Lewis, S.D., Behrmann, J.H., Musgrave, R.J., and Cande, S.C. (Eds.), 1995
Proceedings of the Ocean Drilling Program, Scientific Results, Vol. 141

9. CHARACTERIZATION OF ORGANIC MATTER IN DEEP-SEA SEDIMENTS ON THE CHILE
CONTINENTAL MARGIN WITH SPECIAL EMPHASIS ON MATURATION IN AN AREA OF HIGH

GEOTHERMAL HEAT FLOW!

Ralf Littke, Ulrich Disko,? and Jiirgen Rullkétter?

ABSTRACT

Ocean Drilling Program Leg 141 core samples drilled offshore of Chile (Sites 859, 860, 861, and 863) were studied for their
content and quality of organic matter. Of special interest was the maturity of the organic matter because the sediments were
assumed to be influenced by high geothermal heat flow above or near the recently subducted volcanic Chile Ridge.

Total organic carbon contents do not exceed 1% in any of the samples analyzed. Average percentages decrease slightly with
increasing water depth and distance from the coast, from Site 861 toward Site 859. The organic matter is of a mixed marine and
terrigenous origin with the proportion of marine organic matter decreasing toward the continent, from Site 859 to Site 861. Marine
organic matter is predominant only in the deeper samples from Site 863 (below about 300 mbsf).

Although formation temperatures are in the range of 85° to 90°C at Site 863 and both Sites 859 and 863 are located close to
the ridge axis, most of the organic matter maturity parameters reflect low thermal stress. For example, vitrinite reflectance values
are lower than 0.4%. the 205/(20S + 20R) epimer ratios of 24-ethylsteranes and the 225/(225 + 22R) epimer ratios of 30-homo-
hopanes are low in most samples, and unsaturated hydrocarbons such as sterenes and hopenes are abundant. On the other hand.
the concomitant presence of saturated biological marker hydrocarbons with a petroleum-like distribution in several of the sediment
samples from Site 859 indicates an advanced level of maturation. This pattern is explained by mixing of autochthonous bitumen
constituents bearing an immature signature with small amounts of migrated hydrocarbons which were formed under the influence
of hydrothermal fluids or other geothermal stress probably in a deeper section. This effect was not observed at Site 863.

The diagenetic evolution at Site 863, as expressed by vitrinite reflectance values, may be explained tentatively as resulting

from rapid heating to the present-day temperatures over a period of only several thousand rather than several million years.

INTRODUCTION

Ocean Drilling Program (ODP) Leg 141 was planned to explore
the effects of a subducted “mid-ocean” ridge on forearc sediments at
the Chile Triple Junction. Main objectives included the determination
and quantification of vertical motion within the forearc resulting from
plate collision as well as the detection of the seaward limit of conti-
nental crust along the forearc near the collision zone (Shipboard
Scientific Party, 1992).

The principal goal of our investigation is the characterization of
organic matter in the young (Pliocene and Pleistocene) sediments
drilled offshore Chile, which may provide a key for the understanding
of the processes that controlled the deposition of organic matter in
more ancient sediments. For example, constraints on water depth and
distance to the coast are much less speculative for Neogene deposits
than for Mesozoic and Paleozoic strata. Furthermore, samples taken
during Leg 141 are of special interest, because they offer the possibility
to study sedimentary organic matter from the Southern Oceans (south
of 45°S). A short summary of the rare organic geochemical studies on
samples from southern high latitudes is presented by Kvenvolden et al.
(this volume).

The interest in addressing the maturation of organic matter as our
second objective is related to the tectonic position of the Chile conti-
nental margin, where the volcanic Chile Ridge is subducted beneath
the South American continental plate. This situation is unique, be-
cause aclive spreading centers, characterized by extremely high heat
flow, are usually not covered by a thick sequence of sediments {(com-
pare results of ODP Leg 139; Davis, Mottl, Fisher, et al., 1992).
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In the case of the Chile continental margin at about 46°S, sediments
of several hundred, possibly even more than a thousand, meters thick-
ness were deposited above the subducted ridge and are affected by the
local high heat flow. Formation temperatures of about 85°C to 90°C
were determined at total depth in Hole 863B (Sawyer, this volume) at
a site where the Chile Ridge presently is subducted. This temperature
measurement indicates a geothermal gradient of 100°C/km and more
in the uppermost part of the crust. A similar geothermal gradient was
calculated for the shallower Site 859 (Behrmann, Lewis, Musgrave, et
al., 1992). Under these circumstances, it was expected that a clear
downhole maturity trend could be established for the organic matter at
these “hot” sites, because organic matter transformation usually is
more sensilive to temperature rise than mineral diagenesis. Until now,
only a few sediments had been drilled in the deep sea that had reached
organic matter maturities approaching the onset of thermal petroleum
generation (e.g.. Rullkétter et al., 1981; Simoneit, 1982; von der Dick
et al., 1983; Davis, Mottl, Fisher, et al., 1992; Lichtfouse et al.. 1992),
because most holes did not recover more than several hundred meters
of sediment and because heat flow usually is low at passive continental
margins where the thicker sedimentary sequences were penetrated.
Therefore, the hot Chile continental margin is one of the few locations
where significant thermal maturation may occur in a sequence of
sediments from the deep ocean that can be reached within the technical
limits of the JOIDES Resolution.

GEOLOGIC BACKGROUND

Sediment cores were recovered from five sites along the Chile
continental margin during Leg 141 operations. We present and dis-
cuss organic geochemical and organic petrologic data for samples
from Sites 859, 860, 861, and 863.

Drilling at Sites 859, 860, and 861 was performed along an east-
west transect at 45°51°S latitude (Fig. 1). Site 861 is situated closest
to the coast at a distance of 10 km from the outer edge of the conti-
nental shelf and at a water depth of about 1650 m. Sites 860 and 859
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Figure 1. Tectonic map of the southeast Pacific between 44° and 48°S. Heavy
solid lines mark segments of the spreading center, the dashed lines indicate
transform faults of the Chile Ridge, and the saw-toothed line delineates the
overthrust of the South American forearc. Sites 859, 860, 861, and 863 were
drilled during Leg 141. Contour level in meters.

