al., 2000). However, pyrolytic analysis of isolated, Silurian-Devonian, prasinophyte fossils from Turkey has shown that cheilanthanes are not always produced by Tasmanites, but they can be found in another prasinophyte genus, Leiosphaeridia (Dutta et al., 2006). Cheilanthanes cannot be formed from squalene because its constituent farnesyl units are linked tail-to-tail. The most likely precursor of the common C19–C30 series is all-trans hexaprenol diphosphate (Renoux and Rohmer, 1986; Ribeiro et al., 2007); it is common in bacteria but related tricyclic triterpenes have yet to be identified in organisms (Tao et al., 2022). So the chemotaxonomy of cheilanthanes remains ambiguous, although extant sources of likely precursors are being sought (Liyanage, 2023).
A variety of tricyclic structures has been identified among bacterial diterpenoids, with ring sizes ranging from four to 9 C atoms (Rudolf et al., 2021 and references therein), but among the most stable thermodynamically are likely to be those based on the perhydrophenanthrene skeleton. Pimarane/isopimarane and isoagathane structures (Figure 1A) have been reported (e.g., Smanski et al., 2012 and references therein) and some others are shown in Figure 1B. Cyanobacterial diterpenoids discovered to date include abietenes in Microcoleous lacustris, noscomin in Nostoc commune (the ‘noscomane’ skeleton of which is shown in Figure 1B) and tolypodiol (potentially another source of isoagathane) in Tolypothrix nodosa (Pattanaik and Lindberg, 2015 and references therein). Tricyclic diterpenes, like tetracyclics, can undergo acid-catalyzed rearrangement, such as the interconversion of C-1 methyl configuration in the rimuadiene-isopimaradiene and rosadiene-pimaradiene isomeric pairs (Zinniker, 2005).
From the above synopsis, it can be concluded that tri- and tetracyclic diterpanes can potentially be found in a variety of depositional settings and derive from diverse sources, but usually in relatively minor abundance when not associated with dominantly gymnosperm contributions. The potential for clay/acid-catalyzed rearrangement and interconversion of cyclic diterpene skeletons during diagenesis must also be recognized, mirroring those of carbocations during biosynthesis (Peters, 2010). This article examines what information about source/environment can be obtained from the distribution of tricyclic and tetracyclic diterpanes when higher plants are not the main contributors. The study expands and elaborates upon on work presented at IMOG 2017 (Killops et al., 2017), which used GC-MS-MS to determine the distributions of C20 tricyclic and tetracyclic diterpanes in oils from source rocks of known age and depositional environment.
2 SAMPLES AND METHODS
2.1 Samples
Samples, listed in Table 1, comprise 56 oils from sources of varying age, from Neoproterozoic to Neogene, and from a range of depositional environments, spanning carbonate/evaporitic, normal marine, lacustrine (freshwater and hypersaline) and swamp/mire/deltaic settings. Confidence in oil-source correlation is high, ranked from 1 for well-understood petroleum systems in Table 1, through 2 where multiple biomarker parameters and characteristics are consistent with a specific age, to 3 where there is general compatibility backed up by a few specific parameters. Oil window maturity ranges of the study sample suite are assessed by multiple parameters as early (∼0.5–0.7% vitrinite reflectance), peak (∼0.7–0.9% VR) and late (∼0.9–1.1%).
TABLE 1 | Study samples and associated ages and depositional environments of their source rocks. Confidence of oil-source correlation (Correl.): 1 = well established petroleum system; 2 = based on combination of molecular characteristics and known potential source units; 3 = based on key biomarker parameters. Oil window maturity ranges (Mat.) estimated from combinations of molecular parameters: E = early (∼0.5–0.7% VR); peak (∼0.7–0.9% VR); late (∼0.9–1.1% VR). References (Ref.): 1) Perkins et al., 2023; 2) Słowakiewicz et al., 2020; 3) Abbassi et al., 2016; 4) Killops, 1996; 5) Killops et al., 1994; 6) Justwan et al., 2006; 7) Al Ghammari et al., 2021; 8) Hoshino et al., 2017; 9) Fowler et al., 1986; 10) Rullkötter et al., 1986; 11) Reed et al., 1986; 12) Creaney and Allan, 1990; 13) Killops et al., 2014; 14) Grassmann et al., 2005; 15) Underhill and Stonely, 1988; 16) England, 2009; 17) Scott et al., 2021; 18) Chung et al., 1992; 19) Riediger et al., 1997; 20) Véron, 2005; 21) Yang and Schulz, 2019; 22) Wavrek et al., 1998; 23) Eichentopf et al., 2017; 24) Curiale et al., 1985; 25) Podruski et al., 1988; 26) Clegg et al., 1997; 27) Biteau et al., 2006.
