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ABSTRACT

The aromatic fractions of sediments from Hole 940A, Ocean Drilling Program, Leg 155, have been analyzed. A strong ter-
restrial contribution of organic matter was found, and some autochthonous inputs were recorded. The distributions of aromatic
compounds were dominated by derivatives from amyrins. Diagenetic processes involved in aromatizations and isomerizations

have been characterized.

INTRODUCTION

The objective of Leg 155 was to study the evolution of the deep-
sea fan of the Amazon River for a better understanding of climatic
changes and to evaluate circulation patternsin the western equatorial
Atlantic. Inthat respect it was planned to characterize and understand
the nature, origin, and diagenesis of organic carbon in this particular
environment.

Aromatic compounds are ubiquitous. They are found in al an-
cient or recent sedimentary environments (Blumer, 1976). These
compounds sharetwo different origins: abiogenic origin, asdegrada-
tion products of triterpenoids or steroidsin the sedimentary environ-
ment, and an anthropogenic origin, as generated by high-temperature
processes. They have proven to be useful indicators of the origin and
of the thermal maturation stage of organic matter (Y oungblood and
Blumer, 1975; Wakeham et al., 1980a, 1980b; Garrigues et d.,
1987b; Lipiatou and Saliot, 1991; Domineet a., 1994). Alkylated ar-
omatic hydrocarbons of the phenanthrene or dibenzothiophene series
are especially useful as markers of thermal maturity (Radke, 1987,
1988; Garrigues et al., 1988; Budzinski et al., 1993, 1993b). They
can also be used for origin assessments. Various studies have shown
that the distributions of these compounds (i.e., alkylated phenan-
threnes and dibenzothiophenes) in petroleums can be influenced by
the origin of organic matter, and, therefore, may reflect its type
(Hughes, 1984; Budzinski et al., 1995). The relative distribution of
methyl-dibenzothiophenes can be related to paleoenvironments of
source rocks and petroleums (Hughes, 1984; Connan et a., 1986;
Schou and Myhr, 1988). The distribution of alkylated phenanthrenes
is also influenced by the type of organic matter as evidenced by
Cassini et al. (1988). A more recent study (Budzinski et al., 1995) has
tentatively related the 1-methylphenanthrene to terrestrial origin and
9-methylphenanthrene to marine origin.

The goal of this study was to use aromatic hydrocarbons as mo-
lecular tools to elucidate the origin and fate of organic matter. Com-
pounds ranging from tri- to penta-aromatics have been identified, and
their distributions have been interpreted in terms of source assess-
ment and diagenesis.

1Flood, R.D., Piper, D.JW., Klaus, A., and Peterson, L.C. (Eds.), 1997. Proc. ODP,
Sci. Results, 155: College Station, TX (Ocean Drilling Program).
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EXPERIMENTAL
Materials

Sediments from Site 940 were investigated. This site was chosen
to study the processes associated with the development of the levee
of the Amazon Fan system. Site 940 is located on the levee of the
most recently active fan channel. The turbidite channel located near
this site has fed several downstream channel and levee deposits, in-
cluding the Aqua and Brown systems, during the Stage 2 glacial low-
stand (Shipboard Scientific Party, 1995). The channel became inac-
tive following the post-glacial sea-level rise. The sediments are silty
clays and range from Holocene (uppermost sample) to late Pleis-
tocene (isotope Stage 2) in age. The entire hole is younger than 40 ka
(Shipboard Scientific Party, 1995). The geothermal gradient could be
estimated at ~29°C/km. The analyzed samples are presented in Table
1. The correspondence between Ocean Drilling Program (ODP) sam-
ple numbers and the sample codes used in this study is also given in
Table 1.