are located at a greater distance from the shelf (19 and 26 km,
respectively), where the water depth is 2145 and 2740 m, respec-
tively. A rough interpretation of the geology along this transect is
illustrated in Figure 2 (Behrmann, Lewis, Musgrave, et al., 1992).
Owing to the proximity to the coast, terrigenous and shallow marine
material was transported in slumps, debris flows, and turbidity cur-
rents to these sites, where these were mixed with pelagic material.
These mixed pelagic-turbiditic deposits are underlain by a sequence
of tectonically accreted trench sediments. Most deposits in both units
are fine-grained siliclastics with little carbonate and biogenic silica
admixed. They were classified mainly as silty clays and clayey silts
by the shipboard sedimentologists. Few coarser grained sediments
occur at Sites 861 and 859. Structural deformation was observed at
all sites. Stratigraphically, the sediments at Sites 861 and 860 are of
late Pliocene through late Pleistocene age. At Site 859, only 10 m of
upper Pleistocene materials overlie an upper Pliocene sequence.
High temperature gradients were established for Site 859
(Behrmann, Lewis, Musgrave, et al., 1992; Shipboard Scientific Party,
1992). According to logging results (Sawyer, this volume), formation
temperatures of about 90°C are expected for the sediments at the
terminal depth of 476 m below sealloor (mbsf). This implies an aver-
age geothermal gradient of more than 150°C/km for the near-surface
sequence. The gradient probably decreases at greater depth because of
the higher heat conductivity of more consolidated sediments. The high
formation temperatures at Site 859 were a surprise, because the sedi-
ments do not directly overlie the subducted Chile Ridge (Fig. 1).
Therefore, lateral heat transport may be effective in the crust between

the volcanic center and Site 859. Heat may also be advected from deep
parts of the forearc subduction zone.

Site 863 is situated in an accretionary wedge, at a point directly
above the subducted spreading axis at the base of the trench slope and
south of the transect between Sites 859 and 861 (Figs. 1 and 3). Water
depth is 2564 m and the distance from the outer shelf edge is about 20
km. Sediments are mainly fine-grained siliclastics (clayey siltstones
and silty claystones) interlayered with some coarser-grained layers.
Sediment deformation is strong to the extent that an almost vertically
dipping unit was cored between about 300 mbsf and total depth at 743
mbsf. This observation of strong deformation is supported by paleon-
tological data. According to nannofossil stratigraphy, the lower part
of the sediments recovered from Hole 863A (230 to 297 mbsf) is of
early Pleistocene age. whereas the sediments drilled in Hole 863B
(300 to 743 mbsf) are of late Pleistocene age (i.e., younger than the
“overlying™ sediments of the adjacent Hole 863A).

Because of ridge subduction, an extremely high heat flow and
evidence for vigorous hydrothermal circulation were expected at Site
863. Formation temperatures were calculated to be at about 90°C at
total depth, corresponding to an average geothermal gradient of about
100°=110°C/km. Surprisingly, this value is not higher than the gradient
calculated for the area north of the subducted Chile Ridge (Site 859).

In view of the geological constraints described above, the upper
Pliocene intervals from Sites 861 and 859 appear to be most suitable
for a study of organic facies, because rocks of similar stratigraphic age
were cored at different distances from the coast and at different water
depths. Changes in organic matter content and quality can therefore be
attributed to the influence of either one of the two controlling mecha-
nisms above. In addition, the organic facies of the lower Pleistocene
sediments drilled in the vertical unit below 300 mbsf at Site 863 will
be presented. With respect to maturation, only the “hot” Sites 859 and
863 will be discussed. Fluorescence of liptinite macerals and gas
chromatograms of saturated hydrocarbons provided clear (though not
quantitative) evidence that the maturation of organic matter did not
progress significantly with depth at Sites 860 and 861.

METHODS

Sediment samples were received frozen and after thawing were
dried at 40°C. Whole-rock aliquots were set aside for kerogen micros-
copy, and the remainder was ground in a disc mill. Total carbon and
total organic carbon (TOC) were determined by combustion ina LECO
IR-112 carbon analyzer. The latter measurement was performed after
treatment of the samples with hydrochloric acid to remove carbonates.
As inorganic carbon percentages do not exceed 1% and carbonate
percentages do not exceed 6% in the samples drilled during Leg 141
operations, these values are not further discussed here.

Rock-Eval pyrolysis was performed using a Rock-Eval Il instru-
ment (Girdel). Hydrogen Index (HI) and Oxygen Index (OI) values
were determined from flame ionization detector (FID) and thermal
conductivity detector (TCD) responses and are expressed as mg
hydrocarbon-type material per g TOC (mg he/g TOC) and mg car-
bon dioxide per gram TOC (mg CO,/g TOC), respectively. For micro-
scopic studies, whole-rock samples were embedded in a resin in an
orientation perpendicular to bedding, and then ground flat and pol-
ished. Maceral group percentages were estimated first in reflected
white light (for vitrinite and inertinite), and then in a fluorescence
mode (for liptinite) on a Zeiss Axiophot microscope. Vitrinite reflec-
tance (R,) was measured in oil immersion at 546 nm. R, values
presented here are mean values based on measurements of at least 30
individual vitrinite grains.

Twelve selected samples from Sites 861, 860, 859, and 863 were
dried and extracted by flow-blending (Radke etal., 1978) with dichlo-
romethane-methanol (99:1). Total extracts were separated into sev-
eral compound classes by medium-pressure liquid chromatography
(Radke et al., 1980). Saturated hydrocarbon fractions were analyzed
using a VEGA 6180 gas chromatograph (Carlo Erba Strumentazione,
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Figure 2. Cross-section of the South American continental margin (seismic line 745) with location of Sites 859, 860, and 861.
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Figure 3. Cross-section of the South American continental margin (seismic line 751) with location of Site 863.

Milano) equipped with a fused-silica capillary column (25 m length,
internal diameter of 0.32 mm) coated with cross-linked SE 54 poly-
siloxane of 0.25-um film thickness. Splitless sample introduction was
performed by direct, “on-column” injection of the dissolved samples.
The oven temperature was programmed from 60°C (hold for | min)
at 30°C/min to 80°C, and then at 4°C/min to 300°C (hold for 30 min).
Helium was used as the carrier gas.

For gas chromatography-mass spectrometry (GC-MS) analysis a
VG 7070E mass spectrometer coupled to a Carlo Erba Fractovap
model 4160 gas chromatograph was used. lonization energy was 70
eV, and the source was held at 220°C. Samples were introduced via a
cold-trap injection system (KAS 2, Gerstel) onto a fused-silica capil-
lary column (50 m length. 0.32-mm inner diameter) coated with Ultra
2 (SE 54 equivalent, 0.25 um film thickness). Helium was used as
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carrier gas and the oven programmed from 110° to 300°C at 3°C/min
with a 30 min final hold time. The magnet of the mass spectrometer
was scanned in a cyclic mode over a mass range of m/z 80045 (cycle
time =2 s/scan). Data were acquired, stored, and processed using a
Kratos DS-90 data system. Compound identification is based on mass
spectral interpretation, relative retention time, and comparison with
published mass spectral information.

