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ABSTRACT

Seventeen sites on the Amazon Fan were drilled during Leg 155. Although the oldest recovered sediment dates from isoto-
pic Stage 8 (~0.25 Ma), our sampling concentrated on the last glacial cycle. Sites were correlated by seismic reflection profiles,
paleomagnetic orientation and intensity, stable isotopes of planktonic foraminifers, and biostratigraphic methods. The Amazon
Fan aggraded during lowstands of sea level and switched depocenters following major highstands, when pelagic and/or hemi-
pelagic calcareous clay was deposited across the fan. Only one distributary channel was active at any one time, although spill-
over of turbidity currents led to channel-related deposition on abandoned levees. Depositional rates on the levees of active
channels reached 25 m/k.y. Although we have identified the position of the last interglacial (Stage 5) on the fan, we have not yet
identified a deposit formed at the initial lowering of sea level at the Stage 4/5 boundary in cores or on seismic profiles. Recov-
ered and logged sediments show that prominent, coarse-grained deposits are present in flat-lying layers that underlie middle-
fan channels as well as in channels. These coarse layers form units up to 25 m thick, and were formed following avulsions.
These units extend downfan to form the bulk of the lower fan. The existence of coarse, sheet sediment deposits in this overall
muddy fan is at odds with the view that significant coarse-grained sediments do not exist in muddy fans. Since leveed channels
can transport coarse-grained sediments to the middle and lower fan, separate sedimentary processes are not required to create a
sandy lower fan and channel-levee systems on the upper and middle fan: these deposits are contemporaneous and form when-
ever the fan is active.

The rapidly accumulated sediments contain a high-resolution record of both oceanic and continental paleoclimate that will
require much more study. Surface gradients in the ocean are steep, resulting from the complex interaction of saline South Atlan-
tic water and freshwater discharge from the Amazon River. Detrital palynomorphs and phytoliths show that there was only
modest cooling and an extension of savannah in the Amazon Basin during the last glacial maximum. The organic matter depos-
ited on the Amazon Fan is broadly similar in composition to the modern Amazon River. The enhanced transport of organic mat-
ter to the Amazon Fan when the fan is active reduces the amount of carbon remineralization.

Leg 155 has demonstrated both the feasibility and value of high-resolution drilling on continental margins, for solving pale-
oenvironmental, sedimentological, and geochemical questions. In particular, we have demonstrated that the sampling of mud-
rich deep-sea fans can be a practical tool for the sampling of integrated terrestrial and oceanic paleoclimate records; a technique
that can be followed in other regions.
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INTRODUCTION

Continental margin environments are important repositories of in-
formation about the Earth’s history. Sediments deposited in this 
vironment, although sometimes difficult to decipher, contain reco
of sea level, sediment flux to the oceans, ocean circulation, and 
and ocean climate. Margin environments are of particular importa
because sedimentation rates are usually high (thus allowing for h
resolution records), and they are located where environmental gr
ents are steep and where the marine and terrestrial records interfi
Interpreting this record requires a detailed understanding of sedim
tary processes and distribution patterns.

The study of margin sediments is particularly rewarding in r
gions of submarine fans. Submarine fans form the largest deep-w
sediment bodies on continental margins, and the record of sedim
flux to submarine fans can provide important information about t
effects of land climate, sea level, and source area tectonic activ
However, our understanding of the growth patterns of submarine f
and of the relative roles of processes internal and external to the
in creating the sediment body is limited. Many of the materials th

1Flood, R.D., Piper, D.J.W., Klaus, A., and Peterson, L.C. (Eds.), 1997. Proc. ODP,
Sci. Results, 155: College Station, TX (Ocean Drilling Program).
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accumulate on fans originate on land, and their composition (both
organic and organic) contains important information about the 
mate and erosional history of the source area. Several sedimen
environments may be present at any one time in fan deposits,
each environment can provide a different record of paleoclima
During marine lowstands, the levee of an active channel contains
terials delivered by rivers to the continental slope with minimal tim
delay. The biota of the ocean and associated organic materials ca
preserved in fan environments where downslope transport is m
mized, such as local topographic highs including abandoned le
crests. Sedimentation rates in these environments are, neverthe
higher than in pelagic environments, so that an expanded sectio
expected, but age control is possible.

Normal piston cores penetrate only the upper 10 m or so of th
sedimentary deposits typical of submarine fans and thus sample 
the most recent time intervals. As a result, our overall understand
of the sedimentary facies associated with seismic and morpholog
units, the age of these units and their relationships to one another
the climatic record preserved in their sediments remain poor. De
continuous sampling in morphologically well-defined areas is r
quired to make significant progress toward understanding the de
sitional patterns and growth of deep-sea fans. This information 
then be applied to interpreting modern continental margins and 
cient turbidite basins.

The Amazon Fan, at the mouth of the Amazon River, provided
opportunity to investigate a large muddy fan and the stratigraphic 
climatic records that it contains. The Amazon Fan is one of the larg
modern submarine fans and forms a significant proportion of the c
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tinental margin off northeastern Brazil (Fig. 1). The fan contains
much of the material eroded from the continent within the Amazon
drainage basin. Large fans, such as the Amazon, Mississippi, Indus,
and Bengal fans, are formed by the long-term localized input of flu-
vial sediments moderated by glacio-eustatic sea-level fluctuations,
climate change, and tectonic activity.

This study focuses on the development of the Amazon Fan during
the last few late Quaternary glacial-interglacial climate cycles char-
acterized by frequent, high-amplitude sea-level fluctuations. This fo-
cus is desirable because a detailed global sea-level record is available
for this time interval, especially during the last glacial-interglacial
cycle (isotopic Stages 1−5), and is necessary because the fan deposits
are thick. However, the architectural elements of the Amazon Fan
that developed during the latest climatic cycle appear similar to those
of muddy fans known to have deposited during earlier intervals under
different sea-level patterns (e.g., Pleistocene–Pliocene Gulf of M
ico, Weimer, 1990; Cretaceous California, Nilsen et al., 1994), th
the results of this study are expected to apply to some extent in a n
ber of areas and time intervals.

The record of land climate in equatorial South America, t
source region of the Amazon River, is of critical importance to o
understanding of Quaternary climatic history. Equatorial regio
play a pivotal role in the atmospheric transport of heat to higher l
tudes. Land climate records in such regions are short. For the A
zon Basin, few records extend back into the last glacial maxim
(LGM), so climate conditions at that time are poorly known. Mate
als (organic and inorganic) transported by the Amazon River are
posited on the Amazon Fan during times of lowered sea level 
thus potentially provide a detailed record of land climate.

The Amazon Fan also underlies the western tropical Atlantic w
ter masses. These water masses and their circulation patterns ar
ticularly important in terms of ocean dynamics and interocean h
transfer (Fig. 2). During glacial times, equatorial circulation patter
may have been different because of, for example, changing wind 
terns or narrower shelves. Reduced flow of the North Brazil Coa
Current (NBCC) across the equator would reduce cross-equato
oceanic heat and salt transport, both of which are important com
nents of the global ocean circulation pattern. If this were the ca
then circulation patterns of the glacial western tropical Atlantic cou
at times have been very different from the modern-day circulation
gime. Understanding the changes in ocean properties and ocea
culation that have occurred will contribute to the understanding
global circulation dynamics.