[image: Table 1]2.2 Methods
Solutions of each oil in small amounts of dichloromethane were treated by addition of freshly activated Cu blades to remove elemental S, and then asphaltenes were precipitated by addition of excess pentane (∼40x). Subsequent fractionation was achieved by medium pressure liquid chromatography (MPLC; after Radke et al., 1980), using a silica gel 100 (63–200 μm; Merck) pre-column (previously activated at 600°C for 2 h) and LiChroprep® Si 60 (40–63 μm; Merck) main column (previously activated at 120°C for 2 h under helium flow). Approximately 30 mg of maltenes, diluted to 1 mL in n-hexane, was injected, yielding an aliphatic fraction upon elution with n-hexane and an aromatic fraction by back-flushing the main column with n-hexane. Fractions were concentrated to ∼1 mL using an automated evaporation system (Turbovap®). N-alkanes were removed from aliphatic fractions (∼50 mg in ∼7 mL toluene) by addition of 5 Å molecular sieve (∼2 g, previously activated by heating at 450°C for 16 h) and refluxing (∼20 min), followed by cold rinsing (∼40 min), under nitrogen, using a Soxtec™ instrument.
Gas chromatography-mass spectrometry-mass spectrometry (GC-MS-MS) of branched/cyclic aliphatic hydrocarbon fractions employed a TSQ™9000 (Thermo Scientific™) quadrupole instrument, with Ar collision gas at an energy of 15 eV, monitoring molecular ion to m/z 123 and other major fragment ion transitions for C20 tricyclic and tetracyclic diterpanes. A 60 m CP-Sil 5 CB-MS column with an i.d. of 0.25 mm and a film thickness 0.25 μm was used with a temperature programme of 50°C (1 min isothermal) to 115°C at 20°C/min and then at 2°C/min to 325°C (20 min isothermal). The same instrument, column and temperature programme were used for full mass range (m/z 50–300) analyses to obtain mass spectra of previously unidentified diterpanes and for general screening of biomarkers in selected ion recording (SIR) mode. Well-known gymnosperm-derived diterpanes were identified by comparison of relative retention times and characteristic fragment ion responses with reported data (e.g., Noble et al., 1986; Weston et al., 1989; Zinniker, 2005).
2.3 Diterpane nomenclature
There is potential for confusion of structures and the position of methyl groups, not least because C-numbering schemes differ depending upon the basic structure adopted for nomenclature (as shown for isoagathane, podocarpane and cheilanthane in Figure 1A). Diterpane stereochemistries in Figure 1A conform to IUPAC recommendations (IUPAC, 2022). The most stable (least strained) configuration at a ring junction is where the H atom or methyl group on the pair of bridging C atoms are on opposite sides of the bond with respect to the rings (i.e., trans). The IUPAC structure for rosane involves H and methyl on the same side of the A-B ring junction (cis), in a 5α(H),10α(H) configuration. The more stable 5β(H),10α(H) arrangement is present in geological samples [5β(H)-rosane], as shown in Figure 1A. Its enantiomer, in which the configuration at every chiral centre is inverted (C-5, C-8, C-9, C-10, and C-13), can be called 8β(H),9α(Me),10β(H)-rimuane. Huang et al. (1997) could not distinguish between this pair of enantiomers because they share identical chemical properties and cannot be resolved on achiral GC stationary phases. Enantiomeric pairs are not shown in Figure 1A but are likely to be present in geological samples.
3 RESULTS AND DISCUSSION
The distributions of C20 tricyclic and tetracyclic diterpanes in oils from source rocks of varying age and depositional setting are shown in the partial m/z 276→123 and m/z 274→123 chromatograms in Figures 2–4.
[image: Figure 2]FIGURE 2 | C20 tricyclic (m/z 276→123; red) and tetracyclic (m/z 274→123; blue) diterpane distributions in oils from source rocks deposited in terrestrial/deltaic environments. Signal intensities are normalized to highest peak in each pair of transitions. See Table 2 for key to compound abbreviations.
[image: Figure 3]FIGURE 3 | C20 tricyclic (m/z 276→123; red) and tetracyclic (m/z 274→123; blue) diterpane distributions in oils from marine shales. Signal intensities are normalized to highest peak in each pair of transitions. See Table 2 for key to compound abbreviations.
[image: Figure 4]FIGURE 4 | C20 tricyclic (m/z 276→123; red) and tetracyclic (m/z 274→123; blue) diterpane distributions in oils from marine carbonates/marls. Signal intensities are normalized to highest peak in each pair of transitions. See Table 2 for key to compound abbreviations.
TABLE 2 | Key to compound abbreviations.
[image: Table 2]3.1 Maturity and other influences
There is no obvious impact of maturity differences on diterpane distributions for the small numbers of oils that correspond to early or late oil window, upon comparison with the bulk of peak generation maturity. Most biomarkers are generated in the early to peak maturity range (∼0.6–0.9% vitrinite reflectance; Wilhelms and Larter, 2004) and accumulations represent the sum of charges over a range of source-rock maturity, so the observed maturity represents a mean weighted in favour of the highest generation rate of the compounds used in molecular maturity determination. Hence most study samples fall into the peak oil window range. An advantage of using oils is that they better represent the average composition of a source rock than individual rock extracts, particularly for coaly units (Killops et al., 1995, 2008).