ORGANIC MATTER CONTENT

TOC contents were measured on board JOIDES Resolution
(Behrmann, Lewis, Musgrave, et al., 1992) and in our shorebased
laboratory. Both sets of data are plotted together in Figures 4A-D for
Sites 861, 860, 859, and 863, respectively, and data of closely spaced
samples in general are in good agreement with each other. In imma-
ture sediments, the percentage of organic matter exceeds the percent-
age of organic carbon by a factor of 1.5 to 2.0 (see data in Rullkétter
et al., 1988, for mainly aquatic organic matter and in Schenk et al.,
1990, for coaly organic matter).

At Site 861, TOC values are fairly consistently at or close to 0.4%,
except for the upper 30 m, where they cluster near 0.6% (Fig. 4A).
Slightly enhanced TOC values were common in the upper sections of
deep-sea sediments and attributed either to the establishment of up-
welling conditions and related bioproductivity increase (Stein. ten
Haven, et al., 1989; ten Haven et al., 1990) or to an enhanced accu-
mulation of terrigenous sediments including terrigenous organic mat-
ter (Littke et al., 1991), Also, the lesser degree of remineralization in
the uppermost sediments compared to deeper sediments may influ-
ence TOC profiles. For the upper Pliocene, the average TOC content
is 0.41% at Site 861 (Table 1).

At Site 860, TOC values are at the same level as at Site 861.
However, with the exception of the two uppermost samples (upper 5
m), no increase of TOC contents toward the top of the sequence was
found (Fig. 4B). Interestingly. this small interval of “high” TOC
values stratigraphically corresponds to the thicker interval of “high”
TOC values at Site 861, and both represent the last 250,000 yr. An
average organic carbon percentage was calculated for the upper Plio-
cene (0.4%, Table 1), which was entirely penetrated at Site 860. This
value was converted into an accumulation rate using the following
relationship (van Andel et al., 1975; Stein, Littke, et al., 1989):

AROC = (TOC/N00) - LSR - (WBD — 1.026P0/100). (n

In this equation, AROC is the mass accumulation rate for organic
carbon (g/cm?/1000/a), LSR is the linear sedimentation rate (cm/1000/
a), WBD is the wet-bulk density (g/cm?), and Po is the porosity of the
sediment (%). LSR, WBD, and Po were calculated according to the
information in Behrmann, Lewis, Musgrave, et al. (1992) and some
additional stratigraphic information from D. Spiegler (pers. comm.,
1993). In the case of Site 860, “sedimentation rate™ means the sum of
sedimentation and the tectonic thrusting rate and should be regarded as
only a rough estimate of the organic matter accumulated by both pro-
cesses at this site. Numerically, the accumulation rate for organic car-
bon calculated this way is about 20 g/em?/1000/a. This rate is similar
to rates calculated for other near-continent settings in areas of temper-
ate climate such as in the Labrador Sea, but is lower by an order of
magnitude than the accumulation rates in intercontinental deep-sea
areas such as Baffin Bay (Stein, Littke, et al., 1989). The rate is 4 to 40
times higher than accumulation rates for organic carbon in sediment-
starved areas in the oceans (Indian Ocean ridges; Littke et al., 1991).

For the more distal Site 859, lower TOC values were measured
than for sediments from Sites 860 and 861. An obvious exception are
the upper 30 m, which are characterized by higher percentages of
organic carbon (Fig. 4C). Stratigraphically, this interval covers the
last 250,000 yr (upper 13 m) as at Sites 860 and 861, but also part of
the upper Pliocene. For the upper Pliocene, the average organic car-
bon percentage is about 0.1% lower than at Sites 861 and 860. In more
distal parts of the oceans, TOC values are usually even lower than at

Site 859; for example, TOC values vary between 0% and 0.2% in
Neogene sediments in the central Indian Ocean (Littke et al., 1991)
and in the western Pacific Ocean (Parson, Hawkins, Allan, et al.,
1992). The latter areas are several thousand kilometers away from
shorelines and shelves.

In the case of the Chile continental margin, the decrease in organic
carbon percentages by 25% toward the ocean is not paralleled by a
decrease in organic carbon accumulation rates, because the upper
Pliocene is thicker at the distal Site 859 (at least 463 m) than at Sites
860 and 861. This increase in thickness is probably not the effect of
an increase in sedimentation rates but rather may be caused by tec-
tonic thrusting (Behrmann, Lewis, Musgrave, et al., 1992).

KEROGEN QUALITY

Kerogen is defined as the insoluble organic matter in sediments
(Durand, 1980), whereas the part of the sedimentary organic matter
that is extractable by organic solvents is called bitumen. As in most
rocks, kerogen forms more than 90% of the organic matter in all sam-
ples drilled from offshore Chile during Leg 141. Kerogen characteri-
zation was performed by microscopic methods and by Rock-Eval
pyrolysis on whole rocks and on concentrated kerogens.

Rock-Eval pyrolysis data are usually unreliable if measured on
immature sediments with organic carbon concentrations lower than
1% (Katz, 1983). Therefore, kerogen concentrates were prepared
from selected samples and were used for Rock-Eval pyrolysis. Re-
sults are summarized in Table 2. Among the Rock-Eval parameters,
HI values are a measure of the hydrocarbon generation potential of
kerogen and depend on its hydrogen content. According to Espitalié
et al. (1977), an HI value of 150 mg hc/g TOC corresponds to an
atomic H/C ratio of about 0.9. Well-preserved marine organic matter
is usually rich in hydrogen (H/C > 1.2) and characterized by high HI
values, whereas hydrogen-poor terrigenous organic matter derived
from higher land plants is characterized by lower HI values (less than
350 mg he/g TOC). Another Rock-Eval parameter is the temperature
of maximum pyrolysis yield (T ,.,). which is a measure of the matur-
ity of kerogen. Generally, T, values increase with increasing matur-
ity and T, values below 420°C are indicative of immature organic
matter. Ol values are a measure of the carbon dioxide generation
potential of kerogen and depend on its oxygen content. According to
Espitalié et al. (1977). an OI value of 50 mg CO,/g TOC corresponds
to an atomic O/C ratio of about 0.3. High OI values are typical of
immature organic matter. Usually, marine organic matter is charac-
terized by lower Ol values than terrigenous kerogen.

