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ABSTRACT 22 

A comprehensive two-dimensional gas chromatography with time-of-flight mass 23 

spectrometer (GC×GC-TOFMS) method had been developed for separation of a series 24 

of petroleum oil samples by using a polar/non-polar column configuration. Groups of 25 

oils were selected to provide samples from the same oil family to assist in comparison 26 

of changes during biodegradation.  The groups also represented different sources and 27 

ages to assess the application of GC×GC for the differentiation of oil source, as well as 28 

fluid history. A detailed separation of classes of compounds present in the oil was 29 

obtained for each of the oils used in this study. Compared to conventional GC this 30 

technique provides greatly improved separation, and reproducibility of peak 31 

identification, along with greater information for complex samples such as petroleum 32 

and unresolved complex mixture (UCM) samples. This is due to the increased 33 

resolution provided by the addition of a second dimension column operated in GC×GC 34 

mode, to provide more complete compositional information of complex biodegraded oil 35 

samples, and better ability to study biodegradation trends.  Amongst the components 36 

identified, including diamondoids and adamantanes, it is also proposed that alkyl-37 

decahydronaphthalenes appear to constitute a significant contribution to the presence of 38 

the UCM. 39 

 40 

Keywords 41 

Unresolved complex mixture (UCM); comprehensive two-dimensional gas 42 

chromatography (GC×GC); time-of-flight mass spectrometer (TOFMS); diamondoids; 43 

biodegradation; chemical markers. 44 
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1. INTRODUCTION 45 

Comprehensive two-dimensional gas chromatography (GC×GC) provides enhanced 46 

peak capacity and resolving power, and supports rapid, preliminary identification 47 

(Phillips and Beens, 1999).  Therefore, GC×GC is an ideal technique for the analysis of 48 

complex mixtures where compounds of similar chemical structure are grouped into 49 

distinct patterns in the chromatogram.  An important advantage of GC×GC is its ability 50 

to separate components into an ‘orthogonal’ separation plane on the basis of boiling 51 

point and specific interactions with a stationary phase (which might be collectively 52 

referred to as polarity interactions) within the one analytical procedure.  This means 53 

highly complex mixtures can be better separated, and that the elution position of these 54 

components in the two-dimensional (2D) plane can provide useful information on both 55 

their boiling point and polarity.  These analytical benefits make GC×GC particularly 56 

suited for the chemical analysis of crude oils and related samples, as well as for tracking 57 

the compositional changes of petroleum products affected by biodegradation or 58 

weathering, such as in oil spills.  A wide range of recent studies applying GC×GC to 59 

these various aspects are listed in Table 1. 60 

 61 

The impact of biodegradation on the molecular composition and physical properties of 62 

crude oils are empirically well known from studies of in-reservoir biodegradation, 63 

laboratory degradation studies and studies of crude oil spills (Peters and Moldowan, 64 

1993; Head et al., 2003).  Under certain conditions, micro-organisms can alter and/or 65 

metabolise various classes of compounds present in oil resulting in the disappearance of 66 

the dominant components of aliphatic and aromatic hydrocarbon fractions of 67 

biodegraded petroleum (Connan, 1984; Head et al., 2003) and in the development of an 68 
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unresolved complex mixture (UCM) classically observed, and referred to as a big 69 

“hump” in GC (Gough and Rowland, 1990).  Because UCMs are believed to consist of 70 

thousands of components, conventional one dimensional GC (1D GC) and GC coupled 71 

to mass spectrometry (GC-MS) do not provide sufficient component resolution and 72 

adequate informing power (Kidwell and Riggs, 2004), leaving most of the UCM 73 

hydrocarbons unidentified.  Various alternative techniques have therefore been applied 74 

to characterize UCM including bulk analytical methods (e.g., infrared spectroscopy, 75 

nuclear magnetic resonance spectroscopy, probe mass spectrometry), oxidative 76 

degradation methods, size fractionation and successive chromatographic separation 77 

(Gough and Rowland, 1990; Killops and Al-Juboori, 1990; Sutton et al., 2005).  An 78 

exhaustive study using diverse bulk analytical techniques by Killops and Al-Juboori 79 

(1990) concluded that UCMs were largely dominated by aliphatic structures with an 80 

important contribution from cycloalkyl systems.  Gough and Rowland (1990) and 81 

Gough and Rowland (1991) suggested that UCMs of saturated hydrocarbon fractions 82 

are comprised of simple monoalkyl-substituted acyclic and monocyclic alkanes, 83 

including “T-branched” alkanes.  On the other hand, the study of aromatic UCMs by 84 

oxidative degradation methods (Thomas, 1995; Warton et al., 1997) indicated that they 85 

consisted in part of alkylaromatics such as alkyltetralins and alkylindanes.   86 

In spite of these studies, our current knowledge on the chemical composition of UCMs 87 

is still incredibly limited due to the extraordinary analytical challenge posed by their 88 

complexity.  GC×GC is an obvious tool of choice for tackling the chemical complexity 89 

of UCMs, however studies that have applied this technique for UCM characterization 90 

remain scarce (Table 1). 91 

 92 
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The present study aims to compare conventional 1D GC and GC-MS techniques with 93 

the enhanced resolving capacity of GC×GC coupled to the molecular information 94 

provided by time-of-flight mass spectrometry (TOFMS) to study a range of oils and 95 

their related biodegraded equivalents, including the UCMs that develop during 96 

biodegradation.  The use of a polar – non-polar (P/NP) column configuration was 97 

employed in addition to the more common non-polar – polar (NP/P) phase column set.  98 

