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34. TERRIGENOUS AND MARINE LIPIDSIN AMAZON FAN SEDIMENTS:
IMPLICATIONSFOR SEDIMENTOLOGICAL RECONSTRUCTIONS!
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ABSTRACT

Preliminary lipid analyses of Amazon Fan sediments focused on the general characteristics of bitumen composition. Of par-
ticular interest was the identification of distinct sedimentary facies on amolecular level. Weinvestigated sediments from differ-
ent fan environments (pelagic and hemipelagic sediments as well as active channel-levee sediments). On a qualitative
molecular level (i.e., types of compounds detected), bitumen compositions of different fan environments are very similar to

each other.

Relative differences in bitumen distribution in terms of marine vs. terrigenous origin appear to be significantly correlated
with the dilution of the autochthonous signal by terrigenous detritus. These differences distinguish normal hemipelagic sedi-
ment (Site 942) from active channel-levee sediment (Site 940) of the Amazon Channel, where marine compounds represent a
background signal. The range of the ratio of two distinct groups of lipids (i.e., terrigenous wax alcohols over plankton-derived
fatty acids) corresponds very well to rough sedimentological estimates of sediment accumulation rates, which vary, depending
on location and sea level, by more than 2 orders of magnitude. We suggest that this approach can be utilized for a rough esti-
mate of the dilution of the autochthonous signal by terrigenous detritus in environments such as the Amazon Fan.

INTRODUCTION

The assemblage of organic matter components in marine sedi-
mentsis controlled by anumber of factors, including the supply of al-
lochthonous organic matter from the continent (terrestrial plant ma-
terial or eroded rock), the primary autochthonous productivity, pres-
ervation during and after deposition, redeposition of materia on
subaquatic slopes, diagenetic ateration within the sediment, and mi-
gration of mobile components from deeper sediment layers. Most of
the predepositiona factors will beinfluenced by climatic and related
oceanographic changes (sea level and currents) that may eventually
be reflected in the fossil organic matter composition. Drilling of late
Quaternary sedimentsin the Amazon Fan by the Ocean Drilling Pro-
gram (ODP) provided the opportunity to address this subject.

The Amazon Fan is located in the northwestern equatorial Atlan-
tic on the Brazilian continental margin. Drilling during Leg 155 re-
covered more than 4000 m of late Quaternary sediments of mainly
terrigenous origin. The predominant sediment components are silts
and clays. Rapid burial hasresulted in astrong remineralization of or-
ganic matter under anoxic conditions, leading to high concentrations
of biogenic methane (Flood, Piper, Klaus, et a., 1995) in most of the
recovered sediments. Sedimentation during the late Quaternary was
mainly controlled by eustatic sea-level variations, with the Amazon
River turbidity currents reaching the fan during times of lower sea
level. During periods of high sea level, deposition of Amazon sedi-
ments took place on the shallow shelf, whereas sedimentation of pe-
lagic calcareous clays at low rates occurred on the Amazon Fan.

700,000 kr (Bouma et al., 1985; Damuth and Kumar, 1975) and an
average bulk dry density of 2 trof the sediment, the extrapolated
organic carbon content of the Amazon Fan accounts fdf +.Ilhe
determination of the nature and provenance of the organic matter as-
sociated with Amazon Fan sediments is therefore of major relevance.

Previous organic geochemical studies of Amazon River and Fan
sediments focused on bulk organic matter characteristics of surface
sediments (P. Muller et al., unpubl. data), as well as lignin and humin
substances suspended in the Amazon River (Hedges et al., 1986; Er-
tel et al., 1986). Little is known about the lipid composition of more
deeply buried sediments on the Amazon Fan.

The main objectives of this preliminary study are (1) the charac-
terization of the nature, origin, and early diagenesis of fossil lipids,
(2) the identification of the major sedimentary facies on a molecular
level, and (3) the eventual relation of distinct organofacies types to
sea-level and paleoclimatic changes.

For organic geochemical studies, sediments from the following
four sites were selected (Fig. 1): Site 938, on the eastern upper fan at
an abandoned channel levee; Site 940, on the central fan at the Ama-
zon Channel levee; Site 942, on the far western fan; and Site 946, on
the lower fan at the Amazon Channel levee.

This report contains detailed molecular results derived mainly
from sediments of Sites 940 and 942. However, these data should be
representative for corresponding sedimentary facies penetrated at
other locations drilled during Leg 155. The discussion of total organ-
ic carbon (TOC) concentrations encompasses the four sites men-
tioned above.

Deep-sea fan environments of the world’s major rivers play an

important role as a sink of organic carbon in the global carbon cycle.

ANALYTICAL METHODS

The Amazon Fan is one of the most important organic carbon reser-
voirs on the world ocean’s continental margins. Most of the sedi-

ments drilled during Leg 155 contain close to 1% organic carbon

Sampling of sediments used for this study was carried out aboard

(Flood, Piper, Klaus, et al., 1995). Considering a minimal volume otheJOIDESResolution at room temperature. Samples selected for or-

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).

2Institut fir Chemie und Biologie des Meeres (ICBM), Carl von Ossietzky Univer-

ganic geochemical investigation were then frozen and stored until
work-up. Samples analyzed for the rapid determination of the Terrig-
enous Dilution Ratio (TDR were originally taken for shipboard el-
emental analysis and, thus, were kept at ambient temperature for a

sitat Oldenburg, Postfach 2503, D-26111 Oldenburg, Federal Republic of German{@Ng period. Prior to extraction, the degp-frozen and ground samples
were stored at room temperature conditions.
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Figure 1. Map of the Amazon Fan showing locations of sites in relation to
surficia channel systems. Sites selected for organic geochemical studies are
Sites 938, 940, 942, and 946 (from Flood et al., 1995; modified from Damuth
et al., 1988, and Manley and Flood, 1988).

Normalization of this parameter by dividing the TD& each
sample by the mean TDR value of analyzed Holocene sediments (=
890.25; data in Table 4) leads to a standardized' TDits way of
normalization is reasonable due to the overall uniformity of the Ho-
locene calcareous clays in the Amazon Fan.

All samples selected for detailed molecular analyses were freeze-
dried and ground. After acidification of the sediment samples with
hydrochloric acid for dissolution of carbonates, TOC contents were
determined by combustion in a Stréhlein Coulomat 702 instrument at
least in duplicate. Prior to analysis, excess HCI solution was evapo-
rated by heating the samples to a temperature of about 150°C.