3.2 C20 tricyclic diterpanes
3.2.1 Gymnosperm-related distributions
The distributions of C20 tricyclic diterpanes in oils from source rocks of varying age and depositional setting are shown in partial m/z 276→123 chromatograms in Figures 2–4. Traditional indicators of gymnosperm contributions—5β(H)-rimuane, 5β(H)-rosane and isopimarane—are only abundant in oils originating from coals and some of the deltaic and lacustrine shales (m/z 276→123 chromatograms in Figure 2). The relative abundance of individual diterpanes can vary significantly, depending upon the major families of contributing gymnosperms (Killops et al., 1995; Otto and Wilde, 2001; Diefendorf et al., 2019), as demonstrated by the dominance of either the tetracyclic 16β(H)-phyllocladane (βPhyl) or the tricyclic isopimarane (iPim) in the coal-sourced oils in Figure 2. The variability in abundance of gymnosperm markers in oils associated with deltaic and lacustrine sources in Figure 2 is most likely controlled by transport of plant debris to the depositional site and its subsequent degree of preservation.
Abietane (Ab) appears to be present at low levels in the coal-sourced oils and is seemingly the main component in the corresponding small peaks in other samples, based on multiple GC-MS-MS transitions for eight oils of varying source age and environment (7, 8, 17, 18, 20, 35, 44, and 51; Table 1), which were selected to test the accuracy of peak identifications based on m/z 276→123 responses. The presence of abundant 5β(H)-rimuane, 5β(H)-rosane and isopimarane in the pair of Late Cretaceous coal sourced oils (7 and 8) was confirmed. Under the conditions employed, the m/z 276→247 response factors relative to m/z 276→123 were ∼100% for 5β(H)-rimuane and 5β(H)-rosane, but ∼60% for isopimarane. These response factors indicate that small amounts of all three diterpanes are present in NSO-1 (oil 35, Figure 5). The oil from a Paleogene deltaic shale (17, Figure 5) contains a significant amount of 5β(H)-rosane, but only traces of 5β(H)-rimuane and isopimarane. It has a m/z 276→123 peak corresponding to iPim that is larger than expected from the m/z 276→247 response (Figure 5), suggesting a co-eluant is present. Small peaks at the relative retention times of the three diterpanes can be observed in the m/z 276→123 mass chromatograms of the Neoproterozoic-Cambrian (18 and 44) and Ordovician oils (20 and 51) in Figure 5, but there is no corresponding m/z 276→247 signal, suggesting that other compounds are responsible. Consequently, there is no evidence of the presence of 5β(H)-rimuane, 5β(H)-rosane or isopimarane among the study oils from sources older than Devonian.
[image: Figure 5]FIGURE 5 | Identification of 5β(H)-rimuane, 5β(H)-rosane and isopimarane using response factors from the combination of m/z 276→247 and 276→123 transitions. Small peaks (●) in m/z 276→123 chromatograms of Paleozoic oils (20 and 51) do not appear to have any contribution from these traditional gymnosperm markers. A peak (○) in the m/z 276→123 chromatogram of the Paleogene deltaic sample (17) is only partially accounted for by isopimarane.
A small signal at the retention time of 5β(H)-rosane in oil sample 2 (Figure 2), even if genuine, could derive from the Mid Jurassic marine shale source component rather than the Devonian lacustrine. Similarly small signals are recorded for Late Devonian oil 24 and Late Devonian-Early Carboniferous oil 26, both related to marine shales (Figure 3), and also for Late Carboniferous oil 13 originating from deltaic shale (Figure 2) may be attributable to 5β(H)-rosane, but on its own it cannot be considered conclusive, given the potential origin from rearrangement of pimaroids (Otto and Wilde, 2001). However, dominance of 5β(H)-rosane among gymnosperm-derived diterpanes in oils is not unknown, as evinced by some oils and associated coals within Paleocene-Eocene strata in the Assam Basin, E. India (Rudra et al., 2017). Whether it is characteristic of Devonian coal-forming flora remains to be established.
3.2.2 Non-gymnosperm distributions
Oils from marine shales, carbonates and marls of all ages contain much lower abundances of a fairly uniform range of mostly unidentified tricyclic diterpanes in m/z 276→123 chromatograms (G–M, X and Y) than those associated with coals, with limited occurrences of gymnosperm indicators as minor components (Figures 3, 4). These oils mostly exhibit a dominance of tricyclics over tetracyclics; the latter can be below the detection threshold. The C20 13β(H),14α(H)-cheilanthane (20C) is often relatively abundant, particularly so in the carbonate/marl oils. This is not surprising, because cheilanthanes in general are known to be abundant in high salinity environments, such as hypersaline lacustrine and marine carbonate/evaporite settings (de Grande et al., 1993). There is potential for a contribution of 20C from bacterial isoagathene-containing diterpenoids, additional to that from the source(s) of the wider cheilanthane series. This may account for the variation in the relative abundance of 20C among the tricyclic diterpanes in oils from marine shales (Figure 3) as well as enrichment in oils from evaporitic sources (Figure 4).
Peaks H, J, M and 20C are usually the most abundant in Figures 3, 4, suggesting that the diterpanes either derive from the same widespread group of organisms, among which bacteria are obvious candidates, or represent the most stable products of diagenetic alteration of what may be a wide range of diterpene precursors from an equally wide range of organisms. Mass spectra of the previously unidentified tricyclics and possible structural inferences are discussed in Section 3.2.3. Among tricyclics known to synthesized by bacteria are cassane, cleisthantane and noscomane (Figure 1B), but neither their mass spectra nor their GC relative retention times appear to have been reported.
