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SUMMARY 

The ability of computerised gas chromatography-mass spectrometry (C-CG- 
MS) to afford detailed information on petroporphyrin composition is exemplified 
through analyses of Boscan crude oil and La Luna shale (Maracaibo Basin, W. 
Venezuela), an oil-source rock pair. The petroporphyrins of both samples are com- 
plex mixtures, comprising at least 224 and 175 compounds, respectively. Five struc- 
tural classes (A, A-2, A-4, A-6 and A-8) have been characterised and shown to con- 
tain at least 5 pseudo-homologous series through linear Kovats’ plots and co-injec- 
tion. The two samples are shown to be qualitatively and quantitatively very similar 
in composition. These related samples are compared and contrasted to an unrelated 
bitumen, Gilsonite, examined in an earlier paper. The data show that petroporphyrin, 
analysis by C-GCMS can provide classical biological marker information, e.g. ther- 
mal maturity. This paper provides the first such comparative examination of petro- 
porphyrins by GCMS analysis. 

INTRODUCTION 

The potential of endogenous petroporphyrins to yield geochemical information 
such as depositional palaeoenvironment and thermal history is now well estab- 
lished1-4. To obtain such information, the petroporphyrin components must be iso- 
lated and characterised. Direct insertion probe mass spectrometry (MS)5,6 and high- 
performance liquid chromatography (HPLC) 3,7,8 have both been used extensively as 
means of petroporphyrin “fingerprinting” and characterisation; both have their 
shortcomings9+’ O. We have recently developed procedures whereby petroporphyrins 
can be rigorously analysed by computerised gas chromatography-mass spectrometry 
(C-GC-MS) as their bis(tert.-butyldimethylsiloxy)Si(TV) derivatives. Porphyrin com- 
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position is readily determined - ’ l3 Structural type is deduced from the characteristic , 
(M - 13 1)’ ions. Further classification into pseudo-homologous series is achieved via 
assignment of pseudo-Kovits retention indices and co-chromatography of deriva- 
tised standards of known structure. Quantitative information, readily obtainable 
from ion-intensity data, can be used to plot distribution profiles for use in compar- 
ative studies. 

The procedural details of the C-GC-MS and data handling techniques are well 
documented10,*3,14. To date, however, detailed analysis has been reported for only 
a single sample, the Gilsonite bitumen (Eocene, Uinta Basin, UT, U.S.A.)14. The 
results demonstrated the power of the technique to yield compositional information 
inaccessible by other methods. Over 100 individual components were observed, com- 
prising four structural classes. 

We now extend C-GC-MS investigations of petroporphyrins to Boscan crude 
oil and its proposed source rock, the La Luna shale (Cretaceous, Maracaibo Basin, 
W. Venezuela). Studies of the Maracaibo Basin have firmly demonstrated this 
source-oil relationship . 15,16 Petroporphyrin analysis has been used to establish this 
close relationship17. The oils and shales of this region are well known for their high 
vanadyl porphyrin content (typically several thousand ppm of the crude oils and 
shale extracts) and have been the subject of a number of porphyrin investigations. 
Ultraviolet-visible spectrophotometry (UV-VIS) initially revealed their high vanadyl 
porphyrin content’ 7. Subsequently 5,6, MS of both metallo- and metal-free (following 
sequestration in acid media) porphyrins showed them to be a complex mixture of 
structural types proposed to be aetio (1), deoxophylloerythroaetio-(DPEP; 2), di- 
DPEP (3), rhodo-aetio- (4) and rhodo-DPEP (5). Recently, the nomenclature benz- 
aetio- and benz-DPEP- has been used for the latter two structural types2 on the basis 
of structures (4 and 5) suggested earlie6. Structures of the benz-DPEP type have 
now been proven unambiguously for two compounds (C32 and C33)18. lH NMR 
evidence has been presented4 for the structure of the so-called di-DPEP porphyrins; 
a tetrahydro-benz-DPEP structure (6) was proposed. Extensive carbon number ho- 
mology has been detected by MS for the various proposed structural types5+,*g~21. 
Chromium trioxide oxidation of Boscan porphyrins has been employed in attempts 
to determine the nature of fl-alkyl substituents of the porphyrin ring20,22-z4. GC-MS 
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analyses showed the presence of maleimide (7) and phthalimide (8) oxidation prod- 
ucts. Hence, evidence was obtained for the presence of compounds bearing extended 
,&alkyl substituents24 and fused benzo-rings , **- both structural features are unknown 
in modern-day biogenic porphyrins. The presence of fused benz(o) rings in some 
compounds has recently been unambiguously proved I*. Thin-layer chromatography 
(TLC) and HPLC of Boscan porphyrins have been used to afford carbon number 
separations . 7,2 5 Kovats’-type plots of log isocratic retention times YS. carbon number 
provided evidence for the presence of at least three homologous or pseudohomolo- 
gous series of aetioporphyrins in Boscan oil and La Luna shale26. Indications of 
pseudo-homologous series were also obtained in early GC-MS examinations of Bos- 
can porphyrins on packed GC columnsZ5. The poor resolution and high adsorptive 
properties of the packed GC columns limited further investigationz7 and led us to 
employ flexible fused silica capillaries and bonded phases in order to obtain the 
detailed C-GC-MS information requiredg,11+12~28. 

