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�EXECUTIVE SUMMARY



Mature petroleum source rocks exist throughout the Browse Basin below a regional cutoff at approximately 1500m.  Above this depth, potential source rocks are immature for oil and gas generation.



Present-day source quality is rated as only poor-moderate although some thin, high quality source beds are present in Early to Middle Jurassic strata.



After correction for lithological artifacts and their current maturity, some Late Jurassic (BB8) and Early Cretaceous (BB9-BB11) sediments are considered to have had initially moderate to good oil potential.



Oil-oil correlation studies have demonstrated the presence of two main oil populations in the basin. Population A comprises Caswell-2 (A1), Gwydion-1(A1) and Kalyptea-1/ST-1 (A2).  The latter oil is a variant justifying its classification into a second sub-population (A2).  Population B oils comprise Brecknock-1, North Scott Reef-1 and Scott Reef-1 and the classification of these oils, based on multivariate statistical analysis of saturated hydrocarbon biomarkers and carbon isotopes, is supported by recognition of a unique (but unknown) terpane biomarker.



Oil-source correlations have, for the first time, positively identified an Early Cretaceous Petroleum System on the North West Shelf.  The chemistry of Population A oils correlates very strongly with that of a sediment extract from the BB10 horizon in Discorbis-1 and quite strongly with another extract from a similar dated sediment in Caswell-2 and from a younger BB11 horizon in Kalyptea-1/ST1.  



No source rock horizon has been clearly correlated with the Population B oils.  Pre-Triassic sediments are considered unlikely based on biomarker evidence while an Early Cretaceous source is precluded by carbon isotope data. 



In the southern Browse Basin, oil-stains in the Lombardina-1 well could be evidence for the effectiveness of a Late Jurassic Petroleum System in this locality.



Similar organic facies have contributed to all the Browse Basin liquids and this results in only subtle differences between and within oil populations.  Maturity variations also blur the distinctions.  Most of the oils appear to have been expelled from their source rocks at temperatures beyond the conventionally accepted ‘main’ oil window.  The source rocks we have encountered here are, on a global scale, quite lean and this is an important factor controlling the timing of expulsion.  Lean rocks generally do not yield liquid in sufficient quantities to support an early primary migration phase.  It is only at higher maturities that gas-to-oil ratios are sufficiently high to lead to expulsion and migration. Caswell-2 is the least mature oil and because of this, can be reasoned to have been expelled from a more oil-prone source pod. 



Dry gas from deep, overmature sources may have assisted in re-distribution of  petroleum along the secondary migration pathways or in the reservoirs.



The Gwydion-1 oil has experienced mild biodegradation and this has removed most of the light, gasoline range hydrocarbons.  Such secondary alteration of oils within shallow reservoirs at the margins of the basin is seen as a localised exploration risk.



Statistical oil-oil correlations between Browse Basin oils, and others from the established Carboniferous to Jurassic petroleum systems across the North West Shelf, demonstrate the special nature of both Populations A and B.  However, the analysis only produces this result when a sufficiently large and representative sample set is employed.  This stems from the fact that most of the effective North West Shelf source rocks are clastic in nature and contain mixtures of marine and terrestrial organic matter deposited in near shore marine and deltaic environments. In other words, the organo-facies and sedimentary environments are quite similar.  Population B oils appear to share more chemical affinities with oils in the Westralian Supersystem and we propose they be tentatively assigned to a new Petroleum System W1B.  In contrast, and despite their younger age, Population A oils, share more chemical affinities with W1 (Triassic-Early Jurassic) oils of the Carnarvon Basin than they do with the W2 (Late Jurassic) North West Shelf oils.  We propose they should be assigned to a new W3 Petroleum System (Early Cretaceous).



�INTRODUCTION



The objectives of this study were:



(a)  Evaluate the hydrocarbon generative potential of strata within the Devonian to Cretaceous Browse Basin succession,



(b)  Conduct oil-source correlations to identify effective source facies for reservoired hydrocarbons and 



(c)  Conduct oil-oil correlations of reservoired and migrated hydrocarbons in order to establish regional trends, if any, and to identify the presence of new or unrecognised petroleum systems.



Accomplishing objectives (a)  and (b) allows the determination of source rock kinetics, the assessment of hydrocarbon yields, and the modelling of the timing of generation, expulsion, migration and entrapment.  Objective (c) leads to the recognition of new or variant petroleum systems and opens new vistas, possibilities and strategies for the explorationist.



The present-day characteristics of borehole samples are often far removed from their initial state.  Prior hydrocarbon generation can mask the petroleum potential, past and present.  Wells drilled on structure do not generally intersect the effective source horizons and the prevalence of cuttings as opposed to core can lead to misleading results due to caving or through selective (unreported high-grading) sampling.  Drilling additives make some geochemical measurements unreliable.  These are caveats that should be borne in mind in any source rock analysis and subsequent predictions.



The composition of reservoired petroleum represents the average of all those source beds that have expelled into the drainage area over time and contributed to the accumulation.  The composition of a bitumen in a single sample of source rock represents only that generated at a specific time and place.  Accordingly, our evaluation has to consider a multitude of factors to do with maturity, source variations and mixing which alter composition and render comparison a subjective issue.  Statistical evaluation of a large and systematically generated data set can help overcome these difficulties.  Nevertheless, we are wary of incomplete interpretations and commend the accompanying database as a foundation for continuing and new studies of what is a complex issue.



One important task in effective source prediction is to place the ORR in a sequence stratigraphic context (eg Loutit et al, 1996).  This approach is employed in recent reports by AGSO (Blevin et al., 1997; Blevin and Boreham, in prep) following a major structural and stratigraphic review of the basin.  Using the lithostratigraphic and chronostratigraphic framework established by this work, we have chosen to analyse and interpret source rock potential in nine major intervals, BB1-BB3, BB4-BB5, BB6-BB7, BB8, BB9, BB10, BB11, BB12, and BB13-BB15 ranging in age from Devonian to Late Cretaceous, and based on the most significant sequence boundaries in the Browse Basin succession (Fig. 1 and Table 1).



METHODS



Standard operating procedures described in Boreham et al (1994) and AGSO and GeoMark Research (1996) were followed for TOC, Rock Eval, soxhlet extraction, gas chromatography, gas chromatography-mass spectrometry full scan (GCMS-full scan), selected ion recording (GCMS-SIR) and metastable reaction monitoring (GCMS-MRM) modes and carbon isotopes.  Data manulipulation of biomarker and carbon isotope analyses through the use of rigorous statistical analysis (PirouetteTM) enabled standardisation with the recently completed ‘The Oils of Western Australia Study’ (AGSO and Geomark Research, 1996) as well as a convenient way of handling the large datasets involved.



A key to the digital file name for the data files generated in the interpretation phase is found in Appendix A while GCMS peak identification is shown in Appendix B.  Given the use of hydrocarbon-based drilling fluids in a number of Browse Basin wells, there was a real likelihood of contamination of the source rock extracts by these drilling fluids.  The GC and GCMS chromatograms for the diesel additive to the Kalyptea-1/ST1 well (Well Completion Report, unrestricted) was used as a reference for this contamination.  Based on their GC character, it was not evident that any of the extracted sediments were contaminated by this drilling fluid.