Peak H approximately corresponds to the relative retention time of pimarane (Pim), as reported by Zinniker (2005) but its mass spectrum (Figure 6) lacks the characteristic m/z 247 fragment ion. Minimal m/z 276→247 responses indicate that pimarane is no more than a trace component in any of the eight samples subjected to detailed GC-MS-MS analysis (Figure 7A), including the coal-associated oils. So, despite the ubiquity of pimaroid-type skeletons among known microbial diterpenes, pimarane seems not to be a diagenetic product in most sedimentary environments. Zinniker (2005) observed only very low relative abundance of the compound from the m/z 276→247 transition for a Beaufort Sea, coal-sourced oil, but higher relative abundance in the Merced Formation and oil from the San Joaquin Valley (North California). Another rare report of relatively abundant pimarane (again from the m/z 276→247 transition) is in a Late Permian Mongolian coal (Peters et al., 2005). Pimarane gives the lowest response factor for the m/z 276→247 transition of 5β(H)-rimuane, pimarane, 5β(H)-rosane and isopimarane (Zinniker, 2005), but m/z 123 responses from traditional selected ion recording GC-MS analysis are fairly similar for these four diterpanes. Small peaks in the relative retention window of H/pimarane can be observed in such m/z 123 mass chromatograms of coaly samples in the literature, often slightly broader than expected for a single compound, as observed in this study. An example is provided by an Early Eocene, NE Indian coal (Figure 9 of Chattopadhyay and Dutta, 2014). This may be caused by closely eluting peaks H* and H we observe in oils from coaly sources (Section 3.2.3).
[image: Figure 6]FIGURE 6 | Mass spectra of compounds labelled G–N in m/z 276→123 chromatograms, as obtained from Neoproterozoic marine shale sourced oil (sample 19; Figure 8).
[image: Figure 7]FIGURE 7 | (A) Selected GC-MS-MS transition intensities for co-eluants in peak H in Gippsland (8), NSO-1 (35) and Huqf (18) oils. (B) Intensities of m/z 276 to selected product ions relative to m/z 276→123 intensity for peak H in oils of varying age and depositional environment, showing apparent effect of varying gymnosperm contribution.
Among possible diagenetic transformations of diterpane precursors which may explain the virtual absence of pimarane is acid-catalyzed rearrangement (Hall and Oehlschlager, 1972; Zinniker, 2005). Cyclization of pimarene via carbocation rearrangement to yield tetracyclics such as beyerene is a known biosynthetic pathway (e.g., scheme 10 of Peters, 2010), which might have an equivalent among potential diagenetic modifications.
A factor possibly impacting the range and abundance of C20 tricyclic diterpanes observed in oils and rock extracts is competition between aromatization and reduction of precursors. Anoxia tends to favour reduction to diterpanes, whereas oxidizing conditions generally leads to aromatization via oxidation and decarboxylation/dehydration (Diefendorf et al., 2014 and references therein). Determining the extent to which varying degrees of aromatization may affect diterpane distributions in oils is problematic, because specificity tends to be lost with methyl group elimination during aromatization. Solvent extract studies of the Zeit Formation (Eocene, Saxony) have provided evidence for the preferential diagenetic formation of diterpanes in conifer fossils, whereas aromatic species dominate the host sediment (Otto and Simoneit, 2001). Our results are consistent with this model in that diterpanes are most abundant where coaly sources, rich in preserved gymnosperm macerals, are involved.
There is no clear evidence that alteration of triterpenoids is a source of the ubiquitous unidentified tricyclics. The similar distributions in the relatively immature Latrobe tasmanite analysed by Greenwood and George (1999) to those in the diverse oils in our study suggests the absence of significant rupture of ring systems of alkyl side-chains during catagenesis. Although hopanoid origins would satisfy the requirement for widespread occurrence of precursors, these compounds preferentially undergo cleavage of the C ring at the 8(14) C-C bond, and ultimately tending to yield the dicyclic members of the drimane family (Schmitter et al., 1982; Alexander et al., 1984; Wang et al., 1990). Any A,B,C-ring fragment that might be formed would likely share the basic isoagathane/cheilanthane structure.