About 30-50 g of dry sediment per sample was extracted in an ul-
trasonic bath with % 120 mL and 2x 80 mL of dichloromethane GC was carried out on a Hewlett Packard 5890 series Il instru-
(containing 1% methanol). Elemental sulfur, which was abundant iment equipped with a Gerstel temperature-programmed cold injec-
all terrigenous silty clays, was removed by adding acid-activatetion system and a fused silica capillary column (J&W DB 5, length =
copper filings to the extract. For quantitation, internal standard80 m, inner diameter = 0.25 mm, and film thickness = 0.25 um). He-
(squalane, erucic acich{C,,.,], 5a-androstan-17-one, andafn- lium was used as the carrier gas, and the temperature of the GC oven
drostan-B-ol-17-one) were added to the total extracts. Averagewvas programmed from 60°C (2 min isothermal) to 300°C (50 min
yields of desulfurized extracts from rapidly deposited terrigenoussothermal) at a rate of 3°C/min. Gas chromatography/mass spec-
sediments ranged ~102 mg/g TOC. The extract yields of organic- trometry (GC/MS) studies were performed under the GC conditions
matter-lean interglacial calcareous clays exceeded these values giiyen above with the gas chromatograph coupled to a Finnigan SSQ
about a factor of 2. 710 B mass spectrometer operated at 70 eV.

The total extracts were separated by medium-pressure liquid Stable carbon isotope ratios of individual compounds were deter-
chromatography (MPLC; Radke et al., 1980) into fractions of aliphatmined on a Finnigan MAT 252 mass spectrometer coupled to the
ic hydrocarbons, aromatic hydrocarbons, and polar compounds (NS§€ame type of gas chromatograph as described abové'*Thealues
fraction). Carboxylic acids were separated from the NSO fraction byrelative to PDB) determined far-carboxylic acids (as methyl es-
liquid chromatography on a column filled with KOH-impregnated ters) andh-alcohols (as TMS ethers) were corrected for the influence

. Terrigenous wax acohols[Z(C,,—Cj,)]
TOR' = Marine fatty acidbZ(Cg.1.C160:C1g:1:Cis:0)] @)

1
E‘t‘\/lean TDR Holocene clays
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of the additional carbon atoms introduced by derivatization (e.g., clays with TOC contents in most of the samples between 0.5% and
Goiii and Eglinton, 1994). 1.3%. A noticeable feature of sediments recovered at Site 946 is the
Compound identifications are based on comparison of relative gggesence of coarse terrestrial plant debris. In two samples with abun-
chromatographic retention times and mass spectra with those repodant plant debris (Samples 155-946A-5H-5;-&8 cm, 42.13 mbsf;
ed in the literature. Quantitations were performed relative to th&8H-2, 124130 cm, 66.63 mbsf), TOC concentrations reach 4.11%
amount of internal standards. Concentrations of alcohols (detected asd 3.39%, respectively. The underlying sediment interval, which
TMS ethers) were calculated from their ratios relative to the injectioorresponds to last interglacial bioturbated calcareous mud (litholog-
standard behenic acid methyl ester (BAME) or, in case of neutrat Unit IV; Flood, Piper, Klaus, et al., 1995), is characterized by no-
fractions and total extracts, relative to the internal standardn5  tably lower TOC contents, ranging from 0.28% to 0.66%. Samples in
drostan-B-ol-17-one (as TMS derivative). the depth interval from 159.22 to 270.01 mbsf display TOC contents
from 0.43% to 0.88%. Two samples (155-946A-23X-3,-41000 cm,
211.57 mbsf; 24X-1, 97100 cm, 218.07 mbsf) from lithologic Unit
RESULTSAND DISCUSSION VI, an interval of older interglacial bioturbated calcareous mud, con-
Concentrations of Organic Carbon at Selected Sites tain 0.46% and 0.48% TOC, respectively.
In summary, organic carbon concentrations distinguish four sedi-
All sediments selected for detailed molecular studies were invesnent types (for comparison, see “Organic Geochemistry” sections in
tigated for their TOC content. The results were combined with dat&lood, Piper, Klaus, et al., 1995). Surficial Holocene calcareous clays
obtained from shipboard analyses and are illustrated in Figure 2 aras well as older interglacial calcareous clays are commonly charac-
listed in Table 1 for Sites 938, 940, 942, and 946. The results of shigerized by TOC contents between 0.3% and 0.5%; rapidly buried ter-
board and shore-based analyses of closely spaced samples are congjgnous silty clays mostly contain between 0.8% and 1% TOC. Sed-
tent in most of the cases. Where differences do occur, they are withiments with grain sizes in the sand range, often occurring as discrete
the range of those from analyses of closely spaced samples aboardldngers, commonly contain very low TOC concentrations down to less
JOIDESResolution. The TOC contents in calcareous Holocene clayghan 0.1%. Uncommonly high TOC concentrations were observed,
from Site 938 range from 0.29% to 0.52% (Fig. 2A). The more deeplgspecially in sediments of the lower fan (Site 946) with abundant
buried late Pleistocene terrigenous silty clays are typically characteplant debris (Fig. 2D).
ized by TOC contents between 0.8% and 1%. Lower values corre- o
spond to sediments with larger grain sizes, and TOC contents of Molecular Investigations
about 0.3% occur in samples described as silt or sand. General Lipid Characteristics
The organic carbon distribution at Site 940 (Fig. 2B) on the flank
of the Amazon Channel levee is similar to that at Site 938. TOC con- In general, lipid compositions of Amazon Fan sediments are com-
tents in surface and subsurface Holocene sediments are moderatplgx with terrigenous lipids being the dominant components. Striking
lower, and typical values of 0.89%% occur in most of the upper differences in molecular composition distinguish interglacial calcar-
Pleistocene muds. Sediment sections enriched in coarser grains ceous clays from glacial silty clays. Non-aromatic hydrocarbon frac-
tain TOC down to less than 0.1%. tions are dominated by terrigenous wax alkanes. Concentrations of
Sediments at Site 942, selected as a hemipelagic reference site, em@igenous wax alkanes are generally lower than those of terrigenous
characterized by a TOC profile different from those at Sites 938 analax alcohols (concentrations are reported in the “Molecular Stratig-
940. The sediments recovered at Site 942 span a full interglacial cyalaphy” section, this paper). Relatively uniform compound group ra-
and extend to oxygen isotopic Stage 6 (Showers et al.; Schneidertais were observed in all samples analyzed. Polycyclic steroid and
al., both this volume). As at other sites, the Holocene sediments thiiterpenoid biomarkers are present only in minor concentrations with
cover the entire fan with a layer of uniform thickness of —~D.&, diploptene of bacterial origin as the major compound. However, a de-
contain 0.3%0.5% TOC (Fig. 2C). In contrast to other sites, most ofcision as to whether diploptene results from autochthonus or alloch-
the underlying sediment down to a depth of 70 meters below seaflotitonous bacterial activities (it may also be derived from soils in the
(mbsf) at Site 942 consists of fine-grained hemipelagic deposits. Thiinterland; Prahl et al., 1992) cannot be made without any further
sequence has been dated to range from oxygen isotopic Stage 5ealyses. Due to the simplicity of these fractions, no further detailed
Stage 2. It carries relatively low amounts of organic carbon, rangingtudies were performed. A detailed study on the molecular composi-
from 0.8% in the top 20 mbsf to ~0.3% in hemipelagic muds and evetion of aromatic hydrocarbons extracted from a subset of Site 940
lower values in sandy turbidites. Like the Holocene sediments, cabamples discussed here is presented by Budzinski et al. (this volume).
careous clays deposited during the last sea-level maximum during Figure 3 shows a representative reconstructed ion chromatogram
Stage 5e contain 0.399.5% TOC. The relatively low TOC concen- (RIC) from GC/MS analysis of the neutral fraction of a typical sam-
trations observed in the hemipelagic sequence is possibly related tpke from Site 940 (Sample 155-940A-23X-4,-88 cm, 205.40
slower sediment accumulation, which is lower by about a factor ofnbsf), composed of Amazon Channel levee silty clay. The diagram
10-100 than those of the channel levee muds (estimated >10 m/k.yillustrates the predominance of terrigenous components and the com-
where preservation of organic matter most likely was supported bpglexity of the lipid composition, especially in the elution range of ste-
rapid burial. The sedimentary sequence from 70 mbsf down to theid and triterpenoid alcohols. Compounds identified are marked
bottom of Hole 942A (total depth = 177.6 mbsf) deposited duringvith symbols and listed in Table 2. The predominant compound class
Stage 6, is considered to represent the crest of an abandoned leiregypical terrigenous sediments of glacial age are long-chaloo-
where the rapid deposition of terrigenous muds took place. Thiols with carbon number distributions (Eglinton and Hamilton, 1967)
downhole transition to terrigenous levee muds coincides with a shagnd carbon isotopic signaturé*C =-35%. to—33%o. for the major
increase of TOC concentrations to values of 1% that stay at this lev€l,, C,,, C,,, and Ggn-alcohols) characteristic of lipids derived from
down to the bottom of Hole 942A. cuticles of higher land plants (Rieley et al., 1991). Total wax alcohol
The lower fan at Site 946 consists of sediments having a widé C,,— Cy,) concentrations in silty clays from Sites 940 and 942 ex-
range of grain sizes. Due to a high abundance of coarser grained seded 2000 pg/g TOC. A detailed discussion of wax alcohol concen-
iments, the core recovery was only 62%. Sediments analyzed for butkations will follow in the “Molecular Stratigraphy” section-Al-
organic geochemical parameters were mainly taken in intervals dfanols with chain lengths below 20, which are indicative of marine
clays and silts. The TOC record presented in Figure 2D therefore &gae (Weete, 1976) or bacteria (Albro, 1976), were not observed in
not continuous and is only representative for finer grained sedimentany of the Amazon Fan sediments analyzed. Further major com-
Samples analyzed in the top 110 mbsf represent terrigenous silts goaunds characteristic of higher land plant contributions are the coe-
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Figure 2. Concentration profiles of total organic carbon (TOC) from Sites (A) 938, (B) 940, (C) 942, and (D) 946. Data are listed in Table 1.
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Table 1. Total organic carbon concentrations for core samples from