In Figures 5A and B, HI and OI values determined on kerogen
concentrates and on whole-rock samples, respectively, are compared.
Ol values measured on whole-rock samples are clearly and conspicu-
ously high and caused by low-temperature (<390°C) decomposition
of carbonates. HI values measured on whole-rock samples in most
cases are lower than those measured on kerogen concentrates. This
effect probably results from an adsorption of pyrolytically-generated
hydrocarbons on mineral surfaces (mineral matrix effect). S2 values
for whole-rock samples are with few exceptions lower than 1 mg
hydrocarbon-equivalents/g rock.

More reliable Rock-Eval data were obtained by the analysis of
kerogen concentrates for which S2 values varied between 6 and 40
mg hydrocarbon-equivalents/g rock. The respective HI values are
lowest in sediments from the deeper part of Hole 859B, where OI
values are also low. This points toward a predominance of a strongly
degraded, inert kerogen in this interval (Table 2) with only a minor
contribution of labile kerogen. A higher HI value was obtained for the
sample from the shallowest core drilled at Site 859 as well as for the
uppermost samples investigated at Sites 861 and 863 (Table 2). Espe-
cially at the latter two sites, preservation of partly marine organic
matter in the upper Pleistocene was apparently reasonably good and
led to sediments enriched in organic carbon at these locations (see Fig.
4). The high OI values in these samples are tentatively interpreted as
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Table 1. Average total organic carbon (TOC) percentages (+ standard
deviation) for specific stratigraphic intervals and depth ranges at Sites
861, 860, 859, and 863 (Fig. 4).

Water  Distance Depth

depth  from shelf Stratigraphic rnge TOC
Site (m) (km) mnkerval (sl (%)
861 1650 10 upper Pliocene 170496 041 £0.10 (34)
Bl 2145 19 upper Pliocene 128-531 040 £ 0014 142)
859 2740 26 upper Pliocene 13476 0292011 (56)
H63 2565 20 upper Pliocene/ 230-734 026 £ 0.08 (40)

lower Pleistocene
Note: Number of analyzed samples indicated in parentheses.

resulting from a significant contribution of terrigenous organic matter
and a preservation of labile, oxygen-bearing functional groups.

The HI values in the deeper samples at Site 861 vary between 170
and 290 mg he/g TOC and indicate the dominance of either ter-
rigenous organic matter or degraded marine organic matter. Similar
values were determined for the deeper sediments drilled at Site 863.
The latter samples, however, are characterized by much lower Ol
values, indicating a marine rather than a terrigenous source. In con-
trast to this, kerogens at Site 861 are characterized by high OI values
that favor a terrigenous organic matter source.

T values between 390° and 420°C indicate the presence of
thermally immature organic matter at all sites (Table 2). The only
exception is Sample 141-863B-41R-3, 92-97 cm, for which a T,
value of 430°C was determined. This value corresponds to those of
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kerogens that have reached the initial stage of petroleum generation.
However, the samples below and above are characterized by lower
T,x values. Therefore, the higher value for Sample 141-863B-41R-3,
92-97 cm, is tentatively interpreted as either the effect of locally higher
maturity or caused by a different type of organic matter in this sample.

In summary, the highest HI values pointing toward the presence
of well-preserved marine organic matter were found for the upper
Pleistocene deposits at Sites 859, 861, and 863. For older samples,
Rock-Eval data exclude the presence of well-preserved marine or-
ganic matter in significant amounts and do not indicate the onset of
petroleum generation for the drilled intervals.

According to the microscopic studies on whole-rock samples
(which were found to provide more reliable results than those on
powdered kerogen concentrates containing particles in oblique orien-
tation to bedding), inertinite is the predominant maceral group at all
sites as shown by the compositional estimates summarized in Table 3.
Liptinite and vitrinite occur in minor quantities, and most liptinite is
derived from marine organisms, although terrigenous liptinite, such
as cutinite, occurs as well. In TOC-lean sediments from the deep sea,
inertinite predominance is common (Fig. 6; Littke, 1993). Liptinite is
the major maceral group in many marine organic-matter-rich rocks
such as the well-known Cenomanian-Turonian black shales. Vitrinite
commonly predominates in fluvial and deltaic environments, but
rarely in deep-sea deposits.

The predominance of inertinite at Site 859 is in agreement with the
low HI values determined for the deeper samples from this site (Table
2). Also, the low Ol values of these samples fit well to the relatively
low vitrinite content. In contrast to Sites 860 and 861, vitrinite is less
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abundant than liptinite and less abundant than inertinite at Site 859.
This decrease of vitrinite percentages with increasing distance from
the coastline (Table 1) is the result of the chemical instability of vit-
rinite precursors in oxic environments. A purely hydrodynamic effect
(settling of vitrinite particles close to the coastline) is not sufficient to
explain the above observations, because it would lead to a decrease in
both inertinite and vitrinite content.

AL Sites 860 and 861, maceral composition is more dominated by
inertinite. Liptinite percentages are extremely low at these locations
and much lower than at Site 859. On the other hand, vitrinite percent-
ages are higher at Sites 860 and 861. The higher vitrinite contribution
is explained by the proximity to the coast as the source for both
vitrinite and inertinite. Comparing Rock-Eval and microscopy data,
the high OI values fit well to the observed maceral composition
whereas the low liptinite percentages seem to contrast with the rela-
tively high HI values of samples from Site 861 (Tables 2 and 3). No
convincing explanation for this discrepancy can be offered here.

At Site 863, the maceral composition in the deeper part of the
drilled section is characterized by higher liptinite percentages than at
the other sites (Table 3). The high liptinite content is reflected in low
Ol values, but unexpectedly not in HI values greater than 200 mg he/g
TOC (Table 2) despite the analysis of kerogen concentrates which
should not show any mineral matrix effects artificially lowering HI
values in organic-matter-lean sediments. Orange (rather than yellow)
fluorescing alginite was observed only in Sample 141-863B-41R-3,
92-97 cm. This color change may indicate an enhanced maturation of
the organic matter at the respective depth (about 670 mbsf), which
was also indicated by the corresponding T, value. Based on liptinite
fluorescence, all other samples have to be regarded as immature with
respect to the onset of petroleum generation.

In summary, the microscopic results indicate that the organic
matter is predominately composed of inertinite. Marine-derived al-
ginite is most abundant at Site 863 and very rare at the near-continent
Sites 861 and 860.

NONAROMATIC HYDROCARBONS

Yields of bitumen extractable from relatively young and shallow
deep-sea sediments are usually low (<20 mg/g TOC if dichlorometh-
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Table 2. Hydrogen index, oxygen index, and Ty, values as determined by
Rock-Eval pyrolysis for kerogen concentrates (first value) and whole
rocks (second value) from off the coast of Chile.