Sample Preparation

The samples were freeze-dried and then extracted with an ultra-
sonic bath (Hinrichs and Rullkétter, this volume) with a mixture of
dichloromethane and methanol (99/1). The extracts were concentrat-
ed. After desulfurization on activated copper, they were fractionated
by medium pressure liquid chromatography (Radke et al., 1980) to al-
kanes, aromatics, and polar compounds. The aromatic fraction was
then analyzed by gas chromatography coupled with mass spectrome-

try.
Compounds

The compounds that were quantified are given in the Appendix.
Aromatic compounds were identified according to their mass spectra,
bibliographic data previously published, and co-injection with stan-
dards. Aromatic biogeochemical markers have been kindly supplied
by Dr. Albrecht (University Louis Pasteur, Strasbourg, France). The
compounds were quantified according to deuterated aromatic stan-
dards purchased from MSD isotopes (Canada). The concentrations
are given with an accuracy 0. They are expressed in nannograms

3ICBM, Universitit Oldenburg, Postfach 2503, D26111 Oldenburg, Federal RepubP€! gram of dry sediment (ng/g dry sed) and in nannograms per gram
of total organic carbon (ng/g TOC).
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Table 1. Studied samples from Hole 940A. the bulk organic carbon (the sum of all aromatic compounds <0.01%
of bulk organic carbon). Also, these compounds are, in most of the
Core, section, Sample number Depth TOC* cases, the ultimate products of molecular rearrangements.
interval (cm) used in the study (mbsf) (%) The distributions of the aromatic compounds in the Amazon Fan
155-940A- samples are diverse with various molecular structures. The patterns
1H-2, 20-25 923 1.69 0.83 are quite complicated with significant amounts of alkylated com-
aid atar o oy 093 pounds present. For example, the ratio of the sum of the concentra-
6H-4, 102108 927 45.84 0.89 tions of the methylphenanthrenes vs. the concentration of the phenan-
gﬂﬁé’ gég% ggg g;‘gi é-gé threne EMP/P) exhibits, for all the samples except one (sample 923,
10X-4, 4855 930 8194 105 1.69 meters below seafloor [mbsf]), values >1 and near to 2, which
15X-3, 46-45 932 126.71  0.66 demonstrates the predominance of alkylated phenanthrenes over
19X-3, 33-39 936 165.26  0.85
23X-4, 83-90 938 205.40 0.76 phenanthrene.

When omitting perylene (see below), the polycyclic aromatic hy-

Notes: TOC = total organic carbon. * = data from Hinrichs and Rullkétter (this volume).drocartJon (PAH) distribution is dominated by _compou_nds d_enved
from triterpenes. Some of these belong to the di-aromatic series such
as alkylated octahydro-chrysenes and alkylated tetrahydro-phenan-
threnes, others to the tri-aromatic series such as alkylated tetrahydro-
chrysenes and octahydro-picenes, and finally others to the tetra-aro-
matic series such as alkylated tetrahydro-picenes (see the Appendix
for nomenclature and structures). Such distributions have already
been observed in other environments such as the Cariaco Trench
(Venezuela; Tissier and Dastillung, 1978), the Kayar Canyon (Sene-

d gal River; Corbet et al., 1979), lake sediments (Wakeham et al.,
was a PTE5 (Supelco, France), 60<.2 mm IDx 0.1 pm film 1980b), and the (l;/lanakarg Delta (Indon?3|a, IGarorllgues etal., 19876})]
thickness. Helium was used as carrier gas at 1 mL/min. The colump'€S€ compounds have been commonly related to strong terrestria
Inputs. Most of them are mainly derived from higher plant triterpe-

was kept at 50°C for 2 min, then programmed to 290°C at 5 Clm"}gids such ag-amyrin orB-amyrin, and they can be used as biomar-

Gas Chromatogr aphy/M ass Spectrometry

The aromatic fractions were analyzed by gas chromatography/
mass spectrometry (GC/MS) using an HP5890 series Il gas chro-
matograph coupled with an HP 5972 MSD mass spectrometer. The
gas chromatograph was equipped with a splitless injector (purge de-
lay 30 sand purge flow 60 mL/min; T;; = 270°C). The column use

and kept at 290°C for 10 min. The interface was at 290°C. The ma; . L 4 . ;
rs of a terrestrial origin. Typical marine environments, such as sed-
spectrometer was operated from 50 to 500 dalton (SCAN modl ents from Cape Blanc (Senegal; Corbet et al., 1979) or deep-sea