Seventeen sites were drilled on the Amazon Fan during Leg 
(Fig. 1) to meet four main objectives (Flood, Piper, Klaus, et a
1995; Shipboard Scientific Party, 1995a):

1. To determine the relationship between the development of
deposits, sea-level change, and climatic and possibly tecto
changes in the Amazon Basin.

2. To determine the sediment lithologies characteristic of distin
tive acoustic facies and sedimentary processes.

3. To use the stratigraphic record of the Amazon Fan to better
derstand climatic change within the Amazon drainage ba
and the overlying western equatorial Atlantic.

4. To characterize and understand the nature, origin, and early
agenesis of organic carbon present in different fan units.

In this paper, we discuss the results of Leg 155 in terms of th
objectives. Others papers in this volume provide a fuller discuss
of results and their implications: our aim is to provide a useful su
mary of these results and to explore linkages between the var
studies.
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RELATIONSHIP OF FAN GROWTH TO 
SEA LEVEL AND CLIMATE

Objectives

The first objective of Leg 155 was to determine the relationsh
between the development of fan deposits, sea-level change, clim
and possibly tectonic changes in the Amazon Basin. The objec
addresses a long-standing sedimentological question: to what ex
do the major sedimentary bodies, including deep-sea fans, evo
through autocyclic processes, and what is the relative importanc
sediment supply (controlled by climate and tectonics) and sea-le
change in the development of sediment facies (e.g., Stow et 
1985)? We also wished to test, in a general way, the conceptua
quence stratigraphic models that have evolved through a series o
pers by P.R. Vail, co-workers, and others (e.g., Vail et al., 197
Posamentier and Vail, 1988; Vail et al., 1991; Posamentier and All
1993); in particular, the proposition that a coarser grained depo
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Figure 1. Map of the Amazon Fan showing the location of sites and names of
surficial channels of the Upper Levee Complex. Note that the heavy line is
the Amazon Channel. The Yellow, Blue, Purple, Aqua, and Brown Channels
are located about where their names are shown (figure modified from
Damuth et al., 1988, and Manley and Flood, 1988).
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some times called a “basin floor fan,” formed at sea-level falls 
lowstands is downlapped by a finer grained deposit, sometim
called a “slope fan,” formed later, perhaps during sea-level rise
addition, several authors (e.g., Posamentier and Allen, 1993; Rea
and Richards, 1994) have suggested, based on systems tracks a
sis, that large muddy fans, such as the Amazon Fan, generally sh
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Figure 2. Schematic representation of the present ocean circulation over the
Amazon Fan. NBCC = North Brazil Coastal Current; NEC = North Equato-
rial Current; NECC = North Equatorial Counter Current; retro = retroflection
of NBCC; small dots show locations of Leg 155 sites. A. Surface circulation
from February to June. B. Surface circulation from July to January.
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not contain sand-rich layers. However, autocyclic processes m
play an important role in the development of sand layers in mud
fans (Flood et al., 1991) a suggestion testable by drilling.

Relationship to Large-Scale Sea-Level Fluctuations

Growth patterns of major deep-sea fans are well-known from se
mic studies (e.g., Weimer, 1989, 1990; Droz and Bellaiche, 198
but with the exception of the Mississippi Fan, precise chronolog
control is lacking that will allow major architectural elements to b
related to changes in sea level. Leg 155 provided such chronolo
control on the Amazon Fan.

The Amazon Fan has aggraded principally by the deposition
thick channel-levee deposits from turbidity currents (Manley an
Flood, 1988). Periodic channel avulsion has resulted in the deposi
of a series of overlapping channel-levee deposits downfan from
canyon system. Previous workers on the Amazon Fan (Damuth et
1983; Manley and Flood, 1988) have assigned names to all the 
ognized channel-levee systems as follows (Figs. 1, 3; see also F
et al., 1995 and Shipboard Scientific Party 1995a for a description
fan stratigraphy).     

Upstream from any particular avulsion point, two successi
channel-levee systems may follow the same path. Individual chann
levee units appear to group into larger levee complexes: the Up
Middle, Lower, and Bottom Levee Complexes (Fig. 3). Levee com
plexes occupy geographically distinct areas of the fan and are co
monly separated from each other by mass-transport deposits (MT
and flat-lying seismic reflections.

Previous piston core studies have shown that the Amazon Fan
graded and built channel levees during the late Pleistocene, but 
by the mid-Holocene, rising sea level had ended significant cro
shelf transport of Amazon sediment, which was advected northw
along the South American coast by the North Brazil Coastal Curre
Hemipelagic mud with 10%–45% CaCO3 accumulated across the fan
during the Holocene highstand of sea level. Detailed foraminif
study at Site 934 (adjacent to the most recently active fan chan
Shipboard Scientific Party, 1995b) showed that calcareous mud f
accumulated ~9 ka, when the sea level was probably ~30 m be
present sea level and the proportion of calcium carbonate was hig
from ~6 ka to the present time, the time of the highest Holocene 
level off Brazil (Farrell and Clark, 1976; Fairbanks, 1989).

Upper Levee Complex
Amazon (Am)
Brown (Br)
Aqua (Aq)
Purple (Pu)
Blue (Bl)
Yellow (Ye)
Channel 5 (Ch 5)
Orange (Or)
Channel 6 (Ch 6)
URMTD and BMTD

Middle Levee Complex
Red (Re)

Lower Levee Complex
Gold (Go)
Green (Gr)
Lime
Gray

Bottom Levee Complex
655
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Lithologically similar buried carbonate-rich muds overlie the
Middle, Lower, and Bottom Levee Complexes. Where recovery was
good, these carbonate-rich muds pass down gradually into bioturbat-
ed mud and then levee mud with silt laminae, in a manner analogous
to the transition from Holocene calcareous mud to latest Pleistocene
levee deposits. However, no carbonate-rich mud is identified overly-
ing individual channel-levee systems within the levee complexes,
suggesting that multiple channel-levee systems have formed during a
single sea-level lowstand. The buried carbonate-rich muds contain
interglacial microfossil assemblages (Maslin and Mikkelsen, this
volume). At Site 942, oxygen isotope stratigraphy clearly shows that
carbonate-rich muds were deposited during marine highstands of
Substages 5a, 5c, and 5e (Showers et al., this volume). At Site 946,
the presence of the Blake paleomagnetic event in a carbonate-rich
mud (Cisowski and Hall, this volume) also demonstrates the presence
of this lithology during a Stage 5 highstand. These Stage 5 calcareous
muds overlie the Middle Levee Complex (Fig 4). Calcareous muds
overlying the Lower Levee Complex are assigned to isotopic Sub-
stage 7.3 and those overlying the Bottom Levee Complex to Substage
7.5 (Piper et al., Chapter 39, this volume).

The geographic distribution of each levee complex (e.g., Fig. 1 in
map view for the Upper Levee Complex and Fig. 3 in cross-section)
and limited seismic data (Manley and Flood, 1988) indicate that the
main dispersal point on the upper continental slope (corresponding to
the Amazon Canyon for the Upper Levee Complex) was different for
each levee complex.