Core, section,  Depth HI ol Ttk

interval (¢cm) tmbsf)  (mg he/g TOC)  (mg COL/e TOC) 1°C)
141-B59A-

2H-3. 666 4.80 208/41 411184 399/545
141-859B-

32R-1. T7-83 409.37 82/109 16/42 399/535

35R-2, 120-126 440.30 108/158 39/100 4170401
141-861C-

1H-2, 76-82 2.26 349191 84/244 389411

8H-2, 67-73 62.17 199/116 60/147 399/544

21X-1. 30-36 1 70.50 213/180 60/145 3904383

40X-3. 30-36 337.20 294/83 67/232 395/406
141-861D-

I5R-2. 49-55 477.79 172460 391276 407/419
141-863A-

3H-3,5-14 21.15 43372 649224 404/406

26X-2. 0-6 240.24 I88/33 40/239 405/416
141-863B-

25R-3. 116-122 515.86 197729 25/132 405/416

41R-3.92-97 664.42 164743 29/136 4300420

49R-3, 30-36 736.50 202/43 15/129 4117424

Table 3. Percentages of maceral groups vitrinite, inertinite, and liptinite,
expressed as percentage of total macerals, according to estimates in
reflected white and fluorescent light on whole-rock samples embedded
perpendicular to bedding.

Core, section, Depth Vitrinite Inertinite Liptinite
interval (cm) (mbsf) (%) (%) (5
141-8598-
HIR-1, 104109 207.44 10 80 10
23R-1. 4042 32230 (=35) 80 20
32R-1, 77-83 400,37 5 BS 10
35R-2, 120-126 440.30 10 6l 30
141-8608-
31X-3, 25-31 255,15 15 8BS (<5)
S1X-3, 7480 438.54 25 75 (<3)
61X-5, 129-135 528.99 5 95 (<8)
64X-3, 37-43 552.57 5 95 (<§)
141-861C-
IH-2, 76-82 2.26 5 95 (<5)
3H-3. 3642 15.86 5 90 5
17X-1. 89-95 139.59 0 80 20
29X-1, 115-121 238.85 20 &0 1<5)
36X-2. 79-85 297.89 15 85 (<5)
41X-2, 98104 345.88 20 80 (<5)
141-8611)-
YR-2. 44-50 421.29 (<5) 100 1<5)
141-863A-
1H-3, 113-119 4.3 10 6l 30
2H-2. 125-131 I11.35 25 0 5
141-8638-
1IR-1.6-9 376.66 (<5} 65 is
25R-3. 116-122 51586 33 33 33
3IR-5, 63-6Y 57523 3 75 20
32R-3, 17 S81.81 (<5) 9N 10
41R-3, 9297 5

66Y.42 3 70 25

ane or a solvent of similar polarity is used for extraction: Rullkdtter
etal., 1981; Rullkétter and Welte, 1983). This is a consequence of the
low maturity of the organic matter in such sediments. Extractable
bitumen yields in the sediments from the Chile Triple Junction in most
cases exceed 20 mg/g TOC (Table 4). As there is no systematic change
with depth, however, these relatively high values are not necessarily
attributable to the high geothermal heat flow in this region but may
also be related to normalization artifacts caused by the low organic
carbon contents, as observed previously in several cases. The propor-
tions of nonaromatic hydrocarbons in the bitumens vary between
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Table 4. Extract yields, compound class distributions (percentages from liquid chromatographic separation: the residuc not eluted from the column
covers the difference to 100%), vitrinite reflectance values, and molecular compound ratios from gas chromatography and gas chromatography/mass

spectrometry analysis of selected sediments from Leg 141.

Hetero-

.N.i‘TI-'iﬂIIII:I[..lI.' )\n“‘l‘lﬂl‘l“L‘ =
Core, section, Depih Total extract hydrocarbons  hydrocarbons  components R, CPI
interval (em) (mbsh)  (mglg TOC) (%) (%) (%) (%) (25-313  Poph  Ph/n-Cy  22SK22S+R)

141-859A-

2H-3, 60-66 4 80} Gl ] 2 17 ND 4.8 1.1 09 0.14
141-859B-

29R-3. 45-51 382.95 43 15 4 74 ND 43 0.5 1.6 0.08

32R-1. T7-83 40037 22 B 4 59 0.45 22 0.5 30 0.33

35R-2, 120-126 440,30 33 3 36 55 0.51 ND ND ND 0.34
141-861C-

1H-2.76-82 226 17 ] 5 59 ND i3 1.2 0.9 ND

8H-2, 67-73 62,17 19 12 5 79 ND 6.4 1.4 0.9 0.19

20X-1, 30-36 170.50 46 3 63 21 ND 58 1.3 0.9 ND

40X-3. 30-36 337.20 217 i 2 78 ND 37 1.1 09 0.03
141-R61D-

I5R-2, 49-55 477.79 S0 5 2 48 ND 4.4 1.2 0.7 ND
141-B0O3A-

IH-3,5-14 21,15 238 3 <| 4 .34 53 1.6 0.8 ND

26X-2, (-6 240.24 29 18 9 68 0.36 36 1.2 0y ND
141-863B-

25R-3. 116-122 S15.86 29 11 7 62 0.34 1.5 1.1 33 ND

41R-3,92.97 66942 40 4 14 66 0.36 31 0.9 3.1 0.06

49R-3, 30-36 64 041 28 1.4 3.8 0.14

736.50 29 16 17

Mote: 228225 + 22R) ratio of 30-honte-17a-hopanes from méz 191 mass chromatograms,

about 3% and 18% of the total extracts, whereas the proportions of
aromatic hydrocarbons—with the exception of the anomalous values
attributed to analytical errors for two sediment samples from Cores
141-859B-35R and 141-861C-21X—are considerably lower in most
of the samples studied (Table 4). For both hydrocarbon fractions these
proportions are in the range expected for sediments containing imma-
ture organic matter (e.g., Rullkétter et al., 1988).

