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ABSTRACT

High-molecular-weight aliphatic (non-aromatic) hydrocarbons were extracted from seven late Pliocene and one late Pleisto-
cene sediment samples obtained by drilling at Ocean Drilling Program (ODP) Site 859 holes in mainly terrigenous clastic sediment
of a small accretionary wedge near the toe of the lower slope of the Chile Trench. This site is located about 18 km north of the
Chile Triple Junction, a tectonically active area with hydrothermal fluid activity associated with a subducting spreading ridge. The
samples investigated contain variable mixtures of indigenous hydrocarbons, typical of a very early stage of diagenesis, and of
migrated hydrocarbons that have encountered high thermal stress. Indigenous hydrocarbons are of a mixed terrigenous and marine
origin. The high geothermal gradient at Site 859 (~100°C/km) and the hot fluids in the deep subsurface have not significantly
affected the hydrocarbons in the drilled sediment section down to a subbottom depth of about 450 m. Our results suggest that the
present geothermal conditions at Site 859 have not been maintained in the past for sustained periods of time.

INTRODUCTION

Southern high latitudes (>45°S) encompass the southern oceans,
the continent of Antarctica, and the southern end of South America
(Fig. 1). In this vast region, which is dominated by the southern oceans,
organic geochemical studies of high-molecular-weight hydrocarbons
in oceanic sediment have been minimal, with most attention being
directed to sediment lying off the coast of Antarctica. For example, in
1984 a marine geological and geophysical investigation was under-
taken off the coast of Wilkes Land and in the Ross Sea (Eittreim,
Cooper, and Scientific Staff, 1984). Sediment samples from this inves-
tigation have been studied, and the hydrocarbon geochemistry has
been described (Kvenvolden, Golan-Bac, Rapp, 1987; Kvenvolden,
Rapp, et al., 1987; Rapp et al., 1987). These studies concluded that
hydrocarbons came from both marine and terrigenous sources and that
the terrigenous component probably represents recycled sediment.
Later Venkatesan (1988) described the lipid geochemistry of some
sediment samples collected in 1983, and she also concluded that the
organic matter is mainly recycled and mixed with some modern marine
material. In other related studies of Ross Sea sediment, Mclver (1975)
analyzed hydrocarbon gases from Deep Sea Drilling Project (DSDP)
sites, Sackett et al. (1974) first recognized the importance of organic
matter recycling in Antarctic sediment, and Matsumoto, Torii, and
Hanya (1979) studied a dump site at McMurdo Station.

Organic geochemical studies of sediment samples from the area of
the Bransfield Strait (Fig. 1) have indicated that thermogenic hydro-
carbons are present locally (Whiticar et al., 1985; Brault and Simoneit,
1988), and that both marine and lesser amounts of recycled terrigenous
hydrocarbons are dispersed in the sediment (Venkatesan and Kaplan,
1987). In sediment of the nearby Weddell Sea (Fig. 1), hydrocarbons
in Cretaceous sediment appear to be mainly primary (first cycle),
whereas the hydrocarbons in Tertiary sediment are probably recycled
(Kvenvolden et al., 1990). Aliphatic hydrocarbons in Prydz Bay (Fig.
1) sediments contrast with those elsewhere off the coast of Antarctica
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in being dominated by terrigenous components of intermediate or-
ganic maturity (Kvenvolden et al., 1991). For the subantarctic region,
Mackie, Platt, and Hardy (1978) described hydrocarbons in sediment
from King Edward Cove on the island of South Georgia (Fig. 1), and
Simoneit (1980) and von der Dick, Rullkötter, and Welte (1983) dis-
cussed the organic geochemistry of sediment from two DSDP sites
cored near the Falkland Plateau (Fig. 1).

These organic geochemical studies from antarctic and subant-
arctic regions form the background for our investigation of hydrocar-
bons in sediment at Ocean Drilling Program (ODP) Site 859 off the
coast of southern Chile. Site 859 lies on a transect (Seismic Line 745)
along the northern end of the subducting ridge segment 18 km north
of the present-day Chile Triple Junction (Bangs et al., 1992). Seven
late Pliocene and one late Pleistocene silty clay to clayey silt samples,
ranging in subbottom depth from 440.4 to 4.8 mbsf, were collected
by coring at Site 859 in sediment covering a small accretionary wedge
near the toe of the continental slope close to the Chile Trench. Total
depth of Borehole 859B was 476.1 mbsf. These eight samples were
studied in two different laboratories, and the results provide a rather
limited data base from which to try to understand the hydrocarbon
geochemistry of this offshore sediment record.

