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Abstract--n-Alkanes, highly branched isoprenoids, monomethylalkanes (MMAs), dimethylalkanes 
(DMAs), and trimethylalkanes (TMAs) are the most abundant components in the hydrocarbon fractions 
of extracts of four modem and two Holocene cyanobacterial mats (- 1500 and 5110 2 170 y BP) collected 
in Abu Dhabi (United Arab Emirates). The homologous families of MMAs, DMAs, and TMAs were 
identified by comparison of mass spectral and relative retention time data with published data. DMAs were 
also identified by synthesis of authentic standards, 3,9-dimethyltricosane, 59-dimethyltricosane, and 11,15- 
dimethylheptacosane. MMAs, DMAs, and TMAs of the cyanobacterial mats can be separated into two 
groups on the basis of their distribution patterns and structures. MMAs and DMAs in the C16-C22 range 
are characterized by methyl substituents mainly located at C-6 (or ~6) and C-7 (or ~7) and are derived 
from cyanobacteria. They are relatively abundant components in the modem cyanobacterial mats, but with 
increasing age of the mats they become much less abundant. On the contrary MMAs, DMAs, and TMAs 
in the C24-C4s range are exclusively found in the Holocene cyanobacterial mats. Their longest chains 
mainly contain an odd number of carbon atoms and they always carry the methyl substituents at odd 
numbered carbon atoms. The similarity in composition of this very specific group of branched alkanes with 
that encountered in insect epicuticular waxes suggests that these sedimentary hydrocarbons originate from 
insects, which probably grazed on the cyanobacterial mats. 

1. INTRODUCTION 

Monomethylalkanes ( MMAs) and dimethylalkanes ( DMAs) 
have a long geological history as they have been identified in 
sediments and crude oils ranging in age from modem (De 
Leeuw et al., 1985; Robinson and Eglinton, 1990, Shiea et 
al., 1990, and references therein; Kenig et al., 1990) to Pre- 
cambrian (Hoering, 1976,198l; Jackson et al., 1986; Kiomp, 
1986; Fowler and Douglas, 1987; Summons, 1987; Summons 
et al., 1988a,b). Although MMAs and DMAs are found in 
many sediments and crude oils their biological origin is still 
a matter of investigation and debate (e.g., Summons et al., 

1988b; Shiea et al., 1990, 1991; Robinson and Eglinton, 
1990). MMAs with mid-chain methylation were proposed by 
Hoering ( 198 1) as products of long-term equilibration of iso- 

and ante&-alkanes, and were proposed by Kissin ( 1987) as 
acid-catalyzed byproducts of alkenes formed during thermal 
cracking of organic matter. These two hypotheses do not in- 
volve specific organisms as a source and suggest that these 
compounds do not have biomarker value. Two other hypoth- 
eses are reported in the literature; MMAs represent direct bio- 
logical contributions (Fowler and Douglas, 1987) or are dia- 
genetic products derived from biosynthesized functionalized 
lipid precursors (Summons, 1987; Summons et al., 1988b), 
both suggesting that MMAs and DMAs can be considered as 
potential biomarkers. 

* Present address: Department of Geology and Geophysics, Uni- 
versity of Hawaii, 2525 Correa Road, Honolulu, HI 96822, USA. 

After the discovery of MMAs in cultures of cyanobacteria 
(Han et al., 1968; Gelpi et al., 1970; Han and Calvin, 1970; 
Fehler and Light, 1970), these organisms were considered as 
possible sources of methyl-branched alkanes found in sedi- 
ments and crude oils. However, a large discrepancy exists 
between the carbon range(C15-Cz,) of the MMAs and DMAs 
identified in living and recent cyanobacterial assemblages and 
the carbon range (Cr5-Cs,) of MMAs and DMAs tentatively 
identified in ancient sediments and oils. This difference in 
carbon number distribution compromises correlation of 
MMAs and DMAs identified in organisms or modem sedi- 
ments to those in ancient settings and suggests that organisms 
other than cyanobacteria must be able to synthesize these 
components or their precursors. 

Organisms other than cyanobacteria are known to biosyn- 
thesize MMAs and DMAs (e.g., Kolattukudy, 1976; Nelson, 
1978). An extensive literature covers the analyses of 
branched hydrocarbons of insects in which trimethylalkanes 
(TMA), more than 200 different DMAs and numerous iso- 
mers of MMAs were found (e.g., Jackson and Blomquist, 
1976; Nelson, 1978; Blomquist et al., 1987; Nelson and 
Blomquist, 1995). 

In this paper we report on the occurrence of suites of spe- 
cific short-chain ( C,,-C2,) and long-chain (C,-C,,) MMAs, 
DMAs, and TMAs in recent and Holocene sedimentary or- 
ganic matter. In order to define the biomarker potential of 
these compounds, we discuss the origin of MMAs, DMAs, 
and TMAs in recent and ancient sediments, through compar- 
ison of their distributions and structures in recent and Holo- 
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cene cyanobacterial mats from Abu Dhabi (United Arab 
Emirates), and through a comparison of their occurrence in 

living organisms, such as cyanobacteria and insects, and in 
recent and ancient sediments and crude oils. 

2. GEOLOGICAL SETTING 

Abu Dhabi is located in the southern part of the Arabian Gulf in 
an area where 90% of the recent sediments are carbonates (Purser, 
1983). A Holocene sea level rise associated with rapid sedimentation 
reached the Abu Dhabi region 8000 y BP and a relative regression 
began 4000-5000 years ago (Evans et al., 1969; Kenig et al., 1990). 
This relative regression is probably active today and, associated with 
lateral accretion, resulted in the formation of a wide hypersaline 
coastal plain, the sabkha, and in the progressive landward aggradation 
of off-shore islands. The coastal morphology evolved during the Ho- 
locene transgression and regression and a number of lagoons resulted. 
The upper intertidal zone along the landward side of each of these 
lagoons is the favourable site for the extensive development of mi- 
crobial mats also referred to as “cyanobacterial mats” and “algal 
mats” (Bume and Moore, 1987). They form an “algal belt” (Ken- 
dall and Skipwith, 1968) along the periphery of the lagoon that may 
be followed laterally without interruption for a distance of approxi- 
mately twenty kilometres (Kenig et al., 1990). The width of this belt 
can reach 2 km. The microbial mat is formed essentially by cyano- 
bacteria, mainly Microcoleus chrhonoplastes and Lyngbya aesruarii, 
which overlay two laminae of bacteria, filamentous bacteria (salmon 
pink) and purple sulphur bacteria (purple pink) (Kinsmann and Park, 
1976; Cardoso et al., 1978). These organisms form a massive organic 
fabric. Periodic events, such as storms or very high tides, result in 
the covering of this organic film by carbonate detrital sediments 
which, in turn, are recolonized by cyanobactetia and other bacteria. 
This repetitive process ultimately results in the stacking of organic 
carbon-rich layers interlaminated with detrital layers, which can 
reach a thickness of 40 cm. When cyanobacterial mats are distant 
from the lagoon, hydrodynamics are insufficient to supply carbonate 
sediments. The size of mineral laminae decreases, resulting in an 
increase of the total organic carbon (TOC) content of the cyanobac- 
terial mat. However, increasing distance to the lagoon is associated 
with increasing salinity and gypsum precipitation on the surface of 
the mat can form the inorganic laminae, and evapotites dominate the 
mat section (Kenig. 1991). The type of cyanobacterial mat consid- 
ered in this study represents only 3060% of the total belt. This mat 
has been referred to as the “smooth mat” by Kinsmann and Park 
( 1976) and as the “polygon mat” by Kendall and Skipwith ( 1968). 
The remaining 40-70% of the “algal belt” is comprised of cyano- 
bacterial films which are only few millimetres thick and are unlikely 
to be preserved in the sedimentary record (Park, 1977; Kenig, I99 1) . 