Nonaromatic hydrocarbon distributions typical of sediments re-
covered from offshore Chile during ODP Leg 141 are shown in Figure
TA-F for samples mostly from the deeper parts of Holes 859B, 861C,
and 863B. All analyzed samples from Site 861 are characterized by
high concentrations of odd-carbon-numbered n-alkanes with 25 to 33
carbon atoms derived from epicuticular waxes of higher land plants
(e.g., Eglinton and Hamilton, 1963; Figs. 7Aand B). A second n-alkane
maximum at about n-C,, is much less pronounced. Concentrations of
the isoprenoid hydrocarbons pristane and phytane as well as those of
polycyclic nonaromatic hydrocarbons including triterpenoids and ste-
roids are also low. This pattern, in addition to being influenced by the
low thermal maturity of the organic matter, indicates the predominance
of terrigenous over marine organic matter and confirms the micro-
scopic results, because the molecular composition of organic matter in
deep sea sediments with abundant marine organic matter preservation
is reflected in elevated relative concentrations of isoprenoid and ste-
roid hydrocarbons (e.g., Rullkétter etal., 1981, 1984; Stein, Rullkétter,
and Welte, 1989). There is no indication of an impregnation of the
sediments at Site 861 by migrated bitumen from parts of the basin
where the organic matter might be more mature.

At the more distal Site 859, a bimodal distribution of n-alkanes was
found (Fig. 7C). The high concentrations of odd-numbered n-alkanes
with 25 to 33 carbon atoms (i.e., CPI values in Table 4) indicate a
significant contribution of terrigenous material to the total organic
matter, whereas the high concentration of n-alkanes with 16 to 20 car-
bon atoms may indicate an additional contribution by marine algae or
an admixture of migrated hydrocarbons from deeper, more mature
sources; the well-pronounced unresolved complex mixture underlying
the shorter-chain n-alkanes appears to support the latter interpretation
(see also Kvenvolden et al., this volume, for more information).

At Site 863, samples from shallow depths (about 21 and 240 mbsf;
Fig. 7D) show an n-alkane pattern that is roughly similar to that found
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at Site 861 (Figs. 7A and B). Samples from greater depth (515, 669,
and 736 mbsf) exhibit a strikingly different pattern (Figs. 7E and F,
respectively, for the latter two depths). Polycyclic nonaromatic hydro-
carbons are approximately as abundant as long-chain n-alkanes from
higher plants as already evident from initial GC analyses performed
aboard JOIDES Resolution (Behrmann, Lewis, Musgrave, et al., 1992).
Also, the isoprenoid hydrocarbons pristane and phytane have relative
concentrations significantly exceeding those in all other samples in-
vestigated. These data indicate a much better preservation of marine
organic matter in these samples, but may at the same time be attribut-
able to a more advanced level of diagenesis that led to the formation of
a more complex mixture of hydrocarbons from functionalized precur-
sors in the bitumen or the kerogen as observed in deep sea sediments
from other areas of high heat flow (e.g., Rullkotter et al., 1981). The
increase in the phytane/n-C g ratio with depth at Site 863 (Table 4)
corroborates the latter interpretation.

Distributions of steroid hydrocarbons for five selected samples are
shown in Figures 8A—E with the corresponding individual compounds
identified in Table 5. The two sediments from Site 861, which are poor
in biological markers as mentioned before (gas chromatograms in Fig.
7), contain mainly unsaturated sterenes and only traces of saturated
steranes. In the shallower sediment (62.17 mbsf; Fig. 8A) the most
abundant single compounds are C,; to C,g ster-2-enes, the most unsta-
ble sterene species among the isomers commonly occurring in geologi-
cal samples (van Graas et al., 1982). Progress in diagenesis in the
deeper sample (337.20 mbsf; Fig. 8B) is obvious from the appearance
and the relative abundance of ster-4- and -5-enes. A series of additional
significantly abundant compounds in the shallower sample with a mass
spectrometric key fragment at m/z 298 probably are side-chain unsatu-
rated sterenes structurally not identified in detail.

A different steroid hydrocarbon pattern was found for Sample
141-859-32R-1, 77-83 cm (409.37 mbsf). Sterenes are still present,
butin very low relative concentrations (Fig. 8C; m/z 215 trace). Satu-
rated steranes are dominant (m/z 217 trace). They include isomers of
regular steranes with steric configurations typical of mature organic
matter (205-epimers; Table 4) as well as diasteranes also more com-
mon in sediments with mature organic matter and in crude oils.
Unsaturated diasterenes are minor constituents. It is not clear whether
the unknown compounds marked in the m/z 231 trace are steroid
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Figure 7. Capillary gas chromatograms of the saturated-hydrocarbon fractions of selected samples from Sites 861, 859, and 863. A. Sample 141-861C-8H-2, 67-73
cm (62.17 mbsf). B. Sample 141-861C-40X-3, 30-36 cm (337.20 mbsf). C. Sample 141-859B-29R-3, 45-51 cm (382.95 mbsf). D. Sample 141-863A-26X-2, 0-6
cm (240.24 mbsf). E. Sample 141-863B-41R-3, 92-97 cm (669.42 mbsf). F. Sample 141-863CB-49R-3, 30-36 cm (736.50 mbsf). Vertical axis is flame ionization
detector response scaled to the most intense peak, horizontal axis is retention time. Numbers indicate carbon numbers of straight-chain alkanes, pr is pristane, ph

is phytane.

hydrocarbons or not. The carbon number distributions of the steroids
identified in this sample and those from Site 861 indicate that they
originate from marine biomass (Huang and Meinschein, 1976).

The sediments from the deep part of Hole 863B were shown
before to be rich in biological marker hydrocarbons (Fig. 7). The
distribution patterns in the two selected samples shown in Figures 8D
and E differ significantly from those described before. Saturated
steranes dominate but are present as 5f- and 5o-isomers with 20R-
configuration only. They are accompanied by a series of diasterenes
that are more abundant in the deepest sample studied. In addition,
4-methylsteranes with 30 carbon atoms form an isomer cluster typical
of dinosteranes (Summons et al., 1987). The presence of these com-
pounds, the occurrence of abundant 24-propylcholestane and 24-nor-
diasterenes, in addition to the sterane carbon number distribution are
strong evidence for a predominant contribution of marine organic
matter to these sediments (Moldowan et al., 1990, 1991; Peters and
Moldowan, 1993), as far as it is represented in the bitumen fraction.

Other significant biological marker hydrocarbons in the sediments
studied are of microbial origin. They comprise hopenes and hopanes
as the most prominent compound classes (Ourisson et al., 1979) and

varying amounts of fernenes (Brassell et al., 1981). Both sediment
samples from Site 861 have almost identical triterpenoid hydrocarbon
distributions (Figs. 9A and 9B; compound identification: Table 6).
Saturated hopanes dominate in the m/z 191 trace. The amounts of
unsaturated hopenes are surprisingly small for the shallow burial
depth and, thus, difficult to explain. Among the saturated hopanes,
those with the biogenic 17p-configuration dominate but moretanes
and particularly 30-homo-17c-hopane are unusually abundant for
sediments from such shallow depths. Among the three isomeric fer-
nenes the most stable isomer with the double bond in the 9(11)-
position dominates but the least stable fernene isomer, fern-7-ene
(Ageta et al., 1987), is still present.