The former column configuration shows enhanced resolution for less polar compounds 99 

such as n-alkanes, branched alkanes and cyclic saturated hydrocarbons and makes 100 

greater use of the 2D separation space for these critical compound classes (Tran et al., 101 

2006).  Given that prior work suggests that UCM is enriched in non-polar components 102 

(Killops and Al-Juboori, 1990), the P/NP column set is preferred for this study.  This 103 

study will show that the chemical changes observed during biodegradation in 1D GC 104 

and GC-MS studies can be further resolved and the molecular composition tracked 105 

using GC×GC.  Furthermore, the chemical differences between oils derived from a 106 

variety of sources can be observed within the GC×GC-FID data, and trends in specific 107 

compounds and compound groups can be followed without the specific need for mass 108 

spectrometry.  The importance of this approach will be illustrated by reporting the 109 

analysis of UCMs in oils from different sources, where the enhanced separation and 110 

resolving power reveal new information on the chemistry and complexity of the UCM 111 

in biodegraded oil samples.  The application of GC×GC-TOFMS has also been used for 112 

the analysis of these UCMs and, for the first time, provides insight into the chemistry of 113 

the UCM in a variety of oils without the need for prior chemical separation and 114 

allowing for identification of key classes of saturated hydrocarbons that are proposed to 115 

account for UCM formation. 116 
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 117 

2. EXPERIMENTAL 118 

2.1. Oil Samples 119 

Three series of oil samples each deriving from different sources, i.e. marine, land-plant, 120 

mixed marine-land plant, were investigated.  Oils were selected so that comparisons 121 

could be made to illustrate compositional changes at different levels of biodegradation 122 

within a given oil family.  Details of these oils are shown in Table 2. 123 

 124 

2.2. GC and GC-MS 125 

GC analyses of whole oils were performed on an Agilent 6890 gas chromatograph 126 

(Agilent Technologies, Burwood, Australia) with a flame ionization detector (FID) 127 

using split injection on a 50 m x 0.2 mm i.d. fused silica tubular column coated with 0.5 128 

µm HP-PONA film thickness (df) stationary phase (J&W Scientific, Folsom, CA).  129 

Hydrogen was used as a carrier gas and the oven was held at 30 °C for 20 min prior to 130 

being heated to 310 °C at 8 °C/min.  131 

 132 

Saturated hydrocarbon fractions were isolated from oils by chromatography on silica 133 

using standard procedures (Summons et al., 1995).  Full scan and selective ion 134 

recording (SIR) GC-MS analyses were performed on these fractions using an Agilent 135 

model  5973 Mass Selective Detector (MSD) instrument equipped with an Agilent 6890 136 

GC, fitted with a J&W Scientific DB-1 fused silica column (60 m x 0.25 mm i.d., 0.25 137 

µm df).  Samples were injected into an on-column injector and helium was used as 138 



T. C. Tran et al.,                          GC×GC-TOFMS Study of Petroleum Biodegradation    7/32 

  

carrier gas.  For full-scan GC-MS analyses, the GC was programmed from 60 °C for 2 139 

min, followed by a temperature ramp of 10 °C/min to 150 
o
C, then 4 °C/min. to 310 °C 140 

with 30 min hold at 310 °C.  For SIR GC-MS analyses, the GC was programmed from 141 

60 °C for 2 min, followed by a temperature ramp of 10°C/min to 150 °C, then 2 °C/min 142 

to 320 °C with 25 min hold at 320 °C.  All mass spectral data were obtained with an 143 

ionisation energy of 70 eV over the mass range 50 - 550 Da with a scan rate of 3 144 

scans/s. 145 

 146 

2.3. GC×GC-TOFMS  147 

GC×GC-TOFMS analysis was performed using an Agilent HP6890 gas chromatograph 148 

coupled to a Pegasus III time-of-flight mass spectrometry (LECO Corporation, St. 149 

Joseph, MI).  LECO ChromaTOF software (version 2.00) was used to operate the 150 

GC×GC-TOFMS system.  Two column sets were used in this study; one column set 151 

(P/NP) comprised a polar (BPX50; 50% phenyl equivalent) phase column (30 m × 0.25 152 

mm i.d. × 0.25 µm df) for the first dimension (
1
D), coupled to a non-polar (BPX5; 5% 153 

phenyl equivalent) phase coated capillary column (1.0 m × 0.10 mm i.d. × 0.10 µm df) 154 

for the second dimension (
2
D) column.  The other (NP/P) was a BPX5 phase column 155 

(30 m × 0.25 mm i.d. × 0.25 µm df) as 
1
D, connected to a BPX50 phase coated column 156 

(1.0 m × 0.10 mm i.d. × 0.10 µm df) as 
2
D.   All columns were from SGE International 157 

(Ringwood, Australia).  Columns were joined using a zero dead-volume capillary 158 

connector (SGE International).  Helium was used as carrier gas with a constant flow of 159 