Both transgressive and regressive sequences are recorded in the 
sabkha. and all contain cyanobacterial mats in their intertidal sedi- 
ments (Kenig et al., 1990). The presence of cyanobacterial mats in 
the modem environment and in both buried sequences offered the 
opportunity to follow the evolution of its organic geochemical fea- 
tures during early burial. 

3. EXPERIMENTAL 

3.1. Sampling 

Four samples of modem cyanobacterial mats were collected in a 
modem tidal channel of a lateral depression associated with the major 
channel joining the southwestern part of the main lagoon of Abu 
Dhabi to the Arabian gulf. These cyanobacterial mats were sampled 
along this tidal channel in environments of different salinities and 
are thus mineralogically different. At the mouth of the tidal channel 
(sample 73280; 7.2% TOC), aragonite, in the form of pelletized nee- 
dles, was the dominant mineral. The salinity of interstitial waters 
(SIW) of this cyanobacterial mat is 1 I6 g/L. Samples 73282 (8.0% 
TOC; SIW = 142 g/L) and 73180 (4.6% TOC; SIW = 204 g/L) 
were collected 400 m and 1400 m, respectively, from the mouth of 
the tidal channel and contain less aragonite. Some gypsum was de- 
tected in sample 73180. The gypsum content progressively increased 

towards the apex and this mineral forms the bulk of sample 73172 
(3.2% TOC; SlW 200 g/L), collected 2000 m from the mouth of the 
channel. 

The cyanobacterial mat of the regressive sequence (sample 89705) 
was collected at a depth of 60 cm in the sabkha plain, I .5 km inland 
of its modem counterpart. Its TOC content is 2.2%. The estimated 
age of this mat is 1500 y BP (Kenig, 1991). A physical continuity 
between the regressive and modem cyanobacterial mats was observed 
(Kenig, 1991). On the base of its facies, mineralogical assemblage 
and location within the regressive sabkha sequence, this sample can 
be considered as a buried equivalent to sample 73180 (Kenig, 1991) 
The cyanobacterial mat of the transgressive sequence (sample 
73061) was collected at a depth of 1.5 m in the sabkha plain, 7 km 
inland from its modem counterpart. The TOC content is 1.7%. Its 
age is estimated to be older than 5110 2 170 y BP based on the age 
determination by 14C measurement of overlaying aragonitic shell 
(Kenig, 1991). 

In the field, samples were stored in a cool box and transferred 
within a few hours to a freezer where they were kept until they could 
be freeze-dried. Total organic carbon (TOC) content was measured 
using a Rock-Eva1 apparatus. 

3.2. Extradion and Separation 

The freeze-dried samples were ground and subsequently extracted 
with chloroform for 1 h at 55°C. The extracts were separated using 
thin layer chromatography (Merck precoated TLC Silica-Gel 6Of- 
254) with cyclohexane as a developer. Three fractions were obtained; 
an immobile polar fraction, an “intermediate” fraction (which con- 
tains aromatic and sulphur compounds) and a satttratedlunsaturated 
hydrocarbon fraction. The saturated/unsaturated fraction was further 
separated using a thin layer chromatography silica gel plate impreg- 
nated with a 5% AgNOX solution using cyclohexane as a developer. 
Two fractions, a saturated hydrocarbon and an unsaturated hydro- 
carbon fraction, were obtained. The branched and cyclic hydrocarbon 
fracti?ns were isolated from the saturated hydrocarbon fractions us- 
ing 5A molecular sieves. 

The saturated branched and cyclic hydrocarbons of the transgres- 
sive cyanobacterial mat were also isolated at Texel by Soxhlet ex- 
traction (DCMIMeOH, 7:l (v/v)) followed by column chromatog- 
raphy ( AlzOp; hexane), argentation thin layer chromatography 
( SiO,, hexane developer), and molecular sieving (5A). 

3.3. Gas Chromatography (GC) and Gas Chromatography- 
Mass Speetrometry (GC-MS) 

In Rueil Malmaison, GC was carried out on a Varian 2000 instru- 
ment equipped with an FlDdetector. The oven temperature was pro- 
grammed from 50 to 110°C at 10”C/min and from 110 to 380°C at 
3”C/min. The column was a CP Sil-5 (25 m x 0.32 mm) with a film 
thickness of 0. I2 pm. GC-MS analyses were carried out on a Varian 
2000 instrument coupled to a Nermag R 1 O-IO quadrupole mass spec- 
trometer, ionization voltage 70 eV, mass range of 50 to 650 Da, and 
cycle time of 2 s. Separations were achieved on a jW capillary col- 
umn (60 m X 0.32 mm) coated with DBI (film thickness 0.25 pm). 
The GC oven temperature was programmed from 50 to 110°C at 
lO”C/min and then at 3”Clmin to 320°C at which it was held for 30 
min. Mass spectra of dimethylalkane standards and of the trimethy- 
lalkanes were obtained at Texel using a Hewlett Packard 5480 gas 
chromatogram interfaced to a VG-70s mass spectrometer operated 
at 70 eV with a mass range 40-800 Da, cycle time 1.8 s. The gas 
chromatograph was equipped with a fused silica capilary column (25 
m x 0.32 mm) coated with CP Sil-5 (film thickness 0.2 pm). The 
oven temperature was programmed from 50 to 130°C at 20”tYmin 
and then at 4”Clmin to 300°C at which it was held for 20 min. 

3.4. Syntheses 

5,9-Dimethyltricosane was prepared by a Gtignard reaction of the 
magnesium salt of I-bromo-4-methyloctane and hexadecan-2-one 
followed by dehydration (5% HrSO, in tetrahydrofitran, 20°C. 24 h ) 
and hydrogenation ( F’tOz, 10% AcOH in EtOAc). 3,9-Dimethyltri- 
cosane and I 1,15-dimethylheptacosane were similarly prepared from 
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1 -bromo-6-methyloctane and hexadecan-2-one and 1 -bromo-4-meth- 

yltetradecane and tetradecan-2-one, respectively. Hexadecan-2-one 
and tetradecan-2-one were prepared, respectively, by oxidation of 

hexadecan-2-01 and tetradecan-2-01 with pyridinium chlorochromate 
in CH& (Corey and Suggs, 1975). respectively. The appropriate 
bromides were prepared by a copper halide-catalyzed mono-substi- 
tution in I.5dibromopentane and 1.3-dibromopropane (2X ) by the 
magnesium salts of 2-bromobutane, 2-bromohexane, and 2-bromo- 
dodecane, respectively (Adringa et al., 1990). 2-Bromododecane 
was prepared by reaction of dodecan-2-01 with tertiary phosphine 
dibromide in dimethylfonnamide (Wiley et al., 1964). 

4. RESULTS 

Monomethylalkanes ( MMAs), dimethylalkanes ( DMAs), 
and to a lesser extent trimethyl-alkanes (TMAs), together 
with n-alkanes, phytane, and highly branched isoprenoid 
(HBI) hydrocarbons with 20, 21, and 22 carbon atoms rep- 
resent most of the saturated hydrocarbons extracted from both 
the modem and the Holocene cyanobacterial mats of Abu 
Dhabi. 