EXPERIMENTAL METHODS

The geochemical procedures that were used for four of the sam-
ples (second through fifth samples in Table 1) is the same as described
previously for studies of sediment from the Weddell Sea (Kvenvolden
et al., 1990) and from Prydz Bay (Kvenvolden et al., 1991). The sedi-
ment samples, collected aboard JOIDES Resolution, had been care-
fully wrapped in cleaned aluminum foil and frozen immediately in
sealed plastic bags for storage. For analysis, water was removed by
air drying; then the dried samples were pulverized and sieved through
a 32 mesh screen. For extraction and identification of hydrocarbons,
we used from 51 to 83 g of pulverized and sieved sediment. Each
sample was triple extracted with dichloromethane by shaking on a
wrist-action shaker. The combined filtered extracts were concentrated
by turbo evaporation. Any sulfur was removed by filtration through
activated copper. The dichloromethane solvent was then exchanged
for hexane.

The extracts in hexane were fractionated by liquid-solid chroma-
tography using a column packed with activated silica gel and partially
deactivated alumina. The column was sequentially eluted with hexane,
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Table 1. Organic geochemical parameters in sediment samples from Leg 141, Site 859.

Core, section.

interval (cm)

141-859A-
2H-3, 60-66

141-859B
4R-2, 15-20
10R-2, 139-145
12R-2, 40-46
15R-1, 104-110
29R-3, 45-51
32R-1,77-83
35R-2, 120-126

Depth

(mbsf)

4.8

141.6
198.4
217.6
246.1
382.9
409.4
440.4

Age

. Pleistocene

. Pliocene

. Pliocene

. Pliocene

. Pliocene

. Pliocene

. Pliocene

. Pliocene

OC

(%)

1.1

0.3
0.3
0.1
0.4
0.3
0.2
0.3

CPI, 3-21

1.09

0.99
1.07
1.09
1.06
0.86
0.89
1.14?

CPI23-33

4.02

5.14
6.85
5.16
6 . P
3.72
1.94
1.82?

C,6

C,l

0.15

3.08
1.19
3.68
1.07
0.98
1.04
0.11?

Pr

Ph

1.15

1.61
1.46
1.34
1.32
0.66
0.48
NI)

Pr

C,7

0.61

0.38
0.38
0.32
0.36
0.61
0.91
ND

Ph

C,g

0.59

0.40
0.44
0.38
0.49
1.37
2.46
ND

Hopene

Hopane

0.0

1.7
0.9
4.0
3.4
3.1
0.6

ND

C31

225/(5 + R)

0.09

0.1
0.1
0.02
0.02
0.06
0.5 1
0.34

C32-C35

225/(5 + R)

0.61

ND
ND
ND
ND

0.56
0.56
0.65

C 2 9

205/(5 + R)

0.41

ND
NI)
NI)
ND

0.05
0.21
ND

Notes: OC = organic carbon; CPI I 3_ 2 1, l/2[(7i-C13 +«-C, s + n-Cπ + n-C]9 + n-C2l)/(n-Cn + «-C14 + «-C16 + n-C1 8 + n-C20) + (n-C13 +«-C 1 5 + n-C 1 + n-C[9 + n-C2 )l(n-C Δr + n-
C 1 6 + «-C,8 + n-C20 + n-C22)]; CPI 2 3 . 3 3 , l/2[(n-C23 + π-C2 5 + «-C27 + «-C29 + n-C3, + n-C33)/(n-C22 + n-C2 4 + n-C2 6 + «-C2g + n-C3 0 + »-C32) + (n-C23 + n-C25 + n-C2 7 + n-
C 2 9 + n-C31 + n-C33)/(n-C24 + n-C2 6 + «-C28 + «-C3ü + n-C32 + n-C34)]; C16/C3I, n-C16/n-C31; Pr/Ph, pristane (2,6,10,14-tetramethylpentadecane)/phytane (2,6,10,14-tetrame-
thyl-hexadecane); Pr/C17, pristane/«-C,7; Ph/C18, phytane/«-C18; Hopene/Hopane, hop-17(21)-ene/17α-hopane; C 3 1 225/(5 + R), 30-homo-ll'a-hopane(22S)B0-homo-ll'a-
hopane(225) + (22/f); C 3 2 -C 3 5 225/(5 + R), average of 225/(5 + R) for 30-dihomo-l7a-hopane + 30-trihomo-17α-hopane + 30-^rraÅ:w/!ow!o-17α-hopane + 30-pentakishomo-\7a-
hopane; C 2 9 205/(5 + R), 24-ethyl-5α-cholestane(205)/24-ethyl-5α-cholestane (205) + (20/?); ND = not determined.
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90 °E

120°E
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Figure 1. Map of the southern oceans showing geographic features and some
Ocean Drilling Program sites where relevant organic geochemical studies have
been conducted. Leg 141 Site 859 (this study) is located off the coast of South
America in the Pacific Ocean. Also shown are ODP Sites 692,693, and 694 in
the Weddell Sea and Sites 741 and 742 in Prydz Bay; DSDP Sites 330 and 511
are located in the Atlantic Ocean northeast of the Bránsfield Strait and east of
the Falkland Plateau.