It was envisaged that analyses of the Boscan and La Luna petroporphyrins 
would enable us to begin to test the versatility of the C-GC-MS data for use in 
comparative geochemical investigations. Furthermore, by choosing samples that have 
experienced very different geological histories to the Gilsonite bitumen (the only other 
sample so far studied and reported in this way14) it may be possible to build up an 
explicit picture of the way in which petroporphyrin content and distributions vary 
with differing geological regimes. 

EXPERIMENTAL 

Samples 
The geological histories of the La Luna shales and Boscan oils have been 

described in detail elsewhere l’~*~. The oil examined was Boscan XE-4, which had 
been studied previously by TLC, HPLC and MS 8,1 7. The La Luna sample examined 
herein was obtained from an outcrop in the type-area. Gilsonite data derive from an 
earlier publication14. 

Extraction of free-base porphyrins 
After Soxhlet extraction of the shale (83 h, dichloromethane), the porphyrins 

were extracted as their free bases by demetallation with methanesulphonic acid, ac- 
cording to established procedures30. Typically, crude oil or shale extract (1 g) was 
heated (lOO”C, 2 h) with at least a five-ten fold excess of methanesulphonic acid 
(98%, ca. 10 ml, Aldrich). The reaction was quenched by pouring the acid-organic 
mixture into distilled water (25 ml). After allowing to cool, the coagulated organic 
material was removed by filtration. The aqueous filtrate, containing the porphyrins 
as dications, was extracted with dichloromethane (3 x 15 ml), which was then neu- 
tralised (sodium bicarbonate) and dried (sodium sulphate). The free-bases obtained 
were purified by TLC (silica gel-dichloromethane). In neither the Boscan nor La 
Luna case was separation of nickel and vanadyl porphyrins attempted. In each case 
the nickel porphyrins are present in much lower abundance (< 100 ppm)31. 

La Luna shale (513 g) produced a total extract (7.7 g) yielding free-base por- 
phyrins (127 mg: 247 ppm of shale, 1500 ppm of extract). Boscan oil (1 g) yielded 
free-base porphyrins (2.5 mg: 2500 ppm of oil). All UV-VIS spectra were recorded 
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in dichloromethane solution, quantification being performed on the c( absorption 
maximum of the vanadyl porphyrins (570 nm, E = 17 600)32 or absorption band IV 
of the free-base porphyrins (498 nm, E = 15 600)32. 

Compounds for co-injection 
The compounds employed in the co-injection studies were those used earlier14. 

The compound identities, their structure references, pseudo-Kovhts retention indices 
[KRI, as (TBDMSO)zSi derivatives], MS (M - 13 1)’ ion m/z, source, and occurrence 
in La Luna shale and Boscan crude oil are listed in Table I. 

Friedel-Crafts acetylation 
An aliquot of the free-base porphyrins from Boscan oil was converted to its 

copper(I1) chelates39 prior to acetylation40, as described previously for Gilsonite14. 
TLC separation yielded a fully p-alkyl substituted fraction which was derivatised for 
GCMS analysis. 

Derivatisation 
The insertion of silicon into aliquots of the free-bases and formation of 

(TBDMSO)*Si derivatives was carried out as described earlierg,14. 

Instrumentation, data acquisition and KRI calculation 
The instrumentation and data acquisition parameters have been fully detailed 

elsewhere14. GC-MS analyses were performed on a Finnigan 4000 quadrupole mass 
spectrometer, linked to a Finnigan 9610 gas chromatograph with modified SGE 
OCI-2 on-column injector. The column was a flexible fused-silica capillary (Hewlett 
Packard “Ultra” series; 25 m x 0.31 mm I.D.) coated with cross-bonded polydi- 
methysiloxane (0.17 pm film thickness); temperature programming details as for the 
Gilsonite analyses14. Data acquisition was in multiple ion detection (MID) mode 
monitoring the ion m/z 113 and then scanning the range m/z 545-85014. Data pro- 
cessing utilised a Finnigan INCOS 2300 data system. 

Retention indices were calculated by computer program (RRIQ1), using n-al- 
kane standards42. Improved reproducibility of KRI calculation was achieved by use 
of two standard porphyrin derivatives [(TBDMSO&Si OMP and (TBDMSO)$Si 
OEP (Table I)] as retention standards, their pseudo-Kov8ts retention indices being 
defined as 3455 and 3800, respectively. The KRI values of the more numerous n- 
alkanes were then adjusted in the RR1 program by a constant offset (generally < 10 
KRI units) until these defined values were realised. Thus, problems caused by dif- 
ferences in GC behaviour of the porphyrin derivatives and the n-alkanes are effec- 
tively minimised. 

Processing of GC-MS data 
Detailed data processing for the Boscan and La Luna samples followed the 

procedures described previouslyg,’ 3,14. 

Data presentation 
The presentation of data in this paper, while developed from our earlier pub- 

lished methodsg’14, has been designed to allow direct comparison of multiple sample 
analyses in a variety of ways. 
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Figs. 1 and 2 show simple GC-MS reconstructed ion current (RIC) traces 
presented on a KRI scale vs. ion intensity. The regions above KRI 3775 have been 
expanded by a factor of 5 in the vertical scale. 