1.0 mL/min; the column pressure was 414 kPa.  160 

 161 
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A small amount of whole oil sample (10 µL) was dissolved in 100 µL of hexane and 162 

was vortex mixed for two min.  The samples were injected into a heated (300 °C) 163 

split/splitless injector, with a split ratio of 50:1.  The GC oven was programmed from 60 164 

°C (1 min), heated to 275 °C at 2 °C/min, then 20 °C/min to 300 °C (10 min).  A 165 

Longitudinal Modulated Cryogenic System (LMCS, Chromatography Concepts, 166 

Doncaster, Australia) was used for trapping and transferring the effluent from the 
1
D to 167 

the 
2
D column.   The modulator temperature was set at 0 °C, commencing at 10 min and 168 

the modulation period (PM) was 6 s.   169 

 170 

The MS transfer line temperature was 280 °C and the MS ion source temperature was 171 

230 °C.  The MS detector voltage was -1600 V.   Ionisation was performed using 172 

electron induced ionisation at +70 eV.  The mass spectral data acquisition rate was 100 173 

Hz and data were collected over a mass range of 40 - 500 Da.  Total ion chromatogram 174 

(TIC) data were processed using the automated data processing software ChromaTOF, 175 

with a signal-to-noise (S/N) threshold of 100, and Mainlib (NIST98) spectral library was 176 

used for peak identification.  After deconvolution, automated peak identification was 177 

supplemented by manual validation of individual spectra with that of reference library 178 

spectra. 179 

 180 

3. RESULTS AND DISCUSSION 181 

3.1. Conventional GC and GC-MS analysis 182 

Initially all of the study oils were analysed using conventional 1D GC-FID and GC-MS 183 

analytical methods.  This was done to allow comparison with the GC×GC-FID and 184 

GC×GC-TOFMS methods and to illustrate the biodegradation trends and changes in the 185 
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oils families in a more familiarly recognised (classical low resolution) format.  Whole 186 

oil split injection GC analysis was used to screen the oils and provides a rapid 187 

assessment of oil composition.  Typical conventional 1D GC-FID chromatograms of 188 

non-biodegraded and biodegraded oils are shown in Figure 1.  189 

 190 

3.1.1. Land-plant oils 191 

The oils from the Gippsland Basin (Australia) are sourced from the Late Cretaceous 192 

Latrobe Group sediments (Moore et al., 1992) and have a predominantly terrestrial 193 

signature (Shanmugam, 1985; Burns et al., 1987).  The non-biodegraded Sunfish-1 oil 194 

displays geochemical characteristics typical of oils derived from land-plant detritus 195 

deposited in an oxic environment. These include a high pristane to phytane ratio, 196 

abundant bicyclic sesquiterpanes, substantial amounts of tri- and tetra-cyclic diterpanes, 197 

a low proportion of steranes relatively to triterpanes and a large predominance of C29 198 

steranes over C27 and C28 homologs (Noble et al., 1985; Noble et al., 1986; Philp and 199 

Gilbert, 1986).  In particular, the presence of diterpanes such as isopimarane and 200 

16β(H)-phyllocladane indicate significant conifer inputs (Noble et al., 1985; Noble et 201 

al., 1986).  In contrast to Sunfish-1, Lakes Entrance-1 is clearly biodegraded as 202 

evidenced by the near complete loss of linear and isoprenoid alkanes and the 203 

development of a prominent UCM across the whole C10-C35 range (Fig. 1a).  However, 204 

GC-MS analysis of these oils confirms that they share similar biomarker compositions 205 

due to derivation from the same source.   206 

Peters and Moldowan (1993) related the losses of different group of compounds to 207 

increased levels of biodegradation and developed a biodegradation ranking scale based 208 

on the extent of destruction of diverse compound classes.  This ranking scheme has its 209 
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shortcomings as degradation of different groups of compounds such as steranes and 210 

hopanes can occur simultaneously rather than in a sequential manner (Bennett and 211 

Larter, 2008).  However, it is still useful for the purpose of comparing the extent of 212 

alteration that biodegraded oils have experienced.  In this example, the Lakes Entrance-213 

1 oil is biodegradation Rank 3: linear and isoprenoids alkanes have almost been 214 

completely removed, however trace amounts of linear alkanes can still be observed by 215 

extracting an m/z = 85 ion chromatogram using GC-MS.  Diterpanes including 16β(H)-216 

phyllocladane appear to be particularly enhanced due to their greater resistance towards 217 

biodegradation and are amongst the most abundant components in Lakes Entrance-1 218 

(Fig. 1a).  Steranes and hopanes have not been affected by bacterial degradation and 25-219 

norhopanes were not detected.   220 

The loss of n-alkanes, isoprenoids and the development of the UCM are clearly 221 

illustrated by conventional GC analysis.  However, the detailed identification of 222 

biomarkers, such as hopanes, steranes, bicyclic sesquiterpanes, tri- and tetra-cyclic 223 

diterpanes requires the use of GC-MS.  224 

 225 

3.1.2. Marine oils 226 

A series of three marine sourced Cretaceous oils from the Browse Basin, Australia were 227 

also analysed by conventional GC and GC-MS analytical methods.  These oils belong to 228 

the same oil family and have been correlated to marine mudstones of the Early 229 