20% benzene in hexane, benzene, and methanol. Only the first fraction,
containing mainly aliphatic hydrocarbons, was studied in detail by
high-resolution gas chromatography, using a 30-m by 0.3-mm fused-
silica column coated with DB-1 bonded-phase. Identification of n-
alkanes, and isoprenoid hydrocarbons (pristane and phytane), was
based on retention times and comparison with standards. Relative pro-
portions of the individual compounds were determined from integrator
peak heights. Portions of the first fractions were examined by gas
chromatography-mass spectrometry (GC-MS) using a 30-m by 0.3-
mm fused-silica column coated with DB-5 bonded phase. Multiple-
ion detection (MID) of m/z 191,215,217,231,243, and 257 produced
mass chromatograms from which terpanes, steranes/diasteranes, fer-
nenes, and diasterenes were identified based on their key fragments
and relative retention times.

The four remaining samples (first and last three samples in Table
1), after drying at ambient temperature, were extracted using a modi-
fied flow-blending technique (Radke et al, 1978) with dichloro-

methane/1% methanol as the solvent. Extracts were separated into
compound classes by medium pressure liquid chromatography
(Radke et al., 1980). Non-aromatic hydrocarbon fractions were ana-
lyzed by gas chromatography on a 25-m by 0.32-mm fused-silica
capillary column coated with cross-linked SE-54 polysiloxane. GC-
MS was done using a 50-m by 0.32-mm capillary column coated with
DB-5 bonded phase. Compound identification from the full scan
mode used a scan rate of about 1.5 s/scan over the appropriate mass
range. Calculation of hopane and sterane compound ratios is based on
B2/E linked scan measurements that were performed for selected
molecular-ion, key-fragment transitions (M+ —» m/z 191 for hopanes
and M+ m/z 217 or 218 for steranes).

RESULTS

Non-aromatic hydrocarbon distributions for seven of the samples
analyzed are shown in Figure 2. The gas chromatogram of the non-
aromatic hydrocarbon fraction of the deepest sample from 440.4 mbsf
is not shown because the distribution is strongly obscured by a num-
ber of contaminant peaks of unknown identity and origin. Except for
the shallowest and the deepest sample, the π-alkane distributions are
bimodal, and the chromatograms exhibit a pronounced envelope of
unresolved components around π-octadecane (C18). To facilitate com-
parison of the gas chromatographic distributions of the different non-
aromatic hydrocarbon fractions, a number of molecular compound
ratios were calculated (Table 1). The relative proportions of π-alkanes
are described by Carbon Preference Indices (CPI) calculated over two
different molecular weight ranges (C1 3 to C21 and C2 3 to C33) follow-
ing the method of Cooper and Bray (1963).

The relative proportions of the two π-alkane distribution modes
are expressed by the ratios of n-Cl6 to π-C31 (C16/C31). The values of
this ratio in Samples 141-859A-2H-3, 60-66 cm (4.8 mbsf), and
141-859B-35R-2, 120-126 cm (440.4 mbsf), are 0.15 and 0.11, re-
spectively, indicating a single mode in the higher molecular weight
range. The values of this ratio for the other six samples range from
0.98 to 3.68 and either show two modes of about equal proportions or
show the lower molecular weight dominating the higher molecular
weight mode (Table 1 and Fig. 2).

The values of CPI13_21 range from 0.86 to 1.14 with most values
between 0.99 and 1.09, a distribution that indicates that odd- and
even-carbon-numbered π-alkanes are equally abundant in the carbon
number range between π-C13 and π-C21. The CPI13_21 values of 0.86
and 0.89 (Table 1) for Samples 141-859B-29R-3," 45-51 cm (382.9
mbsf), and 141-859B-32R-1, 77-83 cm (409.4 mbsf), suggest that
even-carbon-numbered n-alkanes dominate slightly in this molecular
weight range. However, inspection of the gas chromatograms (Fig. 2)
shows that these two low values result mainly from the lower relative
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Figure 2. Gas chromatograms of the non-aromatic hydrocarbon fractions of extractable bitumen of seven ODP Site 859 sediments. A. 141-859A-2H-3, 60-66 cm
(4.8 mbsf). B. 141-859B-4R-2, 15-20 cm (141.6 mbsf). C. 141-859B-10R-2, 139-145 cm (198.4 mbsf). D. 141-859B-12R-2, 4 0 ^ 6 cm (217.6 mbsf). E.
141-859B-15R-1,104-110cm (246.1 mbsf).F. 141-859B-29R-3,45-51 cm (382.9 mbsf).G. 141-859B-32R-1,77-83 cm (409.4 mbsf). On the gas chromatograms
shown, the «-alkanes are identified by their carbon number and the isoprenoids by Pr for pristane and Ph for phytane.