RESULTS AND DISCUSSION



Database



The primary source of geochemical data available for our interpretation is AGSO’s ORGCHEM database.  The database consists of information collected from well completion reports (WCRs), other external sources such as published papers, and internally generated data.  All the basic data have been compiled in a digital format and is supplied with this report (see Appendix A for file names).  The most recent data from WCRs entered into ORGCHEM database is to the end of January 1997.  Only Rock Eval/TOC, rock extract and vitrinite reflectance data have been evaluated in reaching our conclusions with respect to source rock character.  Interpreted ages (Ma) for the samples were obtained from age versus depth plots generated using AGSO’s STRATDAT database for individual wells.



The 29 wells (Fig. 2) in the Browse Basin geochemical database contain 968 records (Table 2), of which 1688, 898 and 320 records have TOC, Rock Eval and vitrinite reflectance data, respectively.  These data include results of 177 Rock Eval and TOC analyses undertaken by AGSO’s Isotope and Organic Geochemistry Laboratory.  The new analyses were performed on samples selected following an assessment of the existing ORGCHEM data, and targeting of intervals (shales and marls) where data was lacking or resampling of intervals which showed the best hydrocarbon potential (for oil-to-source rock correlation studies).  Table 2 summarises these data while Figure 3 shows depth plots of age, source richness (TOC, S2), quality (HI) and maturity (Ro, Tmax, PI) for Yampi-1 (as the example).



Hydrocarbon Potential of Source Rocks



Maturation levels



The presence of significant petroleum accumulations in the Browse Basin (Table 3) demonstrates that mature, effective source rocks occur within the basin.  As a preliminary step in defining the maturation process, the approximate boundaries of the oil generation window were established for each well in our data set (Fig. 4).  Figures 4a to 4d show the depth profiles for three geochemical maturity parameters.  Each parameter indicates a depth threshold of approximately 1500m, above which the sediments are immature.  This has been supported by regional geohistory modelling which defined a 1800m threshold for the onset of oil generation (Blevin et al., 1997).  However, the ‘true’ depth threshold is probably shallower since maturities based on vitrinite reflectance can be underestimated due to vitrinite suppression (R. Wilkins, in press).



On a well by well basis, the depth to the top of the oil window varies due to local burial and thermal histories.  Table 4 and Figure 5 shows the depth, on a well-by-well basis, to the onset of oil generation based on a combination of  maturity parameters (PI, Tmax and Ro; Fig. 3).  In some cases, the vitrinite reflectance-vs-depth profile shows no increase in Ro after the onset of generation.  This characteristic is attributed to the vitrinite reflectance ‘suppression’ which occurs in the Browse Basin, as well as other basins of the NW Shelf (R. Wilkins, in press).



Richness and quality 



Present-day potential



Figures 6a and 7a show the present-day TOC and S2, respectively, plotted against age (Ma) for the Browse Basin succession.  The data identified from WCRs as “hand-picked” cutting samples (118 records) has been excluded at this stage.  Only “whole” sediment samples (1850 records) were used to generate the plots of Figures 6a and 7a. In order to further high-grade the “whole” samples, they have been corrected for un-productive lithologies (sandstone and calcilutite) and are referred to as “lithology-corrected” in the discussion below.  Clearly, the data density is concentrated within the Late Jurassic and Early Cretaceous and there is considerable variation in source rock potential. 



Based on the interpretation guidelines in Table 5, the source richness and quality plots (Fig. 8) for each of the nine individual age intervals from Late Carboniferous to Late Cretaceous are not encouraging for the rocks containing disseminated organic matter.  A ‘first pass’ evaluation would classify the majority of samples as showing only poor to fair oil potential.  Furthermore, within each age interval the source richness (TOC and S2) is highly variable between wells (Figure 8).  Although HI values >200 mg hydrocarbons/gTOC indicate that oil-prone sediments do occur, especially in the Late Jurassic and Early Cretaceous, their organic content is generally below 2% TOC.  At these low to moderate TOC levels, the generated oil would most likely remain within the source rock and be subsequently cracked to gas at higher maturities.  The exceptions are the Early and Late Jurassic coals and related carbonaceous shales which have good to excellent source rock potential, but are only found in thin beds.



The present-day data reflect only the residual source rock potential.  In order to obtain a more realistic estimate of overall ‘initial’ source rock potential the ‘present-day’ source rock potential must be corrected for maturity, enabling a true source richness and quality to be determined prior to the onset of gas and oil generation.  A simple method was applied to correct for the influence of past hydrocarbon generation for wells currently within the mature ‘oil window’.  As part of this process the depth to the onset of oil generation was first defined for each well (Fig. 5) based on a combination of VR, Tmax and PI data (Blevin et al., 1997).



Initial source rock potential



For samples with depths below the local onset threshold, an arbitrary value of HI (100 mg hydrocarbons/gTOC was added to the present-day source potential to approximate the initial source potential of mature sediments.  This HI ‘correction’ is based on the average HI of the oil-prone immature sediments of 200-250 mg hydrocarbons/gTOC and assuming that 40-50% of the initial source potential has been transformed into oil and gas (Boreham et al., in press) during passage through the ‘oil window’ (Table 5).  More accurately, the unit value of S2 (initial) = S2 (present-day) + HI(generated) x TOC(present-day) / 100 (where HI(generated)=100) within the mature zone.  For immature sediments S2 (initial) = S2 (present-day).  A limitation to this method is that the initial source rock potential will be overestimated for maturity levels at the beginning of oil generation.



A further correction was made for the lithological content of the whole sediment sample.  For this, it was assumed that sandstone and calcilutite lithologies make a negligible contribution to organic content and source quality.  The low TOC and S2 contents for rocks with these lithologies supports this view (data in file tot_data.xls).  Although many of the sediments had quantitative lithological descriptions taken from WCR’s, much of the data had no information on this parameter.  Accordingly, and in order to remain fully consistent, lithological percentages (tot_data.xls) were picked from wire-line logs taking into account the end-member gamma-ray response for mudrock and non-source lithologies.  



Figures 6b and 7b, show the interpreted or ‘initial’ source rock parameters which have been adjusted for maturity and lithology.  The impact of these corrections on the bulk geochemistry on individual wells is illustrated in Figures 9a-i.  The high-graded or ‘hand-picked’ samples that were identifed in the total data set (tot_data.xls) and which have already been corrected for lithology, have also been included at this level of interpretation.



Inspection of the ‘initial’ source parameters for the Early Cretaceous sediments (Fig. 6b and 7b), reveal a consistent increase in source rock quality when compared with present-day data (Figs. 6a and 7a).  The majority of samples in this age interval show moderate-good oil potential.  On the other hand, the Late Jurassic sediments do not show such large increments in petroleum potential from present-day to initial and are considered to have fair-moderate oil potential.  Figures 9a-i show the ‘initial’ bulk geochemical characteristics on a well-by-well basis over the nine sequence boundary age intervals.  Overall for each age interval, the source rock quality shows much improvement in oil potential and there is a stronger linear correlation between S2 and TOC, consistent with similar organic facies within common age intervals for each well.