Cretaceous Echuca Shoals Formation (Blevin et al., 1998).  Biodegradation has affected 230 

Gwydion-1 and Cornea-1 to different extents, while Caswell-2 is non-biodegraded. 231 

Biodegradation of Gwydion-1 is illustrated by the depletion of lower molecular weight 232 

components, including n-alkanes <C16, and by the development of a moderate UCM 233 
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(Fig. 1b).  Isoprenoids alkanes and waxy C18+ n-alkanes remain in the sample, which 234 

means Gwydion-1 is only mildly biodegraded to Rank 1 on the biodegradation scale of 235 

Peters and Moldowan (1993). In contrast, Cornea-1 oil is more heavily biodegraded 236 

(Rank 4) as suggested by the complete loss of n-alkanes and the presence of a much 237 

more extensive UCM (Fig. 1b).  Alkanes isoprenoids such as pristane and phytane are 238 

still preserved and hopanes and steranes have not been degraded.  239 

 240 

3.1.3. Mixed marine and land-plant oils 241 

Three mixed marine and terrestrial Early Cretaceous reservoired oils from the 242 

Carnarvon Basin (Australia) were analysed to help illustrate compositional changes due 243 

to heavy biodegradation.  The Late Jurassic Dingo Claystone is thought to be the source 244 

of Barrow sub-basin oil Mardie-1A (Volkman et al., 1983a) and Dampier sub-basin oils 245 

Stag-1 and Wandoo-1 (Summons et al., 1998).  The 3 oils have similar GC profiles (Fig. 246 

1c): linear and isoprenoid alkanes have totally been removed and a predominant UCM 247 

has developed across the whole C10-C35 range.  However, differentiation in the extent of 248 

their biodegradation can be made by looking at the biomarker distributions from GC-249 

MS data.  The level of biodegradation at Wandoo-1 is 5 on the scale of Peters and 250 

Moldowan (1993), whereas it has progressed to 6 at Stag-1 as shown by the presence of 251 

C29 and C30 25-norhopanes.  Mardie-1A is even more extensively altered as regular 252 

hopanes have all been removed (Rank 9) and a whole series of C26 to C34 25-norhopanes 253 

are instead present (Volkman et al., 1983b).  The abundance of 25-norhopanes is so 254 

high in Mardie-1A that they can be observed in the whole oil gas chromatogram 255 

between 62 and 72 min (Fig. 1c).  Steranes in Mardie-1A also show significant 256 

alteration (Volkman et al., 1983b). 257 



T. C. Tran et al.,                          GC×GC-TOFMS Study of Petroleum Biodegradation    12/32 

  

 258 

3.2. GC×GC-TOFMS 259 

3.2.1. Land-plant oils 260 

Figure 2a shows the 2D plot of the non-biodegraded land-plant derived oil Sunfish-1 261 

using a non-polar/polar (NP/P) column set.  Aliphatic components, such as normal, 262 

branched and cyclic alkanes are readily separated from aromatics.  However, 263 

differentiation of the aliphatic components is not easily achieved and poor use is made 264 

of the two dimensional space for the aliphatic compounds.  This observation has 265 

previously been discussed by Tran et al. (2006), with the conclusion that aliphatic 266 

compounds are poorly retained on the second dimension (polar) column, and 267 

compressed into a narrow elution region, which makes the differentiation of different 268 

classes of non-polar compounds less easy. 269 

 270 

In the polar/non-polar (P/NP) column configuration (Fig. 2b), saturated hydrocarbons 271 

now have the greatest 
2
tR in the apolar second dimension, thus are located along the 272 

upper segment of the 2D space.  Between the n-alkanes are located branched alkanes, 273 

and located at slightly greater 
2
tR than the alkanes is the homologous series of 274 

isoprenoids, including norpristane, pristane and phytane, which are now clearly visible 275 

as resolved peaks on the chromatogram, suggesting that they are less polar than the 276 

corresponding n-alkanes; the isoprenoids were not well differentiated in the NP/P 277 

column configuration.  Saturated isoprenoids do not have a unique characteristic 278 

fragment ion, however m/z 113 can be extracted from the TIC to reveal peaks that 279 

correspond to these compounds (Frysinger et al., 2003 and references therein).  The 280 

ability to separate and differentiate these compounds using the P/NP column set is 281 
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remarkable since they are important biomarkers for oil characterisation and correlation.  282 

The P/NP column configuration also provides a greater ability to separate 283 

alkylcyclopentanes from alkylcyclohexanes, as exemplified by the inset of Fig. 2b.  The 284 

so called ‘roof-tile’ effect (Beens et al., 2000) is observed within cyclic compounds, 285 

with the roof-tiles indicated by the black lines. Within each ‘tile’ are the branched 286 

cyclopentane and cyclohexane isomers, separated based on the degree of branching and 287 

number of alkyl-substituents attached to the cyclic group.  288 

Towards the lower part of the 2D space are the more polar compounds such as mono-, 289 

di-, and tri-aromatic hydrocarbons.  They elute at a relatively higher temperature on the 290 