Analysis of sediment recovered during Leg 155 has demonstrated
that each major architectural element of the Amazon Fan, a levee
complex built of a number of individual channel-levee systems, de-
veloped during a major lowstand of sea level. However, major low-
stands for the Pleistocene may not precisely correlate with the stan-
dard isotope stages, because two levee complexes (Bottom and Low-
er) may have formed during Stage 7. Only highstands of sea level that
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Figure 3. Schematic cross section of the Amazon Fan through selected ODP sites showing (A) the major levee complexes, MTDs, and buried calcareous muds,
and (B) the predicted location of highstand carbonate units (from Piper et al., Chapter 39, this volume). Names of channel-levee systems (Ch 6, Ch 5, Or, Ye, Bl,
Pu, Aq, and Am-Br) are summarized on page 3, this chapter.  Stages and substages are given in large, bold numbers.
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rose to within ~30 m of present sea level (shelf-edge water depth of
~50 m) appear to have been sufficient to end cross-shelf sediment
transport from the Amazon delta system to the fan, although north-
westward-flowing coastal currents may also play a role in diverting
Amazon River sediment from the slope from the shelf. During the
sea-level fall that followed such a major transgression, the principal
upper slope pathway for sediment may have been re-established at a
different site, probably as a result of the fortuitous position of the
principal distributary mouth during regression. The magnitude of
sea-level fall needed to initiate deep-sea fan deposition in the Ama-
zon system is less clearly resolved, although sea-level falls of ~25 m
(shelf-edge water depths of ~55 m) apparently did not initiate fan
deposition during Stage 5 (see later discussion of Stage 5 turbidites
at Site 942).

In the areas drilled by Leg 155, levee complexes tend to be sepa-
rated by large MTDs, which makes the levee complexes distinctive
features on seismic records. Although major MTDs appear to corre-
late with times of falling or maximum lowstand of sea-level (Piper et
al., Chapter 6, this volume), major MTDs do not appear to have
formed during every sea-level lowstand, and the upper boundaries of
levee complexes (which correspond to sea-level highstands) can be
traced laterally into undrilled regions where no MTD is present to
separate the levee complexes (Fig. 3).

Timing of Individual Channel-Levee Systems

If the major “Levee Complexes” are controlled by major sea-lev
changes, can there also be a sea-level influence on the develop
of individual channel-levee systems? Previous workers have infe
from seismic reflection profiles that only one channel system was
tive at any one time (Damuth et al., 1983; Manley and Flood, 198
Pirmez and Flood (1995) have argued that the periodic avulsion
channel systems is an autocyclic process related in part to the fa
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of levee flanks, and probably strongly influenced by evolution of
channel gradient.

Precise correlation of sites on the Upper Levee Complex has been
achieved by means of oxygen isotopes, paleomagnetic variation, and
changes in magnetic susceptibility (Piper et al., Chapter 39, this vol-
ume). While site-to-site correlation is quite good, detailed age models
are still preliminary, and are based principally on the correlation of
paleomagnetic intensity with other dated sequences (Cisowski and
Hall, this volume). These correlations confirm that at any one time,
only one channel system in the Upper Levee Complex was active, in
the sense of being a continuous conduit for sandy turbidity currents.
Channels appear to have been conduits for muddy turbidity currents,
presumably from spillover of tops of turbidity currents at the avulsion
point, following abandonment (Piper et al., Chapter 39, this volume).

Figure 5 shows when the various channel-levee systems of the
Upper Levee Complex were active and correlates this activity with an
independently derived eustatic sea level during isotope Stages 
(see Flood, Piper, Klaus, et al. [1995] for a discussion of this sea le
curve). Dating of past sea-level high- and lowstands prior to the LG
at ~20 ka. is not sufficiently precise to correlate changes in distri
tary pattern with changes in sea level. Despite the minor uncertain
in the timing of both eustatic sea-level changes and channel-le
system activity, there is no evidence for a link between the two. O
sampling of channel-levee systems of the deeper levee complex
not sufficient to continue this detailed correlation to older time inte
vals, but their channel-levee systems are definitely older than Sta
(125 ka).

Within the levee of a single channel system, for example, Bro
at Site 935 or Aqua at Site 940, there are considerable variation
the abundance and thickness of silt laminae. Oxygen isotopes a
precise correlation of some of these intervals between cores (e.g
meters below sea floor [mbsf] at Site 935, which corresponds to
mbsf at Site 936 and to 42 mbsf at Site 939). These variations ma
the result of autocyclic changes in the depth of the turbidity curre
channel (so that varying amounts of coarse sediment overspill 
levees), as argued by Pirmez and Flood (1995). However, the re
nition that abandoned channels continue to act as pathways for o
banking turbidity currents suggests that very substantial and perh
reversible changes in channel depth would be needed to produc
observed variation in the abundance of silt laminae. Alternative
these variations may result from differences in the river sedim
load or character of turbidity currents as a result of unrecognized 

stacked Oδ

A
ge

 (
ka

)

1
2

3

4

5

6

7

8

MIDDLE

LEVEE

COMPLEX

LOWER L.C.

BOTTOM
LEVEE

COMPLEX

Isotopic
Stage

Levee
Complex

Highstand
deposit

Holocene

0-2 -1 1 2

UPPER

LEVEE

COMPLEX

Erosion by
mass-transport
flows

Sites 942, 946

Sites 935, 936,
944

Sites 931, 933

Figure 4. Schematic sea-level curve (isotope curve of Imbrie et al., 1984)
showing the relationship to the major architectural features of the Amazon
Fan.
2–4
vel
M

bu-
ties
vee
ur

es is
r-

ge 5

wn
s in
llow
., 30
 28
y be
nt
the
cog-
ver-
aps

e the
ly,
ent
mi-

nor sea-level changes, climatic changes, changes in the delta a
mouth of the glacial Amazon River, or changes in coastal curr
strength.

Several factors could be responsible for small, unrecognized s
level changes in the vicinity of the Amazon Fan. Driscoll and Karn
(1994) suggest that crustal loading by Amazon Fan sediments c
result in localized uplift affecting both local sea level and river gra
ents near the coast and lead to a reduction in sediment supply t
fan. Detailed modeling of crustal loading and coastal uplift will b
needed to determine the timing of these events.

Small-scale, climate-related isostatic changes in sea level m
also be possible, for example, as related to high-latitude Heinr
events (Maslin et al., this volume). In general, intervals of hea
oxygen isotope peaks in planktonic foraminifers correspond to in
vals of more abundant silt laminae in levee sections (Fig. 6). We
not currently understand the significance of such heavy peaks. S
may correspond to global peaks related to global ice volumes 
hence sea level: for example, peak hc in Figure 6 appears to corre-
spond to the LGM lowstand of sea level (Stage 2.2). Others, suc
the peak hb, appear to have an origin in changing surface circulatio
and Maslin et al. (this volume) postulate that they may be relate
climatic changes associated with high-latitude Heinrich (ice meltin
events, and thus they probably result in rapid rises of sea level (o
order of 1−2 m). In the Amazon Basin, Heinrich events may be e
pressed by incursions of saline waters above the Amazon Fan as
as by increased precipitation, leading to a greater discharge of 
sediment from the Amazon River. If the heavy planktonic isoto
events are associated with Heinrich events, we see no obvious 
mentological effects of a rapid sea-level rise because sediment flu
the fan appears to increase during heavy events rather than decr

The base of a levee system, marking a change in channel pat
is best defined in sections where the levee overlies high-amplitude
flection packets (HARPs; Fig. 7). In such circumstances, isoto
data across the base of the levee system are sparse. The correla
levee systems between holes (Piper et al., Chapter 39, this volu
suggests that some levee systems were initiated at times of h
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planktonic isotope peaks and enhanced silt supply (e.g., base of Am-
azon system at 40−45 mbsf at Site 939 and 57 mbsf at Site 940; base
of Brown at 72 mbsf at Site 936 and ~60 mbsf at Site 935; base of
Aqua at 115 mbsf at Site 935). These intervals correspond approxi-
mately to intervals with more highly negative δ13C (Schneider et al.,
this volume; Maslin et al., this volume). On the other hand, the base
of the Blue system in Site 938 and the base of the Yellow system in
Site 933 both correspond to light peaks in the oxygen isotopic curves.