3.2.3 Characterization of unidentified non-gymnosperm components
To help facilitate the attribution of biological sources to previously unidentified diterpanes, full mass range GC-MS analysis of oil sample 19 (Table 1) was performed; this oil having one of the highest relative abundances of these compounds among the study samples. It should lack any contribution from gymnosperm-derived diterpanes, because it is believed to originate from an Ediacaran anoxic marine shale, based on biomarker characteristics such as: C29/(C27–C29) steranes 0.90; Pr/Ph 0.99; 28,30-dinorhopane/17α-hopane 0.91; DBT/P 0.09; 24-iso-propyl/24-n-propyl cholestanes 0.96; A-ring methylated steranes dominated by 3-methyl isomers; and lack of detectable dinosteroids (aliphatic and triaromatic). A comparison of the total ion current (TIC) and m/z 276 and 123 chromatograms from this analysis with the corresponding GC-MS-MS m/z 276→123 chromatogram is shown in Figure 8. Mass spectra for compounds G–N are shown in Figure 6. These compounds exhibit effectively identical relative retention times and mass spectra to the C20 tricyclic diterpanes reported in Latrobe tasmanite by Greenwood and George (1999), whose labelling system is used here to aid comparison. Peak N (as shown in Figure 8) corresponds to the C20 13β(H),14α(H)-cheilanthane (20C) and J is the previously proposed 8β-methyl-13α-ethylpodocarpane (8M13EPod; Wang and Simoneit, 1995). In oils from younger sources, J can contain a pair of co-eluting compounds, the resulting composite mass spectrum seems to explain why it was not considered to represent 8M13EPod in the tasmanite analyzed by Greenwood and George (1999). The other compounds remain unidentified, although suggestions of possible structural elements to account for major fragment ions have been made by Greenwood and George (1999).
[image: Figure 8]FIGURE 8 | C20 tricyclic diterpanes in Neoproterozoic marine shale sourced oil (sample 19) as determined by (A) m/z 276→123 transition from GC-MS-MS and (B) TIC, m/z 276 and m/z 123 from full mass range GC-MS analysis (intensities relative to TIC in parentheses). See Table 2 for key to abbreviations and Figure 6 for mass spectra.
None of the mass spectra in Figure 6 exhibit fragment ions corresponding to the facile loss of ethyl (m/z 247) or iso-propyl (m/z 233) groups from the C ring, which characterize the pimarane and abietane structural types, respectively (Zinniker, 2005). Molecular ions at m/z 276 and loss of a single methyl group (m/z 261) are observed in all of the mass spectra, often accompanied by abundant fragment ions at m/z 123, 163 and 191. Such a pattern could suggest an A ring structure identical to that of pimarane/isopimarane (Zinniker, 2005), with a pair of methyl groups at C-4 and one at C-10 (Figure 1A). Among possible candidates are cassane, cleisthantane, noscomane and staminane (Figure 1B), although their mass spectra are unknown. The A-ring fragment from such structures is represented by m/z 123, whereas m/z 191 can originate from an A-B fragment, as in cheilanthanes (Heissler et al., 1984), or from a B-C fragment (involving neutral loss of the A ring from the molecular ion), as in the 8β-methyl-13α-n-alkylpodocarpanes (Wang and Simoneit, 1995). In the latter series, further loss of the C-13 alkyl group from the C ring of the m/z 191 fragment, as shown in Figure 1C, results in the sequence of major ions at m/z (135+n14), where n = 0, 1, 2, 3 …, confirming that the alkyl group on the C-ring forms part of this fragment (e.g., in the C20 member, n = 4, resulting in a m/z 191 fragment ion). This process has been suggested to account for the m/z 163 ion in the mass spectra of pimarane/isopimarane (Noble, 1986; Zinniker, 2005). A likely contributing factor to the significant m/z 247 response in pimarane/isopimarane is the stability of the tertiary ion (involving the methyl group at C-13) formed upon ethyl loss.
Interpretation of diterpane mass spectra is complicated by the profound influence of the position of substituents and stereochemistry, as demonstrated by a base peak at m/z 123 in 8β,13α-dimethylpodocarpane but at m/z 191 in 16-nor-isoagathane (Aquino Neto et al., 1983), these being C19 compounds differing only in the position and stereochemistry of a C-ring methyl group. Stereochemical differences alone can result in variations in major fragment ion responses in cheilanthane isomers, with the m/z 191/123 ratio being significantly greater in the 13β-methyl than the 13α isomers (Aquino Neto, 1986). Adjacent 8β-methyl and 14β-alkyl groups on the C-ring yields a m/z 191 base peak, regardless of whether or not there is a 13α-methyl group (e.g., isoagathane, N, Figure 6), whereas the presence of both 8β-methyl and 13α-alkyl groups, without an alkyl group at C-14, results in a m/z 123 base peak (e.g., 8β-methyl-13α-ethylpodocarpane, J, Figure 6). Because of such complexities, our suggestions of structures compatible with the mass spectra in Figure 6 are limited.
It is possible that the compounds responsible for peaks I and M are isomers of J. Peak K may be structurally related to M, although the dominance of the m/z 123 fragment might be explained by its formation from both A and C rings, such as appears possible in noscomane (Figure 1B). Peak L has major fragment ions at m/z 149 (base peak), 137 and 177 (Figure 6), which might result from a similar structure to I and M, but in which a methyl group from the B-C rings is relocated to the A ring (Figure 1C). The m/z 123 fragment from L is of relatively low abundance compared to the other major diterpanes, so the compound is quantitatively of more significance than suggested by its signal in the m/z 276→123 transition (Figure 8). Peak G may be affected by co-elution. Its mass spectrum is dominated by fragment ions at m/z 137 and 191 (Figure 6), which might be explained by a structure similar to L. Although it has a major m/z 191 fragment ion, it elutes too early to represent one of the four potential isomers of the C20 cheilanthane (Chicarelli et al., 1988), as previously noted by Greenwood and George (1999).