selected sites.

Core, section, Depth TOC
interval (cm) (mbsf) (%)
155-938A-
1H-1, 10-16 0.13 0.36
1H-1, 50-56 0.53 0.29
1H-1, 76-83 0.8 0.38
2H-4, 54-60 12.29 0.86
3H-4, 31-37 21.84 0.82
4H-2, 92-98 27.87 0.81
5H-3, 96-102 39.58 0.81
6H-6, 43-49 51.61 0.73
7H-4, 90-96 59.31 0.85
8H-6, 41-47 72.18 0.99
9H-7, 33-40 81.99 0.88
10X-5, 27-33 89.07 0.86
12X-4, 87-93 108.1 0.97
13X-5, 108-114 119.51 0.85
15X-4, 33-39 136.32 0.66
16X-5, 56-62 147.79 0.81
17X-1,128-134 152.11 0.84
18X-4, 107-113 165.48 0.84
155-940A-
1H-2, 20-25 1.69 0.83
2H-4, 41-47 7.55 0.93
3H-4, 45-50 17.27 0.85
5H-5, 50-56 36.34 0.95
6H-4, 102-108 45.84 0.89
7H-4, 54-61 54.33 1.01
8H-6, 50-57 67.71 0.88
10X-4, 48-55 81.94 1.05
11X-6, 34-42 92.53 1.01
15X-3, 40-45 126.71 0.66
16X-4, 53-59 137.70 0.82
17X-4, 36-44 147.50 0.89
18X-4, 37-43 157.02 0.93
19X-3, 33-39 165.26 0.85
22X-4,25-31 195.53 0.78
23X-4, 83-90 205.40 0.76
27X-4,67-73 244.20 0.81
155-942A
2H-5, 80-86 10.63 0.77
4H-4, 110-117 28.12 0.40
5H-4, 64-70 37.14 0.59
5H-7, 130-137 41.31 047
6H-1, 136-143 43.20 043
8H-4, 25-29 65.57 0.40
8H-4, 47-51 65.79 0.32
8H-5, 16-22 66.99 0.59
8H-5, 72-78 67.55 0.61
10H-5, 68-74 86.00 0.85
11H-2, 5-11 90.07 0.93
14X-2, 33-39 111.96 0.95
15X-2, 106-112 122.29 0.88
17X-4, 96-103 144.50 0.96
19X-5, 90-96 165.23 101
20X-2, 25-31 169.68 1.02
155-942C-
1H-1, 33-39 0.36 0.40
1H-1, 41-47 0.44 0.39
1H-1, 60-66 0.63 0.34
1H-1, 93-98 0.95 0.46
155-946A-
1H-1, 85-91 0.88 0.74
1H-2, 50-56 2.03 0.81
2H-3, 61-67 10.69 0.90
3H-4, 32-38 21.32 0.93
7H-1, 118-124 55.71 0.49
8H-2, 124-130 66.63 3.39
12H-3, 130-136 106.33 0.66
16X-2, 27-30 141.79 0.63
16X-3, 70-73 143.72 041
16X-4, 117-120 145.68 0.40
16X-5, 19-22 146.2 0.56
16X-6, 120-123 148.71 041
17X-1,20-23 149.81 0.64
21X-2, 89-95 190.62 0.61
23X-3,107-110 211.63 0.48
24X-1, 97-100 218.08 0.46
24X-3,18-21 220.29 043
24X-3, 76-79 220.87 0.58
24X-3, 94-97 221.05 0.76
29X-4,11-18 270.05 0.75

Note: TOC = total organic carbon.

TERRIGENOUS AND MARINE LIPIDS IN AMAZON FAN SEDIMENTS

luting components 24-ethyl-5a (H)-chol estan-33-ol (k) and a-amyrin

(), as well as the triterpenoid ketone friedelan-3-one (“friedelin,”p).
Concentrations of the latter compound measured in 11 samples range
from 310 ng/g dry sediment (36 pg/g TOC) to 970 ng/g dry sediment
(117 pg/g TOC).