What is also apparent is that the S2 parameter is influenced by the ‘mineral matrix effect’, a common artefact in the Rock Eval method.  The ‘mineral matrix effect’ artificially suppresses the S2 peak and consequently the estimate for HI of the organic matter.  Assuming the organic matter type remains constant, the S2 versus TOC crossplot (Fig. 9) defines a straight line whose slope is a measure of the true HI.  The line does not necessarily pass through zero, and the ‘TOC offset’ where the line crosses the TOC axis defines the extent of the mineral matrix effect. This effect is related to lithology, whereby a clay-rich lithology usually has a higher mineral matrix effect compared with a carbonate-rich sediment.



Indeed, for BB1-BB3 and BB4-BB5 age intervals the S2 versus TOC plot (Figs. 9a-i) defines a reasonably constant HI value with only a minimal mineral matrix effect (TOC offset ( 0; Table 6).  In contrast, BB12 shows the widest range in HI values, suggesting a wider variation in organic facies and organic matter quality within this interval, while BB11 has the largest mineral matrix effect (Table 6).  The interpreted average ‘initial’ HI for each of the sampled age intervals on a well-by-well basis is listed in Table 6.



The BB8-BB11 age intervals can be considered the most oil-prone (HI consistently > 200), BB12 contains both oil- and gas-prone organic matter, BB4-BB7 sediments have mainly gas/condensate potential, while BB1-BB3 and BB13-BB15 potential source rocks are predominantly gas-prone.  Figure 1 (Source column) summarises this geochemical data by grading the gas and oil potential from Permian to Cretaceous ORR’s.  This information has been used in maturation history modelling to delineate the timing and quantity of gas and oil generation (Blevin et al., 1997; Blevin and Boreham, in press).



To further delineate which of the potential source rocks are the effective sources for known petroleum occurrences, oil-oil and oil-source rock correlation studies were undertaken. 



Oil-Source and oil-oil correlations



Sample selection



The oils and sedimentary bitumen extracts used for the correlation study are shown in Table 7.  The only non-confidential liquid petroleum sample was light oil from North Scott Reef-1 (AGSO#922).  The data on other oil samples (North Scott Reef-1, AGSO#10152; Scott Reef-1, AGSO#10153; Brecknock-1, AGSO#10168; Caswell-2, AGSO#10169; Gwydion-1, AGSO#10170; Kalyptea-1/ST1, AGSO#10171; Cornea-1, AGSO#10262) remain confidential to the donating companies at the time of writing this report.  Four sediments, two each from Lombardina-1 and Caswell-1 were classified as ‘oil-stains’ based on their high S1(>1) and PI(>0.5) values. Immature-to-mature with moderate or higher source potential (S2>2) sediments were targeted through interrogation of the ORGCHEM database.  The samples cover the age range from Permian to Late Cretaceous.  The final sample selection is shown in Table 7. 



During the process of final sample selection, it was found that there was an unexpectedly poor correlation between the Rock Eval and TOC parameters based on WCR data and those derived from the analysis of re-sampled intervals (Fig. 10).  The reason for this is unclear, although one explanation may be incomplete documentation whereby rocks reported as ‘whole’ may have been ‘hand-picked’ samples.  This would account for some of the higher Rock Eval and TOC parameters as they appear in the WCRs.  Our inability to reproduce basic geochemical parameters is of particular concern.  Accordingly, we place a lower confidence level on regional organic geochemical evaluations that rely solely on published data.







GC of Oils



Extract and column chromatography data for the sample set (Table 7) can be found in the Microsoft Access database that accompanies this report.  Whole oil gas chromatograms for the Browse Basin liquid hydrocarbons are shown in Figure 11. Although the North Scott Reef-1 and Scott Reef-1 liquids are classified as condensates, the occurrence of n-alkanes extending up to n-C30 and beyond, together with API gravities < 50o show that these condensates have similar profiles to many light oils.  Thus, the term oil will be used for all the Browse Basin liquid hydrocarbon samples. 



The regular decrease in abundance of individual n-alkanes with increasing carbon number signifies the ‘mature’ character of the oils.  The proportion of low molecular weight, gasoline-range hydrocarbons (<C10) is highly variable for the Browse Basin oils.  However, it is difficult to determine whether this is a reflection of original oil composition or related to evaporative losses associated with post-production sample handling.  Biodegradation, which also preferentially removes light n-alkanes is unlikely since this alteration process is initially biased towards the >C10 n-alkanes (Boreham, 1995).  Only in the case of Gwydion-1 where there is significant losses of <C15 components, especially n-alkanes, can these losses be definitely attributed to reservoir alteration processes (eg. biodegradation and/or water washing).  As Gwydion-1 is reservoired at a shallow depth, the contact of liquid petroleum with nutrient-rich waters may present an exploration risk along the eastern margin of the Browse Basin.



The Pr/Ph (3 for all of the unaltered oils is consistent with a suboxic depositional environment for the source rock.  The lower value for Gwydion-1 oil is most likely due to preferential biodegradation of pristane relative to phytane.  Furthermore, there is a positive correlation between Pr/Ph and API gravity.  Thus, those oils with the highest Pr/Ph ratios have the highest API gravities.  Although possibly related to source or maturity, this trend is sometimes seen in oils and condensates derived from a common source rock.  For the condensates (high API gravity) in particular, their higher Pr/Ph ratios have been attributed to compositional fractionation along a migration pathway (termed “migration fractionation” or “evaporative fractionation”; Thompson, 1987; Curiale and Bromley, 1996). 



GC-MS of oils and potential source rocks



The GCMS-SIR data (Table 8) allowed derivation of the OilModTM parameter set based on biomarker ratios that were used in the AGSO and GeoMark Research (1996) regional oil correlation study ‘The Oils of Western Australia’.  For the present study, we utilised a sub-set of 13 parameters, targeting those which are derived from source and/or depositional environment-specific biomarkers (Table 9) and which are little affected by maturity.  The selection of this sub-set was to minimise correlation uncertainties stemming from the wide maturation range of the sample suite which includes condensates to light oils, oil-stains and immature to mature source rock bitumens.  The OilModTM parameters derived from GC are not included since these are also strongly influenced by maturity.



Multivariate statistical analysis using the PirouetteTM software employed hierarchical cluster analysis (HCA) and principal component analysis (PCA) on the 13 biomarker parameters derived from GCMS-SIR traces (Appendix C) to generate the dendrogram (Fig. 12) and crossplot of PC1 and PC2 (Fig. 13).  Maturity is shown to have a weak control on the variability within the dataset since there is no pattern to clustering based on whether the samples were immature or mature (Table 7).  The first two principal components account for approximately 60% of the variability in the dataset. Figure 12 shows two main groupings with a low correlation coefficient of 0.3. 