K.A. KVENVOLDEN ET AL.

abundance of n-Cl5 that may have been affected (partly lost) by sol-
vent evaporation. In contrast, in the higher molecular weight range
the values of CPI23_33 are large, ranging from 1.82 to 6.85, resulting
from a strong dominance of the odd-carbon-numbered n-alkanes.

The distribution of the isoprenoid hydrocarbons are defined by the
pristane/phytane (Pr/Ph) ratios, and the proportion of these com-
pounds to the n-alkanes are given by the pristane/n-C17 (Pr/Ci7) and
phytane/n-C]8 (Ph/C18) ratios (Table 1). In the five most shallow
samples studied (4.8 to 246.1 mbsf) pristane is more abundant than
phytane, but toward the bottom of the hole (382.9 to 409.4 mbsf) the
relative abundances of these two isoprenoids reverse. Values of the
Pr/C17 ratios show that the n-alkane is always more abundant than the
isoprenoid. Ph/C18 ratios are less than unity in the five most shallow
samples, but the isoprenoid is more abundant than the accompany-
ing n-alkane in the deeper samples. Pristane and phytane cannot be
distinguished in the deepest sample (440.4 mbsf) because of obscur-
ing contaminants.

Polycyclic non-aromatic hydrocarbons consist predominantly of
hopanoids of bacterial origin (Ourisson et al., 1979). The distributions
of saturated hopanes and unsaturated hopenes are shown in Figure 3
based on the m/z 191 mass chromatograms for five selected samples;
compounds identified are listed in Table 2. The m/z 243 mass chro-
matograms characteristic of fernenes are also shown in Figure 3.
Fernenes are also assumed to be of bacterial origin (Brassell et al.,
1981). Whereas there is a systematic depth trend for the distribution
of the fernene double-bond isomers, which can be explained in terms
of progressing diagenesis, variation in the relative abundances of
hopenes and hopanes and of hopane stereoisomers is less regular as a
function of depth (Table 1).

Steroid hydrocarbons are less prominent in the sediments from
ODP Site 859. Three typical examples of their distribution are given
in Figure 4, based on mass chromatograms of m/z 215 (sterenes), 217
(steranes), and 257 (sterenes and diasterenes). The sterene distribu-
tion is comprised of the diagenetically least stable Δ2-isomers down
to the deepest sample studied at 409.4 mbsf. The sterane pattern (Fig.
4A) is the most complex in Sample 141-859A-2H-3, 60-66 cm (4.8
mbsf). This complexity is also evident in the summed molecular
ion-to-m/z 217 transitions from the linked scan experiments, which
selectively monitor steranes and avoid any contributions from ster-
enes and other components (Fig. 5). With the decrease in the com-
plexity of the sterane patterns with depth there is an increase in the
apparent thermal maturity based on sterane molecular maturation
parameters (e.g., the ratio of the thermogenic 205 epimer of 24-ethyl-
cholestane relative to the sum of the 205 plus the biogenic and less
stable 20R epimer; C 2 9 205/[5 + R] in Table 1). In all samples, except
Sample 141-859B-29R-3,45-51 cm (Fig. 4B), diasterenes are subor-
dinate to regular sterenes.

DISCUSSION

The values of the organic geochemical parameters measured on
sediment from ODP Site 859 are unusual compared to those of other
sediments from the southern oceans, particularly the sediments closer
to Antarctica (Fig. 1). Organic carbon values for late Pliocene sedi-
ment at Site 859 are low, less than 0.5% (Table 1). Only Sample
141-859A-2H-3, 60-66 cm, of late Pleistocene age has an organic
carbon value exceeding 1%. Thus, most of the sediments at Site
859 are organic-matter-lean, which is a characteristic also of Ceno-
zoic samples from the Weddell Sea, Antarctica (Kvenvolden et al.,
1990) but not of the Cenozoic sediments from Prydz Bay, Antarctica
(Kvenvolden et al., 1991).

The bimodal n-alkane distributions in sediments at Site 859 (Fig.
2) suggest two sources for these compounds. The higher-molecular-
weight mode with its strong odd-carbon-numbered dominance likely
represents contributions of waxes from vascular plants of terrigenous
(continental) origin (Eglinton et al., 1962). Similar observations and
interpretations have been made from marine sediments worldwide

(Simoneit, 1978). The unique aspect of these n-alkanes at Site 859 is
the magnitude of the odd-carbon-numbered dominance that has a
remarkable maximum CPI23_33 of 6.85 in Sample 141-859B-10R-2,
139-145 cm (198.4 mbsf). The CPI23_33 values are lower at depth—
that is, 1.94 for Sample 141-859B-32R-1,77-83 cm (409.4 mbsf), and
1.82 for Sample 141-859B-35R-2, 120-126 cm (440.4 mbsf)—likely
reflecting diagenetic formation of n-alkanes from polar precursors
with a less pronounced odd-carbon-number predominance. At Site 859
the higher-molecular-weight n-alkanes were probably derived from
plants, are primary (not recycled) and were transported from the South
American continent. In contrast, higher-molecular-weight n-alkanes
found offshore of Antarctica are likely recycled plant material trans-
ported from the Antarctic continent at an earlier geologic time when
plant life was abundant there (Kvenvolden et al., 1990).