1
D polar column and consequently have the shortest 

2
tR on the 

2
D apolar phase. The 291 

mono-, di- and tri-aromatic hydrocarbons and their alkyl-substituents are clustered 292 

together within a narrow 
2
tR range on the 

2
D phase compared to the NP/P configuration, 293 

making their differentiation less well defined compared with that on the P/NP phase, in 294 

agreement with previous studies (Adahchour et al., 2004; Tran et al., 2006).  Sunfish-1 295 

oil shows high relative abundances of monoaromatic and diaromatic compounds, such 296 

as naphthalene and alkylnaphthalenes.  In comparison to the conventional GC analysis 297 

of the Sunfish-1 oil, the GC×GC chromatogram provides data on the aromatic 298 

composition of the oil, which cannot be obtained from the whole oil 1D GC analysis in 299 

the absence of mass spectrometry.   300 

 301 

Figure 2c illustrates the GC×GC-TOFMS TIC of Lakes Entrance-1 oil, which is 302 

biodegraded to the Rank 3 (Table 2).  Normal, branched-, mono-cyclic alkanes and 303 

some branched cyclic-alkanes are almost completely absent from the chromatogram.  In 304 

addition, compounds more susceptible to biodegradation, such as isoprenoid alkanes 305 
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and aromatic compounds, including mono-, di-, and triaromatic hydrocarbons, have 306 

been almost completely lost during biodegradation of this oil.  Diamondoids were 307 

detected in the sample, however, only in a very low relative abundance.  In addition to 308 

this observation, there is a group of resolved compounds located around 
1
tR

 
~ 4000-4500 309 

s and 
2
tR ~ 3.5 to 5.0 s, which are produced by conifer derived tri- and tetra-cyclic 310 

diterpanes.  Biomarkers such as hopanes and steranes elute later in the first dimension, 311 

i.e. in the region 
1
tR

 
~ 6000-7000 s and 

2
tR ~ 3 to 4.5 s (Fig. 2c).  312 

The development of the UCM is shown as a broad area of many closely eluting 313 

components.  The elution position of the UCM in both dimensions is important as it 314 

provides information on the compound classes constituting the UCM.  The NP/P 315 

column configuration shows that the UCM must be composed of components that are 316 

significantly less polar that the mono-, di-, and tri-aromatic compounds, yet relatively 317 

more polar than the n-alkanes, isoprenoids and simple branched alkanes. 318 

 319 

3.2.2. Marine oils 320 

A series of three marine oils were analysed using the P/NP column configuration. 321 

Figure 3 shows TIC chromatograms of the three marine oils (a) Caswell-2, (b) 322 

Gwydion-1 and (c) Cornea-1, respectively. Caswell-2 oil is non-biodegraded; therefore 323 

it contains relatively high abundance of n-alkanes (C8 to C30).  Since the n-alkanes are 324 

predominant in the sample, they infer a reduced relative abundance of other classes of 325 

compounds.  326 

 327 

The TIC of Gwydion-1 oil which is a partially biodegraded oil is shown in Fig. 3b.  The 328 

loss of low molecular weight straight and branched alkanes from C8 to C17 is obvious 329 
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compared to Caswell-2 oil by simple visualization.  Mono-cyclic alkanes and some 330 

multi-cyclic alkanes were also lost during the early stage of biodegradation. The 331 

presence of aromatic compounds now becomes more apparent in the chromatogram, 332 

most likely due to compounds, such as n-alkanes becoming degraded whilst 333 

degradation-resistant compounds increase in relative concentration (Wang and Fingas, 334 

1995). 335 

 336 

Fig. 3c shows the TIC of Cornea-1, a more heavily biodegraded oil (Rank 4), which 337 

reveals essentially the complete degradation of straight chain and branched 338 

hydrocarbons.  In agreement with 1D GC-MS analysis, remnants of norpristane, 339 

pristane and phytane are still detectable in the chromatogram. The most noticeable 340 

aspect in this sample is the presence, or now increasing appearance, of new classes of 341 

compounds such as those located around 400 s to 4300 s in the first dimension and 2.3 s 342 

to 5.3 s in the second dimension, and which are displayed very clearly as ordered 343 

patterns.  The number of compounds present in this oil at a given response level has 344 

increased, compared to that in the mildly biodegraded Gwydion-1 oil.  The enrichment 345 

of mono-, di- and triaromatic hydrocarbons is also obvious in the chromatogram, 346 

supporting the resistance of aromatic compounds to biodegradation compared with n-347 

alkanes.   348 

Interestingly, diamondoids were found to be a key component of Cornea-1 (Fig. 3c), 349 

supporting the fact that diamondoids are particularly resistant to biodegradation (Grice 350 

et al., 2000; Wei et al., 2007).   351 

 352 

3.2.3. Marine/land-plant oils 353 
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TIC chromatograms of Stag-1, Wandoo-1 and Mardie-1A oils are shown as in Figure 4.  354 