Figs. 3 and 4 contain plots of KRI vs. carbon number. Rather than showing 
all the points (E porphyrins detected) for one sample (c$ Figs. 3-6, 8 of ref. 14), the 

Fig. 1. Reconstructed ion current (RIC; m/z 545-850) CC-MS traces for the total porphyrin mixtures [as 
their (TBDMS0)2Si derivatives] of (a) Gilsonite bitumen, (b) La Luna shale, and (c) Boscan oil. The 
retention time scale has been converted to KRI by computer interpolation, using data for co-chromato- 
graphed n-alkanes. Considerable co-elution of components is occurring but some peaks are broad and 
fronting due to high loading of the GC column, required to enable detection of trace components. Injection 
of ca. l-5 pg of porphyrin derivatives on-column produced ion intensity values for the largest peak of 
206 592 (a), 56 896 (b) and 45 312 (c). See Experimental for conditions. 
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60 

a 

I b 

Fig. 2. RIC (m/z 545-850) traces for the fully alkylated petroporphyrin fractions [as their (TBDMSO)ZSi 
derivatives] of (a) Gilsonite bitumen and (b) Boscan oil. Compared to Fig. 1, the greatly improved peak 
shapes are the consequence of simplification brought about by the removal of j%unsubstituted components, 
so eliminating much of the co-elution found in the total mixtures. Column loadings are comparable, with 
ion intensities of 281 088 (a) and 78 208 (b). See Experimental for details. 

plots show comparisons of two samples. Thus, Fig. 3a contrasts the porphyrin con- 
tent of La Luna shale with the unrelated Gilsonite bitumen; Fig. 3b compares the 
shale with its sourced oil, Boscan; and Fig. 4 contrasts only the fully alkylated por- 
phyrins of Gilsonite and Boscan. In each plot, a carbon number range of 27-36 has 
been used. Some samples (especially Boscan, Table II) contain porphyrins outside 
this range, but these fall below the abundance thresholds used. Only porphyrins 
having abundances >2% of the largest have been displayed in the A and A-2 class 
plots, and only those >0.4% of the largest in the A-4, A-6 and A-8 classes. Each 
plot has a vertical axis range of 500 KRI units, the actual range chosen is varied to 
suit the class (e.g. 3400-3900 for the A class, 3800-4300 for the A-8 class). 

Fig. 5 contains histograms of abundance (= ion intensity) vs. carbon number 
for the five petroporphyrin series partially identified (by co-chromatography and 
KRI comparisons) in the three samples studied. The use of carbon number rather 
than KRI as the horizontal scale allows more direct comparison of samples (cJ Fig. 
7 of ref. 14). Abundances are normalised to the largest individual component as 
100%. 

Fig. 6 contains similar histograms to the above, but for the five unsaturation 
classes found in these samples. The abundances are normalised to the largest total 



COMPUTERISED GC-MS OF PETROPORPHYRINS 289 

KRI A 
38. A(3) 

, 

37_ : 
,d 

* ,A#’ A 

34isig 
KRI 

39_ 

38. 

37. 

36. 

A-2 & 

* 

,x’ x 

35 
27 28 29 38 31 32 33 34 35 ._ 

7 

36 

42. 

41. 

a 40. D 

0 

39, % 0 A 

Carbon Number 

a 

Fig. 3. 

39 
+ 

I A + 
+ 

38 + + 

2 ,8’ ,“’ 
35 ,:’ ’ 

$I’ P’ 

\ 
A(2) 

34, , , , , , , , , 
27 29 29 38 31 32 33 34 35 

40 

39 

38 

37 

36 

35 
’ 28 29 36 31 32 33 34 35 

; 

Carbon Number 

b 

(Continued on p. 290) 



290 J. P. GILL, R. P. EVERSHED, G. EGLINTON 

43 

KRI 
42 

43 

A-6 A-6 
42 

41 

41 

3s 33 

38 

I 

0 

0 b 

+ 

+ 

38 4 . , , , , , , , 
27 28 29 30 31 32 33 34 35 17 28 29 30 31 32 33 34 35 6 

43. 

KRI 
42 

41 

40 

39 

A-6 

* A 

* 
A d 

43 

42 

41 

40 

39 

38 

A-0 

28 25 30 31 32 33 34 35 

Carbon Number 

b 

6 

Fig. 3. Plots of KRI vs. carbon number for GC-MS analyses of porphyrins as their (TBDMS0)2Si 
derivatives, comparing the petroporphyrin compositions, displayed as A, A-2, A-4, A-6 and A-8 classes 
for (a) La Luna shale and the unrelated Gilsonite bitumen, (b) La Luna shale and its sourced oil, Boscan. 
Before being plotted, threshold values of intensity were applied to reduce the number of points. The lower 
limits used were > 2% of the largest peak for A and A-2 classes, and > 0.4% of the largest peak for A- 
4, A-6 and A-S classes. Different symbols illustrate those points (= porphyrin components) common to 
two samples, present only in one sample, or only in the other sample (see key). Dashed lines indicate 
proposed pseudo-homologous series14, partially identified by co-chromatography or KRI and MS com- 
parison. Experimental conditions were as for Figs. 1 and 2 (see text). Key: (a) x , Gilsonite only; & La 
Luna only; 0, Gilsonite and La Luna; (b) A, La Luna only; + , Boscan only; 0, La Luna and Boscan. 

carbon number as 100% and these plots include all porphyrins detected in the 
C26-C38 range. 