(electron impact at 70 eV, 2000 V, 1 scan/s). . ) ; -
Some compounds can be coeluted with structural isomers on tI%dlments from the North Atlantic Ocean (Atlantic coast of France;

GC column that was used (nonpolar stationary phase). To check t rIent(lj,_ﬁ1990),fhave prover(lj to be very fpolokr Im tgese compgun_ds.
validity of the measurements, another column was used. This colum ese different features (predominance of alkylated compounds, im-

contained a liquid crystalline stationary phase. It was a SB-SmectPgb.r tant amounts of derivatives of triterpenoids) demonsirate the pre-
column (Dionex, Lee Scientific Division, Salt Lake City, Utah vailing biogenic origin of the organic matter of these sediments.

. Some PAHSs (with five rings) were detected at trace levels but not
U.S.A)), 50 mx 0.22 mmx 0.1 pm, which has been demonstrated to g -
be verg/ selective in the anaIL;/sis of isomeric aromatic compoun uantlfled..These include benzofluqranthenes, benzo(e)pyrene, and
(Budzinski et al., 1992a, 1992b; Wise et al., 1995). An example of thacnZ0(@:n)perylene (see Appendix for structures). These com-
good chromatographic resolution obtained for methylated triaromati ounds are typical products of pyrolysis (Laflgmme and Hites, 1979;
compounds is shown in Figure 1. All the isomers are separated; mo cElroy et al., 1989) and could reflect minor inputs from natural py-
precisely, 9-methylphenanthrene is separated from 4-methy|phenalf1-
threne and 1-methylanthracene, which coelute with it on GC cqumrEe
such as PTES.

ytic processes like forest fires (Youngblood and Blumer, 1975).
When considering tetra-aromatic PAHs, fluoranthene, pyrene,
nz(a)anthracene, and chrysene, it can be noted that one structural
form dominates over the other, that is, pyrene over fluoranthene, and
chrysene over benz(a)anthracene. The dominant isomers (i.e., pyrene
RESULTSAND DISCUSSION and chrysene) are thermodynamically more stable. In the case of
main pyrolytic origin for these compounds, the reverse trend is gen-
The quantitative results for the aromatic compounds are given iarally observed. Fluoranthene dominates over pyrene and benz(a)an-
Table 2. thracene dominates over chrysene (Soclo, 1986). In the case of the
sediments of Site 940, even if the existence of a slight pyrolytic
Total Aromatic Hydrocarbons source for pyrene and chrysene cannot be discarded, the main source
for these two compounds must be biogenic due to their marked pre-
The concentrations of aromatic compounds in the studied seditominance over their structural isomers in the sediments. Chrysene
ments are quite uniform (Table 2). No specific trend (increase or deoelutes with triphenylene on the PTE5 column that was used. On the
crease) can be observed within depth. This suggests that in situ diadiquid crystalline phase this coelution is resolved (Wise et al., 1995).
netic processes are not the only ones to take into account for the fare contribution of triphenylene was calculated and substracted by
mation of aromatic hydrocarbons. Most of these compounds are motiee use of the liquid crystal stationary phase.
likely formed on land and are transported to the marine environment
by erosion and water runoff. This is corroborated by other studies that Perylene
have observed that even in surface samples (Mahakam Delta, Indo-
nesia), aromatic derivatives of triterpenes are present in quite impor- Perylene is the most abundant aromatic compound. It represents
tant amounts (Tissier, 1981). The influence of in situ diagenetic pradrom 30% to 70% of all aromatic compounds that have been quanti-
cesses on distributions and concentrations could be very limited. fied. Large continental inputs, in conjunction with a reducing medi-
The sum of all the quantified aromatic compounds ranges frommm, could explain these high perylene abundances because of good
~200 ng/g of dry sediment (i.e., ~20 pg/g of TOC) to ~900 ng/g opreservation of possible precursors (Venkatesan, 1988). The average
dry sediment (i.e., ~100 pg/g of TOC). This sum does not correlatgerylene concentration is higher in the upper part of the hole (an av-
with the TOC content (correlation coefficient = 0.17), which coulderage of 413 ng/g of dry sediment or 47 pg/g of TOC for sample 923
reflect the fact that the aromatic compounds represent a small part (.69 mbsf) to sample 928 (54.33 mbsf) than in the lower part (an av-
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. . . talline stationary phase (SB-Smectic, Dionex). Note the
Retention time( min) perfect separation of all the isomers. MP = methylphen-
anthrene and MA = methylanthracene.