Taken all together, these observations may mean that the avulsion
process is primarily an autocyclic process of leveed fan channels, be-
cause the timing of avulsions does not appear to be uniformly tied to
any particular climatic or sea-level event. Avulsions may still be ini-
tiated by particular events, such as levee failure associated with en-
hanced sediment supply to certain sections of the channel. However,
the location and timing of such events (at ~3- to 10-k.y. intervals on
the Amazon Fan) appears to be related to natural variability in sedi-
ment transport on the fan rather than to outside factors.

Stage 5 (Highstand) Turbidite Deposition: Site 942

Analysis of sediment sequences and oxygen isotopic studies show
that deposition on the fan is cut off during times when sea level is
highest, such as at the present time. The sediments deposited at these
times are calcareous, have a light isotopic character, and have an in-
terglacial fauna and flora. However, oxygen isotope records and sea-
level curves (Figs. 4, 5) suggest that the sea level was not uniformly
at its highest stage during interglacial periods such as during isotope
Stage 5, but it varied within a range of ~25 m and a period of ~20 k.y.
The sediment record recovered from Site 942, located on perhaps the
most recent Stage 6 (Middle Levee Complex) on the western side of
the fan, reveals a record of turbidite sedimentation during Stage 5 that
is in part related to these small, interglacial sea-level fluctuations.
Figure 7. A. Representative seismic profile from the 
middle Amazon Fan showing seismic facies in the 
vicinity of Site 935. ULC = Upper Levee Complex; 
MLC = Middle Levee Complex; LLC = Lower Levee 
Complex; BLC = Bottom Levee Complex; DF = mass 
transport deposit; HAR = high-amplitude reflections; 
HARP = high-amplitude reflection packet. 
Shipboard descriptions suggest that the relatively thin (~30 m
thick; thin compared to a typical levee deposit) turbidite section at
Site 942 developed in isotopic Stage 5 is quite different from turbidite
sections elsewhere on the Amazon Fan (Shipboard Scientific Party,
1995d). The turbidites in this section consist of cleaner sands than
any other turbidites on the Amazon Fan, and, as a result, they are
somewhat coarser than those typical of levee deposits. Detailed cor-
relation with the age model developed from oxygen isotope stratigra-
phy (Fig. 8; Showers et al., this volume; Schneider et al., this volume)
shows that turbidites are most frequent at intermediate stands of sea
level, perhaps immediately following the three carbonate-rich Stage
5 sea-level highs, when shelf-edge water depths would have been in
the range of 70–55 m, ~10–20 m below present sea level. This te
enous input results in an overall Stage 5 sedimentation rate of 
cm/k.y., with values over 100 cm/k.y. In contrast, the 942 sedim
record during the Stages 4, 3, and 2 lowstand is only ~25 m th
much thinner than at all other fan sites, suggesting that little sedim
reached this site during the most recent lowstand. Sedimenta
rates are relatively low during Stages 4, 2, and most of 2 (~30 
k.y.), but increase slightly at the end of Stage 2 and early in Stag
(~50 cm/k.y.), before dropping to low modern highstand values (
cm/k.y.).

This apparently anomalous sediment record is consistent w
likely sediment processes active on the shelf and fan and sugges
variety of sediment sequences possible within a fan setting. 
Stage 5 turbidites appear to be derived from reworked outer s
sands that are shed from the shelf (perhaps preferentially du
storm resuspension and most likely enhanced by relatively small 
level falls; see also Posamentier et al., 1991). Highstand turbi
deposition at this site may also be enhanced by the location of 
942 adjacent to a fan channel active during Stage 6, especially w
the canyon associated with this older channel acted to intercept s
being transported on the shelf. During the larger Stages 2−4 sea-level
659
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fall, the new Amazon canyon developed ~100 km southeast of this
site, resulting in relatively little sediment reaching this site. The in-
creased sedimentation rate at the end of Stage 2 and early in Stage 1
may result from northward current-related sediment transport of sed-
iment that escaped the river/canyon system during the last sea-level
rise.

Sequence Stratigraphy and Sea-Level Change

A multistep approach can be used to relate depositional patterns
on the Amazon Fan to sea-level change, and thus to possible se-
quence stratigraphic models. The first step is to sample seismic units
on the fan, focusing on the muddier parts built by channel-levee sys-
tems where the best age control is expected, to determine the facies
and ages of those units. The second step is to compare the ages of
those units with a late Pleistocene sea-level curve to determine in
what part of the sea-level cycle they were formed. The third step is to
examine the cored section and the seismic profiles, now tied to the
sea-level curve, to determine where the sediments deposited during
different portions of the global sea-level curve should lie (i.e., fall,
lowstand, rise, highstand; Fig. 9). The final step is to evaluate the
seismic and cored sediment facies to determine whether there are sys-
tematic variations during a sea-level cycle in this deep-water system
Figure 7 (continued). B. Block diagram illustrating the 
development of a new channel-levee system (and associated 
HARPs) following an avulsion event (after Flood et al., 
1991).
660
similar to those generally predicted. This can be done in a preliminary
fashion with the data in hand, but additional studies are anticipated.

A number of sequence stratigraphic models have been presented
that include deep-water sediment deposits, often termed fans, and
these models are rapidly evolving as new data become available. Be-
cause of rapid change in this field, a detailed stratigraphic discussion
will not be undertaken; instead, we will focus on a general discussion
of depositional patterns and facies. Although we recognize that some
variability is to be expected from a generalized sequence-stratigraph-
ic approach based on a number of factors, the Amazon Fan is often
cited as a fine-grained end-member fan deposit (e.g., Vail et al., 1991;
Posamentier and Allen, 1993; Reading and Richards, 1994), and thus
it is reasonable to compare our results with the generalized models.
We also recognize that our age dating, sample base, and seismic cov-
erage are not exhaustive, especially on the lower fan, and that unsam-
pled and unrecognized deposits may exist.