Oils from Stag-1, Wandoo-1 and Mardie-1 are derived from a mixed marine and land-355 

plant source.  These oils are biodegraded to between Rank 5 and 9 and show complete 356 

loss of n-alkanes, monocyclic alkanes and aromatic hydrocarbons.  Diamondoids could 357 

be identified in all of these oils based on GC×GC elution position and GC×GC-TOFMS 358 

analysis.  The most abundant series of compounds form prominent bands grouped 359 

together in the 2D space; these bands have a ‘tiled’ distribution indicative of multiple 360 

structural isomers within each ‘tile’ and constitute the bulk of the UCM for these oils 361 

when analysed using 1D GC.  The presence of these UCM bands in the same area of the 362 

2D GC×GC space in oils from marine, land-plant and mixed sources suggests that these 363 

groups of compounds are not source specific.  It also indicates that the chemical 364 

composition characteristic of the UCM between these oils, although derived from a 365 

variety of sources and ages, is broadly similar.   366 

 367 

3.3. UCM analysis 368 

As outlined in the previous section, the application of GC×GC to the analysis of whole 369 

oil can provide information that is consistent with the more traditional 1D GC methods 370 

used in petroleum geochemistry, however there is much more information within the 371 

GC×GC analysis since it is now possible to establish a polarity measure for the UCM, 372 

and observe chemical banded structures within the 2D space.  Significantly, this can be 373 

done without prior chemical separation or pre-treatment of the oils, therefore the 374 

information that is now obtained via the use of GC×GC-FID and GC×GC-TOFMS 375 

provides an insight into the overall nature of the UCM and its composition in these oils. 376 

 377 
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Based on the GC×GC elution position of the bands that comprise the UCM, the bulk of 378 

the UCM must be aliphatic in nature, as it is less polar than mono-, di- and tri-aromatic 379 

compounds, which all elute below these bands in the 2D plot.  This is in accordance 380 

with previous studies showing that UCMs are dominated by aliphatic structures (Killops 381 

and Al-Juboori, 1990; Frysinger et al., 2003).  The bulk of the UCM components must 382 

also be more polar than saturated isoprenoids, branched acyclic alkanes and n-alkanes, 383 

which all elute above these UCM bands.  For the Cornea-1 and Gwydion-1 oils, groups 384 

of peaks are observed between ~1000 and 2600 s in the first dimension and ~2.5 to 4.5 s 385 

in the second dimension.  GC×GC-TOFMS analysis of individual peaks in the 386 

chromatogram allows the identification of adamantane, methyl-adamantane and 387 

dimethyl-adamantane eluting earlier in the second dimension than the majority of peaks 388 

(Fig. 5a).  The mass spectra of the most prominent peaks are shown in Figure 6 and 389 

their distribution illustrated in Figure 6b for the Cornea-1 oil.  Compound I has a 390 

molecular ion at m/z = 138 and key ions at m/z = 96, 81, 67, 55 and 41 (Fig. 6a).  391 

Compounds II and III have molecular ions at m/z = 152 and show similar fragmentation 392 

patterns to that of compound I (Figs. 6b and c).  Based on the [M-15]
+
 ion at m/z = 137 393 

for compounds II and III, the similar fragmentation pattern and the 14 mass units 394 

difference between the molecular ions of compound I and II and III, we interpret 395 

compounds II and III to be methyl-branched isomers of compound I.  Compounds IV 396 

and V show similar fragment ions to compounds I, II, and III but have a molecular ion 397 

at m/z = 166 (Figs. 6d and e).  Compound IV differs from compound V in having an 398 

[M-15]
+
 ion at m/z = 151, as opposed to V which displays a prominent [M-29]

+
 at m/z = 399 

137.  These compounds appear to be C2 isomers of compound I with compound IV 400 

having methyl-branches and compound V having a single ethyl-branch.  Based on the 401 
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fragmentation pattern and interpreted molecular ion at m/z= 180 (Fig. 6f), compound VI 402 

appears to be a C3 isomer of compound I.  Using evidence from molecular ion and 403 

fragmentation patterns, compound I is interpreted to be decahydronaphthalene (also 404 

known as decalin).  This interpretation was confirmed by co-injection of a 405 

decahydronaphthalene standard with the oil in GC×GC.  Given the identification of 406 

compound I as decahydronaphthalene, the other compounds II to VI are proposed and 407 

interpreted to be alkyl-substituted decahydronaphthalenes ranging from C1 (m/z = 152) 408 

to C5 (m/z = 208) in the Cornea-1 and Gwydion-1 oils.  Note that in the absence of 409 

authentic compounds, and the lack of molecular specificity in the interpretation of the 410 

mass spectra of these isomers, the above are necessarily tentative propositions.  411 

Based on the total ion chromatograms from GC×GC-TOFMS data, it is now apparent 412 

that the UCM of these biodegraded oils contain similar groups of alkyl-413 

decahydronaphthalene isomers but that the carbon number range varies.  Figures 7a-f 414 

show TICs of Gwydion-1, Cornea-1, Lakes Entrance-1, Wandoo-1, Stag-1and Mardie-415 

1A respectively, and extracted ion chromatograms (EIC) of summed molecular ions m/z 416 

= 138, 152, 166, 180, 194, 208 and 222 of these oils are shown in Figure 8.  As 417 

biodegradation progresses from Fig. 7a to Fig. 7f, more of the oil composition can be 418 

explained by these selected EIC data given in Fig. 8; thus in Fig. 8f most of the oil 419 

composition arises from compounds with molecular ions shown, but in Fig. 8a, little 420 

prevalence of these compounds is seen. In oils showing low levels of biodegradation 421 

such as Gwydion-1 (Fig. 8a) and Cornea-1 (Fig. 8b), decahydronaphthalene and C1 to 422 