erage of 253 ng/g of dry sediment or 32 pg/g of TOC for sample 92%he present study are given in Table 3. It increases regularly with a
(67.71 mbsf) to sample 938 (205.40 mbsf)). This could be related tepth up to 120 mbsf (Fig. 3). This behavior could indicate diagenetic
an increase in detrital inputs rich in plant material that could carrgvolution. When considering this trend, it appears that more rapid di-

large amounts of precursors. agenetic evolution seems to take place between the two upper sam-
ples (923 and 924), between 1.69 and 7.55 mbsf. The drop of the val-
Phenanthrene Compounds ues of this ratio for the two deeper samples could reflect a change in

in

The distributions obtained for the methylphenanthrenes (MPs) are
presented in Figure 2. It can be noted that for all samples, except for Biogeochemical Markers
the first level (sample 923), 9-MP slightly dominates the meth-
ylphenanthrene distribution (it accounts for ~30% of all four MPs).  Aromatic compounds derived from amyrin and lupeol were iden-
The lack of 4-MP was checked with the liquid crystalline phase in G@ified in the different samples. Some derivatives from hopanoids
in order to ensure the concentrations of 9-MP. were also detected. A typical partial total ion current trace encoun-

For sample 923 (1.69 mbsf), 1-MP dominates the methylphenartered in this study is presented in Figure 4. The chemical structures
threne distribution (it represents 44% of the four methylphenanand the names of the aromatic biomarkers that were identified are
threnes). Phenanthrene dominates over methylphenanthrenes for thieen in the Appendix.
first sample EMP/P = 0.32; Table 3). On the contrary, the meth-  To simplify the discussion, the designations were adapted from
ylphenanthrenes are more abundant than phenanthrene for the otfBarrigues et al. (1987a) for the compounds derived from the triterpe-
samplesIMP/P > 1; Table 3). This could reflect diagenetic evolu-noids. When the aromatic part of the molecule is a naphthalene struc-
tion. Indeed, alkylation processes of phenanthrene can occur duritgre, the letteN is used; when the skeleton shows a phenanthrene
diagenesis (Radke et al., 1982), and position 9 is the most reactiv@ructure, the lette? is used; and for a chrysene structure, the letter
So the predominance of 9-MP may be associated with alkylation pr& is used. When a methyl group is present on ring A (see Appendix),
cesses and correlated with high abundances of methylphenanthreties letteM is addedp is added for the derivatives @famyrin, and
relative to phenanthrene. However, where alkylation processes afefor the derivatives ofi-amyrin. Finally, if the compounds have
not important, especially at the beginning of diagenetic evolutionbeen generated by microbial degradation (cleavage of one ring), the
phenanthrene can dominate over methylphenanthrenes, and the fietterd is added.
gerprint of methylphenanthrene isomers could reflect the natural in- Derivatives fronf3-amyrin are predominant over derivatives from
put of precursors. In this case, the high abundance of 1-MP in the ug-amyrin. The two classes of compounds show similar behavior vs.
per sample (sample 923) could be related to large inputs of terrestridépth (Fig. 5). This suggests that they share identical pathways of for-
organic matter (Alexander et al., 1987) and the case of MP distribunation. This observation corroborates those of Garrigues et al.
tion in sample 923 (relative to the nine other samples) could also rét987a) in the case of the sediments from the Mahakam Delta (Indo-
flect temporal change in input. nesia) and those of Tissier and Dastillung (1978) in the case of the