Fig. 7 contains histograms for all the pseudo-homologous series co-injected or 
KRI compared with the samples, even where the series represented by the standards 
was not present in the samples. All are normalised to the largest individual compound 
as 100%. Histograms are included for the sum of those compounds remaining after 
the partially identified series have been subtracted from the total for that class. This 
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Fig. 4. Plots of KRI VS. carbon number comparing the A, A-2, A-4 and A-6 classes of porphyrins in the 
fully alkylated fractions of Gilsonite bitumen and Boscan oil, as their (TBDMSO)8i derivatives. The 
simplification which has ensued following removal of j-unsubstituted porphyrins is evident by comparison 
with Fig. 3. However, such removal may not be complete (see text). Thresholds are applied as for Fig. 3; 
A-8 class porphyrins were below 0.4% of the largest peak. Again, different symbols Bare used to show 
common components and those present only in one or other of the samples (see key). Pseudo-homologous 
series are indicated by dashed lines. Experimental conditions were as for Figs. 1 and 2 (see text). Key: 
x , Gilsonite only; + , Boscan only; 0, Gilsonite and Boscan. 

figure forms the basis for expansion as further series are identified and co-injected 
(e.g. structures 2c43, 1244). In Figs. 3-7, components were assumed to be identical 
in two samples if possessing identical mass spectral ions and KRI values within f 5 
units. 

Tables III and IV are similar to Table III of ref. 14. It should be noted that 
components are listed below each carbon number in order of elution, so that hori- 
zontal rows do not represent pseudo-homologous series. 
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TABLE II 

CARBON NUMBER RANGES AND MAXIMA OF THE FIVE UNSATURATION CLASSES OF 
PORPHYRINS OBSERVED IN GILSONITE BITUMEN, LA LUNA SHALE AND BOSCAN OIL, 
AS DETERMINED BY C-GC-MS 

n.d. = Not detected. 

Carbon number range (maximum) 

A 
A-2 
A-4 
A-6 
A-8 

Gilsonite 

263.5 (30) 
27-35 (31) 
31-34 (33) 
31-34 (32) 
n.d. 

La Luna 

26-36 (30) 
27-36 (32) 
31-36 (34) 
3 1-34 (33) 
31-34 (33) 

Boscan 

27-38 (30) 
28-38 (32) 
31-37 (34) 
3&34 (32) 
31-36 (33) 

RESULTS 

Gilsonite bitumen 
The extraction, demetallation and derivatisation of the petroporphyrins of 

Gilsonite have been described in detail elsewhere 14. Some results are repeated and 
extended herein, with display formats chosen to allow comparison with La Luna shale 
and Boscan oil. 

La Luna shale 
Fig. lb shows the RIG (m/z 545-850) obtained from the total petroporphyrin 

derivatives of La Luna shale. Thirty-five fully or partially resolved peaks are dis- 
cernable. As is generally the case in GC-MS analysis of complicated mixtures, con- 
siderable co-elution of components is occurring, as evidenced by subsequent mass 
chromatography. Single-ion mass chromatograms were examined for the intense 
(M - 131)+ ions of all alkyl porphyrins from C 2. to C&, and for the classes A, A-2, 
A-4, A-6 and A-8. The porphyrins present were of the carbon numbers and classes 
listed in Table II. To enable the checking of mass chromatogram peaks, spectra were 
obtained, summed in groups of 20 scans, sequentially over the entire region of por- 
phyrin elution. These were processed to allow the detection and rejection of “spu- 
rious” peaks, i.e. peaks not due to (M - 131) + ions of porphyrin derivatives (dis- 
cussed in detail clsewhereg). The remaining “genuine” mass chromatogram peaks 
were listed (Table III). Quantification of the detected porphyrin derivatives listed in 
Table III was performed by published methods14, and is therefore subject to the 
same errors arising when two porphyrins, with masses differing by two a.m.u., co- 
elute (e.g. a Cso A class porphyrin co-elutes with a C30 A-2 class porphyrin at KRI 
3620 (see Table III). Such instances of co-elution occurred 28 times in the La Luna 
analysis, the quantification error introduced from this source varying from being 
negligible (< 1 *A, where the compound of lower mass is much less abundant than 
that of higher mass) to a worst case in which a compound, though present, is not 
detected, because its (M - 13 1) + ion is “swamped” by the isotope peak of a co-eluting 
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compound. The approximate quantification adopted was, therefore, simply to use 
the peak areas of the characteristic (M - 131)+ ions in the GC-MS data. These areas 
were obtained from retention index (RI) lists, output by program RR19. The areas 
of the peaks may be read directly from the list, and are then expressed as fractions 
(%) of the area of the major C 32 A-2 porphyrin (KRI = 3754, 2a), read from the 
m/z 633 list, and also as fractions of the total porphyrins. Table III contains details 
of each porphyrin detected by GC-MS analysis of the petroporphyrins of La Luna 
shale (175 in all), its class, carbon number, KRI and abundance. 

To allow further investigation of the tabulated petroporphyrins, Koviits’ plots 
were prepared. For the porphyrins within each class (A, A-2, etc.), KRI was plotted 
against carbon number after application of threshold values (see Data presentation). 
Two sets of plots show comparative co-plotting of data from Gilsonite and La Luna 
(Fig. 3a), and La Luna and Boscan (Fig. 3b). The series partially identified in Gil- 
sonite14 are present also in La Luna and are marked on the plots by dashed lines. 