The first group includes the Caswell-2 oil from the central Browse Basin and the Gwydion-1 and Kalyptea-1/ST1 oils along the eastern margin.  These are termed “Population A” oils. (The term “population” follows the definition of Horstad and Larter (1997): an oil population represents oils that have been generated from a common source rock, while the term  “family”, a sub-division of population, groups those oils which have undergone the same alteration processes following primary migration from the source).  The second group, termed “Population B”, contains the Browse Basin light oils Brecknock-1, North Scott Reef-1 and Scott Reef-1 situated along the basin’s western margin.  There is an additional small group containing exclusively Kalyptea-1/ST1 sediments below 4239m.  For these samples, their high maturity, towards the end of the oil window, has resulted in maturity-induced changes in various source parameters effectively destroying any chance, if it existed, of a good correlation with the oils. 



The most diagnostic biomarker parameters that distinguish the majority of the sediments from the oils are the C29/C30 hopane ratio, the homohopane/hopane ratio and to a lesser extent the relative abundances of steranes (Fig. 13).  The sensitivity to these parameters is mainly due to variation in depositional environment and the relative contribution of marine and land plant detritus to the sediments.  The extent of post-depositional bacterial reworking of the organic matter was a subsidiary influence.  For the Population A oils, the relative abundances of rearranged hopanes, C30X and C29D relative to C30 hopane, indicative of shale/clay-rich source rocks, differentiates these samples from the rest of the data set.  Further, pattern distribution in C19-C26 tricyclics and C24 tetracyclics is characteristic of the Population B oils. 



Within the Population A oils, Caswell-2 and Gwydion-1 show a much closer correlation to each other than either has to Kalyptea-1/ST1 oil (Fig. 12).  Thus, two subsets of Population A, termed “A1” and “A2” denote the differences between Caswell-2 and Gwydion-1 on the one hand and Kalyptea-1/ST1 on the other.  These distinctions are also evident when the statistical analysis is performed on the oils in isolation from the sediments, as well as from comparison with other geochemical parameters discussed below. 



From its GC character, Gwydion-1 oil was assumed to have had only a low level of biodegradation based on the presence of  >C15 n-alkanes, Pr and Ph and the absence of only the low molecular weight n-alkanes.  This assumption was confirmed by the GCMS analysis since the tricyclic, hopane and sterane biomarkers have not been affected and are of similar relative abundances to the unaltered oil from Caswell-2.  Thus, the GC and GCMS data show that the Gwydion-1 oil is only mildly biodegraded, to Stage 3 in the Stage 1 to 10 biodegradation classification scheme of Peters and Moldowan (1993).  Furthermore, the low relative abundance of 25-norhopanes supports the present level of biodegradation of the Gwydion-1 oil is currently at its most intense.  These biomarker characteristics infer that a multi-charge history for the Gwydion reservoir is unlikely.



The Population A1 oils show a strong correlation with the potential source rock at 3939-3942m (130.4Ma) from Discorbis-1 (Fig. 12).  This is illustrated in the expanded GCMS traces of hopanes (Fig. 14) and steranes (Fig. 15) of the Caswell-2 oil and the Discorbis-1 source rock.  This rock intersects the S. areolata/S. tabulata dinocyst zones in the BB10 age interval and represents the effective source rock for the Caswell-2 and Gwydion-1 oils.  The strong correlation of the Caswell-1 extract at 3685-3690m; 109Ma) with the Caswell-2 oil suggest that this rock is indeed an oil-stain and representative of the composition of hydrocarbons migrating into the Caswell wells.  The additional Caswell-1 extract (4080-4085m, 124Ma), assumed to be an oil-stain based on its Rock Eval response, does not show as strong a correlation with the Caswell-2 oil.  Here, an overprint from local bitumen has masked the migrating oil signature resulting in a closer correlation with similar age BB10 rock extracts (Fig. 12). 



The two Lombardina-1 oil-stains, both within the BB8 age interval (Late Jurassic) show a strong correlation with a BB8 representative from Yampi-2 (3104-3107m; 147Ma).  This may suggest that the Lombardina geochemical signature is more influenced by local autochthonous organic matter, as is the case for the Caswell 1 4080-4085m sediment extract.  Alternatively, there is a possibility of a Late Jurassic petroleum system in-place for the Lombardina oil-stains.  Additional work needs to be done to confirm this. 



The Population A2 oil from the Kalyptea-1/ST1 well shows a good correlation with the Kalyptea-1/ST1 rock extract at 4092-4095m (118Ma) within the BB11 age interval (Fig 12).  The hopane and sterane traces (Fig. 14 and 15) of the Population A2 compared to the Population A1 oils and associated source rocks show slight increases in C29/C30 hopane ratios and lower diasterane contents, indicating that the source rock  possibly has a lower clay content.  There is also a reasonably good correlation between the Kalyptea-1/ST1 oil and both the Caswell-2 sediment extract at 4350-4353m (133Ma; within the BB10 age interval) and the Kalyptea-1/ST1 extract at 4092-4095m (118Ma; within the BB11 age interval).  This suggests that similar source rock organic facies occur repeatedly in the Early Cretaceous and are effective source rocks for petroleum on the eastern margin of the Browse Basin.  Although there is also a good correlation with the Kalyptea-1/ST1 extract at 3954-3960m (107Ma; within the BB12 age interval), the low TOC and relatively high PI of this sediment would suggest that this rock extract should be considered an oil-stain associated with the Kalyptea-1/ST1 oil.



The Population B light oils are situated on the western margin (outboard) of the Browse Basin.  The four samples show a strong oil-oil correlation (and see below). Indeed the North Scott Reef-1 oil from AGSO’s collection shows a slightly better correlation with Brecknock-1 oil than compared to a North Scott Reef-1 sample supplied by Woodside Petroleum.  Although the slight chemical differences may be real, it also could be considered a measure of analytical accuracy associated with quantitative GCMS analysis.  The Population B oils show some affinities with sediments ranging in age from Early Cretaceous to Late Permian.  However, the correlations are not considered robust given the low number of samples and the long period of sedimentation.  Thus, we cannot be sure that an effective source rock has been found within the current dataset.  Compared to the Population A oils, Population B are characterised by their higher C19/C23, C24 tetracyclic/C23 tricyclic and C27/C29 sterane ratios, indicating higher terrestrial input to the organic matter with possible deposition closer to the palaeo-shoreline.  Further, the C30X /C30H ratio for the Population B oils is lower than for Population A1 (Fig. 16), but greater than Population A2. 



A feature of the Population B oils is the presence of a compound of unknown structure peak X eluting immediately after C27Ts in the m/z 191 Da chromatogram for North Scott Reef-1 oil (Fig. 13).  This compound is not a pentacyclic triterpane.  Work is in progress to identify this distinguishing biomarker since it will most likely be an important criterion for source rock correlation.



Although some good oil-source correlations have been found, the majority of the sediment extracts show poor-to-no correlation with any of the Browse Basin oils.  For the Population B oils there is, as yet, no known effective source rock (also see Oil-Oil Correlation below).  This is to be expected as the total number of sediments so far analysed is relatively small.  It has been suggested that over 90% of potential source intervals in the Browse Basin have not yet been sampled for any kind of geochemical analysis (Blevin et al., 1997).  Thus, there is a strong need for additional geochemical investigations to be undertaken in order to further strengthen the evidence for those petroleum systems already identified or postulated, and to delineate the effective source rock for the more distal Browse Basin Population B oils.