Regarding the methylphenanthrenes, different concentration raediments from the Cariaco Trench. The predominance of derivatives
tios have evolved and are used in petroleum geochemistry as thernfim B-amyrin could be explained by the fact that this alcohol could
maturity indices (Radke, 1987, 1988). For example, the; k&b, be degraded more preferentially tharamyrin (Dastillung, 1976;
calculated as (2-MP + 3-MP) / (9-MP + 1-MP + 4-MP), can increaseCorbet, 1980). Indeed, the double bon@-iamyrin is less hindered
with greater thermal maturity (Garrigues et al., 1988). Indeed, previhan ina-amyrin. So functionalization and the subsequent evolution
ous studies have reported a relative increase in the abundance ofo2-derivatives of3-amyrin would be easier than thoseceamyrin.
MP and 3-MP relative to 9-MP and 1-MP when maturity increasedhis explanation could be corroborated by the fact that only deriva-
(Radke et al., 1982). The values obtained for this ratio in the case tives off3-amyrin are encountered in crude oils of the Mahakam Delta
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Table 2. Concentrations of identified aromatic compounds.

Concentrations (ng/g of dry sediment)

Concentrations (ug/g of TOC)

Sample number: 923 924 926 927 928 929 930 932 936 938 923 924 926 927 928 929 930 932 936 938
Compounds
P 542 176 181 176 207 162 214 207 111 119 065 021 022 021 020 018 020 031 013 016
3MP 031 09 072 073 08 070 066 063 038 047 004 011 009 009 008 008 006 010 004 0.6
2MP 041 118 097 09 107 092 08 09 050 060 005 014 012 011 011 010 008 014 006 0.08
IMP 045 134 101 100 118 097 08 088 053 069 005 016 012 012 012 011 008 013 006 0.09
1MP 057 114 08L 089 087 074 064 062 044 054 007 014 010 011 009 008 006 009 005 007
2EtP+9EtP+3,6DMP 008 019 017 013 014 014 011 011 007 0.09 001 002 002 002 001 002 001 002 001 001
1EtP 017 031 019 020 025 021 016 019 014 016 002 004 002 002 002 002 002 003 002 002
3,5DMP 026 058 037 041 044 035 032 031 021 028 003 007 004 005 004 004 003 005 002 004
2,6+2,7DMP 021 042 028 033 032 028 021 025 016 019 003 005 003 004 003 003 002 004 002 003
1,3+2,10+3,9+3,10DMP 08 193 128 143 148 129 104 111 074 101 010 023 015 017 015 015 010 017 009 013
1,6+2,9DMP 053 115 075 08 08 077 057 059 041 055 006 014 009 010 008 009 005 009 005 007
1,7DMP 049 105 064 080 072 064 051 057 037 047 006 013 008 010 007 007 005 009 004 006
2,3DMP 071 098 070 081 065 057 034 034 044 045 009 012 008 010 006 006 003 005 005 006
1,9DMP 019 039 024 031 031 02 013 032 015 023 002 005 003 004 003 003 001 005 002 003
1,8DMP 01 020 012 012 012 013 008 006 010 008 001 002 001 001 001 o001 001 001 001 001
1,2,8TMP 026 040 026 033 026 025 017 020 015 021 003 005 003 004 003 003 002 003 002 003
Retene 013 046 032 033 038 027 015 042 027 025 002 006 004 004 004 003 001 006 003 003
Pyrene 091 130 08 105 094 087 09 08 068 085 011 016 010 013 009 010 009 013 008 011
Fluoranthene 064 092 053 072 070 066 073 078 044 063 008 011 006 009 007 008 007 012 005 0.08
Benz(a)anthracene 036 048 020 025 027 018 024 031 015 019 004 006 002 003 003 002 002 005 002 003
Chrysene 190 301 194 252 228 191 207 165 127 159 023 036 023 030 023 022 020 025 015 021
Perylene 134 446 189 613 685 173 172 358 136 423 16.14 5373 2277 7386 6782 1966 1638 5424 16.00 55.66
MPad 282 1370 4442 1151 1005 790 1189 647 648 952 034 165 535 139 100 09 113 098 076 125
MNad 339 20.76 1429 3610 29.82 19.02 2795 19.78 19.97 2236 041 250 172 435 295 216 266 300 235 294
MPa 242 541 524 754 688 436 575 585 468 496 029 065 063 091 068 050 055 089 055 065
MCa 053 118 08 157 150 095 078 103 079 1.02 006 014 010 019 015 011 007 016 009 013
Ca 017 044 038 058 053 044 052 044 033 039 002 005 005 007 005 005 005 007 004 005
MPBd 7.87 67.08 235 7096 7259 3223 3341 5186 64.01 71.28 095 808 2831 855 719 366 318 78 753 938
MNBd 8.03 4656 3043 3634 31.27 1910 27.29 2061 2138 2216 097 561 367 438 310 217 260 312 252 292
MCB 071 142 09 162 151 124 103 116 086 018 009 017 012 020 015 014 010 018 010 0.02
MPB 439 985 789 1186 1024 627 935 942 790 892 053 119 09 143 101 071 089 143 093 117
CB 536 14.70 1143 1948 16.97 1263 1440 1711 1461 17.56 065 177 138 235 168 144 137 259 172 231
MPx 550 1361 1257 1763 1650 1031 1442 1401 1187 1214 066 164 151 212 163 117 137 212 140 160
MCx 116 306 291 429 411 282 300 311 247 297 014 037 035 052 041 032 029 047 029 039
MPh 088 162 164 226 194 161 124 131 093 132 01 020 020 027 019 018 012 020 011 017
MCh 583 723 636 1299 1190 928 551 683 529 7.29 070 087 077 157 118 105 052 103 062 096
Pl 039 102 08 106 103 072 111 062 057 067 005 012 010 013 010 008 011 009 007 0.09
NI 235 949 521 1386 1080 756 11.96 838 7.33 874 028 114 063 167 107 08 114 127 086 115
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Figure 2. Distributions of methylphenanthrenes.