Identification of monomethylalkanes was performed by 
mass chromatography using the characteristic fragment ions 
formed by cleavage of the carbon-carbon bond adjacent to the 
tertiary carbon atoms (Klomp, 1986; Fowler and Douglas, 
1987; Summons, 1987). Because these cleavages involve a 
hydrogen rearrangement (McCarthy et al., 1968; Holzer et al., 
1979). even mass fragment ions are characteristic of these 
compounds and were, therefore, used. Each isomer is char- 
acterized by two even mass fragment ions (e.g., 98 and I82 
Da in the case of 6-methyl-heptadecane). Identification was 
confirmed by comparison of mass spectra of MMAs with 
those of published authentic standards (Han et al., 1968; Po- 
monis et al., 1978; Summons, 1987) and by comparison of 
published retention indices with those measured (Table 1) . 

Identification of DMAs by mass spectrometry is facilitated 
by their characteristic fragmentation patterns (McCarthy et 
al., 1968; Pomonis et al., 1980, and references therein). These 
can be observed in the mass spectra of 6,12-dimethylhepta- 
decane (Fig. 1 a). The dominance of the rearrangement ion at 
98 Da (C7Hi4) over the fragment ion at 99 Da (C7H15) formed 
by simple cleavage (both characteristic fragment ions are due 
to the cleavage adjacent to a tertiary carbon atom) indicates 
that this fragment does not carry two methyl substituents (Mc- 
Carthy et al., 1968) and, thus, that a methyl substituent is 
located at C-6 of the longest chain. The fragment ion at 197 
Da, not associated with an abundant rearrangement ion at 196 
Da, indicates that this fragment ion contains (at least) two 
methyl substituents as the additional methyl substituent has 
an inhibitory effect on the hydrogen rearrangement (Nelson 
and Sukkestad, 1975) if separated by less than seven meth- 
ylene units from the other methyl substituent (Pomonis et al., 
1980). The presence of only one major even mass fragment 
ion and of only one major odd mass fragment ion suggests a 
symmetry in the methyl substitution. Considering the m/z val- 
ues of these fragments, the methyl substituents are at C-6 and 
C- 12 (6, ~6). In this mass spectrum (Fig. 1 a), the intensities 
of diagnostic fragment ions are enhanced by the symmetrical 
character of this compound. A similar fragmentation pattern 
is observed for the symmetrical 7,ll -dimethylheptadecane (7, 
w7; Fig. lc). Asymmetrical DMAs are characterized by four 
diagnostic fragment ions, two at even and two at odd mass, 

as can be observed in the mass spectrum of 6,1 l-dimethyl- 
heptadecane (fragment ions at 98 and 112 Da and 183 and 
197 Da, respectively; Fig. lb). However, the fragment ions 
at 155 and 169 Da corresponding to cleavages internal to 
methyl groups are enhanced. A similar fragmentation pattern 
has already been observed by Pomonis et al. ( 1980) for other 
DMAs with methyl substituents also separated by four meth- 
ylene units. In such a case, tertiary carbocations, more stable 
than primary carbocations, are formed during fragmentation 
following the pathway described in Fig. 2. Upon cleavage A 
(Fig. 2), internal to the methyl group, a six-membered ring 
proton rearrangement occurs and results in the formation of a 
more stable fragment ion. 

The identifications of DMAs in the C,+&, range were 
confirmed by comparison of the measured retention indices 
with those calculated following the additivity principle of 
Kissin et al. (1986; Table 2) and by comparison of their 
mass spectra and retention times with those published (De 
Leeuw et al., 1985; Robinson and Eglinton, 1990; Shiea et 
al., 1990). The identifications of three homologous series 
of dimethylalkanes in the Crr-C.,, carbon number range 
were confirmed by mass spectrometry and by coelution on 
two different capillary columns of synthesized authentic 
standards (3,9_dimethyltricosane; 5,9-dimethyltricosane; 
11,15-dimethylheptacosane; Fig. 3) and of an authentic 
standard (9,13-dimethylheptacosane). The measured re- 
tention indices of DMA homologs were found to be per- 
fectly correlated when plotted against carbon number (r* 

= 0.99) and were in good agreement with those reported 
in the literature (Table 1). 

TMAs were identified by comparison of mass spectral data 
and retention indices with published data and by comparison 
with the fragmentation patterns of DMAs. Retention indices 
calculated following the additivity principle of Kissin et al. 
( 1986) on the basis of tentative structures fit the retention 
indices measured (Table 1) . 

4.1. Modern Cyanobacterial Mats 

The bimodal distribution of the saturated hydrocarbons of 
modem cyanobacterial mats of Abu Dhabi is well exempli- 
fied by the chromatogram of sample 73180 (Fig. 4a). The 
first part is dominated by n-heptadecane (n-C,,) and MMAs 
and DMAs in the range Cl7 to C2,. The second cluster is 
dominated by n-alkanes, with a maximum at n-Cs, and a 
strong odd-over-even carbon number predominance. Small 
peaks representing isoprenoid hydrocarbons such as squal- 
ane (3) and cyclic compounds such as 17/%ttinorhopane 
(54) and 170,21@(H)-homohopane (74) are observed. A 
partial gas chromatogram of the compounds present in the 
nonadduct (Fig. 4b) reveals the dominance of MMAs and 
DMAs over the few other branched and cyclic compounds 
such as the CzO HBI 2,6,10-trimethyl-7-( 3-methylbu- 
tyl)dodecane (3; Yon et al., 1982) and phytane (13). The - 
nonadducts of the saturated hydrocarbon fractions of three 
other modem cyanobacterial mats, which were formed in 
environments of different salinities, contain similar suites of 
MMAs and DMAs (Fig. 5) as sample 73180 (Fig. 4). How- 
ever, the relative abundances of the various isomers vary 
from sample to sample. 
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Table 1 Compounds identified in the saturated hydrocarbon fractions of modem and holocene microbial mats of Abu Dh 

1 I-methylhexadecane 
2 5,9dimethylhexadecane 
3 2,6,10-trimethyl-7-(3-methylbutyl)dodecane 
4 ‘I-methylheptadecane 
5 6-methylheptadecane 
6 4-methylheptadecane 
7 7,l ldimethylheptadecane 
8 6,11 dimethylheptadecane 
9 6,12dimethylheptadecane 
10 2,6,10-trimethyl-7-(3-methylpentyl)dodecane 
11 4,12dimethylheptadecane 
12 3,7,1 I-trimethyl-7-(3-methylbutyl)tridecane 
13 2,6,10,14-tetramethylhexadecane (phytane) 
14 6,7dimethylheptadecane 
15 5,6dimethylheptadecane 
16 8- and ‘I-methyloctadecane 
17 6-methyloctadecane 
18 5-methyloctadecane 
19 unknown branched compound 
20 7,12dimethyhxtadecane 
21 6,12dimethyloctadecane 
22 6,13dimethyloctadecane 
23 5,13dimethyloctadecane 
24 3,7,1 I-trimethyl-6-(3-methylpentyl)tridecane 
25 6.7dimethyloctadecane 
26 8- and ‘I-methylnonadecane 
27 6-methylnonadecane 
28 2,6,10,14-tetramethyl-7-(3-methylbutyl)pentadecane 
29 unhnown component (m/z 83, 140,238) 
30 2,6,10,15,19-pentamethyleicosane (PME) 
31 1 l- and 9-methyltricosane 
32 5-methyltricosane 
33 3-methyltricosane 
34 5,xdimethyltricosane 
35 3,9dimethyltricosane 
36 1 I-methyltetracosane 
37 3.7.1 I-trimethyltricosane 
38 13- and 1 I-methylpentacosane 
39 5-methylpentacosane 
40 11,15dimethylpentacosane 
41 3-methylpentacosane 
42 5,xdimethylpentacosane 
43 3,9- and 3.1 ldimethylpentacosane 
44 1 l- and IO-methylhexacosane 
45 C28 TMA 
46 2,6,10,15,19,23-hexamethyltetracosane (squalane) 
41 13- and 1 I-methylheptacosane 