We also investigated the possibility that the 13 distinctive OilModTM biomarker parameters used in the correlations did not fully define the variability in the dataset, and thus biased the correlation results.  Hence, additional source and age-specific biomarkers were examined on a subset of the samples using the more selective and sensitive gas chromatography-metastable reaction monitoring (GCMS-MRM) approach (Appendices D1 and D2).  The additional classes of compounds include C15 and C16 bicyclic drimanes, higher plant-related C20 diterpanes, C30 desmethylsteranes, C30 2-, 3- and 4-methylsteranes, and C31 methylhopanes.  Exploring this expanded biomarker set (Table 10) with statistical analysis reaffirmed the oil-oil and oil-source associations seen with the GCMS-SIR data alone. 



Again, only the Discorbis-1 extract at 3939-3942m (Early Cretaceous BB10 age interval) showed a strong correlation with the Population A Browse Basin oils. From the principal component analysis using only the oils, the plot of PC1 and PC2 values for the scores and loadings shows that two main populations are readily distinguished using PC1 alone and that the relative abundances of individual C19-C26 tricyclics are still the dominant factor that distinguishes the Population B oils.  Use of the expanded GCMS-MRM-derived biomarker set shows that there are subtle differences between oils within the same population.  It is interesting to note that the two North Scott Reef-1 samples (from AGSO’s and Woodside’s petroleum  collection) are more closely aligned in the expanded parameter set, as intuitively should be the case.  This shows the utility of the GCMS-MRM approach in oil-oil correlations where biomarkers can be quantified with more certainty than with the standard GCMS-SIR procedure.



The C30 desmethylsterane (Appendix D2), a biomarker diagnostic of marine algae, is seen in all the samples (C30/C27-C29 sterane ratio in Table 10) in accord with the marine-dominated depositional environments throughout the Browse Basin succession.  Indeed, the sole representative of the Permian potential source rock analysed has the lowest C30/C27-C29 sterane ratio, consistent with dominantly terrestrial organic facies at this time (BB1-BB3).  From the Early Triassic there is a marked increase in the abundance of 4-methylsteranes in sedimentary organic matter record and so the high C30 4-methylsterane/C29 sterane ratio for the Population A liquids is consistent with the Early Cretaceous age of the source.  The Population B liquids also have high relative C30 4-methylsterane/ C29 sterane ratios suggesting that Early Triassic or older sediments are not likely to be sources.



Stable carbon isotopes of oils and potential source rocks



Carbon isotopes have been shown to be an effective means of distinguishing Australian oil populations (Vincent et al., 1985; Boreham, 1995; Edwards et al., 1997; AGSO and GeoMark Research, 1996).  In the Browse Basin, the two main oil populations can be readily identified using the carbon isotopes of the saturated hydrocarbons (Fig. 17). Population A oils are characterised by more negative d13C values compared to the Population B oils (Fig. 17a).  Some overlap of populations exists when the carbon isotopes of the aromatic hydrocarbons are compared (Fig. 17b). However, the Population A oils are still, on average, the most depleted in 13C. 



A feature of the Kalyptea-1/ST1 oil is that the aromatic hydrocarbons are more depleted in 13C than the saturated hydrocarbons, with Dd 13C (d13Csat - d13Carom) = 1.7o/oo whereas for most oils Dd 13C < 0.  In Australia, 6% (26 out of 413) of oils from AGSO’s oil database have d13C-depleted aromatic hydrocarbons (AGSO and GeoMark Research, 1996, 1998).  On the North West Shelf, only oils from the Late Triassic reservoir of the West Tyral Rocks Field in the Carnarvon Basin have Dd 13C>0.9o/oo (AGSO and GeoMark Research, 1996).  Although the Dd 13C for Brecknock-1 is <0, its aromatic fraction is more depleted in 13C compared with the other Population B oils.  This could point to a minor contribution from a specific Early Cretaceous source to the Brecknock-1 oil (see Notes added in Proof).



When the carbon isotopes of the oils are compared with sediment representatives within the 8 age intervals between BB1 to BB12, there is a good correlation between Population A oils and sediments in the BB9-BB10 age interval.  These strata are characterised by isotopically light organic matter compared to that at other times in the Browse Basin.  The origin of the Population B light oils could not be further elucidated using stable carbon isotopes, although Early Cretaceous BB9-BB10 sediments are unlikely since organic-C in these sediments is too depleted in 13C compared to the oils.



Regional Oil-Oil correlations



Oil-oil correlations between the Browse Basin liquids, discussed above, resulted from statistical analysis of biomarker parameters derived from both GCMS-SIR and GCMS-MRM analysis.  In this section, GC, GCMS and carbon isotope data for the Browse Basin oils have been combined with a more extensive dataset of oils from nearby Western Australian basins.  This has enabled genetic relationships to be established for the Browse Basin oils within the constraints of the documented Western Australian Petroleum Supersystems (Table 11 and Fig. 18; AGSO and GeoMark Research, 1996).  However, due the differences in GCMS instrument technologies used by AGSO and GeoMark Research, biomarker responses are not the same and result in different values for the OilModTM parameter set depending on the method of analysis.  In order for the Browse Basin oil data to be fully compatible with data collected for the AGSO and GeoMark Research (1996) study, the Browse Basin oils were re-analysed for saturated biomarkers by GeoMark Research Inc.  This data is included in an Access database supplied with the report. 



Crossplots of source and maturity parameters are displayed in Figure 19 for the Browse Basin oils in relation to other Western Australian oil populations.  The plot of n-C27/n-C17 versus Pr/Ph (Fig 19a) shows the high terrestrial input and is also manifested in high %C29 steranes for the lacustrine A2 Petroleum Supersystem.  The high n-C27/n-C17 ratio seen for the Gwydion oil is an artefact of the preferential biodegradation of the low molecular weight n-alkanes. A C27/C29 sterane ratio <1 (Fig. 19b) is consistent with source rock deposition under marine conditions and with a mixed marine and terrestrial organic matter input.  The Browse oils have sterane contents within the range shown by other Western Australian oils (Westralian Petroleum Supersystem).  Population B oils have the lowest C27/C29 sterane ratio consistent with a higher terrestrial input.  The Caswell-2 oil has the highest percentage of C27 steranes (Fig.19b; C27>C29 sterane), suggestive of a more distal marine organic facies or a lower terrestrial input.  The carbon isotope plot (Fig. 19c) shows that the Browse Basin Population A oils are clearly distinct from other Western Australian oil populations.  On the other hand, the Population B oils have similar d13Csat but are slightly enriched in 13C for the aromatic hydrocarbons (Fig. 19c). 