Fig. 5. 

28 
. . -.._ 

.:’ .._ 
. . . 

29 
: 

,.: . . 
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brie+ A(2) 

,:. ‘_ 

. . . I... : : 

./ . . . 
Series h(3) 

(Continued on p. 294) 
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Fig. 5. Relative abundance histograms for the five partially identified series of petroporphyrins occurring 
in (a) Gilsonite bitumen, (b) La Luna shale, and (c) Boscan oil. Assignment is based on similarity (+ 5) 
of KRI values to those of derivatised porphyrins of known structure and by extrapolation from them on 
Kovats’ plots (see Fig. 3a,b). Abundances are derived from ion intensity data9. Compounds of elucidated 
structure which have been co-injected are: A( 1) series, C 3,-,, C3i and CS2; A(2) series, Cz9 (partially iden- 
tified); A(3) series, Cz9 (partially identified); A-2(1) series, C32; A-2(2) series, CpI and Cs2. The structure 
of A(1) Cza is known from comparison of abundance with the work of Quirke et ~1.~~. As contrasted to 
ref. 14, the data are plotted here by carbon number rather than KRI, allowing more direct comparison 
between different samples, in which KRI values differ by up to f S units for the same components. 

There is reason to suppose, by analogy with the behaviour of standards, that 
if the points on the Kovks plots are joined by straight lines with gradients of ca. 
40-50 KRI units per carbon number, then these lines represent pseudo-homologous 
series of structurally related petroporphyrins. Further evidence for this hypothesis 
has come from co-injection experiments. Table I sets out the standards employed, 
their GC-MS characteristics (KRI values and major MS ions), and indicates occur- 
rences of co-incidence with a component of the La Luna porphyrins. Co-injection 
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experiments with standard porphyrin derivatives were not performed for La Luna 
shale. Knowledge of the retention indices of the standards concerned (Table I), and 
of the coincidence of straight-line relationships of the La Luna KovBts’ plots with 
those of Gilsonite14 and Boscan, allows reliable identification of those components 
of the La Luna porphyrin mixture which correspond to the known standards. Thus, 
for example, it is possible to state that the C 30 aetioporphyrin (KRI = 3539; Table 
III) is identical to, or isomeric with, the C 3. aetioporphyrin isolated from Gilsonite 
(Id or le34). 

By use of the KRI comparison method, a number of compounds have been 
tentatively identified in the petroporphyrins of La Luna shale, certain other com- 
pounds can be definitely stated to be absent from the mixture (or, at least, to be 
below the GC-MS detection limit for (TBDMS0)$!4i derivatives). The standard por- 
phyrins are listed in Table I, showing whether or not they are present in La Luna 
shale. 

Carbon Number 

A-2 

Carbon Number 

-r A-4 

34 
.‘., ... .‘_, 
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Fig. 6. (Continued on pi 296) 
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Fig. 6. Relative abundance histograms for the 5 unsaturation classes A, A-2, A-4. A-6, A-8, as detected 
in (a) Gilsonite, (b) La Luna, and (c) Boscan samples. 

A-8 

..?f. 

33 

Following this procedure, five pseudo-homologous series of petroporphyrins 
may be partially identified, as for Gilsonite bitumen14: A(l), A(2), A(3), A-2(1) and 
A-2(2). 

Histograms (Fig. 5b) were prepared for each of the five series, forming distri- 
bution profiles, showing each component of the series, with its KRI value and relative 
abundance. In each case, the abundances are presented as percent fractions of the 
abundance of the C32 A-2 of KRI = 3754 (structure 2a). Additional histograms of 
this type are shown in Fig. 6b. These show the abundance and carbon number 
relationships within the unsaturation classes, A, A-2, A-4, A-6 and A-8. Histograms 
of different types appear in Fig. 7b, showing all the series for which standards were 
available, plotting abundance against carbon number for each series A(l), A(2), A(3), 
A-2(1) and A-2(2). In addition, series A-2(3) and A-2(4) appear. These have struc- 
tures as shown and are included, though absent from the samples studied in this 
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work, to allow future expansion of this type of figure to further samples. In addition, 
A(n), A-2(n), A-4(n), A-6(n) and A-8(n) appear; these “series” contain the unidenti- 
fied components which can not be assigned to any of the series co-chromatographed 
to date. 

Boscan crude oil 
Fig. Ic shows the RIC (m/z 545-850) obtained from the total petroporphyrins 

of Boscan oil analysed as their (TBDMSO)#i derivatives, and displayed over the 
KRI range 340&4300; some 30 peaks are fully or partially resolved. Considerable 
co-elution of components is occurring, as evidenced later by mass chroniatography. 
The m/z range of 545-850 shows the “total porphyrin chromatogram”, and does not 
display the co-injected n-alkane retention index standards. Single-ion mass chro- 
matograms were examined for the intense (ML 131)+ ions of all alkyl porphyrins 
from CzO to Cd2, and for the classes A, A-2, A-4, A-6 and A-8. The porphyrins 
present were of the carbon numbers and classes listed in Table IV. “Genuine” com- 
ponents were assigned after checking of mass spectra as for La Luna. Quantification 
of the detected porphyrin derivatives was performed by the usual method and is 
therefore subject to the same errors arising when two porphyrins, with masses 
differing by two a.m.u., co-elute. Such instances of co-elution occurred 43 times in 
the analysis of Boscan oil. As before, therefore, the approximate quantification adopt- 
ed was simply to use the peak areas of the characteristic (M - 131)+ ions in the 
GC-MS data. These areas were obtained from RI lists, output by program RRI. 
Table IV contains details of each porphyrin detected in GC-MS analysis of the pe- 
troporphyrins of Boscan oil (224 in all), its class, carbon number, KRI, and abun- 
dance (relative to the C& A-2 porphyrin of KRI = 3754, structure 2a, and also as 
a percentage fraction of the total petroporphyrins). 