Two very closely eluting C20 tricyclanes are commonly present in peak H, resulting in some broadening of m/z 123 SIR and 276→123 MS-MS responses. The slightly earlier eluting of the pair of compounds (H*, Figure 7A), characterized by an intense m/z 276→163 signal, is more prominent in the Late Cretaceous, coal-sourced oils (7 and 8), but a definitive mass spectrum could not be obtained because of its low abundance and additional co-elution problem with a C19 sterane. The later-eluting compound (H of Greenwood and George, 1999) dominates in the Neoproterozoic-Cambrian oils (18 and 44). The other four oils are consistent with intermediate mixtures (Figure 7B). Consequently, care is required when attributing an identity to the peak in m/z 123 or m/z 276→123 chromatograms. From the data provided by extended GC-MS-MS analysis, the major peaks M and 20C appear to result from single compounds, without any obvious co-elutants.
Peak J elutes on the leading edge of 5α(H),14β(H)-androstane (14βAnd; Bender et al., 2015), when the latter is present, as in the Neoproterozoic-Cambrian samples. In such samples it corresponds to 8β-methyl-13α-ethylpodocarpane, based on its reported relative retention time and mass spectrum (Figures 6, 8A, respectively; Wang and Simoneit, 1995). However, in the coal-sourced oils a different, unidentified compound is present, in which m/z 163 dominates the transitions monitored and the m/z 123 and 261 responses are depressed, as in the mass spectrum reported for J by Greenwood and George (1999). Reliable mass spectra could not be obtained for the early eluting peaks X and Y.
3.3 C20 tetracyclic diterpanes
3.3.1 Gymnosperm-related distributions
The C20 tetracyclic diterpanes present a simpler distribution pattern than the tricyclics. In oils sourced by coals and some from Tertiary deltaic shales (16 and 17) in which gymnosperm contributions are inferred to be significant, tetracyclic diterpanes are at least as abundant as tricyclics and often dominated by 16β(H)-phyllocladane (βPhyl) in Figure 2. The second eluting of the pair of (16R)-14,15-cyclo-8,14-seco-atisane isomers (csAti2) identified by Zinniker (2005) appears to be present, at very low relative abundance, in the oils from coals and Eocene deltaic shale 16, based on relative retention time. Presence of the earlier eluting seco-atisane isomer (csAti1) could not be confirmed in any sample because of its reported co-elution with atisane isomer Ati1 (Zinniker, 2005). Sample 1, from an Eocene hypersaline lacustrine shale, appears to contain abundant 16β(H)-kaurane, rather than the thermodynamically more stable 16α(H) isomer, which is consistent with its early oil-window maturity [e.g., for 5α,14α,17α-24-ethylcholestane, 20S/(20S+20R) = 32%].
The relatively enriched tetracyclanes in general, together with the presence of gymnosperm-related 16β-phyllocladane, in NSO-1 oil (sample 35, Figure 3), may reflect a minor contribution from Mid Jurassic coaly sources, which is more prominent in the Sigyn Field oil from the Norwegian North Sea (sample 14, Figure 2). NSO-1 represents Oseberg B-18 production oil, from Mid Jurassic (Brent) reservoir at ∼3 km depth. Within the study set, the presence of C20 tetracyclic diterpanes in samples predating the appearance of gymnosperms is limited to traces of Kau-Ati-Bey combination in the Ordovician marine shale oil (sample 20, Figure 3). Whether the diterpanes in this oil are augmented by those from a younger source rock must be considered. Contributions to marine shale, carbonate and marl source rocks in general from kaurene precursors to microbial gibberellins is a possibility, if they are sufficiently abundant. Spores and pollens may represent another source of gibberellin precursors.
The upper Devonian Munindalen cannel coals from Svalbard are rich in spores, primarily from lycopsids, but have been found to contain no detectable Kau-Ati-Bey, unlike the neighbouring Pyramiden Carboniferous humic coals (Blumenberg et al., 2018). In contrast, the cuticular liptobiolite Devonian coals from China, primarily derived from lycopsids, do contain Kau-Ati-Bey, and what appear to be 17-nor and possibly dinor homologues (Song et al., 1997; Song et al., 2022), but the nor-phyllocladanes suggested to be present by Sheng et al. (1992) appear to be misidentified, so the earliest sedimentary occurrence of phyllocladane remains at Late Mississippian (Versteegh and Riboulleau, 2010). The biological origin of the Devonian diterpanes is unclear; it may be lycopsid cutinite, or the result of microbial activity or even other plant types, such as the progymnosperms (Rothwell, 1996; Retallack, 2021). Devonian oils in our data set exhibiting minor Kau-Ati-Bey are from carbonate (sample 45, Figure 4), marine shale (sample 24, Figure 3) and mixed lacustrine and marine shale (sample 2, Figure 2). It is possible that the diterpanes in the last sample originate from the Mid Jurassic marine shale contribution to the Beatrice Field oil, rather than the co-sourcing Devonian lacustrine unit, as noted for a possible trace of 5β(H)-rosane in that oil (Section 3.2.2).