Another compound present in relatively high concentrations is the
bacterial marker 13(H),213(H)-dihomo-hopan-32-ol (r). The as-
signment of the sterical configuration at C-17 and C-21 is tentative
and based on comparison with literature data (Venkatesan et al.,
1990) and on the retention time relative to other alcohols ibte-
hopane series that are present in all samples from Site 940. Alcohols
of thehomo-hopane series are known as degradation products of bac-
teriohopanepolyols and have previously been found in soils and peats
(Gramberg et al., 1995) and marine sediments (Rohmer et al., 1980;
Dastillung et al., 1980; Venkatesan et al., 1990). As in the case of
diploptene, a decision as to whether the presence of these hopanoids
is related to allochthonous and/or to autochthonous bacterial activity
cannot be made on the basis of the data available so far. The concen-
tration of the main hopanoid compound (r) in the investigated sam-
ples varies by 1 order of magnitude from 84 to 1015 ng/g dry sedi-
ment (16-101 pg/g TOC). Other hopanoid alcohols occur only in mi-
nor amounts (compounds g, s, t, and u; Table 2) in the investigated
Amazon Fan sediments. Assignment of the sterical configuration (C-
17, C-21) and the position of the methyl group at C-2 or C-3 in the A-
ring methylated hopanoid alcohols could not be made due to a lack of
standards. The hopanoid ketone 22,2%8tbr-17(a)H-hopan-21-
one (d), which elutes just befaneoctacosanol, is probably of bacte-
rial origin. This compound has been found in a variety of studies in
different environments like the California Margin area (McEvoy,
1983), in Japan Trench sediments (Brassell, 1980), and in lacustrine
Ménat shales of Eocene age (Dastillung, 1976).

Seroids

The distributions of free sterols of four representative sediments
from Site 942, deposited under different paleoenvironmental condi-
tions, illustrate how sedimentation patterns are reflected in the mo-
lecular composition (Fig. 4). A summary of compounds identified in
the sterol fractions is given in Table 3. The samples selected include
two sediments deposited during periods of sea-level highstand, a typ-
ical Holocene sample (155-942C-1H-1,-4Y cm), and a sample
from the Eemian Interglacial (155-942A-8H-4,-51 cm; Stage 5e;
chronology by Showers et al. and Schneider et al., both this volume).
The other two samples consist of terrigenous mud and were deposited
during times of lower sea level. One sample (155-942A-6H-1; 136
143 cm; Stage 3), a heavily bioturbated mud, represents a period
when hemipelagic sedimentation occurred on the northwestern mar-
gin of the Amazon Fan at moderate accumulation rates (0.5 to 1 m/
k.y.; Flood, Piper, Klaus, et al., 1995). The fourth sample (155-942A-
11H-2, 5-11 cm; Stage 6) is typical for rapidly deposited terrigenous
silty clay in a levee system.

In general, the sterol distributions of Amazon Fan sediments are
quite simple with 4-desmethyl sterols being the major compound
class. The relatively simple sterol pattern is common for an environ-
ment with low to moderate primary productivity. In contrast, sterol
compositions from high-productivity areas with a variety of source
organisms may contain up to 70 different compounds (Brassell and
Eglinton, 1981, Hinrichs et al., 1995a, 1995b).

The dominant sterol in the Holocene (Fig. 4A, Sample 155-942C-
1H-1, 447 cm) as well as the Eemian sediment (Fig. 4C, Sample
155-942A-8H-4, 4751 cm) is the ubiquitous cholest-5-e@-8l (e).
Dinosterol or 24-ethyl-&(H)-cholestan-B-ol (g) are the second-
most abundant compounds. Due to the common predominance of
cholest-5-en-B-ol in pelagic sediments, we interpret this compound
as a marine signal that is probably contributed to the sediment by ma-
rine plankton (Volkman, 1986; Volkman et al., 1987). Dinoflagel-
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Table 2. Major compounds identified in the neutral fraction of a repre-
sentative sample from Site 940 together with sour ce assignments.

Symbol Compound Origin
a F3(H)-cholestan-B-ol Reduction of cholesterol
b cholest-5-enB-ol (cholesterol) Ubiquitous, marine
c 5a(H)-cholestan-B-ol Reduction of cholesterol
d 22, 29, 3Qwinor-170(H)-hopan-21-one  Bacteria
e 24-methyl-5((H)-cholestan-B-ol Marine algae
f 24-ethylcholesta-5, 22(E)-dierfal Plants
g 24-ethyl-%1(H)-cholest-22(E)-en{3-ol Plants
h taraxerol Plants
i 24-ethylcholest-5-en{3ol Plants
k 24-ethyl-51(H)-cholestan-B-ol Plants
| B-amyrin Plants
m o-amyrin Plants
n unknown Gg-stenone
o triacontan-1-on-17-ol ? Marine algae?
p friedelan-3-one Plants
? unknown compound
q 2- or 3-methykihomo-hopan-32-ol Bacteria
r 17B(H), 21B(H)-dihomo-hopan-32-ol Bacteria
s 170(H), 21B(H)-trihomo-hopan-33-ol Bacteria
t 2- or 3-methylhomo-hop-9(11)-en-31-ol Acetobacter spp.
M. Rohmer (pers. comm.,
1995)
u 2- or 3-methyldihomo-hopan-32-ol Bacteria

TERRIGENOUS AND MARINE LIPIDS IN AMAZON FAN SEDIMENTS

3B-ol (f) are hard to assign to a specific source. Compound-specific
stable carbon isotopic data may provide additional information.
4-Methylsterols, like dinosterol (q) and its saturated analogs (s
and t), were not detected in Sample 155-940A-5H-556@&m. We
suggest that this observation demonstrates the dilution of the autoch-
thonous marine signal by terrigenous material in these extremely rap-
idly deposited silty clays rather than spatial differences in primary
productivity of dinoflagellates. An additional compound of marine
origin, 24-methylcholesta-5,22-dief3-®l (g, brassicasterol), is pri-
marily contributed to marine sediments by diatoms (Volkman, 1986).
This compound is generally present in low concentrations in the rap-
idly accumulated sediments at Sites 940 and 942, indicating a minor
contribution of diatoms to the autochthonous organic matter in Ama-
zon Fan sediments. However, the absence of this compound in the pe-
lagic sediments from Stages 1 and 5e may be related to both low di-
atom productivity in the surface waters above the fan as well as a
lower stability of brassicasterol relative to other sterols under the giv-
en depositional conditions during periods of sea-level highstand. In
addition, the presence of brassicasterol in terrigenous muds may be
related to the fact that Amazon River sediments were initially depos-
ited on the continental shelf during periods of high sea level. At
present, the bulk marine productivity occurs on the continental shelf

Notes: Representative sample is 155-940A-23X-4, 83-90 cm. Symbols as in Figure QDeMaSter and Pope, 1996). Therefore, marine signals in glacial ter-

lates are assumed to be the major source of dinosterol in marine sed-
iments (Boon et d., 1979).