A good linear correlation exists between C29Ts/29H versus Ts/Tm (Fig. 20.  It is this strong trend that has been used to identify significant maturity differences between and within Western Australian oil populations (AGSO and GeoMark Research, 1996). Assuming that maturity is the overriding control on these parameter, then the Population B oils appear to be of slightly lower maturity than the Population A1 oil, while being higher than Population A2 oil.  An alternate measure of maturity based on the highly stable diamondoid structure (Chen et al., 1996) has proven useful in identifying maturity effects at the high maturity end (past peak oil generation) where all hopane and sterane based maturity parameters are ineffective (except perhaps Ts/Tm).  Figure 21 shows the plot of Ts/Tm versus MAI (methyl adamantane index = 1-methyl adamantane/(1-methyl adamantane + 2-methyl adamantane)) and MDI (methyl diamantane index = 4-methyl diamantane/(1-diamantane + 3-diamantane + 4-diamantane)) together with the inferred maturity on an equivalent vitrinite reflectance scale (Chen et al., 1996).  Clearly, all the Browse Basin oils are of relatively high maturity (1.15%<Ro <1.35%) suggesting late stage (delayed) expulsion from the source rock.  The Caswell-2 oil has the lowest diamondoid maturity parameters although having the highest Ts/Tm value.  These seemingly contradictory results highlight the need to compare trends for a number of parameters to evaluate maturity in a more reliable way.  Furthermore, it exposes the apparent interpretative shortfalls that can exist where source influences on commonly used maturity parameters (eg. Ts/Tm) are difficult to quantify.  The lower maturity of the Caswell-2 oil is most likely a result of earlier expulsion from a source with enhanced oil potential.  Indeed, the thickest BB10 age interval is in close proximity to the south of the Caswell wells (Blevin et al., 1997).  Aromatic hydrocarbon maturity parameters (eg. MPI-1) support the diamondoid data and confirm that Caswell-2 is the least mature oil (see Notes added in Proof).



Gas maturity estimates based on carbon isotopes of individual hydrocarbon gases (James, 1983) in the associated natural gases support the concept of late stage migration. For Kalyptea-1/ST1 gas, an interpreted vitrinite reflectance of 1.0% has been inferred based on the isotopic difference between the carbon isotopes of ethane (d13C = -33.9o/oo) and propane (d13C = -30.8o/oo) (data in Kalyptea-1/ST1 Well Completion Report).  The vitrinite reflectance value is assumed to represent the  maturity of the source rock at the time of primary migration.  Alternatively, using the isotopic difference between methane (d13C = -40.3o/oo) and ethane, a vitrinite reflectance of 1.5% is obtained.  In other words, the isotopic composition of methane is more enriched in 13C than would be predicted from its association with the  wet gas components.  A sustainable explanation for the 13C-enriched methane is that Kalyptea-1/ST1 gas is a mixture of wet gas associated with oil generation and dry gas from a deep, overmature source.  Deeply sourced methane is characterised by enrichment in 13C, and is usually accompanied by high nitrogen gas (N2) contents (Boreham and de Boer, in press).  The N2 content of 4.3%, although not excessively high, in the Kalyptea-1/ST1 gas is considered further evidence for a minor contribution from a deep, overmature source.  Indeed, elevated N2 contents (>10%) occur in natural gases from the Bonaparte, Canning and Carnarvon basins (ORGCHEM digital database, AGSO, unpublished), and may indicate a more widespread, and previously underrated, dry gas input from deep, overmature source rocks on the North West Shelf. 



As illustrated in the XY plots above, the multi-parameter source and maturity approach is necessary to clearly distinguish oils of different origins.  However, multivariate statistical methods are the most efficient and reliable means of handling all the key geochemical variables.  Figure 22 shows the cluster analysis dendrogram resulting from this combined dataset. Note that the inclusion of the Browse Basin oils does not affect the population relationships between the other Western Australian oil populations (compare Fig. 22 with Fig. 18) and shows that this is a robust analysis. 



For the data within this closed sample set, statistical analysis reveals that the Population A oils show geochemical characteristics more aligned known Petroleum Systems with Permian to Middle Jurassic sources.  Notably, Population A1 oils, Caswell-2 and Gwydion-1, group with the oils from W1 and W1’ Petroleum Systems (sourced from Late Triassic to Early-to-Middle Jurassic source rocks) while Kalyptea-1/ST1 oil appears to have an affiliation with the Permian G1 Petroleum System.  However, the correlation between the three Browse Basin Population A oils and their companion North West Shelf oil populations is not as strong when compared to Western Australian oil sets from within their known Petroleum Supersystems.  This re-emphasises the chemical differences between oil populations of the North West Shelf are often very subtle and reflect slight variants on time-trangressive organic facies. Considering the Early Cretaceous age of the source rocks for the Population A, these oils are considered to represent a new sub-division in the Westralian Petroleum Supersystem and are accordingly classified as the W3 Petroleum System. 



Population B liquids are closely correlated although they do share similar biomarker characteristics with Jurassic-sourced oils of the Westralian Petroleum Supersystem (Fig. 22), and in particular one W1’ oil.  However, the differences are such that the Population B oils are considered to form a petroleum system not previously recognised in Western Australia, and are tentatively assigned to a new W1B Petroleum System.



The main discriminants that separate the North West Shelf oils are associated with the primary organic matter input from either marine (%27, S/H, 24T/23T) or terrestrial (%29, 24Tet/23T and 19T/23T) source-specific biomarkers which carry the largest weightings for PC1 and PC2 (Fig. 23).  Caswell-2 and Kalyptea-1/ST1 are characterised by their high C27 sterane content.  Depositional environment appears to have a secondary influence (PC2; Fig. 23), with the organic facies associated with Gwydion-1 having a higher clay-content (29D/30H, 30X/30H) compared to the other two Population A oils.  The enrichment in 13C and Ph/Pr ratios >3 are the two dominant geochemical factors that distinguish Population B oils (Fig. 23). 



CONCLUSIONS



The geochemical characterisation of organic-rich rocks (ORRs) in the Browse Basin has shown that potential source rocks exist throughout the Permian to Cretaceous succession.  Mature source rocks have been identified across much of the region.  After correction for maturation and rock lithology, consistently moderate to good ‘initial’ source potential can be identified in Early Cretaceous (123-141Ma) fine-grained sediments from several wells.  Furthermore, some Late Jurassic and Middle-to-Early Jurassic horizons also show oil potential, although this is at a reduced level.  ORRs of other ages do show some oil potential, but their restriction to thin intervals limits their capacity to be overall effective source rocks.



A minimum depth threshold has been established at 1500m, below which mature source rocks are capable of contributing to migrating hydrocarbons in the region.  Along with the recent discoveries of significant reservoired hydrocarbons (eg,  Gwydion-1 and Cornea-1), prevalent oil-staining throughout the stratigraphic column provides strong evidence for the existence of at least one effective source rock in the basin.  



Two major oil populations (Population A and Population B) have been identified in the Browse Basin based on biomarker and isotopic analysis.  Population A oils have been found inboard of the main depocentres in the Browse Basin and include Gwydion-1 and Kalyptea-1/ST1 as well as in the main depocentre in the Caswell sub-basin (Caswell-2), while Population B oils occur outboard of the major depocentres and included the Brecknock-1, North Scott Reef-1 and Scott Reef-1 light oils.  Presently, the latter oil population cannot be correlated with any known source rocks.  Early Triassic and older sediments are considered unlikely sources although there are not a sufficient number of sediment samples to fully support this.  Within Population A, each oil has its own distinctive geochemical signature which is related to slight differences in source rock chemistry and the timing of expulsion from the source rock.