Sample 141-859B-32R-1, 77-83, (Fig. 9C) contains an unusual
mixture of 17c-hopanes typical of more mature organic matter and
17B-hopanes and moretanes more common at the level of advanced
diagenesis together with hopenes usually occurring in immature sedi-
ments. Fernenes are restricted to the two more stable isomers, and
fern-7-ene was not detected. The 17o-hopanes extend only up to Cy,
in the sediments from Site 863 (Figs. 9D and E) compared with Cs5
in the sample from Hole 859B (Fig. 9C). Unsaturated hopenes are
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Table 5. Steroid hydrocarbons detected in Leg 141 sediments (see Fig. 8).

2d-nor- 10c-chacholest- 1301 7 1-ene (205)
24-nor-10c-chacholest-13( 17 1-ene (20R)
10f-dizcholest-13(17)-ene (208)
10at-diacholest- 1301 71-ene (205)
10B-diacholest- 1301 Ti-ene (208)
10o-diacholest- 1301 7)-ene (20R)
24-methyl-10f-diacholest-13( 17)-ene (20S5)
24-methyl-10ge-discholest-13¢ 1 7)-ene (205)
13f. 1 Te-diacholestane (208)

unknown (BP 231, M* 4067 (5% 1)

13B. 1Ta-diacholestane (20R)

unknown (BP 231 (BP 231, M*?)
24-ethyl-10[-diacholest-1 3( 1 7)-ene (208)
24-methyl- 10B-diacholest-13( 1 Ty-ene (208)
24-ethyl-10c-diacholest- 130 17)-ene (205)
24-methyl- 10a-diacholest-13017)-ene (201}
24-ethyl- 10B-diacholest- 1301 7)-ene (20R)
Sf-cholestune (208)

unknown (BP 231(BP 231. M*?)
24-ethyl-10c-diacholest-13( 1 71-ene (20R)
So-cholestane (205)

cholest—d-ene

w cholest-2-ene

% cholest-5-ene

¥ Sct-cholestane (20R)

£ 24-methyl-Soc-cholestane (208)

W' 24-methyl-5f-cholestane (20R)

b 24-methylcholest-4-ene
L&
d

<E "+ mpL3 oI gTFTTmRoAEn T

* 24-methylcholest-2-ene

¢ 24-methylcholest-5-ene

e’ 24-methyl-So-cholestane (20K)
* unknown (BP 298)

o' unknown (BP 298)

h 24-ethyl-Sa-cholestane (205)
i 24-ethyl-5B-cholestane (205)
j° 24-ethyl-cholest-d-ene

k' 24-cthyl-cholest-2-ene

1" 24-ethyl-cholest-3-enc

m’ 24-ethyl-So-cholestune (20R)
n’ unknown (BP 298)

o Oy, +methyisterane isomers (dinosteranes)
p" 24-propyl-5a-cholestune (20R)

significant constituents, as are hopanes with the biogenic 17B-con-
figuration. Both samples from Site 863 have triterpenoid hydrocar-
bon distributions similar to each other. The lower hopane/sterane ratio
indicates less bacterial reworking than in the other samples studied.
The absence of fernenes is consistent with this,

MATURITY

Some maturity information was obtained from T,,,, values and
fluorescence colors, which both indicate that the organic matter is
immature. A possible exception may be the deeper part (about 670
mbsf) at Site 863, but this was deduced from data and observations
on only one sample. More quantitative information on organic matter
maturity is provided by (1) vitrinite reflectance data (R,), (2) carbon
preference index (CPI) values, and (3) biomarker maturity parame-
ters. The respective values are listed in Table 4.

Vitrinite reflectance values were measured only on kerogen con-
centrates prepared from samples from the deeper sections at Sites 859
and 863. For the shallower sediments at these locations and for
sediments at Sites 860 and 861, it was assumed that organic matter
generally is immature (Behrmann, Lewis, Musgrave, et al., 1992).
Mean vitrinite reflectance values obtained for the two samples from
Site 859 differ considerably (0.30% and 0.45%:; see Table 4). The
higher value for the deeper sample is regarded as an indication of the
absence of autochthonous vitrinite; in this case the higher value
results from the measurement of reflectance on reworked vitrinite
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Table 6. Triterpenes identified in Leg 141 sediments (see Fig. 9).

22,29, 30trinor-hop-17(21 )-ene
22.29.30-trinor-17o-hopane
22.29.30-~rrin0r-17B-hopane
C,,-triterpane (M* 384)

O triterpene (M* 382)
C.y-triterpane (M* 384)
30-nor-hop-17(21 j-ene
30-ner-nechop-13(18)-ene
30-nor-17u0-hopane
A0-ner-nechopane

hop-17(21)-ene

30-ner-moretane

1 7ee-hopune

fern-8-ene

neohop-13(18)-ene

-nerr- 1 T\-hopane

fern-9(11)-ene

moretine

fern-T-ene

30-frenno-17o-hopane (208)
30-fennro-1To-hopane (20R)
17p-hopane

30-hemro-moretane

M-chitenner-1 To-hopane (208)
30-dihenne- | Tee-hopane (20K)
30-hemo- 1 7f-hopane

" 30-dihemeo-17[3-hopane
30-trihomo-1Tu-hopane (205)
30-trifieno-1To-hopane (20R)
30-tetrakishome- ) To-hopane (208)
30-retrakishono-1To-hopane (20R)
30-prentakishome- 1 To-hopane 208)
30-pentakisfomo-1To-hopane (20R)

SO AR N R C O RO IO ZE R~ IOTNTAE>
- R 4 -

particles. The lower value is regarded as a more accurate indicator of
the thermal history of sediments at Site 859.