The sterol distribution of the hemipel agi c bioturbated mud sample
(Fig. 4B; Sample 155-942A-6H-1, 136—143 cm) is dominated by di-
nosterol. Dinoflagellates are considered to have significantly contrib-
uted to the autochthonous organic matter in this sample. Major com-
poundsin theterrigenous silty clay sample (Fig. 4D; 155-942A-11H-
2, 5-11 cm) are the triterpene acohol a-amyrin (B) and 24-ethyl-
5a(H)-cholestan-33-0l (p), both typical biomarkers of higher land
plants. Dueto the coel ution of these compounds on the gas chromato-
graphic column used, determination of their absolute concentrations
wasimpeded. Themost striking featurein thetotal ion chromatogram
of Sample 155-942A-11H-2, 5-11 cm (Fig. 4D), is the poor resolu-
tion that results from a complex mixture of a variety of terrigenous
componentswith triterpenoid structures (mostly triterpenoid alcohols
and ketones, tentatively identified by diagnostic ionsin mass spectro-
metric analysis). For a detailed investigation of these compounds,
which occur in a large number at relatively low concentrations, a
more sophisticated method of liquid chromatographic separation
(e.g., Gramberg et al., 1995) will have to be employed.

Figure 5 shows the sterol distribution of a sample from Site 940
(Sample 155-940A-5H-5, 50-56 cm) located on the flank of the Am-
azon Channel levee. The levees of active channels in the upper and
central fan are characterized by extremely high sedimentation rates
estimated to range from 10 to 25 m/k.y. (Flood, Piper, Klaus, et al.,
1995). The major part of the sedimentary sequence at Site 940 is
comprised of sediments from the last glacial period (Schneider et d.,
this volume). The sterol distribution in this sample is less complex
than that of the also rapidly accumulated sediment from Site 942
(Sample 155-942A-11H-2, 5-11 cm; Fig. 4D), suggesting that sterols
in the Site 940 sample were contributed by a smaller number of
source organisms. The dominant compound is 24-ethyl-5a(H)-
cholestan-3(3-ol (p), most likely derived from the geochemical reduc-
tion of the higher-land plant precursor 24-ethylcholest-5-en-33-ol.

rigenous muds may, at least partly, be derived from shelf productivity
during periods of high sea level and consecutive resedimentation into
the Amazon Fan.

Fatty acids

Preliminary investigation of the carboxylic acid fractions of sam-
ples from Sites 940 and 942 focused on the distributionsaify ac-
ids, which are the major compound class in this fraction. In all inves-
tigated sediments, the distribution is dominated by fatty acids in the
carbon number range from 14 to 18 with hexadecanoic agid)(C
being the major compound, followed by hexadecenoic acjg)C
octadecanoic acid (&), and octadecenoic acid &), the latter
three having similar relative concentrations. Surprisingly, and in con-
trast to wax alkanes and wax alcohols, long-chain fatty acids in the
carbon number range typical for the contribution of higher land plant
waxes are present only at relatively low concentrations in all terrige-
nous silty clay samples analyzed from Sites 940 and 942. The ratio of
the sum of two major fatty acids,& and Gg,, over the sum of the
two majorn-alcohols G and Gg, plus the fatty acids £,and Gg,,
varies from 0.01 to 0.25, with an average value of 0n09 43). At
this stage of our study, we can only speculate about the fate of the ter-
rigenous long-chain fatty acids. We suggest that free fatty acids of
this type were preferentially lost during transport from land due to
their higher polarity relative to the wax alcohols, but that a certain
portion may still be bound to the macromolecular organic matter; this
portion may only be retrieved by selective chemical degradation (hy-
drolysis) of the insoluble organic matter.

The major fatty acids in four selected samples from Site 940 were
analyzed by gas chromatography-isotopic ratio monitoring-mass
spectrometry (GC-IRM-MS) to obtain more specific information
about their origin. Organic matter of higher land plants is commonly
more depleted in the stable carbon isot8gethan organic matter
produced by marine phytoplankton. Lipids of these different groups
of organisms reflect this difference and can therefore be assigned to
source organisms by determining their stable carbon isotopic com-

The concentration of this single compound is 116 pg/g TOC, and thymsition. The saturated and unsaturatgdadd Gg fatty acids in
significantly exceeds those of other polycyclic biomarkers in sample&mazon Fan sediment extracts exhibit carbon isotopic ratios rang-
from Site 942. Other major compounds (o, n, and m; Table 3) in Sanmg from-24.7%. to-19.7%. (PDB), and, thus, are typical for lipids
ple 155-940A-5H-5, 5666 cm, can also be related to higher land derived from marine organisms (e.g., Freeman et al., 1995). We in-
plant sources (Volkman, 1986). As in the Site 942 sediments, therpret the short-chain fatty acids as an autochthonous signal pro-

double bond homologs cholest-5-¢#+d (e) and &(H)-cholestan-

duced by marine plankton. This interpretation is supported by the
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the sterol fractions of four selected samplesfrom Site
942 showing the elution range of steroid alcohols.
The labeled identified compounds are listed in Table
3. n-alcohals (numbers) are marked in the chromato-
gram. A. Sample 155-942C-1H-1, 41-47 cm. B. .
Sample 155-942A-6H-1, 136-143 cm. C. Sample
155-942A-8H-4, 47-51 cm. D. Sample 155-942A- Retention time (min)
11H-2, 5-11 cm. —
relative distribution of lipids of typical pelagic interglacia sedi- Molecular Sratigraphy

ments where hexadecanoic acid (Cyg.,) isthe major compound in the

bitumen. Leaf waxes as source material for the short-chainacidscan ~ Concentrations of Marine Fatty Acids and Terrigenous Wax

be excluded by comparison of isotopic data of typical wax compo- ~ Alcohols

nents like long-chain n-alkanols (-35%. to —33%. PDB) andh-al-

kanes £35%. to —-33% PDB; alkanes analyzed by M. Bird, pers.  As discussed in the previous section, the relative distribution of
comm., 1995) from the same samples. marine and terrestrial lipid markers appears to correspond to litholog-
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ic characteristics. Qualitative differencesin lipid distributions appear
to be of minor importance. In rapidly accumul ated terrigenous muds,
the concentrations of marine lipids (e.g., marine fatty acids [MFA =
{Ci61 Cis0) Cig1, Cigo}]), selected sterols like dinosterol and brassi-
casterol) arelow in relation to terrestrial lipid concentrations (in par-
ticular terrigenous wax acohols [TWA]), whereas the situation in

f— Figure 4 (continued).

highstand calcareous claysisjust the opposite. The relative distribu-
tions of MFA and TWA should be closely linked in a certain way to
the degree of dilution of autochthonous sediments by Amazon River
derived turbidites, and, thus, to sediment accumulation. Such arough
estimate of sediment supply in the Amazon Fan molecular parame-
tersmight be useful for the reconstruction of channel growth process-
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Table 3. Seroid and triterpenoid alcohols identified in selected samples
together with source assignments.