Early Cretaceous sediments, and more particularly those within the 123-134 Ma age interval (BB10) have a biomarker signature that clearly correlates them with Population A oils. Kalyptea-1/ST1 oil shows a good oil-source correlation with a BB10 sediments that is different from those BB10 sediments that correlate with the Caswell-2 and Gwydion-1 oils.  Furthermore, the Kalyptea-1/ST1 oil also shows a strong affinity with a BB11 sediment.  Clearly, effective source rocks are time-transgressive throughout much of the Early Cretaceous and show slight differences in the source organic matter composition due to subtle changes in organic facies and depositional environments.  This has enabled the Population A to be sub-divided into A1 (Caswell-2 and Gwydion-1) and A2 (Kalyptea-1/ST1) families. 



Oil-stains at Lombardina-1 have been correlated to a BB8 source rock.  This suggests that a Late Jurassic petroleum system may also be active in the Browse Basin, although not as prolific as in other Western Australian basins where Late Jurassic source rocks are more extensive.



Maturity estimates on the Browse Basin Populations A and B oils suggest that these liquids are a late stage expulsion product from their respective effective source rock.  Primary migration occurred only after the source rocks attained maturity levels between 1.15 and 1.35% Ro.  Similar maturity for natural gas at Kalyptea-1/ST1 supports gas and associated oil generation from the same effective source rock.  In the Browse Basin, initial oil potential of Late Cretaceous potential source rocks is only rated as moderate.  Accordingly, insufficient quantity of liquid hydrocarbons would have been generated from mature source rocks at peak oil generation to support a migrating liquid phase.  Only at higher maturities when the gas-to-liquid ratio has increased (due to either gas generation from kerogen or cracking of entrained liquids) will primary migration occur at a significant rate.  The influx of deep, overmature dry gas source from within the axes of the basin depocentres may also be a factor in assisting oil re-mobilisation from source to reservoir and within reservoirs. Caswell-2 appears to have been an earlier generated product which may have been the result of a locally ‘sweeter’ Early Cretaceous oil-prone source pod. 



Inter-basin oil-oil correlations of Western Australian Petroleum Supersystems support the different character of the Browse Basin oil populations.  Browse Basin Population B oils show no strong affiliations with known Western Australian Petroleum Supersystems.  At present, no known effective source rocks have definitely been identified, although Late Triassic and Jurassic sediments are considered possible source rocks.  Accordingly, Population B oils have been tentatively assigned to a new W1B Petroleum System.  Population A oils sourced from effective Early Cretaceous source rocks form a new sub-division (W3) of the Westralian Petroleum Supersystem.  Other published work suggests that an Early Cretaceous Petroleum System may have additional members in the Bayu/Undan gas-condensate discovery in the Timor Gap. Brooks et al. (1996) have reported a likely source interval in Callovian through Barremian sediments.



This report presents the first clear documentation of an Early Cretaceous source interval on the Shelf and confirms earlier predictions (Loutit et al., 1996) of the general occurrence of effective organic-rich rocks of this age on the North West Shelf.



Notes added in proof



Carbon isotopes of n-alkanes



The two oil populations established from biomarker and bulk carbon isotopes are also clearly evident in the n-alkane isotope profile (Figure 24) obtained from compound specific isotopic analysis (CSIA).  Since n-alkanes are the major class of compounds in the Browse Basin ‘unaltered’ oils, and we conclude that they are representative of the oil chemistry as a whole, the distinctions made using the saturated biomarkers become even more robust.  Data for the Gwydion-1 oil commences at n-C18 due to the loss of lower molecular weight n-alkanes through mild biodegradation.  Biodegradation has been shown to have minimal effects on the carbon isotopic composition of the residual n-alkanes (Boreham et al., 1995).  Thus, the carbon isotope composition of n-alkanes in the altered Gwydion-1 oil can be readily compared with the data from the other unaltered Browse Basin oils.



Population A oils are the more isotopically depleted compared to Population B.  The d13C of -28.5‰ for the saturated hydrocarbons and used as the ‘cutoff’ to distinguish the two oil populations from this data can also be applied to the individual n-alkanes (Fig. 24).  The fact that the >C12+ n-alkanes have a similar isotopic composition within each oil implies that marine organic matter is the major source with a subordinate contribution from land plants (Murray, et al., 1994).

Brecknock-1 oil shows a slightly different isotope profile to the other Population B oils.  The light n-alkanes (<C12+) are more enriched in 13C whereas the higher molecular weight n-alkanes (>C12+) are more depleted in 13C.  This could due to a slight variation in the source organic facies or may indicate an minor input from an Early Cretaceous source to the heavier n-alkanes. 



Aromatic hydrocarbons



GCMS, in the form of full scan data on diluted whole oils, was originally collected in order to assess the maturity of the Browse Basin oils based on the diamondoid parameter set.  This full scan data set is further utilised to examine the light aromatic hydrocarbon distributions.  The full scan mode is not as sensitive as for data collected under SIR mode, so that the full range of aromatic biomarkers could not be evaluated. Here, we offer preliminary interpretations on a few of the more abundant aromatic hydrocarbons that could be readily identified.



Aromatic hydrocarbons has been under-utilised in oil-oil correlation studies, primarily due to a traditional focus on saturated hydrocarbon biomarkers and to uncertainties in structural identification of the aromatic hydrocarbons.  Nevertheless, oil-oil correlation have been successfully undertaken in the Cooper/Eromanga (Alexander et al., 1988), Bowen/Surat (Boreham, 1995) and Perth basins (Summons et al., 1995) using aromatic hydrocarbon distributions.  Intuitively, there should be no reason why correlations based on saturated hydrocarbons should perfectly match those undertaken using aromatic hydrocarbons as there are a multitude of processes that can differentially act on compound classes and at the molecular level.



The Alexander et al (1988) plots are a powerful aid in distinguishing pre- from post-mid Triassic sourced oils due to Araucarian influence.  One such plot is shown in Figure 25a.  Clearly, these aromatic parameters do not clearly distinguish Population A from Population B oils.



