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HP-5 capillary column, with helium as carrier gas.
The GC oven was programmed from 60 to 310 �C
at 4 �C/min. Injection was in split mode (100:1).

GC–MS was also conducted on the SNA fraction
containing a deuterated internal standard (D4-aaa-
ethylcholestane, 100 ng/mg) using an Autospec Q
instrument, in multiple reaction monitoring
(MRM) mode, using a common series of transitions
to detect C19–C26 cheilanthanes (M+?191), C26–
C30 steranes (M+?217), C30 methylsteranes
(414?231), C27–C35 triterpanes (M+?191), C31–
C36 methylhopanes (M+?205) and the deuterated
stigmastane internal marker for quantitation and
retention time standard (404?221). The GC was
equipped with a 60 m � 0.25 mm (ID) � 0.25 lm
film DB-1 capillary column, used hydrogen as car-
rier gas and the GC oven was programmed from
60 to 310 �C at 4 �C/min. Injection was in the split-
less mode.

Bulk carbon isotopic measurements were made
by combustion of the sample (ca. 1–2 mg @
850 �C 12 h) in evacuated sealed vycor tubes using
cupric oxide as an oxygen source. After isolation
and drying of the product CO2 on a vacuum line,
the d13C values were measured using the sample
manifold and dual inlet system of a Finnigan
MAT 252 isotope ratio mass spectrometer. Values
are reported in ‰ relative to Vienna Peedee Belem-
nite (VPDB). Compound specific isotopic analyses
(CSIA) were conducted on individual n-alkanes
and, where possible, pristane and phytane according
to methods previously reported (Murray et al.,
1994; Dowling et al., 1995). Typical reproducibility
for this analysis was ±0.4‰ for n-alkanes and
±0.8‰ for acyclic isoprenoids (which are often
accompanied by co-eluting branched or cyclic
alkanes).

Compound identifications were made by compar-
isons of mass spectra and retention times of refer-
ence standards or known compounds in reference
bitumens and oils.

2.3. Source rock screening analysis

To survey potential Neoproterozoic–Cambrian
sediments, approximately one hundred samples
from Nama Basin and nearby boreholes Berse-
ba-1, Tses-1, Weshof-1, Tahiti-1 and ND-1,
Agip-9 to -11, ACP-4 and numerous water wells
on local farms were analysed by Rock–Eval and
TOC (data not shown for individual samples).
All were interpreted as having insignificant poten-
tial for petroleum generation and unlikely to yield
useful amounts of extractable hydrocarbons for
biomarker analysis. The highest carbon content
was for a sample of bright graphitic material (also



(Fig. 2), MRM GC–MS (e.g. Fig. 3) and SIM
GC–MS (Table 6).

3. Results and discussion

3.1. Fluid inclusion hydrocarbons

In an initial survey, a number of large quartz and
calcite samples were examined for hydrocarbon
bearing fluid inclusions because these have been
reported by previous workers (Kvenvolden and
Roedder, 1971). Although no inclusions were posi-
tively identified microscopically in our work, we
did identify numerous samples with black bitumi-
nous deposits along crystal boundaries. Their com-
positions were studied by progressively heating the
crushed mineral and examining the products of each
stage studied by GC–MS (Hoffmann et al., 1988).
Hydrocarbons released at 100–300 �C had a very
similar pattern to hydrocarbons in the massive vein
bitumens (discussed below) in that there was low Pr/
Ph, abundant acyclic isoprenoids and even carbon
preference. Hydrocarbons released at 300–550 �C
contained alkene–alkane pairs and probably result
from thermal cracking of a residue of macromolec-
ular OM. We also examined the same samples by
crushing under solvent and GC analysis of the
extract. These also showed patterns that appeared
to be altered petroleum hydrocarbons but were
probably contaminated with biogenic hydrocarbons
derived from more recent organic matter. Because
of their low abundance, the uncertain history of
the samples and the likelihood of ambiguous results,
we did not proceed with any further work on these
‘fluid inclusion’ samples.
3.2. Massive vein bitumens

Massive vein bitumens occur at several points
along the Fish River outcrops of the Fish River
Subgroup sediments at localities shown in Fig. 1.
Numerous samples were collected and bulk geo-
chemical parameters of the three that were studied
in detail are given in Table 1. These comprised
two typical vein bitumens (#8633 and #8634) and
one sample (#8638) that contained lighter hydrocar-
bons that were released by hammering or crushing.