Major biological
Symbol Compound sources
a 5B(H)-chol estan-33-ol Reduction of
cholesterol
b 5B(H)-cholestan-3a-ol Ubiquitous,
marine
c cholesta-5, 22(E)-dien-3p-ol Ubiquitous,
marine
d 50 (H)-cholest-22(E)-en-3p3-ol Ubiquitous,
marine
e cholest-5-en-3p3-ol Ubiquitous,
marine
f 50 (H)-cholestan-3(3-ol Reduction of
cholesterol
g 24-methylcholesta-5, 22-dien-3B-ol (brassicasterol) Diatoms
h 24-methyl-50 (H)-chol est-22(E)-en-3p3-ol Marine plankton
i Unknown C,;-cholestenone
j 24-methylcholest-5-en-3(3-ol Marine plankton
k 24-methyl-5a(H)-chol est-24(28)-en-3p3-ol Diatoms
| 24-methyl-5a(H)-chol estan-3p3-ol Marine plankton
m 24-ethylcholesta-5,22(E)-dien-3(3-ol Higher land plants
n 24-ethyl-5a(H)-chol est-22(E)-en-33-ol Higher land plants
A taraxerol Higher land plants
o) 24-ethylchol est-5-en-3p3-ol Higher land plants
p 24-ethyl-50((H)-chol estan-33-ol Higher land plants
B B-amyrin Higher land plants
q 4a, 23 24-trimethylcholest-22-en-3-ol (dinosterol) Dinoflagellates
C o-amyrin Higher land plants
r 4a, 23, 24-trimethyl-5a(H)-cholest-7-en-3B-ol Dinoflagellates
s 4a, 23(S), 24(R)-trimethyl-5a(H)-cholestan-3B-ol ~ Dinoflagellates
t 4a, 23(R), 24(R)-trimethyl-50(H)-cholestan-3B-ol  Dinoflagellates
u Unknown C,g-stenone
\Y C3y 4-methylstenol +
w 5a-gorgostanol
D n-triacontan-1-ol-17-one ? Marine algae?

Note: Selected samples and symbols asin Figures 4 and 5.

esand could assist in closing gapsin chronology dueto the low abun-
dance of fossil foraminifersin Amazon Fan sediments.

Molecular stratigraphic studies, using wax components like n-al-
kanes and/or wax acohols, are well known from the literature (e.g.,
Poynter, 1989; Prahl et d., 1994). Theratio of the major wax a cohols
over the sum of major wax akanes and alcohols was previously in-
troduced asthe Higher Plant Alcohol (HPA) index by Poynter (1989)
asanindicator for chemical degradation of aeolian wax components.
Dueto the higher reactivity of n-alcoholsin relation to n-alkanes, the
HPA index in that study decreased significantly with water depth.
However, HPA values greater than 0.6 were assigned to turbiditic
deposition.

In Amazon Fan sediments, n-alcohols and n-alkanes appear to be
derived fromidentical sourcesasindicated by amore or less constant
ratio of these two biomarker groups. Theratio of the major n-alcohols
(in this case n-C,s and n-C,g) over the sum of the major n-alcohols
and the magjor n-alkanes (n-C,, and n-Cy,) isrelatively uniformin all
samples analyzed. Due to the high concentrations of wax alcoholsin
samples composed of terrigenous silty clays, these biomarkers are
well-suited for molecular stratigraphic investigations. In our study,
HPA values (Poynter, 1989) at Sites 940 and 942 range from 0.59 to
0.75, with an average of 0.68 (n = 41). Samplesfrom Site 940 display
quite uniform HPA values, ranging from 0.64 to 0.69, and an average
of 0.67 (n = 18), whereas the average in Site 942 samplesis 0.7. Ac-
cording to Poynter (1989), these values are typical for a turbiditic
deposition. Differences in the variability are probably related to dif-
ferent sediment transport mechanisms at both sites.

As an dternative approach of accumulation-related molecular
stratigraphy, we have determined MFA and TWA concentrations and

Piper, Klaus, et al., 1995). This potentially allows the investigation of
short-term fluctuations in the degree of terrigenous dilution that may
have been caused by channel growth processes and paleo-discharge
events.

In Figure 6, the concentrations of TWA, MFA, and the TER
a set of samples from Site 942 are plotted against depth. The results
are listed in Table 4. Terrigenous wax alcohols (Fig. 6A) display a
wide range of concentrations from 73 to 2404 pg/g TOC. Lowest
concentrations occur in sediments deposited during the Holocene
(Sample 155-942C-1H-1, 447 cm; 73 pg/g TOC) and Eemian sea-
level maxima (Sample 155-942A-8H-4,-61 cm; 214 pg/g TOC),
when sediments from the Amazon River to the deep ocean were cut
off by the wide shelf. TWA concentrations strikingly distinguish sed-
iments deposited during oxygen isotopic Stages 1 to 5 from channel
levee sediments of oxygen isotopic Stage 6. Terrigenous muds from
Stage 6 are characterized by TWA concentrations exceeding those of
hemipelagic muds from Stages 2 through 5 by a factor of ~3.

Concentrations of MFA (Fig. 6B) are less variable with values
ranging from 58 to 668 Lg/g TOC, with most values between 100 and
250 pg/g TOC. Interglacial calcareous clays display relatively high
concentrations of 284 ug/g TOC in the Holocene sample (155-942C-
1H-1, 4+47 cm) and 555 pg/g TOC in the Eemian sample (155-
942A-8H-4, 4751 cm). The maximum concentration of 668 pg/g
TOC occurs in a sample of hemipelagic mud (155-942A-1H-2, 6
cm) at the transition from Stage 2 to the Holocene at 1.56 mbsf. In
contrast to the TWA concentrations, there is no evidence for charac-
teristic differences of MFA concentrations between hemipelagic
muds of Stages through 5 and those of rapidly accumulated terrig-
enous channel-levee sediments of Stage 6. This fact supports the hy-
pothesis that the preservation of marine lipids is enhanced by rapid
burial and the accompanying increasing supply of mineral surface ar-
ea, leading to the increased protection of labile organic matter by
sorptive interactions.

The standardized TDRFig. 6C) is low in highstand calcareous
clays of both the Holocene and Eemian interglacials. In hemipelagic
muds from Stages 2 through 4, TDRiues are relatively uniform,
exceeding the Holocene mean by a factor of ~10-20. One sample
(155-942A-4H-3, 6970 cm) at 26.28 mbsf is characterized by a
TDR' value of 47.8, which is notably affected by a sandy turbidite. In
Stage 6, the TDRs high and increases steadily downhole to a max-
imum value of 136.6 at a depth of 107.58 mbsf. Below that depth, the
TDR' is variable, ranging between 36.7 and 108.7.