Ages have been determined for most of the sampled units, espe-
cially for the channel-levee systems in the Upper Levee Complex,
and with less resolution in the Middle, Lower, and Bottom Levee
Complexes, as well as for major sea-level highstands and MTDs
(Piper et al., Chapters 6 and 39, this volume; Mikkelsen et al., Chap-
ter 38, this volume). Sampled units are not exclusively fine-grained.
Coarser units were also drilled, and most of them were logged. Al-
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Figure 8. Age-depth plot for Hole 942A showing high rates of sedimentation
due to turbidites during the Stage 5 interglacial. Sedimentation rates are
higher and turbidites are frequent during minor Stage 5 sea-level falls; how-
ever, sedimentation rates are lower and turbidites are rare during the Stage 2−
4 glacial at this site.
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Figure 9. Sea-level curve for isotope Stages 1−6 showing the ages of the
channel-levee systems (right), MTDs (left), and calcareous units. Channel-
levee systems are identified for all time intervals when the sea level is lower
than ~25 to 30 m below present. Calcareous units are only present when the
sea level is at its highest. MTDs, which appear to have formed when the fan
was active, occurred over short intervals within the time ranges shown.
though these units were poorly sampled, the logs allow for detailed
facies interpretations (Pirmez et al., this volume). The relative ages of
many of the coarser units can be determined through correlations
through seismic records to adjacent, overlying, and underling levee
sediments (Flood, Piper, Klaus, et al., 1995; Pirmez et al., this vol-
ume). The sediment section for the last ~45 k.y. (Stages 1, 2, and 3)
is well sampled, which includes an 80-m fall in sea level to 115 m be-
low present sea level from ~36 to 26 ka and the rise to the present sea-
level high. Also sampled was a channel-levee system (Channel 6B),
thought to be active from ~72 to 65 ka, and sediments were recovered
from highstand deposits in Stages 1, 5, and 7 (Piper et al., Chapter 39,
this volume; perhaps also in Stage 9, Mikkelsen et al., Chapter 38,
this volume). The critical earliest glacial/latest interglacial time (near
the Stage 4/5 boundary) when the sea level fell below shelf break may
not have been well sampled where the fan was active, in part because
several large MTDs that were emplaced ~40–80 ka. have oblitera
parts of the record. However, Stage 5 can be identified on seis
records in the vicinity of the drill sites by lateral tracing of seismic r
flections (Fig. 3). Control for the position of Stage 5 in the seism
records comes from Site 942 on the western flank of the fan (and 
to the main portion of the fan with a seismic profile) and Site 946
the middle/lower fan boundary. A large or coarse influx of mater
during a sea-level fall has not yet been identified on seismic profi
at an interval correlative to the Stage 5/4 sea-level fall.

Analysis of the Leg 155 cores support the general observation 
submarine fans are active when the source of sediment is at or 
the shelf break. For the late Pleistocene with relatively short-liv
highstands and wide shelves, the Amazon Fan is most active w
sea level falls to or near the shelf break. When the Amazon Fan is
tive, the primary depositional unit in the mid fan is the channel-lev
system (Figs. 5, 9), and these deposits were sampled (with some 
in Stages 3 and 4) from ~72 to 10 ka. All of these channel-levee s
tems appear to have a similar structure, although the drill hole t
sampled the Stage 4 channel-levee system (Channel 6B at Site 
did not penetrate the entire deposit. The timing of individual chann
levee systems appears not to be related to minor sea-level fluc
tions. Shipboard descriptions and grain-size analysis (Manley et
this volume) suggest that there is no significant variation in the ov
all grain size of the active levee deposits from ~72 ka to the last s
level rise. Mineralogical variations within the levee deposits of t
Upper Levee Complex have not as yet been recognized (McDanie
al., this volume; Debrabant et al., this volume).

Site 946, near the end of the most recently active channel-le
system, may possibly have recovered some of the time interval cr
ing the Stage 4/5 boundary in the depth interval from ~100 mbsf (
timated at ~30 ka) to ~128 mbsf (estimated at ~100 ka; Piper et
Chapter 39, this volume). Although thick coarse turbidite beds, so
with mud clasts, are recorded in this time interval, the beds app
similar to those recovered in levee deposits and in the HARPs un
lying channels in mid-fan settings (Shipboard Scientific Part
1995e; Pirmez et al., this volume). However, we do not have su
cient data from the lower fan, nor sufficiently precise stratigraph
correlation at Site 946, to determine the ages or precise origins o
the sand layers recovered, and the Stage 4/5 boundary at Site 946
have been removed by the debris flow in Stage 3.

The correlation of seismic stratigraphic units with cored sed
ments also suggests that channel-levee systems pass distally
thick-bedded sands with interbedded muds on the lower fan. T
most recently active channel-levee system, the Amazon Channel,
followed this pattern and built across the lower fan sands (Shipbo
Scientific Party, 1995e; Pirmez et al., this volume). Earlier chann
levee systems, such as Aqua, also appear to have built across l
fan sands. Similarly, seismic records suggest that the lower fan sa
can be correlated to the sand-rich HARP units, and detailed corr
tion between sites based on seismic and core data suggest that s
units over which these channel-levee systems have built have an
661
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similar to the age of those channel-levee systems. Channel-levee sys-
tems of similar structure appear to be characteristic of the entire time
interval from at least ~72 to 11 ka, including a major sea-level fall
ending at ~20 ka and the extended sea-level rise from ~20 to 11 ka.
For example, the Blue Channel-levee System developed during a
falling sea level prior to the LGM, the Brown Channel-levee System
corresponds to the lowstand of sea level at the LGM, and the Amazon
Channel-levee System was deposited during a rising sea level in the
latest Pleistocene. All three systems show similar development, with
initial HARP deposits following avulsion (Fig. 7) across which a
levee system prograded.

The strong, reflective, flat-lying seismic reflections observed on
the lower fan at Sites 945 and 946 are caused by thick, coarse turbid-
ites that were deposited during periods when channel-levee systems
were active on the middle fan. These sands appear to extend for
cross-flow distances up to ~2 km (between Sites 945 and 946), and
thus are probably lobe-like deposits formed downfan of the end of the
channel. These sandy lobes may correlate with the upfan HARPs, and
their formation may be initiated by upfan channel avulsions (Pirmez
et al., this volume). Following avulsion, the leveed channel prograd-
ed across the lobe-like deposits until their sediment supply was cut
off by a subsequent avulsion (Pirmez et al., this volume; Hiscott et al.,
this volume).

These observations suggest that channelized flow processes act to
concentrate coarse sediments along the channel and on the lower fan,
perhaps through base-line irregularities and changes resulting from
avulsions, meander cutoffs, and other natural events (Pirmez and
Flood, 1995). These changes create a multistep sand transport pro-
cess that can concentrate coarse-grained sediments in the middle and
lower fan (seismic HARPs). These coarse deposits are genetically re-
lated to leveed channels that can form at any time when the fan is ac-
tive. The existence of processes related to flow through leveed chan-
nels that concentrate significant thicknesses of sand means that a sep-
arate mechanism is not needed to emplace the sand found on the
lower fan.

The sea-level rise at the end of Stage 2 is characterized across the
fan by a cessation of turbidity current activity followed by the depo-
sition of a carbonate mud when the sea level is well above the shelf
and sediment is diverted to the shelf. However, for individual chan-
nels, the timing of the end of turbidity current activity varies widely
because this is controlled by the age of individual channels and the
changing channel pattern on the fan. An observation of reduced sed-
iment flux and turbidity current activity at any one site is thus not suf-
ficient to identify a sea-level rise. For the Amazon Fan, sedimentation
rate decreases associated with sea-level rise are characterized by in-
creasing CaCO3 contents and by a decrease in the relative abundance
of terrestrial organics (Goñi; Hinrichs and Rüllkotter, both this vo
ume).