To allow further investigation of the tabulated petroporphyrins, KovBts’ plots 
were prepared as before. The five plots produced appear in Fig. 3b, where compar- 
ative co-plotting with La Luna has been performed after applying the same threshold 
values. As was done for Fig. 3a, proposed pseudo-homologous series are marked by 
dashed lines such that the components of these series are structurally related to co- 
injected standards. The same five series were identified as were found in Gilsonite 
bitumen and La Luna shale. 

Histograms were prepared for these series, showing each component with its 
KRI value and relative abundance. In each case the abundances are presented as 
percent fractions of the abundance of the C 32 A-2 of KRI = 3754 (structure 2a). 
The histograms appear in Fig. 5c, forming distribution profiles for these five pseu- 
do-homologous series. Histograms of abundance vs. carbon number for each class 
(A, A-2, A-4, A-6, A-8) of porphyrins present in Boscan oil are presented in Fig. 6c, 
for comparison with Gilsonite (Fig. 6a), and La Luna shale (Fig. 6b). Fig. 7c contains 
similar histograms, plotted for all 7 series for which standards were available for 
co-injection, though two of these, A-2(3) and A-2(4), were not present in any of the 
three samples studied to date (see Table I). 

Fully alkylated Boscan porphyrins 
After acetylation and removal of /I-unsubstituted porphyrins, the fully alkyl- 

ated porphyrins of Boscan oil were derivatised and GC-MS analysis performed as 
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for the total petroporphyrin mixture. The resultant GC-MS data were processed by 
the methods set out previously. Co-injections were not performed, since the identities 
of the standard compounds are readily obtained by comparison of the retention and 
mass spectral characteristics (especially Fig. 4) with those for the total mixtures (es- 
pecially Fig. 3b). 

Fig. 2b is the RIC, where it is compared with that for the fully alkylated 
fraction of petroporphyrins from Gilsonite (Fig. 2a). Comparison of Fig. 2a with 
Fig. la and Fig. 2b with Fig. lc, reveals that the distribution of components is greatly 
simplified by removal of the fi-unsubstituted components. The mass chromatograms 
obtained for the fully alkylated petroporphyrins of Boscan oil were cross-checked 
with the mass spectra, quantified and used to prepare a table similar to Table IV. 
Comparison with the total mixture (Table IV) revealed a reduction in the number of 
petroporphyrins detected after acetylation and removal of /3-unsubstituted com- 
pounds from 224 to 87. This simplification is apparent in the Kovgts’ plots for the 
fully alkylated fraction, Fig. 4, when compared with the equivalent plots from the 
total petroporphyrins, Fig. 3b. Fig. 4 compares the fully alkylated porphyrin frac- 
tions of Gilsonite bitumen and Boscan oil in the same way as Fig. 3 compared the 
total porphyrin distributions of Gilsonite and La Luna (Fig. 3a), and La Luna and 
Boscan (Fig. 3b). 

DISCUSSION 

Origin of samples 
The two samples analysed in this work were obtained from the Maracaibo 

Basin area of northwestern Venezuela. This basin formed during the Oligocene epoch, 
and has been described4 * . 

Sedimentation of the area now occupied by the basin began in the early Cre- 
taceous with the transgression of a marine environment from the north, which by the 
end of the Early Cretaceous had covered the major part of the basin. In this marine 
environment were laid down the rocks of the La Luna formation. This is a thinly- 
bedded to finely-laminated, organically-rich, shaley limestone of Cretaceous age (ea. 
90 million years15). It is widespread throughout northern South America, where 
similar sediments have been detected in eastern Venezuela, Trinidad, Colombia and 
Ecuador’ 5. 

The deposition of the La Luna formation is believed to have occurred in an 
anoxic marine environment, as a result of the existence of a stratified water column. 
The high sulphur content, up to 10% of the organic extract, of the La Luna formation 
suggests that active sulphate reduction was occurring at this time46. 

The La Luna formation has been proposed 15.16 to be the source rock of the 
oils of the various reservoirs of northwestern Venezuela. A study based on the pet- 
roporphyrin content of crude oils and sediments of the Basin established a direct 
genetic relationship between the La Luna formation and a range of crude oils from 
the Maracaibo Basin, including certain Boscan oils”. 