In the lower-molecular-weight distribution mode, odd- and even-
carbon-numbered n-alkanes are almost evenly distributed in each
sediment sample from Site 859 (Fig. 2). Although lower molecular
weight n-alkanes have been invoked to represent primary planktonic
sources (Clark and Blumer, 1967; Han and Calvin, 1969; Simoneit,
1978), in this case these compounds are likely to be mainly hydrocar-
bons generated under higher thermal stress. They were introduced
into these sediments as part of more mature recycled (eroded) organic
matter or by redistribution (migration) within the sedimentary col-
umn from a deeper section. It is unlikely that a large proportion of
these lower-molecular-weight n-alkanes are of primary origin in this
oxic depositional environment of low organic carbon content.

Pr/Ph ratios have been used to assess paleoenvironments (Didyk
et al., 1978), although it has been shown later that the ratio has
restricted use (ten Haven et al., 1987). Under anoxic conditions Pr/Ph
ratios much less than 1.0 would be expected if the general model of
Didyk et al. (1978) is accepted. At Site 859 Pr/Ph ratios in the five
most shallow samples studied range from 1.15 to 1.61 (Table 1), and
these values are interpreted to represent an oxic environment of
deposition at this site. Pr/Ph ratios in the two samples from 382.9
and 409.4 mbsf are less than unity; the higher-molecular-weight n-
alkanes in these two samples were likely affected by increasing dia-
genesis, as is phytane that increases in concentration relative to pris-
tane and n-C]8. It is possible that phytane was diagenetically formed
in a reducing sedimentary microenvironment from polar precursors
of planktonic and/or bacterial origin.

The polycyclic non-aromatic hydrocarbons are the most important
class of the so-called biological markers (or biomarkers: Peters and
Moldowan, 1993) and are useful in understanding more about source
and maturity of organic matter in sediments. Biomarker assemblages
in Site 859 sediments are unusually complex. This complexity is the
result of the presence of both unsaturated hydrocarbons, indicating
low thermal stress, and of saturated hydrocarbons with stereo-
configurations characteristic of mature organic matter.

In comparing biomarker data from sediment of the southern
oceans, the results from the Cenozoic sediments at Site 859 contrast
with the results from similar age sediments offshore of Antarctica
(Kvenvolden, Rapp, et al., 1987; Kvenvolden et al., 1990; Kvenvolden
et al., 1991). Most Cenozoic marine sediments near Antarctica contain
reworked or recycled organic matter that leaves a mature signature on
the biomarkers. By contrast, sediments at Site 859 are in part primary,
containing immature, unsaturated biomarkers such as sterenes, fer-
nenes, and hopenes, which have structures resembling their biologic
precursors. Other southern ocean sediments with similar mixtures of
immature, unsaturated biomarkers are the older Mesozoic sediments
of the Weddell Sea (Kvenvolden et al., 1990) and the Falkland Plateau
(Simoneit, 1980; von der Dick, Rullkötter, and Welte, 1983).

Sterenes are predominantly Δ2-isomers in Sample 141-859A-2H-
3,60-66 cm (4.8 mbsf), the most shallow sample studied (see m/z 215
mass chromatogram in Fig. 4A). This unsaturation is consistent with
an early diagenetic stage (Dastillung and Albrecht, 1977). In the m/z
mass chromatogram of two deeper samples (Fig. 4B and 4C) the
progress in diagenesis is expressed by the presence of ster-4- and
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Figure 3. Typical mass chromatograms for teΦenoid hydrocarbons (m/z 191 for hopenes, hopanes, and moretanes; m/z 243 for fernenes) for five selected sediment
samples from Site 859. A. 141-859A-2H-3, 60-66 cm (4.8 mbsf). B. 141-859B-10R-2, 139-145 cm (198.4 mbsf). C. 141-859B-15R-1, 104-110 cm (246.1 mbsf).
D. 141-859B-29R-3,45-51 cm (382.9 mbsf). E. 141-859B-32R-1,77-83 cm (409.4 mbsf). Compounds are identified in Table 2. Molecular ratios are given in Table 1.
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Figure 4. Typical mass chromatograms for steroid hydrocarbons (m/z 215 for sterenes, m/z 217 for steranes; m/z 257 for diasterenes and sterenes) for three sediment samples from Site 859. A.
141-859A-2H-3, 60-66 cm (4.8 mbsf). B. 141-859B-29R-3, 45-51 cm (382.9 mbsf). C. 141-859B-32R-1, 77-83 cm (409.4 mbsf). Compounds are identified in Table 2. Molecular compound ratios are
given in Table 1.