Table 3. Concentration ratios for various aromatic compounds in sam-
plesfrom Hole 940A.

Samples: 923 924 926 927 928 929 930 932 936 938
Ratios
SMP/P 032 259 194 201 193 205 141 147 166 1.93
MPI; 071 084 093 086 094 124 102 102 091 087

MPBd:MPB  1.79 6.81 29.77 598 7.09 514 357 550 810 7.99
MPad:MPa 117 253 848 153 146 181 207 110 139 192
MCB:MP3 016 014 012 014 015 020 011 012 011 013
MCa:MPa 022 022 016 021 022 022 013 018 017 0.20
MpBd:MNBd 098 1.44 7.71 195 232 169 122 252 299 322

(Garrigues, 1985). Another explanation could be a higher abundance
of B-amyrin in higher plants in comparison to a-amyrin (De Mayo,
1959).

The two alcohols, a- and B-amyrin, can undergo two different
mechanisms of degradation (Fig. 6; adapted from Laflamme and
Hites, 1979). In both cases, the degradation starts from ring A, and
aromatization progresses from ring A to ring D. Concerning the first
mechanism (1), the cleavage of the ring A leads to tetracyclic struc-
tures and is associated with microbial processes (Trendel et a.,
1989).

Compounds generated from bacterial degradation (1), MPBd and
MPad, are predominant in the case of thetriaromatic derivatives. The
ratios MPRd:MP( and Mpad:MPa are always >1 (Table 3). The
weak abundance of MPP and MPa could be explained by arapid ar-
omatization (mechanism I1) of the pentacyclicsto generate tetra-aro-
matics (MC and MCa). But in this case, the ratios MCB:MP(3 and
MCa:MPa would have shown high vaues, which is not the case.
Their values (Table 3) are low (~0.14 and 0.19, respectively). The
microbial process (1) seems to be the major mechanism in the degra-
dation of the two a cohols.

POLYCYCLIC AROMATIC HY DROCARBONS
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Figure 3. MPI; index vs. depth.

In the case of microbia degradation (pathway 1), the diaromatics
are generaly less abundant than the triaromatics. The ratio
MPRd:MNpd is greater than 1 for all the samples, except for the first
depth (Table 3). Thisindicates that the transformation of triterpenoid
alcoholslike amyrins (defunctionalization, cleavage of ring A, arom-
atization) is nearly complete within the first 2 m. Nevertheless, for
the first sample (sample 923, 1.69 mbsf), the microbia transforma-
tion of B-amyrin has not reached the end product (formation of triar-
omatics) because, for this sample, diaromatics are dightly more
abundant than triaromatics (MPRd:MNpBd = 0.98; Table 3).