C3 isomers are apparently the most predominant.  Oils exhibiting greater levels of 423 

biodegradation exhibit a predominance of higher carbon ranges, with C4 to C7 being 424 

dominant (Figs. 8d to 8f).  Each group of isomers forms bands that tend to shorter 
2
tR as 425 
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1
tR increments, or tile structures, i.e. exhibit a tile structure in 2D space; within each 426 

band there are many isomers once alkyl-decahydronaphthalenes with more than C3 427 

substitution is present. The extensive overlapping tile effect observed in 2D space 428 

means that projection of the separation obtained back onto the 1
st
 dimension would lead 429 

to the UCM distribution familiarly observed in 1D GC analysis.  Thus it is proposed 430 

that the UCM observed in 1D GC analysis in all of these oils is predominantly 431 

composed of co-elution of multiple isomers of alkyl-decahydronaphthalenes.  These 432 

will also overlap with other classes of compounds that arise in these samples.  The 433 

range of the UCM is dependent on the dominance and range of different carbon 434 

numbers in the alkyl-decahydronaphthalene groups present. The occurrence of alkyl-435 

decahydronaphthalenes in UCMs has been mentioned in previous studies using 436 

comprehensive two-dimensional gas-chromatography as the main analytical tool 437 

(Frysinger et al., 2003; Gaines et al., 2006; Peacock et al., 2007; Ventura et al., 2008).  438 

Prevalent C4 to C6 alkyl-decahydronaphthalenes observed in extracts of intertidal 439 

sediments contaminated with a 1969 oil spill were shown to be particularly recalcitrant 440 

to weathering processes including biodegradation (Gaines et al., 2006; Peacock et al, 441 

2007).  We note that these GC×GC studies used the conventional NP/P column 442 

configuration which resulted in poor use of the 2D retention time space for saturated 443 

hydrocarbons which constitute the bulk of UCMs.  This issue was recognized by 444 

Fryzinger et al. (2003) who used a chiral column in the second dimension (preceded by 445 

a non-polar column in the first dimension) to improve use of 2D space.  The application 446 

of the P/NP column set in our case has led to a much better separation of aliphatic 447 

constituents and hence, a better grasp on the overall UCM composition.  448 

 449 
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Importantly, the focus of this assessment is on the components that dominate the UCM 450 

area within the 2D space.  The UCM elution zone will also contain many other 451 

compounds that do not form significant groupings of components.  However, the power 452 

of GC×GC-TOFMS, as revealed in this study, is that it is now possible to separate a 453 

petroleum UCM both using GC and MS to obtain new information about the 454 

composition.  This approach can now be applied to other oils from regions outside 455 

Australia to examine different levels of biodegradation in oils from diverse sources.  456 

This would extend our understanding on whether the alkyl-decahydronaphthalene 457 

patterns observed in this study are more widely typical of UCMs, and address how they 458 

actually form. 459 

 460 

4. CONCLUSIONS 461 

Results from this study demonstrate that GC×GC-FID and GC×GC-TOFMS can be a 462 

powerful way to examine oils and study biodegradation trends.  Whilst the trends in 463 

biodegradation and development of the UCM described using more traditional 1D GC 464 

and GC-MS are limited to gross overall shapes and extents of unresolved bands, using 465 

GC×GC it is possible to provide a molecular interpretation within a single analysis.  466 

The P/NP column configuration in GC×GC-TOFMS has proved to be a powerful 467 

technique for separating the UCM in biodegraded oils.  The ability to simultaneously 468 

separate and differentiate thousands of compounds by GC×GC-TOFMS will enable 469 

geochemists to more fully understand the chemical composition of the UCM.  This 470 

study suggests that compounds comprising a UCM from oils derived from marine, land-471 

plant and mixed sources used in this study are found to be similar and comprise isomers 472 
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of alkyl-decahydronaphthalenes (C1-C7).  Due to the large amount of compounds 473 

present in the oils, it is impossible to identify and discuss all classes of compounds 474 

present in the UCM in this study and other classes still need to be identified in order to 475 

fully explore the chemical composition of additional minor components within a UCM.  476 

The results presented here show that by using the P/NP column configuration, it is 477 

possible to provide a much more enlightened compositional characterisation of 478 

compounds present in the UCM, and these compounds are often grouped together in 479 

different bands or tiles, rather than just a ‘hump’ as observed in conventional 1D GC.  480 

The GC×GC-TOFMS method developed in this study represents a step closer to 481 

completely resolving and identifying all classes of compound present in the UCM. 482 

Future work will be focused on the further identification and quantification of 483 

compounds that make up the UCM. 484 

 485 
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Figure captions 675 

 676 

Figure 1. Typical conventional 1D GC-FID chromatograms of the oils analysed in this study. (a) Land-677 

plant oils Sunfish-1 and Lakes Entrance-1, (b) Marine oils Caswell-2, Gwydion-1 and Cornea-1, (c) 678 