HIGH-MOLECULAR-WEIGHT HYDROCARBONS

diasteranes

LU
</)
z
o
CL
(/)
LU
GC

859B
B

~i 1 1 r̂ —i 1 1 r ~! 1 1 1 1 1 1 1 r

TIME
Figure 5. Molecular ion-to-m/z 217 transitions from linked scan experiments for three selected sediment samples from Site 859. A. 141-859A-2H-3, 60-66 cm
(4.8 mbsf). B. 141-859B-29R-3, 45-51 cm (382.9 mbsf). C. 141-859B-32R-1, 77-83 cm (409.4 mbsf). Compounds are identified in Table 2. Molecular compound
ratios are given in Table 1.
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Table 2. Compound identification.

A
B
C
D
E
F
G
II
I
.1
K
I.
M
N
0
P
Q
R
S
T
l i

V
W

22,29,,30-trinor-18α-neohopane (Ts)
22,29,30-rπ>wM7α-hopane (Tm)
22,29,20-trinor-17ß-hopane
28-triterpene(M+ 382)
20-nor-17α-hopane
30-nor-18α-neohopane
hop-17(2I)-ene
30-nor-moretdne
17α-hopane
neohop-13(18)-ene
fern-8-ene
30-wor-17ß-hopane
fern-9(ll)-ene
moretane
fern-7-ene
30-Aoffio-17α-hopane (22S + 22/?)
17ß-hopane
30-/;6wo-moretane
30-dihomo-l7a-hopane (22S + 22R)
30-homo-17ß-hopane
30-trilwmo-17α-hopane (225 + 22/?)
30-tetrakishomo-na-hopane (225 + 22/?)
30-pentakishomo-l7a-hopam (225 + 22/?)

a
b
c
d
e
f

h

j

1
n
n
0

P

r
s
t
u
V

\\

24-nor-1 Oα-diacholest-13(17)-ene (205)
24-nor-1 Oα-diacholest-13(17)-ene (20/?)
1 Oα-diacholest-13(17)-ene (205)
I Oα-diacholest-13(17)-ene (20/?)
24-methy 1-1 Oα-diacholest-13( 17)-ene (205)
24-ethy I-1 Oα-diacholest-13( 17)-ene (205)
24-methy 1-1 Oα-diacholest-13( 17)-ene (20/?)
5ß-cholestane (20/?)
24-ethyl-1 Oα-diacholest-13( 17)-ene (20/?)
5α-cholestane (205)
cholest-2-ene
cholest-4-ene
cholest-5-ene
5α-cholestane (20/?)
24-methylcholesta-n,22-dienes (n = 4,2,5)
24-methyl-5α-cholestane (205)
24-methyl-5ß-cholestane (20/?)
24-methy lcholest-4-ene
24-methy lcholest-2-ene
24-methy lcholest-5-ene
24-methyl-5α-cholestane (20/?)
24-ethylcholesta n,22-dienes (n = 4,2,5)
24-ethyl-5α-cholestane (205)

x 24-ethyl-5ß-cholestane (205)
y 24-ethyl-14ß, 17ß-cholestane (20/?)
z 24-ethyl-14ß, 17ß-cholestane (205)
a' 24-ethyl-cholest-4-ene
b' 24-ethyl-cholest-2-ene
c' 24-ethyl-cholest-5-ene
d' 24-ethyl-5α-cholestane (20/?)

-5-enes, but even in the deepest sample, the Δ2-isomers are still
present in appreciable amounts. The presence of these compounds
indicates that thermal maturation has not significantly affected the
primary organic matter in this sediment. In each case, the C2 7 pseudo-
homologs dominate, which is consistent with a marine origin for these
steroid hydrocarbons.

Steradienes with an additional double bond at C-22 in the side-
chain are present as another group of unsaturated steroid hydrocarbons
in small concentrations as reported previously for other deep-sea sedi-
ments with immature organic matter (e.g., Rullkötter et al., 1984). The
distribution of the A-ring double bond isomers of the steradienes
parallels that of the sterenes. The m/z 257 mass chromatograms in
Figure 4 essentially mirror the m/z 215 traces. Additional peaks with
retention times shorter than those of the regular sterenes in the m/z 257
trace mostly represent diasterenes, whereas those peaks having larger
retention times remain unidentified. Diasterenes occur only in the
deeper samples studied (Fig. 4B and 4C); their presence results from
the increasing level of diagenesis with depth (ten Haven et al., 1989).