Regarding the TDRas indicator, which reflects the degree of di-
lution of an autochthonous signal by Amazon River sediments, our
data suggest that gradual transgression at the transition from Stage 6
to the Eemian interglacial has led to a continuous decrease of sedi-
ment accumulation and a subsequent deactivation of the related chan-
nel levee system. The variability of TDR levee muds from Stage
6 indicates significant changes in the supply of terrigenous sediments
during the formation of channel levee systems. These changes may
have been caused by channel growth processes like bifurcation of
channel levees or, less likely, by paleodischarge events of the Ama-
zon River.

MFA and TWA concentrations were determined in a set of 19
samples from Hole 940A, representing an expanded sedimentary sec-
tion of a channel levee. TWA concentrations (Fig. 7A) are low in the
Holocene sample (155-940A-1H-1,-41P2 cm), with a value of 107
Kg/g TOC, and an increase to 1393 pg/g TOC at 1.69 mbsf. Below
that depth, TWA concentrations are fairly constant with values be-
tween 1250 pg/g TOC and 1553 pg/g TOC and a slight increase with
depth. Sediments below 126.71 mbsf are characterized by a greater
variability of TWA concentrations and a continuing trend of down-

theresulting TDR' (as defined in the “Analytical Methods” section) hole increase. The maximum concentration of 2227 pug/g TOC occurs
for two sets of samples from Sites 940 and 942. The deepest seifi-the deepest sample analyzed (155-940A-27X-4,787cm) at
ments from Site 942 are dated back to Stage 6; therefore, this site244.20 mbsf.

suitable for testing our approach. From a different point of view, Site  MFA concentrations (Fig. 7B) are highest in the two most shallow
940 is of particular interest because most of the sediment sequergzmples from Hole 940 with 693 pg/g TOC at 0.11 mbsf and 470 pg/
was deposited during Stage 2 (Schneider et al, this volume; Flood,TOC at 1.69 mbsf. Below that depth, MFA concentrations range be-
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tween 51 pg/g TOC and 309 pg/g TOC. Similar to the TWA profile pelagic calcareous clays, as well as hemipelagic sediments, can clear-
the MFA profile of Hole 940A exhibits variations, especially in the ly be identified by low and moderate values. Moreover, sedimentary
deeper part of the sedimentary sequence. In that section, MFA coevents, related to the periodically occurring formation of acoustically
centrations show a pronounced negative correlation with TWA conrecognizable channel-levee systems, appear to be identifiable by the
centrations. TDR. Further increase of resolution may reveal even more detailed
The resulting TDR(Fig. 7C) values increase from a minimum of information concerning variations of sedimentation patterns with
0.6 in the Holocene sample at 0.11 mbsf (155-940A-1H-3121 time in such a channel-levee growth cycle.
cm) to 52.3 at 7.56 mbsf. In the interval from 54.33 mbsf to 92.33 Further information is needed concerning the effect of sediment
mbsf, TDR values range from 30.4 to 105.4, with a steady downhol@rain size on TDR It is possible that a coarser sediment matrix fa-
increase. The deeper half of Hole 940A shows marked variations wors the selective preservation of terrigenous organic matter due to a
TDR' values, ranging from 25.9 to 170.4. Three distinct maxima ocreduced sorptive protection of the more labile marine organic matter
cur at 137.70 mbsf (TDR: 149.6), 195.53 mbsf (TDR 170.4), and  (Keil et al., 1994; Hedges and Keil, 1995) and/or by increased diffu-
244.20 mbsf (TDR=121.9). Distinct TDRminima occur at 147.35 sion of oxygen into coarser grained sediments.
mbsf (TDR = 21.5), 165.12 mbsf (TDR= 25.9), and 205.19 mbsf Other approaches to record changes in the relative proportion of
(TDR' =21.2). marine vs. terrigenous organic matter, like the determinatiéf©f
The two stronger maxima at 195.53 and 137.70 mbsf most prolvalues of bulk organic matter, give very similar results concerning
ably are related to the beginning of levee growth cycles, as indicatdtle distinction between pelagic, hemipelagic, and terrigenous sedi-
by the seismic profile (Pirmez and Flood, 1995). The maximum aments in the Amazon Fan environment (Schneider et al., this vol-
195.53 mbsf coincides well with a seismic reflection that marks theime). In contrast to the TDR approach, stable carbon isotopes do not
change from a prograding to an aggrading levee system (C. Pirmandicate changes in the degree of dilution in terrigenous channel-
pers. comm., 1995). The maximum at 137.70 mbsf correlates with tHevee sediments. The determination of C/N ratios failed to exhibit
top of the Aqua Channel-levee System, which is estimated at 130@changes of the relative proportion of marine and terrigenous organic
140 mbsf (C. Pirmez, pers. comm., 1995). matter. For example, atomic C/N ratios from Site 942, analyzed
The two minima in the TDRprofile at 147.35 and 165.12 mbsf aboard thedOIDES Resolution, ranged from 5 td2 (with the excep-
are most likely related to intervals of more slowly accumulated sediion of one sample with 0.02% TOC and an atomic C/N ratio of 3)
ments. The sample at 165.12 mbsf (155-940A-19X-323Zm) is  with slightly lower values in samples with elevated carbonate con-
from an interval of low to moderate bioturbation, suggesting a modtents, and, thus, indicated a significant contribution of inorganic ni-
erate sediment accumulation rate that agrees with the determingdgen rendering the data insignificant (Flood, Piper, Klaus, et al.,
TDR' value. The sample at 147.35 mbsf (155-940A-17X-4, 25-261995). Atomic C/N ratios in hemipelagic and terrigenous sediments
cm) was taken from a resedimented clast, and so thevdlke may  from Site 942 were in the same range.
not be related to a period of reduced sediment accumulation at this Caution should be taken if the TDR is to be applied to environ-
depth level. The interval from 92.33 mbsf to 54.33 mbsf, charactements other than deep-sea fans of major rivers, where the supply of
ized by upward decreasing TDfalues ranging from 105.4 to 36.9, terrigenous sediment exceeds autochthonous sedimentation by a few
is composed of slightly to moderately bioturbated sediments (Floodyrders of magnitude. In addition, problems may arise in areas of high
Piper, Klaus, et al., 1995), indicating moderate sediment accumulasarine productivity, because changes in productivity may signifi-
tion rates. The upward decrease of TD&ues is likely to be related cantly affect the marine signal preserved in the sediments.
to the cutoff of Amazon River sediment transport to the Amazon Fan
caused by the sea-level rise at the transition to the Holocene. CONCLUSIONS
In summary, preliminary data indicate that the TDR can be a use-
ful tool for monitoring downhole variations of sedimentation patterns Late Pleistocene and Holocene sediments drilled in the Amazon
in the sedimentary environment of the Amazon Fan. Based on TDHR5an contain substantial amounts of organic carbon of mainly terrige-
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Table 4. Concentrations of terrigenous wax alcohols, marine fatty acids,
and the resulting standar dized Terrigenous Dilution Ratio in sediments
from Sites 940, 942, and 943.