Our observations on the Amazon Fan differ in two respects w
the present understanding of sedimentation timing and pattern
deep-sea fan deposits. First, we have not yet identified any spe
deposit formed during the initial sea-level fall at the Stage 4/5 bou
ary either on seismic records or in drill cores and/or logs that mi
correspond with a “basin floor fan” as distinct from a “slope fan
However, an unambiguous sedimentary record of the Stage 
boundary was not recovered where the fan was active. Fur
analysis of high-resolution seismic records tied to the drill sites w
be needed to determine the likely sedimentation patterns assoc
with this initial sea-level fall. However, we can report that none of t
prominent seismic facies cored (channel-levee systems, lower
sands, and MTDs) appears to have been deposited during that i
sea-level fall. A deposit formed at the Stage 4/5 boundary is thus l
ly to be relatively small. We do see some evidence for coarser s
ments being transported into the deep sea during smaller Stage 5
level falls at Site 942, but few coarse sediments reached that site
ing the larger glacial sea-level fall.
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The transition from a channel-levee system on the middle fan
flat-lying sands on the lower fan observed on the Amazon Fan rep
sents a lateral facies shift related to channel-levee processes ra
than a temporal change in sediment transport processes as mig
expected where a “lowstand wedge” or “slope fan” overlaps a “lo
stand fan” or “basin-floor fan” (terminology of Posamentier and Va
1988, and Vail et al., 1991). We therefore agree with Posamentier 
Allen (1993) who state, “The terms basin-floor fan and slope f
merely allude to fan-shaped bodies of sediment that occur on the
sin floor or the slope, respectively, and should carry no connotat
regarding any distinctive log signature, sedimentation pattern, or 
sition within the evolution of a depositional sequence.”

The second important respect in which our observations dif
from general models is that coarse-grained deposits within lar
muddy fans are more widespread than expected. Sands are no
stricted to channels in channel-levee systems; they also are foun
flat-lying deposits (seismic HARPs) that underlie channel-levee s
tems on the middle fan associated with channel avulsions. Th
HARPs appear to extend downfan to form the lower fan. The
coarse deposits are not restricted to specific sea-level stages (
early lowstand vs. late lowstand), but can form any time the chann
levee system is active. However, if this turbidite system was act
for a considerably longer time, more of the sediments stored on l
would have been transported to the fan, and sediment size and 
eralogy may change with time.

Conclusions

Our conclusions with regard to sea-level change can be frame
terms of answers to the following six questions that were posed p
to Leg 155 (Flood, Piper, Klaus, et al., 1995; Shipboard Scienti
Party, 1995a):

1. Is there a relationship between channel-levee formation and
sea-level fluctuation (i.e., do new channel-levee systems form
as a result of autocyclic channel avulsion processes or are
they initiated by changes in sediment supply)? Although all
avulsions appear similar on seismic records, some avulsi
are correlated to local increases in coarse sediment sup
whereas other avulsions show no apparent correlation w
changes in sediment type. Also, changes in sediment sup
associated with avulsions do not appear to be correlated ac
the fan as would be expected for a climatic or sea-level cont
We conclude that avulsion is principally an autocyclic mech
nism, related to local sediment flux and levee wall failure.

2. What relationships are there between debris flows and sea-lev-
el change? This issue is reviewed by Piper et al. (Chapter 
this volume). Major MTDs appear to correlate with times o
falling or a maximum lowstand of sea level, and gas hydra
are implicated in the triggering of failure. This interpretatio
is limited by our knowledge of sea-level change and the pre
sion with which age of MTDs can be determined (Maslin an
Mikkelsen, Chapter 20, this volume)

3. What seismic reflections correlate with sequence boundaries
on the shelf? The LGM lowstand sequence boundary on th
shelf corresponds approximately to the HARP at the base
the Brown Channel-levee System; however, this HARP u
does not appear different from HARPs found at the base
channels of different ages. The Holocene maximum floodi
surface corresponds approximately to the diagenetic crus
the surficial carbonate-rich muds. This may become an imp
tant reflection after further burial.

4. What is the relationship of channel-levee systems to sequence
boundaries and flooding surfaces? Flooding surfaces mark
times when sediment supply to the Amazon Fan was interru
ed. With falling sea level after this interruption, a new upp
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slope conduit was established, leading to the deposition of a
new “levee complex.” However, levee complexes on the A
azon Fan are seismically identified because they are toppe
large debris-flow deposits. Levee complexes may be more 
ficult to distinguish where debris-flow deposits are n
present. There is no simple relationship between seque
boundaries and higher order individual channel-levee syste

5. Do the high-amplitude reflections at the base of channel-levee
systems represent condensed sections during maximum flood-
ing surfaces, so that the erosional surfaces at the bases of
channel-levee systems are sequence boundaries, or are they of
autocyclic origin? The HARPs are coeval with channel-leve
deposits, and thus they are of autocyclic origin and canno
correlated with sequence boundaries or flooding surfaces.

6. What is the temporal relationship of lower fan deposits (depo-
sitional lobes) to middle and upper fan deposits (channel-
levee systems)? They are synchronous facies equivalents.

SEDIMENT LITHOLOGIES CHARACTERISTIC 
OF DISTINCTIVE ACOUSTIC FACIES AND 

SEDIMENTARY PROCESSES

Objective

A second objective during Leg 155 was to improve our und
standing of the sediment facies and growth processes of large tu
ite systems. Knowledge of sediment facies and their distribution 
terns in major turbidite elements (e.g., levees, channels, and lo
can provide insights into depositional processes on the Amazon
that can be used to interpret processes on other modern fans an
haps ancient turbidite deposits. Studies of modern turbidite syste
such as the Amazon Fan, provide good knowledge of the dep
morphology, based on seismic-reflection, side-scan sonar, and s
bathymetric data. However, without sediment samples (which ge
ally have been limited to the upper 10 m), only interpretive acou
or seismic facies can be discussed (e.g., Damuth et al., 1988; Manley
and Flood, 1988; and Flood et al., 1991 for the Amazon Fan). In c
trast, knowledge of the sedimentary facies for ancient turbidite 
posits, whether studied through outcrop mapping or with boreh
data, provides only limited scope for interpreting sedimentary p
cesses because the original shape (especially the vertical relief) o
deposit is not known as a result of compaction and, in some ca
tectonism (Normark et al., 1993). Leg 155 drilling on the Amaz
Fan provided over 4000 m of sediment core that sampled a num
of seismically imaged sedimentary environments in this large, m
ern, muddy fan. Analysis of these cores supplements our underst
ing of modern turbidite systems developed in part through Deep
Drilling Project (DSDP) Leg 96 on the Mississippi Fan (Boum
Coleman, Meyer, et al., 1986). Even though the Amazon Fan 
deep-water, passive-margin deposit, to the extent that the facie
Amazon Fan might prove comparable to those from ancient turbi
deposits, the results of the drilling program can help to evaluate
isting and future depositional models based on outcrop mapp
(Normark et al., 1993). Only some aspects of preliminary results
reported here. Additional results of facies studies are included on
back-pocket foldout as well as in other chapters of this volume an
Flood, Piper, Klaus, et al. (1995, especially the site chapters 
back-pocket foldout).