1691 
1706 
1744 
1741 
1756 
1785 
1794 
1796 
1801 
1804 
1806 
1812 
1815 
1821 
1846 
1848 
1853 
1858 
1887 
1892 
1896 
1899 
1901 
1915 
1944 
1948 
2105 
2214 
2241 
2337 
2346 
2371 
2386 
2404 
2431 
2460 
2535 
2552 
2565 
2574 
2585 
2607 
2636 
264-l 
2663 
2733 

48 5-methylheptacosane 2744 
49 ll,lS- and 9.13dimethylheptacosane 2762 

50 3-methylheptacosane 2772 

51 5,l l- (minor) and 5,13dimethylheptacosane 2783 
52 17a-22,29,30+inorhopane 2795 
53 3,9dimethylheptacosane 2808 
54 17P-22.29.30~trinorhopane 2828 
55 CWJTMA 2831 
56 13- and 1 I-methylnonacosane 2932 

57 5-methylnonacosane 2949 
58 11,15- (minor) and 9,13dimethylnonacosane 2963 

1 708sb 
1743’ 
1746’ 
1758’ 

1797’ 
1803’ 

1847’ 

1903’ 

1945’ 

2112*. 2109b 

223?, 2235’ 
2350’ 
2314d, 2373’ 

2435d, 2438’ 
2454s 
2533co’, 2537d, 2536’ 
2549’.h, 255@, 2556d 
2572d. 2551’ 
2574@, 25135k, 2512’ 
2583’. 2584’, 2586k 
2610’. 2608’, 2610k 
2634l.2632’ 

2732em 2730’ 
27356”2134”2733’ 
2149’ ’ ’ 
276Sh, 27601, 21586, 
2766’, 2163” 
2772’.“, 2170’, 2773’, 
2771’ 
2783’“, 2780’, 2788k 

2809, 280gk, 2806’ 

2932”, 292-/Q, 293v, 
2936’, 2935’ 
295 I”, 2952d, 2950’ 
2962k”, 296Y, 2963d, 

2960’. 2961” 
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Table 1. (Continued) 

No.’ Compound RJm RJ, repmted in inseet 

59 3-methylnonacosane 2973 

60 5,9- and 5,lldimetJrylnonacosane and 178.2 la(H)-norhopane 2983 
61 3,9dimethylnonacosane 3007 
62 17a,2 1 P(H)-30-norhopane 3021 
63 3,9,13-trimethylnonacosane 3037 
64 17B,2 1 P(H)-30-norhopane 3045 
65 17P,2la(H)-hopane 3058 
66 2-methyltriacontane 3084 
61 J5-, 13- and 1 I-methylheneitriacontane 3131 

68 17p.2 1 P(H)-hopane 31’50 
69 11, IS- and 9, J 3dimethylheneitriacontane 3162 

70 3-methylheneitriacontane 3172 

71 5,9dimethyheneittiacontane 3181 
72 3,9dimethylheneitriacontane 3207 
13 3.9, IS- and 3,11,15-trimethylhentriacontane 3231 
74 17P,21PCH)-homohopane 3270 
75 J7-, IS,- and J3-methyltritriacontane 3331 

76 13, J7- and 11,15dimethyltritriacontane 3363 

77 
78 
79 
80 
81 
82 
83 
84 
85 
86 

3-methyltritriacontane 
3,9dimethyltritriacontane 
3,7,1 I-1rimetJtyltritriacontane 
2,6,10,14,19,23,27,3 J-octamethyldotriacontane (lycopane) 
J7-, IS- and J3-methylpentatriacontane 
13, J7- and 11,15-methylpentatriacontane 
J9-, 17-, J5- and 13-methylheptatriacontane 
IS, J9-, J3,17- and 11,15-dimethyJheptatriacontane 
centrally branched methylnonatriacontane 
centrally branched dimethyhtonatriacontane 

* Numbers refer to Figs. 4-7. 

3374 
3406 
3436 
3502 
3529 
3560 
3730 
3758 
3927 
3957 3960” d 

” DUNLOP and JEFFR~FS (1985) ~-Ultra]; b BARRICK et al. (1980) [SP2100]; ’ ROBINSON and EOLINGTON (1991) [OVl]; d POMONIS 
(1989) P-P]; ’ KA~B et al. (1993) [SE 541; ’ BROPHY et al. (1983) [OVlOl]; g retention indices calulated following the additivity 
priciple of mssw et al. (1986); h POMONIS et al. (1989) [H-P]; ‘LOCKEY and ORAHA (1990) (BPJ]; ‘PAGE et al. (199Oa) wl]; k 
LOCKEY (1984) [CPsilS); ‘LOCKEY and DULARAV (1986) PPJ); m AUGUSTtNoWKZet al. (1987) [OVl]; ” PAoEet al. (19%) fHPl]; 
o GENIN et al. (1988) [CPSiJ-51; p Guoand BLOMQU~ST(J~~I) PBS]; q HEBANOWSKAet al. (1989) [OVJ]. The kind of stationaty 
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phase of the capillary column used is indicated in brackets. 

4.1.1. Distribution of short-chain MMAs 

The MMAs occur in the C,,-CzO range in the modem cy- 
anobacterial mats. With the exception of the methylhexadec- 
anes (I), which are dominated by the I-methyl isomer, the 
methylheptadecanes ($ z), methyloctadecanes ( 16, 17) and 
methylnonadecanes (2, 21) are dominated by the 6- and 7- 
methyl isomers. In the latter three cases only a minor contri- 
bution of the &methyl isomers (which coelute with the 7- 
methyl isomers) was apparent. Isomers with the methyl group 
located at C-5 (18) and C-4 (6) ate present in lower amounts 
(Figs. 4b, 5). Mass chromatography also indicated the presence 
of traces of all other isomers. Only the 7- and %methylhepta- 
decanes have been previously reported in Abu Dhabi cyano- 
bacterial mats (Cardoso et al., 1978; Gibbons, 1978). 