Mixed land-plant and marine oils Wandoo-1, Stag-1 and Mardie-1A. See Table 2 for oil characteristics. 679 

Figure 2. GC×GC analysis of land-plant oils. (a) 2D GC×GC-FID plot of Sunfish-1 oil analysed using 680 

NP/P column set, (b) GC×GC-TOFMS Total Ion Chromatogram (TIC) of Sunfish-1 oil using P/NP 681 

column set and (c) TIC of Lakes Entrance-1 analysed using P/NP column set. 682 

Figure 3. GC×GC-TOFMS TICs of marine oils. (a) Caswell-2, (b) Gwydion-1, and (c) Cornea-1.  683 

Figure 4. GC×GC-TOFMS TICs of marine/land plant oils. (a) Stag-1, (b) Wandoo-1, and (c) Mardie-1A.  684 

Figure 5. GC×GC-TOFMS analysis of Cornea-1 oil: (a) TIC and (b) Stacked Extracted Ion 685 

Chromatograms (EIC) of key molecular ions m/z = 138, 152, 166, 180, 194, 208, 222 showing 686 

distributions of alkyldecahydronaphthalenes. 687 

Figure 6. Mass spectra of compounds I, II, III, IV, V and VI observed in the UCM of Cornea-1 oil. 688 

Figure 7. GC×GC-TOFMS TICs of biodegraded oils: (a) Gwydion-1, (b) Cornea-1, (c) Lakes Entrance-689 

1, (d) Stag-1, (e) Wandoo-1 and (f) Mardie-1A. 690 

Figure 8. Summed EICs of m/z = 138 + 152 + 166 + 180 + 194 + 208 + 222 of biodegraded oils: (a) 691 

Gwydion-1, (b) Cornea-1, (c) Lakes Entrance-1, (d) Stag-1, (e) Wandoo-1 and (f) Mardie-1A. 692 
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Table 1.  Applications of GCxGC analyses for hydrocarbon analysis of petroleum,  

refined products and environmental biodegradation 

 

 

Study Type Reference 
Crude oils and condensates Frysinger and Gaines, 2001; van Mispelaar et al., 

 2005; Tran et al., 2006; Li et al., 2008 

Petrochemicals Vendeuvre et al., 2004; Adahchour et al., 2006; 

Von Mühlen et al., 2006; Vendeuvre et al., 2004 

Coal-derived liquids Hamilton et al., 2007 

Middle distillates Beens and Brinkman, 2000; Vendeuvre et al., 2005  

Diesel fuel Frysinger and Gaines, 1999; Vendeuvre et al., 

2007 

Kerosene Venkatramani and Phillips, 1993 

Source rock organic extracts Hebting et al., 2005; Wang and Walters, 2007; 

Ventura et al., 2008 

Petroleum-contaminated soils Van de Weghe et al., 2006; Mao et al., 2008; 

2009a 

Oil spill analysis Reddy et al., 2002; Nelson et al., 2006; Arey et al., 

2007 

Environmental biodegradation Penet et al., 2006; DeMello et al., 2007 

Alkene-based drilling fluids Reddy et al., 2007 

UCM in oil spills Frysinger et al., 2003; Gaines et al., 2006; Peacock 

et al., 2007 

UCM in motor oil Mao et al., 2009b 

UCM in source rock extracts Ventura et al., 2008 

Aromatic UCM in mussel tissue Booth et al., 2007 
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Table 2.  Oils analysed in this study. 
 
 
 

Basin 
Oil 

Number 
Well Source type 

Reservoir 
Age 

Source 
Age 

Biodegradation 
Rank  

(PM 1993) 
Biodegradation indicators 

Gippsland 851 Sunfish-1 Land plant 
Late 

Cretaceous 
Late 

Cretaceous 0 
no biodegradation 

Gippsland 105 
Lakes 

Entrance-1 
Land plant _ 

Late 
Cretaceous 

3 Near complete loss of n-alkanes and isoprenoids. 
Large UCM.  

Browse 10169 Caswell-2  Marine 
Late 

Cretaceous 
Early 

Cretaceous 0 
no biodegradation 

Browse 10170 Gwydion-1 Marine 
Early 

Cretaceous 
Early 

Cretaceous 1 
Lower carbon number n-alkanes depleted 

Browse 10262 Cornea-1 Marine 
Early 

Cretaceous 
Early 

Cretaceous 
4 

Complete removal of n-alkanes but acyclic 
isoprenoids still present. Hopanes and steranes 

intact. 

Carnarvon 641 Wandoo-1 
Marine + 

Land Plant 
Early 

Cretaceous 
Late 

Jurassic 
5 n-alkanes or isoprenoids completely removed. 

Steranes and hopanes intact 

Carnarvon 10263 Stag-1 
Marine + 

Land Plant 
Early 

Cretaceous 
Late 

Jurassic 
6 n-alkanes or isoprenoids completely removed. 

Presence of C29 and C30 25-norhopanes. 

Carnarvon 19999621 Mardie-1A 
Marine + 

Land Plant 
Early 

Cretaceous 
Late 

Jurassic 
9 

n-alkanes or isoprenoids completely removed. 
Hopanes completely removed and steranes partly 

degraded. Presence of C26-C34 25-norhopanes. 
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