Sediment Facies

Sediment facies are described on the basis of visual core des
tions for the fan as a whole (Normark et al., this volume), on the b
of detailed visual, X-radiographic, and grain-size studies for fin
grained turbidites (Piper and Deptuck, this volume), and on the b
of wireline logs supplemented by core recovery for the poorly rec
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ered sandy units (Pirmez et al., this volume). Our studies have
cused on sediments recovered in the middle fan region of chan
levee systems, and thus other sedimentary environments, such a
lower fan, are less well represented. Normark et al. (this volum
summarize 15 major sediment facies on the basis of Leg 155 c
based on bed-by-bed descriptions of the recovered sediments an
tegrated with seismic profiles (Fig.10). Of particular interest is t
distribution of the sand facies. The coarsest grained facies recov
(Facies 1: disorganized gravel and sandy gravel) and two other s
facies (Facies 2: disorganized sand beds [structureless and cha
and Facies 3: organized sand beds [graded and cross-stratified]
found in the HARP layers that underlie the middle-fan channels a
continue downslope to the lower fan (Facies 1−3) and in channels
(Facies 3). Pirmez et al. (this volume) use wireline logs (especi
FMS) to characterize the sandy facies, and note that sand bodies
25 m thick (formed from beds 0.1 to 4 m thick) are present in 
HARP units beneath mid-fan channels (Fig. 11), and that sand bo
up to 50 m thick (with individual beds often exceeding 3 m thick a
containing mud clasts) are present on the lower fan. The mud cl
in this and other coarse facies are eroded levee deposits. The d
bution of coarse-grained facies is consistent with sand bodies un
lying the levee being formed following an avulsion (Pirmez et al., th
volume; Normark et al., this volume).

Sedimentary Processes

Sedimentary process studies to date include the nature of turb
current flow in the active fan channel (Hiscott et al., this volume), t
frequency of turbidite activity as determined from fine-grained tu
bidites (Piper and Deptuk, this volume), and the character and tim
of MTDs (Piper et al., Chapter 6, this volume). Hiscott et al. (this v
ume) measured grain-size characteristics of the coarsest turbidite
ers on the channel (the overbank deposits) to estimate the chara
istics of the turbidity currents flowing through the channel. Pirm
(1994) estimated, based on meander curvature, flow density, f
depth, and channel gradient and that channelized turbidity curre
flowed at ~0.5 to 2.0 m/s on the middle fan, decreasing to 0.5 to
m/s on the lower fan. Grain-size characteristics in overbank depo
were consistent with these flow velocities and suggest that a sin
type of mixed-load turbidity current could have transported ve
coarse sand as bedload along the channel talweg and contribut
levee growth by spilling a suspension of mainly silt and mud from 
flow top (Fig. 12). The loss of material from the flow through ove
bank spilling is compensated for by the thirty-fold decrease in ch
nel cross-sectional area downfan, resulting in a turbidity current fl
that evolves downfan. Analysis of the frequency of fine-grained t
bidites on the levees suggests that turbidity current flows traverse
active channel about once every 3 to 8 yr (Piper and Deptuk, this 
ume). In contrast, the Stage 5 turbidite record recovered at Site
suggests that turbidity currents occurred about once every 10–5
when that system was active (Fig. 8).

Mass-flow deposits form a significant component of the Amaz
Fan in the region studied. Most prominent are several thick depo
studied by core analysis and with wireline logs (summarized by Pi
et al., Chapter 6, this volume). Most deposits consist of large 
formed blocks of clayey sediment with dimensions of meters to de
meters. Some of the weaker, smaller blocks are highly deformed,
there is usually little matrix recognized between blocks. Only so
thin, matrix-rich deposits with small clasts near the top of some u
are true debris flows. The MTDs appear to have been initiated
slope and upper fan levee sediment (see also Vilela and Maslin,
volume), and they show a repetitive character vertically, sugges
formation by retrogressive failure from a headwall scarp. Some s
iment at the base of the flows resembles deep-water levees, an
formed carbonate-rich units are sometimes at the base of the fl
suggesting preferential sliding on carbonate units. MTDs were pa
663
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confined by pre-existing channel-levee topography on the fan, but in
places, high-relief levee deposits were eroded by the mass-transport
flow and incorporated in the basal part of the deposit. Analysis of
available data suggests that these MTDs formed when the fan was ac-
tive (low sea level) in sediments that were underconsolidated because
of rapid deposition, shallow gas, and/or gas hydrates, or decomposi-
tion of iron monosulfide. Local steepening and weakening by diapiric
intrusion may also have facilitated failure. A negative carbon isotope
event in planktonic foraminifers may correlate with the most recent
MTD, possibly indicating a large gas release from the sediments
(Maslin et al.; Maslin and Mikkelsen, both this volume).

Conclusions

Preliminary analysis of over 4000 m of core recovered from over
5000 m drilled at 17 sites on the Amazon Fan has resulted in the de-
scription of 15 overall sediment facies. Facies patterns from the mid-
and lower fan region, as well as analysis of log patterns for poorly-
recovered sandy sediments, are consistent with the existence of
prominent sand units up to 25 m thick (and contained in the seismi-
cally defined HARP units) that underlie channel-levee systems on the
middle fan and that extend downfan to form a significant part of the
lower fan. Some of the sand units contain deformed mud clasts that
were ripped from channel walls. The sandy HARP units form shortly
after the base level of the turbidity current channel is lowered at the
Figure 11. Summary of the geometry, stratigraphy, lithofacies, and gamma-ray signature of components of Amazon Fan channel-levee systems based on seismic
profiles, cores, and wireline logs (figure from Pirmez et al., this volume). 
downfan end by the failure of the channel wall. This base-level fall is
accompanied by downcutting in the turbidity current channel that re-
sults in the remobilization of channel-floor sands, and the remobi-
lized sands deposit as unconfined sheet flows downfan of the avul-
sion point. With time, the channel gradient is re-established, and the
leveed channel progrades downfan. Sandy deposits continue to accu-
mulate at the end of the channel, forming a lobe-like deposit that
shifts downfan as the channel progrades. These channel-mouth de-
posits appear to form a large portion of the seismically identified low-
er fan.

In other settings, the base-level drop that apparently results in
HARP formation could be due to processes other than channel-wall
failure, including diapirism, salt tectonics, and tectonic movements.
Indeed, Pirmez et al. (this volume) and Hiscott et al. (in press) note
that the sheet-like sandy units described from the Amazon Fan appear
to be indistinguishable in facies and sand content from many de-
scribed mud/sand-rich successions thought to be more typical of
smaller, sand-rich fans, including some hydrocarbon-producing tur-
bidite deposits. On the Amazon Fan, avulsions occur at ~3- to 10-k.y.
intervals, suggesting that these sand layers are rapidly formed. Thus
sand deposits in large, muddy turbidite systems can form rapidly (in
less than a few thousand years), and that sand-layer deposition may
occur any time a leveed channel is active. The role of leveed channels
in supplying sand to interchannel depressions following base-level
changes needs to be more carefully considered.
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CLIMATE CHANGE WITHIN THE AMAZON 
DRAINAGE BASIN AND THE WESTERN 

EQUATORIAL ATLANTIC

Objective
The Amazon Basin is a critical area for modeling past climatic

change and the global carbon dioxide balance. The adjacent central
Atlantic Ocean is also a critical area in the interhemispheric heat bud-
get of the Earth. However, paleoclimatic records on land are sparse
and ambiguous. Sampling of proxy-climate records in cores from the
continental margin provides an opportunity to integrate the marine
and terrestrial paleoenvironmental records.