4.1.2. Distribution of short-chain DMAs 

The DMAs occur in the Cls-C2, range in the modern 
cyanobacterial mats (Fig. 4, Tables I, 2). The two major 

peaks in the gas chromatogram of the nonadduct of the 
saturated hydrocarbon fraction of sample 73180 (Fig. 4) 
correspond to DMAs with nineteen and twenty carbon at- 
oms (6,12_dimethylheptadecane (9) and 6,12-dimethyloc- 
tadecane (21), respectively). Numerous other isomers of 
DMAs wereidentified in these cyanobacterial mats (Table 
2). The DMAs can be divided in two groups. The first 
group has a minimum of three methylene units between the 
methyl substituents. It dominates, in number of isomers and 
in relative abundance, the second group that carries methyl 
substituents on adjacent carbon atoms (14, 15, 25, Figs. 
4b, 5, Table 2). With the exception of three DMAs present 
in low concentrations or as trace components (5,9-dime- 
thylhexadecane (5, ~8). (2) ; 4,12_dimethylheptadecane 
(4, w6), (11); 7,11-dimethyloctadecane (7, w8)), all 
DMAs possess methyl substituents at C-5 (or w5), C-6 (or 
w6), and C-7 (or w7) only (Table 2). In particular, the 
most abundant DMAs (8, 9, 21, 22; Figs. 4b, 5 ) all have 
methyl groups at C-6 (or w6) and C-7 (or ~7). This sug- 
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(z), (b) 6.1 l-dimethylheptadecane (8). and (c) 7.1 I-dimethylheptadecane (2). 

gests a common biosynthetic pathway for all DMAs. It 
should be noted, however, that methylation at C-6 and C- 
7 is also a common feature of the most abundant Cr9-C2, 
MMAs, even though 8-methylalkanes also occur. This may 
suggest a common biosynthetic pathway for MMAs and 
DMAs in this range. 

4.2. Regressive Cyanobacteriai Mat 

The distribution of the saturated hydrocarbons in the re- 
gressive cyanobactetial mat is also bimodal (Fig. 6) but is 
rather different from that in the modem cyanobacterial mats 
(Figs. 4, 5 )_ The first cluster of components is also composed 
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FIG. 2. Scheme of a tertiary carbocation formation by a six-mem- 
bered ring proton rearrangement following electron impact. (A) of a 
branched compound with methyl groups separated by four methylene 
units. 

of molecules eluting between n-C& and n-Crz but the domi- 
nant compounds are the Cm HBJ (3) and phytane (12). 
The CpI and Cz2 HBIs (2,6,10-trimethyl-7-(3-methylpen- 
tyl)dodecane ( 10) and 3,7,1 I-trimethyl-6-( 3-methylpen- 
tyl)tridecane @T, respectively)) were tentatively identified 
by comparison of their mass spectra with those previously 
published (Dunlop and Jefferies, 1985). The other differences 
between the modem mats and the regressive mat are the lower 
relative intensities of C,,-t&, n-alkanes and short-chain 
MMAs and DMAs in the regressive mat. However, the shott- 
chain MMAs and DMAs have similar carbon number and 
isomer distributions as those in the modem cyanobacterial 
mats. 

The second cluster of compounds (Fig. 6) is dominated by 
n-alkanes with a strong odd-over-even carbon number pre- 
dominance maximizing at n-t& and n-C3,. A major differ- 
ence with the modem cyanobacterial mats is the presence of 
long-chain MMAs (3, 38, 47, 56, 67; Fig. 6) and DMAs 
(43, 2; Fig. 6) in the range Cz4 to C3,. The distributions of 
long-chain MMAs, DMAs and TMAs are identical in the re- 
gressive and transgressive cyanobacterial mats (cf. Figs. 6, 
7). Since their relative abundances are higher in the trans- 
gressive cyanobacterial mat, their detailed molecular struc- 
tures and distributions are discussed in the following para- 
graphs. 

4.3. Transgressive Cyanobacterial Mat 

The gas chromatogram of the saturated hydrocarbon frac- 
tion of the transgressive mat also reveals a bimodal distribu- 

tion (Fig. 7). The compounds dominating the first cluster are 
the C2,, , CpI , and Cz2 HBls (3, 10, 24) and phytane ( 13 ). The --- 
n-alkanes in this cluster are dominated by n-C,,. The short- 
chain MMAs and DMAs, which were major compounds of 
the first cluster in the modem and regressive cyanobacterial 
mats, are absent or present in trace amounts only. The pres- 
ence of minor amounts of tentatively identified 3,7,1 l-tri- 
methyl-6-( 3-methylbutyl)tridecane (g), a second isomer of 
the C2, HBI should be noted. The mass spectrum of this com- 
pound is reported by Kenig ( 1991). 

The second cluster is dominated by n-alkanes with a 
strong odd-over-even carbon number predominance maxi- 
mizing at n -&, and n -C3, (Fig. 7 ), by isomers of long-chain 
MMAs, and by unresolved mixtures of 3,x-DMAs, 5,x- 
DMAs, centrally branched DMAs and TMAs with carbon 
numbers ranging from C2., to Cd, (Fig. 7a, c). A number of 
pentacyclic compounds, such as 17&trinorhopane (z), 
17&21@(H)-homohopane (z), and isoprenoid compounds 
such as 2,6,10,14,-tetramethyl-7-( 3-methylbutyl)penta- 
decane ( Cr5 HBI, 2), 2,6,10,15,19-pentamethyleicosane 
(PME, s), squalane (s), and 2,6,10,14,19,23,27,31-oc- 
tamethyldotriacontane (lycopane, 80) were also identified 
(Fig. 7c; Table 1). 

4.3.1. Distribution of long-chain MMAs 

The MMAs represented by discrete peaks in the chromato- 
gram of the nonadduct of the hydrocarbon fraction of the 
transgressive cyanobacterial mat (Fig. 7c) are listed in Table 
1. Three homologous series of compounds are present: 3- 
methylalkanes in the range C2.,-C (33 41 50 59 70 77) 34 _l_)-)_*__‘_ 7 
5methylaJkanes in the Cr4-Cr0 range (2, 39, 48, 57), and 
mid-chain methylalkanes in the Cr4-C40 range (3 1, 38, 44, 
c,5&67, 75, 81, 83, 85). This latter series of peaks is com- 

Table 2. Measured retention indices (RI_) and theoretical retention indices fRkI of 
shortsbain DMA’s tentatively identified in the saturated hydrocarkm fractions Of rccCnt 
microbial mats of Abu Dhabi. 

Peak 
NO.’ 

Compound RCkivC R4 w Methyl group 
amamP position 

2 5,9dimetbylhexadecaw + 1691 1690 5,w8 

7 7.1 Idimethylkpcadsane 
8 6, I ldimethylheptadaxnc 

9 6,12dimethylheptadae 
11 4.12dimethylheptadcfanc 
14 6,7dimethylheptad& 
I5 5.6dimethylheptade 

++ 1785 1792 7,w7 
++++ 1794 1795 6,w7 
++++ 1796 1798 6.~6 
+ 1804 1808 4,w6 
++ 1815 1815 
+ 1821 1824 

7, I1 dimethyloctad- 
20 7,12dimcthyla~ 
21 6.12dimethylcctadecane 
22 6,13dimetbylatadefane 
23 5,13dimethylcctadecanecane 
25 6,7dimethyloctadecane 

5,6_dimethyloctadecanadocane 

tr I881 I889 7,wE 
++ 1887 1890 7.07 
++++ 1892 1893 6.~7 
++++ 1896 1896 6.~6 
+ 1899 1901 5.4 
+++ 1915 1915 
tr 1921 1923 

7.13dimethylnonadecane 
6,13dimethylnonadae 
6.14dimethylnonadecane 

tr 1986 1989 7.07 
tr 1991 1992 6.07 
tr 1994 1996 6.~6 

’ Number refers to Figs. 4-7. 
’ b: trace amaunt; + : very minor; + +: minor; + + + abundant; + + + +: major 
S calculated following the addiriviry principle of Klssn a at. (1986) 
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(34). and (c) 11 .I Sdimethylheptacosane (49). 

prised of unresolved mixtures of mid-chain methylalkane iso- 
mers but these mixtures are dominated by specific isomers 
with the methyl group in position 11, 13, or 15 (see Table 1). 
In addition, minor amounts of 9- and 7-methylalkanes were 
detected by appropriate mass chromatography. In the long- 
chain MMAs with an even total number of carbon atoms (rep- 
resenting all but three of the MMAs identified) the methyl 

group is exclusively located at an odd-numbered carbon atom. 
This very specific distribution of long-chain centrally 
branched MMA’s has to the best of our knowledge never been 
reported in other geological samples. MMAs with an odd total 
number of carbon atoms (36, *, 66) are only present in rel- - 
atively low concentrations and possess methyl substituents on 
both even and odd numbered carbon atoms. 
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FIG. 4. (Partial) gas chromatograms of (a) the saturated hydrocarbon fraction and (b) the nonadduct of the saturated 
hydrocarbon fraction of a modem cyanobacterial mat (sample 73 180). Numbers refer to compounds listed in Table 1. 
Filled circles indicate n-alkanes. A filled triangle indicates contamination. 