Core, section, Depth TWA TWA MFA MFA
interval (cm)  (mbsf) (ug/g) (Mg/g TOC) (Mg/g) (Mg/gTOC) TDR'
155-940A-

011 05 107 3.0 693 0.60
1H-2, 2025 169 116 1393 3.9 470 1.9
2H-4, 41-47 756 116 1250 0.9 97 523
3H-4, 45-50 1727 113 1333 0.9 106 51.2
5H-5, 50-56 36.34 126 1330 17 178 304
6H-4,102-108 4584 11.8 1322 0.9 104 515
7H-4, 54-61 5433 152 1506 17 165 369
8H-6, 50-57 67.71 131 1486 1.0 116 51.9
10X-4,48-55 8194 16.3 1553 11 100 63.1
11X-6,34-42 9253 15.3 1518 0.6 58 105.4
15X-3,40-45 126,71 135 2041 12 178 465
16X-4,53-59 137.70 156 1905 0.4 52 149.6
17X-4,25-26  147.35 12.2 1631 23 309 215
17X-4,47-48 14757 124 1454 1.9 220 269
18X-4,37-43  157.02 19.3 2079 11 114 73.8
19X-3,22-23 16512 14.8 1492 2.3 234 259
22X-4,25-31 19553 168 2159 0.4 51 170.4
23X-4,66-67 20519 10.7 1487 2.1 287 21.2
27X-4,67-73 24420 180 2227 0.6 74 121.9

155-942A-
1H-2, 6-7 156 7.8 960 5.4 668 5.7
2H-4, 37-38 867 65 837 15 196 17.1
2H-5, 80-86 1063 4.0 526 0.9 112 18.8
3H-4, 36-37 1804 49 730 16 244 12.0
4H-3, 69-70 2628 9.4 1302 0.8 109 478
4H-4,3-4 2707 30 538 0.9 171 12.6
5H-1, 47-49 3276 57 1158 1.8 367 12.6
5H-7, 46-47 4044 24 376 0.7 113 133
6H-1, 46-47 4226 23 629 0.8 214 118
6H-1,136-143 4320 3.0 696 0.8 176 15.8
6H-5,140-141 4913 29 763 1.0 259 1.8
7H-6,5-6 5865 35 790 0.7 153 20.7
8H-4, 47-51 65.79 0.7 214 1.8 555 15
8H-5, 55-56 6735 6.4 1131 1.1 194 233
8H-6,119-120 69.49 6.3 812 0.9 114 285
9H-4, 79-80 7346 6.8 849 1.0 126 27.0
9H-7, 12-13 75.55 19.1 2324 18 223 417
10H-2,124-125 8233 55 839 0.6 88 38.1
10H-5,66-67 8596 14.3 1805 17 215 336
11H-2, 5-11 90.07 186 1995 2.0 210 380
11H-5, 4-5 9397 21.3 2290 14 148 61.9
12H-3,51-52  102.03 22.4 2404 11 13 85.1
13X-3,58-59  107.58 20.0 1981 0.6 58 136.6
14X-2,39-40 11199 20.4 1979 1.6 154 51.4
15X-3,47-48 12317 22.6 2237 17 171 523
16X-4,76-77 13456 20.4 2017 1.0 94 85.8
18X-4,53-54  153.63 23.8 2201 16 147 59.9
19X-4,36-37 16316 23.7 2259 2.6 246 36.7
20X-2,42-43 169.82 213 2011 0.8 74 108.7

155-942C-

1H-1, 41-47 0.44 0.28 73 11 284 1.04
155-943A-

1H-1,5-6 0.05 0.24 64 0.8 205 127
1H-1, 92-93 0.92 0.20 75 0.8 289 1.08

Notes: TWA = terrigenous wax al cohols; MFA = marinefatty acids; TDR' = Terrigenous
Dilution Ratio. TOC = total organic carbon. Samples used for the calculation of the
Holocene average TDR are framed.

nous origin. Only highstand calcareous clays with low organic car-
bon contents show a stronger marine signature. The organic material
in these clays is assumed to mainly represent the oxidized refractory
residue of autochthonous organic matter that has survived continuous
ventilation under oxic bottom water conditions and low burial rates.
Polar lipid distributions distinguish different sedimentary facies
drilled in the Amazon Fan. The bitumen composition of terrigenous
channel-levee sediments, commonly containing ~1% TOC, is fairly
complex. Higher land plant wax components, like long-chain n-alco-
hols, are the predominant compound class in the bitumen of al ana
lyzed sediments of terrigenous origin. In rapidly accumulated chan-
nel-levee sediments, this group reaches maximum concentrations of
2400 pg/g TOC. Other terrigenous biomarkers likeamyrin,

TERRIGENOUS AND MARINE LIPIDS IN AMAZON FAN SEDIMENTS

portion of the soluble organic matter in channel levee sediments.
Bacterial biomarkers with hopanoid structures can be identified in
Amazon River derived sediments. Their presence is most likely relat-
ed to both bacterial activities in soils from the hinterland as well as to
autochthonous bacterial degradation of organic matter.

The bitumen of pelagic sediments, deposited during periods of
sea-level maxima, are characterized by simpler molecular composi-
tions with the ubiquitously occurringhexadecanoic acid as the ma-
jor compound. This compound and related short-chain fatty acids
most likely were contributed to the sediment by autochthonous
planktonic production under a dominance of both pelagic and terrig-
enous supply as confirmed by compound-specific isoptope analyses
of selected samples from Site 940. In addition, other plankton-de-
rived biomarkers like dinosterol and brassicasterol are present in sub-
stantial amounts in both pelagic and hemipelagic sediments. With in-
creasing sediment accumulation rates, the marine signals become di-
luted by terrigenous biomarkers supplied by the turbidity currents of
the Amazon River.

We used this observation to define a TPRhich is the ratio of
the sum of terrigenous wax alcohols over the sum of the four major
marine fatty acids. The TDRpans more than two orders of magni-
tude (total range of TDR= 0.6-170.4) in more than 50 samples ana-
lyzed. We suggest that these variations of the TigfRect differenc-
es in sedimentation pattern. In sediments from Site 942, thé TDR
clearly distinguishes pelagic, hemipelagic, and channel-levee sedi-
ments. Moreover, in channel-levee sediments like those from Site
940, the TDR appears to reflect changes in sedimentation patterns
that are associated with the formation of acoustically incoherent stag-
es of the levee system.
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