At Site 863, vitrinite reflectance values increase little with depth.
For three samples between 240 and 670 mbsf, mean reflectance val-
ues between (.34% and 0.36% were established. A slightly higher
value of 0.41% resulted for the deepest sample at 736 mbsf (see Table
4). All reflectance data suggest that the sediments did not reach the
threshold value for thermal petroleum generation given in textbooks
(usually about 0.5% R,: see Tissot and Welte, 1984). The invariability
of the reflectance values can be tentatively explained by maturation of
the now steeply dipping sedimentary sequence prior to tectonic defor-
mation. The slightly higher reflectance value of the lowermost sample
may indicate that only the deepest rocks at Site 863 (below 670 mbsf)
experienced an additional post-tectonic maturation. It should, how-
ever, be noted that reflectance values in immature sediments are
greatly facies dependant. Therefore, other explanations for the invari-
able mean vitrinite reflectance values cannot be ruled out; the absence
of autochthonous vitrinite and presence of reworked vitrinite (of about
0.35% R,) would also explain the described phenomenon. The reflec-
tance data do, however, rule out that maturity significantly exceeds
0.4% R_ in any of the drilled sediments at Site 863.

The reflectance value of 0.41% at 736 mbsf can be used to calcu-
late, how long elevated temperatures may have influenced the sedi-
ments. Assuming a maximum temperature of 100°C for these sedi-
ments, a duration of this maximum temperature of about 20,000 yr
has to be assumed according to Sweeney and Burnham (1990). If
peak temperatures had reached 120°C in the past, a duration of about
1000 yr would be sufficient to explain the 0.4% R, value.

CPI values for the pentacosane to hentriacontane (n-C,s-n-Cs,)
range arc high in all analyzed samples, which indicates that the or-
ganic matter is immature or only marginally mature (Table 4). These
n-alkanes, thus, are directly inherited from terrigenous higher plants
and not diluted with significant amounts of thermally generated hydro-
carbons, which because of random carbon-carbon bond cracking would
tend to decrease CPI values toward unity. The differences between the
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Figure 8. Partial mass fragmentograms of key ions for steroid hydrocarbons (m/z 215: sterenes, m/z 217: steranes, m/z 231: 4-methylsteranes, m/z 257: diasterenes;
m/z 298: unknown sterenes, probably with double bond in the side chain) from GC-MS analysis of nonaromatic-hydrocarbon fractions in bitumen extracted from
selected sediments recovered during Leg 141. A. Sample 141-861C-8H-2, 67-73 cm (62.17 mbsf). B. Sample 141-861C-40X-3, 30-36 cm (337.20 mbsf). C.
Sample 141-859B-32R-1, 77-83 cm (409.37 mbsf). D. Sample 141-863B-41R-3, 92-97 cm (669.42 mbsf). E. Sample 141-863B-49R-3, 30-36 cm (736.50 mbsf).
Vertical axis is relative abundance in percent for each ion trace, horizontal axis is scan number and, implicitly, retention time. For compound identification see
Table 5. For technical reasons of data processing for geographical representation, the m/z 231 traces are slightly offset from other traces.
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Figure 9. Partial mass fragmentograms of key ions for triterpenoid hydrocarbons (m/z 191: most triterpenes and (riterpanes, m/z 243: fernenes, m/z 231:
hop-17(21)-enes) from GC-MS analysis of nonaromatic-hydrocarbon fractions in bitumen extracted from selected sediments recovered during Leg 141. A, Sample
141-861C-8H-2. 67-73 cm (62.17 mbsf). B. Sample 141-861C-40X-3, 30-36 ¢cm (337.20 mbsf). C. Sample 141-859B-32R-1, 77-83 cm (409.37 mbsf). D. Sample
141-863B-41R-3, 92-97 cm (669.42 mbsf). E. Sample 141-863B-49R-3, 30-36 cm (736.50 mbsf). Vertical axis is relative abundance in percent for each ion trace,

horizontal axis is scan number and retention time. For compound identification see Table 6.

CPI values of the different samples are probably the result of changes
of organic facies rather than to changes of maturity.

Biological marker hydrocarbons exhibit a complex pattern of
mixed mature and immature signatures in some of the samples inves-
tigated. Samples from Site 861 mostly indicate low maturity (owing
to the dominance of sterenes) although the low concentration or
absence of hopenes in the presence of abundant saturated analogs is
difficult to explain.

Sediments from Site 859 contain varying admixtures of mature
hydrocarbons to a background of immature components. This is
evident from the dependence of 225/(22S + 22R) epimer ratios of
extended 17a-hopanes on carbon number (Fig. 9C). The C;, pseudo-
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homologs consistently show lower epimer ratios because they com-
prise a significant contribution of the indigenous 22R epimer (typical
immature signature; Fig. 9B), whereas the C;,-Cs5 pseudohomologs
are uniformly more mature. This can be explained by impregnation
of the sediments at Site 859 with migrated mature bitumen. The extent
of impregnation varies, as can be seen from the variation of 225/(225
+ 22R) epimer ratios for these samples (Table 4). The lack of a
systematic downhole trend is evidence against in-situ maturation by
locally high heat flow. A similar maturity variation pattern also ap-
plies to the 208/(20S + 20R) epimer ratio of 24-ethylsteranes (Fig. 8C;
see Kvenvolden et al., this volume, for a more detailed discussion).
The presence of fernenes, hop-17(21)-ene, neohop-13(18)-ene, and



sterenes as typical feature of immature organic matter further cor-
roborates the concept of low in-situ maturation. The migrated hydro-
carbons may derive from a more mature sediment section, which may
be hydrothermally influenced like at vents at the seafloor (Simoneit,
1993, and references therein).

Based on biological marker composition, sediments from Site 863
show an increase in diagenetic transformation with depth as indicated
by the 225/(225+22R) epimer of the C;; homo-17-0. hopanes (Figs.
9D and 9E: Table 4), which is consistent with the vitrinite reflectance
data. There is no indication of the presence of migrated hydrocarbons
in sediments at this site.

CONCLUSIONS

Sediments from the Chile Triple Junction area recovered during
Leg 141 are lean in organic matter, although they are slightly more
enriched in organic carbon than average deep-sea sediments. The
influence of terrigenous organic matter supply is clearly visible by
bulk (Rock-Eval pyrolysis) and molecular (n-alkane distributions)
parameters. The farthest landward Site 861 received most of this ter-
rigenous contribution. Marine organic matter was preserved in sig-
nificant amounts particularly in the deeper sections at Site 863, as is
obvious especially from extractable hydrocarbon analysis.

The high heat flow at the Chile Triple Junction is indeed reflected
in the organic matter compositions of the sediments, but it is hard to
unravel in detail the timing and duration of elevated heat flow to indi-
vidual sediment layers at the different sites. Complex molecular bio-
logical marker distributions at Site 859 comprising unusual mixtures
of mature and immature signals may be interpreted as migrated hydro-
carbons from more mature sections. Indigenous maturation apparently
is most advanced at Site 863. In both cases, the proximity to the ridge
axis will be responsible for the observed maturation effects.
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