4.3.2. Distribution of long-chain DMAs 

Three homologous series corresponding to unresolved 
mixtures of DMAs were encountered in the nonadduct of the 
saturated hydrocarbon fractions of the transgressive cyano- 
bacterial mat (Fig. 7~). All members of these series contain 
an odd total number of carbon atoms, indicating that the long- 
est chains carrying the methyl substituents also contain an odd 
number of carbon atoms. The distribution of these DMAs is 
centered around dimethylheptacosanes and dimethylnonaco- 
sanes and range from dimethyltticosanes (C,,) to dimethyl- 
nonatnacontanes (Cd, ) . 

The first homologous series (peaks 35,43, 53, 61, 72, 78; 
Fig. 7c) has retention indices 90 Kovats units smaller than 
the n-alkanes with the same molecular weight. Figure 3a 
shows the mass spectrum of a synthetic authentic standard, 
3,9-dimethyltticosane, which coeluted with peak 35 on two 
different capillary columns. Its mass spectrum is identical to 
that of peak 35. A related homologous series of DMAs elute 
slightly afterthe 3,9_dimethylalkanes and is tentatively i&n- 
tified, on the basis of their mass spectra, as 3,7-dimethylal- 

kanes. Mass spectra of these compounds are characterized by 
a fragment at 127 Da (25%). indicative of a methyl substit- 
uent at C-7, and by a fragment M’-29 (5%) indicative of the 
location of a methyl substituent at C-3. The elution of this 
series just after the 3,9_dimethylalkane series is in agreement 
with the Kovats indices calculated using the additivity prin- 
ciple of Kissin et al. (1986). The mass spectrum of a 3,7- 
dimethylalkane is published as an “unknown compound” by 
Mycke et al. (1988). 

The second homologous series, the 5,x-DMAs, (34,42, 
51, 60, 71). represents a minor contribution to the hydro- 
carbon fractions of the buried cyanobacterial mats. The 
compounds constituting this series have retention indices 
115 Kovats units smaller than those of the n-alkanes with 
the same molecular weight. The structural determination 
was confirmed by coinjection of a synthetic authentic stan- 
dard, 5,9-dimethyltricosane, which coeluted with peak 34 
on two different capillary columns. The mass spectrumf 
the authentic standard is shown in Fig. 3b. However, com- 
parison of this mass spectrum with the averaged mass spec- 
trum obtained from peak 34 demonstrated that 5,l l- and - 
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FIG. 5. Partial gas chromatograms of the nonadducts of the saturated hydrocarbon fraction of modem cyanobacterial 
mats, (a) sample 73280, (b) sample 73282, and (c) sample 73 172. Numbers refer to compounds listed in Table 1. 

5,13-DMA isomers were also present. Homologs of the lat- The compounds of the third major homologous series of 

ter two series give rise to peak II, in which no traces of a DMAs, centrally branched DMAs (40,49,58,69,76,82,84, 
5,9-DMA isomer were detected. @), have retention indices 117 Kovats units smaller than 
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FIG. 6. Gas chromatogram of the saturated hydrocarbon fractions of a regressive cyanobacterial mat (sample 89705). 
Numbers refer to compounds listed in Table 1. Filled circles indicate n-alkanes. A filled triangle indicates contamination. 

those of the n-alkanes with the same molecular weight. These 
compounds are present up to &. Identification of this ho- 
mologous series was confirmed by coelution with a synthe- 
sized standard of 11,15-dimethylheptacosane on two different 
capillary columns with peak 49. Comparison of the mass 
spectrum of the synthetic authentic standard (Fig. 3c) with 
that of an averaged mass spectrum of peak 49 indicated that 
the 1 I,15isomer is not the only DMA elutingat this position 
in the gas chromatogram. A coelution experiment performed 
with authentic 9,13-dimethylheptacosane revealed that this 
DMA-isomer elutes slightly later than 11 ,I S-dimethylhepta- 
cosane. Comparison of its mass spectrum with the averaged 
mass spectrum demonstrates that it is only a minor constituent 
of the Cz9 mid-chain DMA mixture, which is dominated by 
11,15-dimethylheptacosane. In contrast, the C3, mid-chain 
DMA mixture appears to be dominated by the 9,13-DMA 
isomer (58). - 

4.3.3. Distribution of TMAs 

Trimethylalkanes (TMAs) are minor components of the 
hydrocarbon fraction of the transgressive cyanobacterial mat 
(37,45, 55, 63, 73, 79; Fig. 7~). They have retention indices 
ca. 170 Kovats units smaller than those of the n -alkanes with 
the same molecular weight. As a consequence they elute 
within the range of MMAs with one carbon atom less. How- 
ever, the absence of high-molecular-weight ( C32-C36) MMAs 
with an odd total number of carbon helped to obtain relatively 
pure mass spectra (Fig. 8) _ 

The mass spectrum of the Cs6 TMA (Fig. 8a) is identical 
to the mass spectrum of authentic 3,7,1 l-trimethyltritriacon- 
tane (Martin and McConnel, 1970). The mass spectrum of 
the peak ascribed to C3., TMAs (Fig. 8b) was interpreted lo 
represent a mixture of two isomers, 3,9,15- and 3,1 I ,15-tri- 
methylhentriacontane. The mass spectrum of the CY2 TMA 

peak (Fig. 8c) exhibits a clear fragmentation pattern indica- 

tive of the presence of 3,9,13-trimethylnonacosane. A mass 
spectrum of the Cs6 TMA peak exhibits diagnostic odd frag- 
ments at 127 and 197 Da, as well as a M’-29 fragment and 
was tentatively interpreted as representing 3,7,1 l-trimethyl- 
tricosane. No tentative structure can be proposed for the t& 
and CsO TMAs due to their coelution with some isomers of 
MMA’s with an odd total number of carbon atoms. 

All TMAs detected have a longest chain composed of an 
odd number of carbon atoms and carry the methyl substituents 
at odd-numbered carbon atoms. They do not form an actual 
homologous family, but all the compounds of this series de- 
tected carry a methyl substituent at C-3. 