Steranes are mainly 5ß- and 5α-cholestanes and the correspond-
ing 24-methyl and 24-ethyl pseudohomologs in Sample 141-859B-
29R-3, 45-51 cm, from 382.9 mbsf (m/z 217 trace in Fig. 4B). The
sterane distributions are more complex in Samples 141-859A-2H-3,
60-66 cm (4.8 mbsf), and 141-859B-32R-1, 77-83 cm (409.4 mbsf),
apparently due to the presence of more mature organic matter in the
bitumen fraction of these sediments (m/z 217; Fig. 4A and AC). This
complexity can be more clearly inferred from the results of the linked
scan experiments in Figure 5, which shows the sum of the C2 7 and C2 9

steranes without any interference from other bitumen constituents.
The amount of more mature hydrocarbons admixed with the primary
steranes is highest in Sample 141-859A-2H-3, 60-66 cm, followed
by Sample 141-859B-32R-1, 77-83 cm (Fig. 5 A and 5C), whereas in
Sample 141-859B-29R-3,45-51 cm, the primary 5ß- and 5α-(20#)-
steranes clearly dominate (Fig. 5B). The molecular maturation epimer
ratio of 24-ethyl cholestane (20S/[20R + 205]) is often used in petro-
leum exploration (Mackenzie et al., 1980; Peters and Moldowan,
1993). Here this ratio measured 0.41 in the most shallow sample, a
value as high as that in many mature Tertiary crude oils (Grantham,
1986). This sample has the largest admixture of mature organic mat-
ter. The values for the two older samples (Fig. 5B and 5C) are in the
range of marginally mature and immature organic matter.

Fernenes (m/z 243 mass chromatograms, Fig. 3) in Sample 141-
859A-2H-3, 60-66 cm (4.8 mbsf) comprise all three isomers so far

encountered in marine sediments. The least stable fern-7-ene (Ageta
et al., 1987) represents a significant proportion of this isomer mixture,
but this isomer has been completely converted to the more stable
fern-8-ene and fern-9( 11 )-ene in the deeper samples (Fig. 3C-E).
Among these two isomers, the increasing level of diagenesis is indi-
cated by the higher relative concentration of the most stable isomer,
fern-9( 1 l)-ene, in the deepest sample. Because fernenes do not occur
in mature organic matter fractions, their distributions in the Site 859
sediments have minimal interferences from other components.

Hopenes and hopanes occur in different relative amounts in the
sediment samples from Site 859, reflecting variable mixtures of im-
mature primary and more mature allochthonous bitumen fractions.
Hop-17(21)-ene is the dominant unsaturated triterpene and particu-
larly prominent in Sample 141-859B-32R-1, 77-83 cm (409.9 mbsf;
Fig. 3D). Where primary organic matter dominates in the hydrocar-
bon fraction, 30-/?omo-17α-hopane (20R) is the most abundant satu-
rated hopanoid hydrocarbon (Fig. 3A-D). This compound represents
a diagenetic conversion product of bacterial membrane constituents
such as bacteriohopanetetrol (Ourisson et al., 1979) formed under
oxic conditions (oxidative cleavage of side-chain followed by decar-
boxylation). In the same samples, 17ß-hopanes with the steric con-
figuration inherited from their biogenic precursors occur in signifi-
cant amounts.

The hop-17(21)-ene/17α-hopane (hopene/hopane) ratio provides
a measure of the relative importance of the immature organic matter
fraction (Table 1), although slight changes (decrease of the ratio)
caused by slight increasing levels of diagenesis with depth have to be
taken into account. Evidence for the mixed nature of the bitumen of
the samples in terms of thermal maturity is the carbon-number de-
pendence of the C-22 epimer ratio of extended 17α-hopanes (Table
1). This dependence is demonstrated in Figure 6, which shows the
molecular ion-to-m/z 191 transitions for C3 1 to C3 5 extended 17α-
hopanes for Sample 141-859A-2H-3, 60-66 cm (4.8 mbsf). For the
C31 member the contribution of the immature fraction leads to a
striking dominance of the epimer with the biogenic 22R configura-
tion. A minor contribution of the 22R-C32 pseudohomolog may also
have occurred, but in general the C 3 2 to C3 5 members of the series
uniformly show an epimer ratio typical of mature organic matter of
about 0.6, the equilibrium value of the 22S/(S + R) ratio (Mackenzie
et al., 1980; Seifert and Moldowan, 1980; Mackenzie, 1984). There-
fore, this ratio was calculated separately for the C3 1 and, as an aver-
age, the C3 2 to C3 5 extended 17α-hopanes for Site 859 sediments
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(Table 1). The values of the latter ratio measure the maturity of the
non-primary organic matter, whereas the former ratio addresses the
relative contributions of both organic matter types. The values of the
maturity parameter are largely uniform, which is not surprising be-
cause the epimer equilibrium is reached very early during organic
matter maturation. The mixing parameter is variable, as are the other
biological marker parameters sensitive to the mixing effect.