3.3.2 Non-gymnosperm contributions
In oils not dominated by gymnosperm contributions, tetracyclics are mostly minor components or undetectable, although their m/z 274→123 responses can sometimes rival those of equally sparse tricyclic m/z 276→123 signals, such as for beyerane in the Jurassic marine shale sourced samples 29 and 35 in Figure 3. Small amounts of what appear to be phyllocladane isomers are present in the Triassic marine carbonate (46), otherwise Mesozoic carbonates and marls contain only traces of beyerane (Bey), atisanes (Ati1 and Ati2) and a previously unidentified compound, Z (Figure 4), which is discussed below. Oils from older carbonate and marl sources are devoid of these tetracyclics, except for the Mid Devonian sample (45) from the Western Canada Basin (Figure 4). The oils derived from marine shales exhibit broadly similar distributions to those from carbonates and marls (Figure 3).
Relative responses for the m/z 274 to 123, 245 and 259 transitions suggest that beyerane, where detected in five of the eight oils subjected to extended GC-MS-MS analysis (7, 8, 17, 20, and 35), does not suffer from significant co-elution problems as far as those responses are concerned (Figure 9). However, a closely eluting, unidentified compound affects the m/z 274→189 response. Similar evaluation of 16α(H)-kaurane (αKau) and the pair of atisane isomers (Ati1 and Ati2) was inconclusive because of the potential co-elution of αKau with Ati1 and of Ati2 with the earlier eluting of a pair of (16R)-14,15-cyclo-8,14-seco-atisane isomers (csAti1; Zinniker, 2005). However, there is no obvious evidence for significant contributions from compounds with distinctly different mass spectra.
[image: Figure 9]FIGURE 9 | Identification of beyerane using response factors from the combination of m/z 274→123, 274→245 and 274→259 transitions. The m/z 274→189 chromatogram shows the adverse effects of a closely eluting, unidentified compound.
Clay-catalyzed inter-conversion of kaurene, beyerene and atiserene has been observed in the laboratory and suggested to account for sedimentary distributions of βKau, Ati2 and Bey (Zinniker, 2005). The common occurrence of these three tetracyclics in the study samples could be argued to provide circumstantial evidence of such diagenetic control, although it may well be superimposed on varying contributions of individual tetracyclics related to differences in microbial communities.
Compound Z is a C20 tetracyclane with an intense m/z 203 fragment ion, and it shares the mass spectrometric characteristics of 5α(H),14β(H)-androstane (Figure 10), so we suggest it is a homologue of that compound. The additional methyl group is likely to be found on the A-ring, because if it were on the D-ring the response of m/z 203 would be reduced and m/z 217 enhanced. This proposition is based on the observation of Tökés and Djerassi (1969) that 90% of the dominant m/z 203 signal originates from loss of the A-ring, because the absence of a side-chain at C-17 (which is present in regular steranes) confers greater stability on the D-ring, so the m/z 217 fragment ion is only minor. No higher homologues could be conclusively identified. The A-ring methyl group is suggested to be most likely at C-4, given that Z was detected in post-Paleozoic oils only, the methyl steranes of which are generally dominated by 4-methyl species.
[image: Figure 10]FIGURE 10 | Suggested presence of androstanes in NSO-1 oil (sample 35). (A) Partial m/z 203, 217 and molecular ion chromatograms for C19–C21 tetracyclanes (see Table 2 for abbreviations). (B) Mass spectra of peaks 19B [5α(H),14β(H)-androstane] and Z [probably 4α-methyl-5α(H),14β(H)-androstane].
3.4 Other major diterpanes
Whereas the C20 tricyclic and tetracyclic diterpanes are the main focus of this study, it is important to recognize that other diterpanes can be relatively abundant in oils and sediments, sometimes as the main diterpanes. Examples are shown in Figure 11. Among C19 diterpanes, nor-isopimaranes and nor-phyllocladanes can be present, where gymnosperms contribute. Fichtelite, which can also be called 18-nor-abietane, was not positively identified; it is at most a trace compound in the sample set (Fic, Figure 11) and suffers from co-elution problems when monitored by its m/z 123 SIR response.
[image: Figure 11]FIGURE 11 | Examples of C19 tri- and tetracyclic and C20 dicyclic terpane occurrence in relation to C20 tri- and tetracyclic diterpanes. See Table 2 for peak identifications.
8β(H)-Labdane can be a major component in m/z 123 mass chromatograms in any environment during the Phanerozoic. Another, as yet unidentified, C20 bicyclane, W, elutes just before it, as noted by Zinniker (2005). Its mass spectrum appears to be similar to that of 8β(H)-labdane, although with a more prominent m/z 123 base peak (Figure 12). Several C19 tricyclic diterpanes were detected in the oil from Ediacaran marine shale (19), including 8β,13α-dimethylpodocarpane, the mass spectrum of which has previously been reported (Aquino Neto et al., 1983; Wang and Simoneit, 1995). Another pair of C19 tricyclics appear to correspond to peaks D and F of Greenwood and George (1999), although unambiguous mass spectra could not be obtained for D, because of co-eluants X and G, or for peak F, which co-elutes with dominant 19C in oil 19 (Figure 12). Of the other C19 tricyclic peaks, it is possible that B and C could be homologues of K and M, respectively, with loss of a methyl group from the C-ring, based on their mass spectra and relative retention characteristics in relation to the podocarpanes A and J.