5. DISCUSSION 

5.1. Origin of Short-Chain MMAs and DMAs 

Short-chain centrally branched MMAs in the C15-C2,, 
range were identified in monospecific cultures of cyanobac- 
teria. Shiea et al. ( 1990) reviewed the literature on the oc- 
currence of MMAs in cyanobacteria and reported that MMAs 
are present in eighteen out of twenty-six of the species stud- 
ied. Methylheptadecanes (the 4, 6-, and mainly 7-, and 8- 

methyl isomers) are the most commonly encountered com- 
pounds. Because of the frequent occurrence of short-chain 
MMAs in cultures of cyanobacteria these compounds are con- 
sidered as cyanobacterial “biomarkers” when present in sed- 
iments. Cyanobacteria are the only micro-organisms known 

to produce short-chain centrally branched MMAs (Shiea et 
al., 1990). DMAs have been found once in cyanobacteria by 
Summons and Jahnke (pers. commun., 1994). They identified 
7,10- and 7,l I-dimethyl-heptadecanes in cultures of Phor- 
midium luridurn. 

MMAs and DMAs have been encountered in modem en- 
vironments in natural samples containing cyanobacteria (for 
MMA: see review by Shiea et al., 1990). Monomethylalkanes 
and, more specifically, the 8- and 7-methylheptadecanes have 
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FIG. 7. (a) Gas chromatogram of the saturated hydrocarbon fraction of a transgressive cyanobacterial mat. (b, c) 
Partial gas chromatograms of the branched and cyclic fraction of a transgressive cyanobacterial mat, sample 89705. 
Numbers refer to compounds listed in Table I. Filled circles indicate n-alkanes. 

been commonly identified in recent sediments containing cy- C,,-CzO range were observed in modem cyanobacterial mats 

anobacteria (e.g., Cardoso et al., 1976; Philp, 1980; Boon et from the Pacific atoll of Christmas Island (France) by Boudou 

al., 1983). A distribution of short-chain MMAs equivalent to et al. ( 1986a,b) and by Kenig ( 1991). Cyanobacterial assem- 

that found in Abu Dhabi cyanobacterial mats was observed blages present in hot springs also produce suites of structural 

in the cyanobacterial mats from the Gavish Sabkba (Sinai) isomers of short-chain MMAs (Robinson and Eglinton, 1990; 

by de Leeuw et al. ( 1985). Suites of isomers of MMAs in the Shiea et al., 1990, and references therein). Shiea et al. ( 1990, 
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FIG. 8. Mass spectra, subtracted for background, of TMAs tentatively identified as (a) 3.7.1 I-trimethyltritriacontane 
(z), (b) a mixture of 3,9,15- and 3,11,1Wrimethylhentriacontane (2). and (c) 3,9,13-trimethylnonacosane (63). 

1991) observed that short-chain MMAs are not present in 
microbial mats which do not contain cyanobacterial species; 
this confirms that cyanobacteria are, as far as we know, the 
only extant organisms, synthesizing MMAs in such biological 
systems. 

In recent studies short-chain DMAs were reported to occur 
in modem cyanobacterial assemblages. 6,10-Dimethylhepta- 
decane, 7,10-, and 6,10-dimethyloctadecane were tentatively 
identified by de Leeuw et al. ( 1985) in the Gavish Sabkha 
(Sinai) cyanobacterial mats, and a bacterial origin was sug- 
gested for these compounds. 6,10-Dimethylheptadecane is the 
major compound of the hydrocarbon fraction of a modem 
cyanobacterial mat from the French Polynesian atoll of Hao 
(Kenig, 1991). The mass spectra shown by de Leeuw et al. 

( 1985) and Kenig ( 1991) for 6,10-dimethylheptadecane are 
identical to that reinterpreted here as that of a 6,12-dimethyl- 
heptadecane (Fig. la). Recently, Shiea et al. ( 1990) tenta- 
tively identified 5,6-, 4,5-, 3,12-, 5,12-, and 4,13-dimethyl- 
heptadecane in hot spring microbial mats. By the use of GC- 
MS-MS, Robinson and Bglinton (1990) also tentatively 
identified 4,13-, 5,13-, 5,12-, and 6,12-dimethyl-heptadecane 
as well as 7,12_dimethyloctadecane in other hot spring micro- 
bial mats. The presence of 5,13-dimethylheptadecane was 
confirmed by synthesis of an authentic standard (Carter et al., 
1989). Shiea et al. ( 1990) and Robinson and Eglinton ( 1990) 
observed that these DMAs have the same carbon chain length 
distribution as the MMAs and, consequently, suggested a sim- 
ilar biological origin. The results presented in this report are 
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in agreement with this observation. Short-chain MMAs and 
DMAs of Abu Dhabi modem and Holocene cyanobacterial 
mats, thus, both derive from cyanobacterial sources. Their 
stable carbon isotopic compositions are in agreement with an 
origin from cyanobacteria (F. Kenig and J. M. Hayes, unpubl. 
data). 

In Abu Dhabi cyanobacterial mats, the relative concentra- 
tion of the short-chain MMAs and DMAs decreases progres- 
sively with increasing age (Figs. 4,6,7). Only traces of these 
compounds were detected in the transgressive cyanobacterial 
mat. Their disappearance, accompanied by a dramatic relative 
decrease of low-molecular-weight n-alkanes could result 
from biodegradation processes during early burial. A similar 
trend was previously observed by Boon et al. ( 1983) in cy- 
anobacterial mats of Solar lake. Robson and Rowland ( 1988) 
demonstrated that bacteria preferentially degrade linear com- 
pounds or methyl-branched compounds rather than isopren- 
oids, highly branched isoprenoids and cyclic compounds. 

5.2. Origin of Long-Chain MMAs, DMAs, and TMAs 

No long-chain DMAs and TMAs have been identified in 
cyanobacterial cultures and, until this report, in recent natural 
cyanobacterial assemblages. As far as we know the long-chain 
MMAs, DMAs, and TMAs are here reported for the first time 
in recent sedimentary organic matter. Only one cyanobacter- 
ium, Spirulina platensis, is reported to produce traces of 2-, 
7-, and 8-MMAs in the C,+& range (Paoletti et al., 1976). 
An homologous family of 3,9-DMAs and centrally branched 
MMAs with carbon number ranging between Cl6 and C&, was 
tentatively identified in leaf waxes (Brieskom and Beck, 
1970). But none of these homologous series of compounds 
fit the specific distributions of MMAs and DMAs present in 
the Abu Dhabi mats. 

MMAs, DMAs, and TMAs are frequently encountered in 
the surface lipids and waxes of insects (see reviews by Jack- 
son and Blomquist, 1976; Nelson, 1978; Blomquist et al., 
1987; Nelson and Blomquist, 1995, and references therein). 
They play a fundamental role in insect survival since they 
participate in desiccation control, in protection against micro- 
organisms, in resistance to abrasive damages and in chemical 
communication (sex attractant, nest-mate, and caste identifi- 
cation). Branched hydrocarbons identified in insect waxes 
display a number of particularities. The vast majority of these 
molecules have methyl-substituents at odd numbered carbon 
atoms and possess a longest aliphatic chain with an odd num- 
ber of carbon atoms. CentraJly branched MMAs in insects 
have carbon lengths variable as a function of the species an- 
alyzed but generally vary between twenty to fifty carbon at- 
oms. DMAs in insect waxes also have a broad carbon range 
(&-Css). A majority of insects have DMAs with methyl 
substituents separated by three methylene units and located at 
odd numbered carbon atoms (3,7-; 5,9-; 11,15-; 13,17-; 
15,19-DMA; Blomquist et al., 1987). However, 5, 7, and 9 
methylene units between methyl branches (as in 3,9-; 3,l l-; 
5,11-; 5,13-; 5,15-; 5,17-; 9,15-; 9,17-DMA) have also been 
observed frequently (e.g., Jurenka et al., 1989; Page et al., 
1990a,b; Kaib et al., 1993). Odd DMAs, with the longest 
chains containing an odd number of carbon atoms, are dom- 
inant over compounds with an even number of carbon atoms. 