Two possible origins of the mature bitumen in the Site 859 sedi-
ments include the following: (1) The mature bitumen may have been
incorporated as recycled material eroded from rocks with a geothermal
history that has led to high maturity organic matter. (2) Alternatively,
redistribution (migration) of mobile hydrocarbons within the sedimen-
tary column off the coast of Chile may have caused the mixing effect.
Organic petrographic investigations of these sediments (see Littke et
al., this volume) have shown that the particulate organic matter consists
mainly of inertinite. Inertinite represents either organic matter oxidized
during transport from the continent or during settling in the water col-
umn or eroded material from rocks that have experienced higher ther-
mal stress in the past. In any case, reflectance of these particles is so
high that it does not correspond to the maturity level of the mature bitu-
men portion encountered at Site 859. Vitrinite is also present and is
mainly primary; it has a low reflectance, and in terms of maturity
corresponds more closely to the immature land-derived organic matter
as indicated by the high-molecular-weight n-alkane mode with a strong
predominance of molecules with odd-carbon numbers.

Although a contribution of recycled organic matter cannot be fully
excluded, we favor migration of hydrocarbons from greater depth,
possibly transported within a hydrothermal circulation system, as the
main reason for the variable mixing of immature and mature compo-
nents in the aliphatic (non-aromatic) fractions of the Site 859 sedi-
ments. Redistribution has not affected the entire sedimentary column
homogeneously, resulting in variability of the mixing parameter values
(Table 1).

Indigenous heating of the organic matter by hydrothermal fluids
within the sedimentary column penetrated at Site 859 apparently has
not occurred, as inferred from the presence of unsaturated hydrocar-
bons (e.g., ster-2-enes) in all samples studied. This observation is
somewhat puzzling when account is taken of the present high geother-
mal gradient of about 100°C/km and the finding of evidence for a hot
fluid jet at 245 mbsf (Shipboard Scientific Party, 1992). A very hot
(»61°C) and channelized influx of fluid appears to intersect the bore-
hole near this depth. One might expect that such a stream of hot fluid
acting over geologic time would have a profound effect on the sedi-
mentary organic matter. However, Sample 141-859B-15R-1,104-110
cm, taken at 246.1 mbsf, does not appear to have been affected in any
discernable manner. Distribution and maturity parameters listed in
Table 1 indicate that this sample is similar to most of the overlying sam-
ples. The gas chromatogram of this sample (Fig. 2E) shows few inter-
pretable differences compared to those of younger samples. Older
samples do, however, show evidence of some advanced thermal dia-
genesis as discussed previously. We conclude that the postulated hot jet
of fluid is likely an ephemeral event that has not been maintained in the
past for sustained periods of time. Alternatively, the heating effect of
the fluids may have extended only over a very short distance in these
unconsolidated sediments, and the affected sediments were not sam-
pled. The limited heating effects have been noted previously in studies
of basalt intrusion into water-rich unconsolidated sediments where
only the overlying and underlying one meter of sediment was ther-
mally affected (Simoneit and Philp, 1982).

CONCLUSIONS

This organic geochemical survey at ODP Site 859, Leg 141, near
the Chile Triple Junction suggests that the sediment organic matter, at
least the high-molecular-weight hydrocarbons, are from both terrig-
enous and marine sources and have not been recycled, as is common
in other southern ocean sediments, particularly those near Antarctica.
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Figure 6. Molecular ion-to-m/z 191 transitions (C3 1 to C 3 5 extended 17α-
hopanes) from a linked scan experiment for Sample 141-859A-2H-3, 60-66
cm (4.8 mbsf) from Site 859. Compounds are identified in Table 2. Molecular
compound ratios are given in Table 1.
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The source of terrigenous plant material at Site 859 is likely from
South America. Although the site, located at the toe of the slope near
the Chile Trench and Ridge, has a high geothermal gradient
(100°C/km) and a complex hot and cold fluid flow system, the sedi-
ment organic matter has undergone little change since its deposition.
A hot jet of fluid (»66°C) at 245 mbsf has not had obvious effect on
the hydrocarbon geochemistry, suggesting that the flow of hot fluids
has not been sus- tained for very long periods of time or that the fluids
were not hot enough to cause changes in a thick layer of sediment.
Only toward the bottom of the borehole, between about 382 and 440
mbsf, is there any organic geochemical evidence for a slight advance
in thermal diagenesis. On the other hand, mature hydrocarbons found
in various amounts as admixtures of the bitumen fractions of several
sediment samples are interpreted to be material migrated from greater
depth where the thermal influence of active continental processes had
a stronger influence on the sedimentary organic matter. Circulating
waters may have transported mature hydrocarbons into the shallow
sediments sampled at Site 859.
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