[image: Figure 12]FIGURE 12 | C20 dicyclic and C19 tricyclic diterpanes in Ediacaran marine shale sourced oil (19) as determined by full mass range GC-MS analysis (TIC plus m/z 123, 191, 262 and 278), together with mass spectra. See Table 2 for key to abbreviations.
4 CONCLUSION
Recognising oils from sources rich in gymnosperm remains is straightforward; they contain abundant C20 tricyclic and tetracyclic diterpanes in which a number of the following dominate: beyerane, phyllocladanes, kauranes, 5β(H)-rosane, 5β(H)-rimuane and isopimarane. Where gymnosperm contributions are less significant, abundances of C20 tricyclic and tetracyclic diterpanes are much reduced and it becomes more difficult to identify them positively and to attribute them to gymnosperm origins. Phyllocladane appears to be the most reliable gymnosperm marker among tetracyclics. Its earliest confirmed occurrence in the study oils corresponds to the Triassic, but in the literature reliable occurrences date as far back as the Carboniferous. It is still useful as an age indicator in oils where limited gymnosperm contributions are present.
The co-occurrence of 5β(H)-rosane, 5β(H)-rimuane and isopimarane, even at relatively low abundances, can provide indications of gymnosperm contributions. 5β(H)-Rosane may be present on its own, at relatively low levels, in study oils believed to be generated from non-coaly Late Devonian sources. If the occurrences are genuine, they pre-date the appearance of gymnosperms, so may be attributable to their forerunners/progenitors, such as the progymnosperms, but direct microbial production or rearrangement of microbial precursors, such as pimaradienes, cannot be discounted.
Beyerane, atisanes and possibly 16α(H)-kaurane (which co-elutes with the earlier eluting of the pair of atisane isomers) are present in many oils to which gymnosperms are highly unlikely to have contributed. Beyerane is often the most abundant, although all of them are at low concentrations, similar to tricyclic diterpanes. They appear to be absent from the Neoproterozoic-Cambrian carbonate oils, but analysis of further examples is required to increase confidence in this conclusion. The ubiquity of the beyerane-atisane-kaurane grouping in post-Cambrian oils that do not contain significant gymnosperm contributions is consistent with their previously proposed clay catalyzed interconversion during diagenesis. Microbial sources are possible, including bacteria, among which production of kaurene and atiserene is known.
Where gymnosperms have not made significant contributions to sources, the associated study oils broadly contain the same limited range of sparse C20 tricyclic diterpanes. These oils represent a range of depositional environments and hence communities of organisms, throughout the Phanerozoic, so varied initial inputs of diterpenes to sedimentary organic matter would be expected. That such diversity is not observed suggests that only a limited, common, group of organisms is responsible, and/or that diagenesis favours the formation of a small number of relatively stable diterpanes. The latter could explain why pimarane is seemingly rare, despite pimaroids occurring widely in nature. A similar distribution of tricyclics has previously been observed for immature tasmanites, suggesting that the pattern is broadly established by the end of diagenesis.
There are commonly four major, non-gymnosperm, tricyclic peaks in m/z 123 mass chromatograms. Of these, one is the C20 13β(H),14α(H)-cheilanthane, which can also be called isoagathane, which can have additional sources other than that yielding the cheilanthane series. Another tricyclic has been proposed to be 8β-methyl-13α-ethylpodocarpane, which appears to be the dominant member of a series with varying n-alkyl chain length at C-13. Most of the tricyclics share mass spectral characteristics of loss of a single methyl group (yielding m/z 261) and abundant fragment ions at m/z 123, 163 and 191, which could suggest the presence of the A ring structure present in pimarane/isopimarane, but with a different substitution pattern in the B/C rings that does not involve ethyl and methyl groups on the same C atom that would give rise to a m/z 247 signal.
With regard to depositional environments, abundant gymnosperm contributions appear to be associated with limited transport of plant material, which can include lakes as well as mires/swamps and deltas. Oils from carbonates and marls exhibit a greater relative abundance of the C20 13β(H),14α(H)-cheilanthane, consistent with the common correlation of abundant cheilanthanes with high salinity.
Among other diterpanes that can be relatively abundant in m/z 123 mass chromatograms is the C20 dicyclic 8β(H)-labdane, together with a slightly earlier eluting unidentified compound with a similar mass spectrum. In addition, there appear to be C19 homologues of some of the unidentified tricyclic diterpanes, together with 8,13-dimethylpodocarpane and the C19 13β(H),14α(H)-cheilanthane. Where gymnosperms have contributed significantly, 19-nor-isopimarane and 17-nor-phyllocladane can be abundant.
Overall, there is some potential for extending the use of diterpane distributions beyond identification of gymnosperm contributions, to aid interpretation of source rock ages and depositional environment. Even minor variability in distributions of tri- and tetracyclic diterpanes provides scope for application in local oil-oil and oil-source correlations.
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