When considering the derivatives from both degradation pathway
| and pathway 11, adifferent behavior vs. depth can be noted (Fig. 7).
If the sum of all the compounds from pathway | (microbial degrada-
tion) is considered, there is a strong increase of absolute concentra-
tion corresponding to sample 926 (36.34 mbsf). Thistrend is not not-
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Figure 5. Concentrations of some aromatic derivatives from amyrins vs.
depth (a= o and b = 3-amyrin precursor).

ed for the compounds generated from pathway I1. This feature can
tentatively berelated to high microbia activity during the deposition
of this sample. The cleavage of ring A would have been favored
yielding the diaromatics and triaromaticsin high amounts. This could
be linked to the depth of sulfate penetration that was found to be
about 30 m (Shipboard Scientific Party, 1995), and which might be
consistent with intense microbial action at this depth.

POLYCYCLIC AROMATIC HY DROCARBONS

Figure 6. Degradation pathways of amyrins (3-amyrin shown, adapted from
Simoneit, 1977; Laflamme and Hites, 1979).

Another difference can be observed between pathway | and II.
When considering derivatives generated from amyrins solely by de-
functionalization and aromatization (pathway 1), triaromatics (MP3
and MPa) are more abundant than the tetra-aromatics (MCf3, MCa).
Theratios MCB:M PR and MCa:MPa have low values (between 0.10
and 0.20; Table 3). The compounds generated during the last step of
aromatization in pathway |1 (tetra-aromatics) are minor in compari-
sontotriaromatics. Thisisthe opposite trend asto what was observed
for pathway 1. It can be stated that microbial degradation (pathway )
is not only a predominant transformation process but is also faster
than the transformation involved in pathway 1.

NI and Pl have beenidentified as derivativesof lupeol. Inthecase
of lupeol, two degradation pathways can also be considered. The
cleavage of ring A, followed by aromatization, gives NI and PI. On
the other hand, aromatization without cleavage of ring A gives Cl
(Laflamme and Hites, 1979). Cl is totally absent in the samples that
have been studied. Asfor the derivativesfrom amyrins, it appearsthat
microbial degradation of lupeol (with cleavage of ring A) is favored.
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Figure 7. Sum of concentrations of derivatives of amyinar(dp) depend-
ing on the degradation pathway (I and IlI) vs. depth.
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Derivatives, MPh, and MCh, have been identified in the hopane
series. They reflect microbial activity and can berelated to an autoch-
thonous origin. The tetraaromatic compound (MCh) is more abun-
dant than the triaromatic (MPh). This is the opposite trend to what
was observed for the compounds derived from amyrins. Garrigues et
al. (1987a) showed similar results in the case of samples from the
Mahakam Delta (Indonesia), and Chaffee and Johns (1983) have ob-
served the lack of MPh in an Australian coal. The derivatives from
hopanes are expected to aromatize more rapidly than those from
amyrins (Garrigues et al ., 1986, 1987a).

CONCLUSIONS

Phenanthrene and chrysene compounds, derived from triterpe-
noids, are the most predominant aromatic compounds in the samples
studied from Site 940, and they reflect high terrestrial inputs. This
strong terrestrial origin is also corroborated by the large amounts of
perylene that have been detected. A dlight trace of autochthonousin-
puts (based on aromatic hopane derivatives) was a so recorded.

In situ diagenetic processes cannot explain the formation of aro-
matic compounds in the studied environment. Most of the aromatic
compounds observed in the samples appear to be land-derived and
transported by erosion; the influence of diagenetic transformationsis
therefore limited.

Derivatives of a- and B-amyrin were found to be the most abun-
dant aromatic derivatives. When considering the evolution of the
concentrations of these biomarkers with depth, it appears that some
diagenetic processes could take place between the two upper sam-
ples, that is, between 1.69 and 7.55 mbsf. Thiswas also recorded by
the evolution of the methylphenanthrenes with depth. These isomers,
which are useful markers of thermal evolution, follow the terpenoid
isomerization or rearrangement reactions vs. depth in this study.
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APPENDIX
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