The La Luna shale sample used in the present study is taken from an exposure 
of the formation in the La Luna type area on the western border of the Maracaibo 
Basin. It was supplied by Dr. F. Cassani (INTEVEP, Venezuela), and no precise 
information of its maximum depth of burial and/or temperature is available, 
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The Boscan oil field is situated in the northwestern part of the Maracaibo 
Basin, west of the Maracaibo Lake and east of the La Luna shale outcrop areas. This 
field has been described in detai12g. The oil-bearing sandstones (Upper Eocene, ca. 
40 m years) can be detected over a large depth range, from ca. 1500 m in the north 
to over 3000 m in the south. As a result of these differences in depth, the temperatures 
of the oils in the reservoir also vary, between ca. 65°C and 85”C1g. The Boscan oil 
sample examined in the present paper was obtained from well SE-4 at a depth of ca. 
2230-2310 m, with a formation temperature estimated from present-day geothermal 
gradient4’ as 77°C. These two oil-source samples are compared and contrasted 
herein, by GC-MS examination of their petroporphyrins, with the unrelated bitumen 
Gilsonite. 

Gilsonite bitumen is found in veins in the sandstone Uinta formation of Utah 
(U.S.A.), and is believed to be sourced from the Parachute Creek member of the 
underlying Green River formation 48,4g. The shales of the Green River formation 
were deposited by Lake Uinta during the Eocene. During most of its existence, this 
lake was stratified, with an aerated upper layer containing abundant life, and a saline, 
anoxic, lower layer. The salinity (sulphates, carbonates, bicarbonates, only small 
amounts of chlorides) increased through the life-span of the lake so that the Gilsonite 
source beds were laid down in a strongly saline anoxic non-marine environment50-53. 
It is estimated from the present-day geothermal gradient, that the Gilsonite source 
beds, 1400 m deep, have experienced temperatures no higher than 50°C. 

Thus, Gilsonite, studied in our earlier publication14, is of immature, non-ma- 
rine origin, contrasting with the more mature, marine La Luna shale and the further 
matured Boscan oil, sourced from the La Luna shale. 

Petroporphyrin analyses 
As earlier reported for Gilsonite14, in Boscan oil and La Luna shale five pseu- 

do-homologous series of petroporphyrins have been partially identified. Certain 
members of these series co-chromatograph with (or have near-identical KRI values 
to) known porphyrin derivatives and so are presumed to have structures identical to, 
or isomeric with, those standards. The other members of the series may therefore be 
assumed to have closely related structures of different carbon number. From argu- 
ments presented previously i4, these series, containing 32 compounds in both Boscan 
oil and in La Luna shale, and representing over 80% of the total porphyrin content 
of each, are suggested to possess n-alkyl substituents only. 

Two of the series, A(2) and A(3), are each known to contain a C29 member 
with two ethyl and five methyl substituents, and therefore one unsubstituted p-posi- 
tion. The two series are therefore each proposed to consist of monounsubstituted 
aetioporphyrins. A(2) and A(3) are separated by ca. 10 KRI units, with the members 
of A(2) eluting earlier. This KRT difference is presumably an effect of the relationship 
of the free ,8-H to the other groups, this relation being somehow different in the two 
series. Clearly, it would be very useful to possess complete and unambiguous struc- 
tural assignments of these two Cz9 isomers. 

Full structural determination has not been carried out for most of these com- 
pounds. Hence, the assumption that points lying on straight lines on the plots rep- 
resent porphyrins of related structures is not fully tested. However, all those instances 
in which known structures have been co-injected support this proposition. Com- 
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pounds of related type (e.g. the fully-alkylated aetios) fall on one such line, com- 
pounds of different types (e.g. 13’-methyl- 13,15-ethanoporphyrins and 13,15-ethano- 
porphyrins) fall on different lines. Two other A-2 types, a 15l-methyl-15,17-pro- 
panoporphyrin and two 15,17-butanoporphyrins, which are not present in these sam- 
ples, fall at much larger KRI values and, presumably, would lie on other straight 
lines in samples known to contain series of these types (e.g. Serpiano oil shale32q37). 

Petroporphyrin distributions 
Histograms were prepared for these five series of petroporphyrins. As revealed 

by GC-MS analysis of La Luna shale, they have carbon number ranges and maxima 
as set out in Fig. 5b. In general, the abundances of the compounds show an increase 
from low carbon numbers, up to a maximum, and then decrease again at high carbon 
numbers. A slight deviation occurs in series A-2(1), a series of 131-methyl-13,15- 
ethanoporphyrins, where the C3 1 member is lower in abundance than its C30 and 
C32 counterparts, producing an apparently “bimodal,” distribution. This “bimodal- 
ity” is more evident in series A(3), which has maxima at CA0 and Cs3. In Boscan oil, 
the distribution profiles of the five series are very similar to the corresponding La 
Luna series. Their carbon number ranges and maxima are presented in Fig. 5c. Minor 
differences from La Luna are apparent: 

(i) In series A(3), mono /&unsubstituted aetioporphyrins, a Ca5 component 
was detected in Boscan oil, but not in La Luna shale. 

(ii) In series A-2(1), a fully alkylated series of 13’-methyl-13,15-ethanopor- 
phyrins, a Cz8 member was found in the shale, but was absent from Boscan oil. 

(iii) In series A-2(2), the major series of fully alkylated 13,15-ethanoporphy- 
rins, the C& and CA1 components are relatively much more abundant in Boscan oil 
than in La Luna shale. 