DMAs with an even number of carbon atoms carry the methyl 
substituents at even numbered carbon atoms (e.g., Nelson and 
Sukkestad, 1975; Pomonis, 1989). These were only identified 
in a limited number of insect species. Homologous families 
of centrally branched DMAs (9,13-; 11,15-; 13,17-DMA) are 
the most common but other DMAs (3,7-; 5,9-DMA) can be 
abundant in certain species. TMAs have been reported in lipid 
assemblages of surface lipids of several groups of insects 
(e.g., Martin and McConnel, 1970; Jackson and Blomquist, 
1976; Nelson, 1978; Page et al., 199Ob). Two families can be 
separated on the basis of the location of the methyl substitu- 
ents. The first family carries the methyl substituents near the 
end of the chain (3,7,1 I-TMAs and 4,8,12-TMA) and a sec- 
ond family carries the methyl substituents at centrally located 
carbon atoms. Both these families are characterized by loca- 
tion of the methyl substituents mainly at odd numbered carbon 
atoms and are dominated by molecules with an even total 
number of carbon atoms. Methyl substituents are mainly sep- 
arated by three methylene groups [ 3,3] but TMAs with [ 3,5] 
and [ 3,7] spacings between methyl substituents were identi- 
fied as well (e.g., Page et al., 1990b). 

The distributions of long-chain MMAs, DMAs, and TMAs 
of Abu Dhabi cyanobacterial mats perfectly match the distri- 
butions of these compounds in insect waxes, both in terms of 
carbon range and in terms of isomer distribution. Moreover, 
Kenig et al. (1994) observed that long-chain MMAs and 
DMAs of the transgressive cyanobacterial mat were very sig- 
nificantly 13C enriched relative to total organic carbon, thus, 
excluding cyanobacteria as potential sources for these com- 
pounds. If they were, depletion in 13C relative to total mat 
carbon would be expected (Hayes, 1993). This 13C enrich- 
ment of MMAs and DMAs was explained by an origin from 
insects grazing on the cyanobacterial mats (Kenig et al., 
1994). IXects are commonly enriched relative to their carbon 
source by 2%~ (De Niro and Epstein, 1978) and their cuticular 
hydrocarbons have been reported to be enriched by 1%0 (Des 
Marais et al., 1980). 

Insect burrows were observed in intertidal and supratidal 
modem sediments of the Abu Dhabi sabkba. The transgres- 
sive cyanobacterial mat studied here was also intensively bur- 
rowed. Although the excavators are not precisely known, in- 
sects are the more likely candidates. Insects and insect larvae 
are known as primary consumers of cyanobacterial mats of 
Solar lake and the Gavish sabkha (Sinai; Gerdes et al., 1985) 
and of microbial mats of Andros Island (Bahamas; Garrett, 
1970). They are abundant in intertropical coastal hypersaline 
environments such as Laguna Guerero (Mexico; Javor and 
Castenholz, 1984). In the sediments of the Gavish sabkha, a 
number of insect were observed (Gerdes et al., 1985), even 
though none of the molecular components typical of insects 
were identified in the microbial mats (de Leeuw et al., 1985). 
These insects are dominated by members of genus Bledius, 
which dig characteristic tunnels. Their distribution appears to 
be limited by the groundwater table level (Gerdes et al., 
1985). It is likely that the insect distribution in the sediments 
of Abu Dhabi sabkha is also limited by such constraints. 
Therefore, it is more likely to find insect remains in microbial 
mats located high in the intertidal zone. However, without the 
precise identification of the species or group of species re- 
sponsible for the abundance of the long-chain branched hy- 
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drocarbons in the cyanobacterial mats, it is not possible to 

predict the distribution of their remains in the sediments. 
Insects have never been cited as contributors to sedimen- 

tary organic matter. Their soft bodies and unmineralized exo- 
skeletons result in a poor fossil record (Robinson and Kaesler, 
1987). However, their cuticular waxes contain compounds 
particularly refractory to biologically mediated oxidation and, 
in consequence, are resistant to mineralization. In terms of 
total organic carbon (TOC) the contribution of insects may 
be negligible but considering the preservation potential of 
their waxes, even in dispersed form, the contribution of their 

lipids to the hydrocarbon fraction of sediments is plausible. 

5.3. Occurrence and Significance of MMAs, DMAs, and 
TMAs in Sediments and Oil 

Centrally branched MMAs have been described in several 
pre-Ordovician oils (e.g., Hoering, 1976, 1981; Klomp, 1986; 
Fowler and Douglas, 1987), oil seeps (Hieshima and Pratt, 

1991), and sediments (Summons et al., 1988a.b). In these 
oils and sediments, the methyl groups in these MMAs are 
located at both even and odd numbered carbon atoms. Neither 
an odd or an even carbon number predominance is observed. 
Thus, they cannot be related to the MMAs identified in Abu 
Dhabi cyanobacterial mats. 

Long-chain 3,7_dimethylalkanes, with an odd total number 
of carbon atoms, ranging from C2, to C3X were tentatively 
identified in Permian shales (“Brandschiefer series”) of 
West Germany (Dill et al., 1988). The non-identified com- 
pounds reported by Mycke et al. ( 1988), among hydrogena- 
tion products of non soluble organic matter of the F’recam- 
brian Shungit Coal (Russia) and of the “massive sulfide” 
from the Mount Isa Formation (Australia), have exactly the 
same mass spectra and the same retention times as the 3,7- 
dimethylalkanes tentatively identified in the Abu Dhabi cy- 
anobacterial mats. These compounds range from C,, to Cs, 
and, the odd carbon-numbered compounds are dominant over 
even ones. Mycke et al. ( 1988) suggest that the presence of 
these compounds may be- related to the original organic matter 
of these sediments, i.e., archaebacteria or primitive algae. The 
3,7-DMAs in the Abu Dhabi mats are present in trace amounts 
only and exclusively contain an odd number of carbon atoms. 
Hence, an origin from insect waxes of the 3,7-DMAs in these 
ancient samples is very unlikely. In the Precambrian sample 
this has not to be expected anyway, because arthropods only 
appeared during the very late Precambrian and insects after 
the Devonian (Robinson and Kaesler, 1987). 

No TMAs in the carbon range of those identified in insects 
and in the cyanobacterial mats of Abu Dhabi have been iden- 
tified in ancient sediments and oils. 

We, therefore, conclude that our present findings, unfor- 
tunately, do not throw light on the origins of methylalkanes 
in ancient sediments. However, it cannot be excluded that 
refractory components from waxes of insects have been pre- 
served in the geological record and contribute to the hydro- 
carbon fraction of some ancient sediments. 

6. CONCLUSIONS 

In Abu Dhabi cyanobacterial mats, short-chain (C,6-C2, ) 
MMAs and DMAs and long-chain (Cz44&) MMAs, DMAs, 

and TMAs form two groups of distinct origins. The shott- 

chain MMAs and DMAs are most likely derived from cyano- 

bacteria. The long-chain MMAs, DMAs, and TMAs exhibit 
particular distributions, dominated by components with the 
longest chain containing an odd number of carbon atoms and 

positions of methyl substituents at odd numbered carbon at- 
oms. These compounds are most likely derived from insect 
waxes, the contribution of which to sedimentary organic mat- 
ter is noted here for the first time. 
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