Fractionation of the massive vein bitumen sam-
ples by column chromatography yielded saturated
hydrocarbon fractions that, from their bulk compo-
sitions and inspection of GC-FID traces, were bio-
degraded to various degrees. The most obvious
sign of biodegradation is the loss of most n-alkanes
and acyclic isoprenoids and the presence of a large
unresolved complex multiplet in two of the samples.
Two examples are shown in Fig. 2a and b. Although
samples #8638 (Fig. 2a) and #8634 (Fig. 2b) had
overtly different chromatograms, it is evident from
the compositional data that the former is a much
better preserved bitumen retaining a higher propor-
tion of saturated hydrocarbons. The bulk isotopic
data for saturated and aromatic hydrocarbon
fractions were very similar to those reported by
Kvenvolden and Roedder (1971). The hypothesis
that the oils were genetically related was further sup-
ported by GC analyses showing low Pr/Ph ratio and



of sterane and triterpane isomers. The bitumens
appeared to be biodegraded products of low to
moderate maturity oils that featured a low abun-
dance of rearranged steranes and hopanes and C29

ab-hopane dominant over its C30 counterpart
which, together, suggest a source rock with low clay
content such as a carbonate or marl (Peters et al.,
2004). C30 desmethyl steranes were not detectable
and, together with the high abundances of regular
steranes, gammacerane, b-carotane and 3b-meth-
ylhopanes, the biomarker assemblage indicates that
the precursor oils originated from rocks deposited







at-
(five of eight samples extracted) proved, after silica
gel chromatography, to yield a predominant polar
and asphaltene component that reflects an originally
low degree of thermal maturity.

3.5. Results of gas chromatographic analysis

Gas chromatograms of total extract (EOM), sat-
urated hydrocarbons that were purified from the
EOM and the branched and cyclic hydrocarbon
fraction (B/C) are compared in Figs. 4 and 5. The
samples are interesting in that they show a very
low ratio of n-alkanes to branched and cyclic com-
ponents and the diagnostic biomarkers b-carotane
and gammacerane are prominent even in the crude
total extract (EOM). A low relative abundance of
n-alkanes is probably a manifestation of the low
maturity of the samples but after adduction onto sil-
icalite these proved to be sufficiently abundant for
CSIA analysis along with the isoprenoid hydrocar-
bons present in the non-adduct fraction (SNA)s









the Nama samples is almost certainly reflecting het-
erogeneity in source facies, maturity and alteration
(biodegradation) histories.

The Irati and Whitehill formation samples
showed a range of patterns typical of lacustrine sys-
tems where the n-alkanes showed a ‘flat’ profile for
>C20 and no evidence for



isotopic compositions (within 0.4‰



to co-occurring acetogenic lipids (Hayes, 2001).
This is a key result because it supports the use of
this kind of sealed tube pyrolysis for geochemical
correlation efforts. One sample from the Irati For-
mation falls on a trend with the Nama samples
while others from the Irati and Whitehill fm. fall
close to the 1:1 line. None of the samples show
‘abnormal’ ordering as is common in Neoproterozo-
ic sediments (Logan et al., 1997).

3.8. Palaeogeographic reconstructions and likely

origin of the Nama bitumens

The consolidation of the southern continental
landmasses after about 600 Ma resulted in the
Gondwana Supercontinent. The Paraná Basin of
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