The methylphenanthrene index (MPI-1) is one of the most robust chemical maturity parameters (Radke and Welte, 1983).  The Caswell-2 oil has the lowest MPI-1 and hence is the least mature oil (Fig. 25a).  This is consistent with the ranking defined by the diamondoid maturity parameter from the saturated hydrocarbons.  The internal distribution of methylphenanthenes is also sensitive to maturity. The MPR-1 (3-methylphenanthrene/9-methylphenanthrene) reflects a more stable isomer relative to the isomer with lower stability, and is used here as an additional chemical maturity parameter.  Since the 3- and 9-methylphenanthrene isomers have similar stabilities to biodegradation, Gwydion-1 oil can be readily compared to the remaining unaltered oils.  From the Figure 25b, Population A oils lie on a common trend line and show similar characteristics to other North West Shelf oils from the Carnarvon and Bonaparte basins.  Population B oils cluster together and lie away from the main trend line, suggestive of a source control to these aromatic maturity parameters.
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�Appendix A. Key to digital files of Browse reports and data�

Description



Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Figure 9

Figure 10

Figure 11

Figure 12

Figure 13

Figure 14

Figure 15

Figure 16

Figure 17

Figure 18

Figure 19

Figure 20

Figure 21

Figure 22

Figure 23

Table 1

Table 2

Table 3

Table 4

Table 5

Table 6

Table 7

Table 8

Table 9

Table 10

Table 11

Appendix A

Appendix B

Appendix C

Appendix D1

Appendix D2

Browse Rock Eval/TOC/VR data

AGSO’s  source rock kinetics

AGSO’s  extract data

AGSO’s GC data

AGSO’s GCMS data

Geomark’s GCMS data

�

Digital file



paper copy

paper copy

tot_data.xls

depth1.xls

tab1_2_7.xls

fig6_7.ppt; data from age.xls

fig6_7.ppt; data from age.xls

fig8.ppt; data from re_toc.xls

fig9.ppt; data from re_toc.xls

fig10.xls

gc.ppt; data from browse.mdb

paper copy

pc1_pc2.ppt

gcms.ppt; data from browse.mdb

gcms.ppt; data from browse.mdb

gcms.ppt; data from browse.mdb

fig17.xls

paper copy

oil_oil.xls

oil_oil.xls

diamond.ppt; data from diamond.xls

paper copy

pc1_pc2.ppt

tab1_3.doc

tab2_4_9.xls

tab1_3.doc

tab2_4_9.xls

table5.doc

table6.xls; data from fig.9

table7.xls; data from browse.mdb

table8.xls; data from browse.mdb

tab2_4_9.xls

table10.xls; from Append. D1 and D2

table 11.xls

report.doc

report.doc

922_pkid.ppt and agso_sir.ppt

agso_mrm.ppt

agso_mrm.ppt

tot_data.xls

kinetics.xls

browse.mdb

browse.mdb

browse.mdb

browsegm.mdb

�Appendix B. Key to GCMS peak identification.�

	

Peak No.	Compounds					OilMod TM abbreviation



  1.	C15 8((H)-Drimane

  2.	C15 8((H)-Drimane

  3.	C16 8((H)-Homodrimane

  4.	C19 Tricyclic Terpane					C19T

  5.	C20 Tricyclic Terpane					C20T

  6.	C21 Tricyclic Terpane					C21T

  7.	C22 Tricyclic Terpane					C22T

  8.	C23 Tricyclic Terpane					C23T

  9.	C24 Tricyclic Terpane					C24T

      C25 R & S Tricyclic Terpane				C25R & C25S

      C24 Tetracyclic Terpane					TET

      C26 R & S Tricyclic Terpane				C26R &C26S

      ent-Beyerane

      Isopimarane 

      16(-Phyllocladane

      16(-Kaurane

      16(- Phyllocladane

      16(- Kaurane

      C27 18((H)-22,29,30-Trisnorhopane			Ts

      C27 17((H), 18((H)-25,28,30-Trisnorhopane		C27T

      C27 17((H)-22,29,30-Trisnorhopane			Tm

      C27 17((H)-22,29,30-Trisnorhopane				

      C28 29,30-Bisnorhopane

      C28 28,30-Bisnorhopane					C28H

      C29 Diahopane

      C29 Neodiahopane

      C29 17((H), 21((H)-30-Norhopane			29DM

      C29 17((H), 21((H)-30-Norhopane			29H

      C29 18((H)-30-Norneohopane				29D (29Ts)

      C29 17((H), 21((H)-30-Normoretane			29M

      C30 17((H)-Diahopane					C30X

      C30 Oleanane						OL

      C30 17((H), 21((H)-Hopane				C30H

      C30 Norhopane						C30NPR

      C30 17((H), 21((H)-Moretane				30M

      C30 Gammacerane					GA

      C27 13((H), 17((H)-Diacholestane (20S & 20R)		S1(20S) & S2(20R)

      C27 5((H), 14((H), 17((H)-Cholestane (20S)		S3

      C27 5((H), 14((H), 17((H)-Cholestane (20R & 20S)		S4(20R) & S5=S5B(20S)

      C27 5((H), 14((H), 17((H)-Cholestane (20R)		S6

      C28 24-Methyl-13((H), 17((H)-Diacholestane (20S & 20R)       

      C28 24-Methyl-14((H), 17((H)-Cholestane (20S)		S8

      C28 24-Methyl-14((H), 17((H)-Cholestane (20R & 20S) 	S9(20R), S10=S10B(20S)

      C28 24-Methyl-14((H), 17((H)-Cholestane (20R)		S11

	C29 24-Ethyl-13((H), 17((H)-Diacholestane (20S & 20R) 	S4(20S), S7(20R) 

      C29 24-Ethyl-14((H), 17((H)-Cholestane (20S)		S12

      C29 24-Ethyl-14((H), 17((H)-Cholestane (20R & 20S) 	S13(20R), S14=S14B(20S)

      C29 24-Ethyl-14((H), 17((H)-Cholestane (20R)		S15

      C30 Propyl-13((H), 17((H)-Diacholestane (20S & 20R)       

      C30 Propyl-14((H), 17((H)-Cholestane (20S)

      C30 Propyl-14((H), 17((H)-Cholestane (20R & 20S)	          

      C30 Propyl-14((H), 17((H)-Cholestane (20R)

      C30 ((( 2(-methyl-24-ethyl-cholestane (20R)

      C30 ((( 3(-methyl-24-ethyl-cholestane (20R)

      C30 ((( 4(-methyl-24-ethyl-cholestane (20R) + 4,23,24 trimethyl-cholestane (4 isomers)

      C30 Bicadinane-W

      C30 Bicadinane-T

      C30 Bicadinane-T1

      C30 Bicadinane-R

      C30 Methyl-bicadinane-W

      C30 Methyl-bicadinane-T

      C30 Methyl-bicadinane-T1

      C31 dia Homohopane

      C31  17((H), 21((H)-Homohopane S & R			C31S & C31R

      C31  17((H), 21((H)-Homomoretane

      C31  2((H)-Methylhopane

      C31 3((H)-Methylhopane

      C32 17((H), 21((H)-Bishopane S & R			C32S & C32R

      C33 17((H), 21((H)-Trihopane S & R			C33S & C33R

      C34 17((H), 21((H)-Tetrakishomohopane S			C34S 

      C34 17((H), 21((H)-Tetrakishomohopane R		C34R

      C35 17((H), 21((H)-Pentakishomohopane S		C35S

      C35 17((H), 21((H)-Pentakishomohopane R		C35R	

             Unknown						X�Appendix C. GCMS-SIR traces for saturated hydrocarbons from Browse Basin oils and sediments (peak annotations on ASGO std oil and North Scott Reef-1 oil).�Appendix D1. GCMS-MRM traces for saturated hydrocarbons from Browse Basin oils and sediments for function 1 ions (peak annotations on AGSO std oil).�Appendix D2. GCMS-MRM traces for saturated hydrocarbons from Browse Basin oils and sediments for function 2 ions (peak annotations on AGSO std oil).
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