Fig. 5 (the distribution histogram for Gilsonite, Boscan and La Luna) allows 
simple visual comparison of the major components of each sample. The porphyrin 
distribution of Boscan crude oil is similar to that of its source rock, emphasising the 
potential utility of GCMS analysis in the correlation of geochemical materials by 
their petroporphyrin distributions. In contrast the petroporphyrins of Gilsonite14 
show a different distribution to those of the two Maracaibo Basin samples: 

(i) Though their carbon number ranges are similar, the five partially identified 
series, A(l), A(2), A(3), A-2(1) and A-2(2), all maximise one carbon number lower 
in Gilsonite. 

(ii) The Boscan and La Luna samples each contain more porphyrins, particu- 
larly the later-eluting components and the components with higher degrees of un- 
saturation. Thus, in the Maracaibo Basin samples, there are more aetioporphyrins 
with KRI values higher than those of series A(3), more A-2 porphyrins with KRT 
values above those of series A-2(2) and more porphyrins of classes A-4 and A-6, 
while the A-8 class is absent from Gilsonite. One possibility is that these high carbon 
number homologues represent the remains of bacteriochlorophyll precursorss4. 

Acetylution of petroporphyrins 
The Friedel-Crafts acetylation procedure, as applied to petroporphyrins40, is 

expected to replace any aromatic hydrogen atom by an acetyl function. The acety- 
lated species may then be separated from the remaining porphyrins by TLC. How- 
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ever, it should be noted that in the supposed fully alkylated fraction of Boscan pet- 
roporphyrins, compounds of classes A-6 and A-8 remain, though at much reduced 
relative abundance. Since porphyrins of these classes are known6,1s to possess a fused 
benzo-ring structure (e.g. 4 and 5), they should be acetylated and removed; it may 
be that the conditions employed for the reaction were not sufficiently forcing to 
acetylate fully compounds of this type. In particular, longer reaction times may be 
required. Similar observations have been made in the case of Gilsonite14, where 
certain A-6 class porphyrins remain after acetylation, and where the higher carbon 
number members of series A(3) were not removed, despite the fact that the C29 
member (lc), at least, possesses an unsubstituted #I-position. 

Comparative C-GC~-MS analyses of petroporphyrin distributions 
The use of C-GC-MS analysis with comparison of graphical displays shows 

differences and similarities among and between the porphyrin distributions of dif- 
ferent samples. Thus, Figs. 5 and 6 show strong similarities between the related La 
Luna shale and Boscan oil, with significant differences from the Gilsonite bitumen. 

By comparison of Fig. 5 (which shows abundances for all identified compo- 
nents and their pseudo-homologues) with Fig. 6 (containing abundance data for the 
sum of all porphyrins present), it is possible to determine easily the presence of 
significant components of unknown structure. Tables III and IV then give the KRI 
values of the relevant compounds. These data are useful to the planning of future 
structural elucidation studies. As more structures are completely assigned to the por- 
phyrins, it will become possible to unravel the geochemical processes operating to 
produce, and alter, the distributions observed in the GC-MS analyses. Knowledge of 
the chemical processes may, in turn, enable specific features of the porphyrin distri- 
butions to be employed as indicators of palaeoenvironment of the original site of 
deposition of the sedimentary organic matter and/or the thermal maturity reached 
by such organic matter. 

Detailed numerical correlation will require the use of statistical software pack- 
ages and some means of entering GC-MS data, either “raw” or partially processed. 
One approach is the use of a “reverse search” procedurer3. Statistical treatment of 
C-GC-MS data will provide opportunities for the numerical investigation of maturity 
and palaeoenvironmental parameters. 

CONCLUSIONS 

GC- MS analysis of the petroporphyrins of Boscan oil and its source rock, La 
Luna shale, has revealed the presence of large numbers of individual porphyrins. 
Plotting the KRI values of the (TBDMS0)2Si derivatives against the carbon numbers 
of the parent porphyrins produces a number of straight-line relationships between 
the points. These are proposed to be pseudo-homologous series of structurally related 
porphyrins. Co-injection experiments with compounds of known, or partially known, 
structures provide some information regarding the nature of these series. Comparison 
of the distributions of porphyrins within these series, their carbon numbers and rel- 
ative abundances, demonstrates the similarity of these two related samples, at least 
in regard to their major components. These two Maracaibo Basin samples are de- 

monstrably different in their porphyrin distributions from the unrelated Gilsonite 
bitumen. 
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The following conclusions may be drawn: 
(i) GC-MS analysis of petroporphyrin fractions, as (TBDMSO)#i derivatives, 

yields useful and detailed information on their alkyl porphyrin content. The class, 
carbon number and abundance are obtained directly, and co-injection and acetyla- 
tion experiments provide some information on the structures of these porphyrins. 

(ii) Visual comparisons of relative abundance profiles produced for five major 
pseudo-homologous series demonstrate the high degree of similarity between a crude 
oil (Boscan) and its source rock (La Luna). 

(iii) The ratio of A-2 class to A class porphyrins (generally termed the 
DPEP-aetio ratio), which has been suggested, and employed, as a maturity measure 
of geological materials3, is readily obtained from GC-MS data. 

(iv) The procedure described reveals petroporphyrin distributions of geological 
or similar samples and, hence, provides information complementary to that gained 
from other biomarkers, which may include oil to source correlation, assessment of 
maturity and palaeoenvironment of deposition, evidence for migration and effects (if 
any) of biodegradation. 
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