Planktonic foraminifers are found in sediments of the Amazon
Fan and the relatively high sediment accumulation rates have the
beneficial effect of expanding the planktonic record. High-resolution
time series are thus possible, perhaps with a resolution as high as that
obtainable in ice cores. However, deep-sea fans are built mostly of re-
worked sediment so care must be used in interpreting the results.

Interpretation of the marine foraminifer record (CLIMAP Project
Members, 1976) suggests that during the LGM, ocean temperatures
in equatorial regions were slightly warmer or similar to those found
at present. Paradoxically, most paleoclimatic studies of land areas in-
dicate substantial cooling at equatorial latitudes during glacial inter-
vals (e.g., Rind and Peteet, 1985; Peteet, 1986; Stute et al., 1992).
Confirming the validity of these inferences is important to under-
standing global climatic conditions during glacial periods.

The Ocean Record

The circulation of the western tropical Atlantic water masses that
overlie the Amazon Fan (Fig. 2) has an important effect on world
ocean dynamics and interocean heat transfer. This is because the
Channel floor

Height of Site 934
hanging valley

Height of Site 936
levee

Minimum thickness of
spillover flows  

0m  

55m

70m

Scales Maximum
Size

very fine sand
(3φ, w = 1.1 cm/s)

(2φ, w = 5.2 cm/s)

(-1φ, w = 26 cm/s)

fine sand

very coarse sand

Velocity Profile

Concentration
Profile

Figure 12. Theoretical velocity and concentration 
profiles of turbidity currents (from Stacey and 
Bowen, 1988; right) and maximum size expected at 
different levels in the flow (left) for predicted 
Amazon Fan turbidity current flows (figure from 
Hiscott et al., this volume).
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North Brazil Coastal Current (NBCC) is the only known cross-equa-
torial heat transport in the global circulation pattern (Metcalf and
Stalcup, 1967; Richardson and Walsh, 1986). From December to
June, the NBCC may extend into the Guiana Current and link with
the Caribbean Current when wind stress variation causes increased
transport in the NBCC (Picaut et al., 1985; Philander and Pacanows-
ki, 1986). However, the NBCC turns eastward (retroflects) into the
eastward-flowing North Equatorial Countercurrent (NECC) between
July and November. The amount of cross-equator heat transport de-
pends in part on the duration and timing of the strong northward
NBCC flow, and cross-equator heat and salt transport may be re-
duced if the duration of the NBCC retroflection increases. If this were
the case in the past, then circulation patterns of the glacial western
tropical Atlantic could at times have been very different from the
modern-day circulation regime.

Lenses of low-salinity surface water resulting from dilution of the
Amazon plume occasionally become detached and can move sea-
ward, perhaps also as a result of weakening trade winds, NECC ed-
dies, or variations in Amazon River discharge (Nittrouer and DeMas-
ter, 1986; Nittrouer et al., 1995). During lowstands of sea level, the
river would have discharged directly into relatively deep water, and
mixing of the river plume into the coastal water might have occurred
more slowly than at present, allowing more extensive freshwater
lenses to form. Variations in the strength of the NBCC may result in
locally fresher or saltier surface waters, and evidence for this may be
present in the planktonic oxygen isotopic record. Variations in
seafloor and latest glacial maximum oxygen isotopes both show the
influence of light Amazon water (Fig. 13).

Some insights into present-day circulation patterns can be gained
from the study of diatoms in Amazon Fan sediments, although dia-
toms are preserved only in low sedimentation rate sediments of the
late glacial or early interglacial periods (<12 ka; Mikkelsen, this vol-
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ume). Analysis of Holocene sediments show that 10%–30% of the
atoms are freshwater species except at Site 942, where ~75% o
diatoms are of freshwater origin. The higher percentage at Site 
seems to be caused by northward or offshore transport of Ama
River water, demonstrating that there are regional influences of 
face circulation patterns recorded in Amazon Fan sediments. Un
tunately, due to dissolution, diatoms cannot be used to study sur
circulation changes in the glacial period.

Sufficient planktonic foraminifers are preserved in fan sedime
to allow for systematic isotopic analysis. The present isotopic data
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Figure 13. (A) Surface and (B) ~14 ka isolines of δ18O for G. sacculifer on
the Amazon Fan, showing the steep environmental gradients. Dots indicate
sites with data (see Showers et al.; Piper et al., Chapter 39, both this volume). 
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is summarized by Showers et al. (this volume), but see also Masli
al. (this volume) and Schneider et al. (this volume) for more detai
depositional models at specific sites. The consistency of isotopic d
between closely spaced sites (Piper et al., Chapter 39, this volu
and between closely spaced samples at individual sites confirms
the features on the isotopic data in general are real and not artifac
variably reworked foraminifers. Either the analyzed foraminifers a
in situ pelagic deposits interbedded with frequent thin turbidites, 
if reworked, they derived from young surface pelagic deposition. T
rapid rates of sedimentation on the proximal Amazon Fan and 
tendency for channels and levees to aggrade mean that older fora
ifers are rapidly buried.

This analysis has resulted in an oxygen isotope data set that
be correlated to the global isotopic record and that can be used to
velop a depositional history of fan sediments deposited during 
last glacial period (Stages 2–4), to identify sediments deposited d
ing sea-level highstands (Stages 5, 7, and perhaps 9), and to a
identifying the source of sediments that have created the several l
MTDs (see also Piper et al., Chapter 6, this volume).

To date, Leg 155 studies of ocean paleoclimate have focused
the planktonic isotopic record at two sites where expanded reco
are present on distal levees (Fig. 14; Sites 932 and 942). Useful in
information has also come from Sites 933 and 938 where the s
mentary record may be more complex. Quite rapid lateral variatio
in isotopic composition of planktonic foraminifers on the fan (Fig
13) reflect the complex oceanographic setting but hinder correlat
between sites. Comparing results at different sites is further com
cated by the lateral and downcore variability in sedimentation ra
and the use of different species and different size ranges, choices
cessitated by the generally low abundances. Results to date are
based on initial sampling at 50- to 150-cm intervals, giving a temp
ral resolution of 100 to 400 yr per sample. Despite these compli
tions, a consistent ocean isotopic record appears to be develop
Reconciling different interpretations of these records will requi
more detailed sampling, better age control, and a detailed underst
ing of the sedimentary sequences that contain the records.

Maslin et al. and Schneider et al. (both this volume) report the 
istence of heavy oxygen isotopic events. At Site 932, records of 
ferent planktonic species show heavy oxygen isotopic events
0.5‰–1‰ (Maslin et al., this volume). To enhance this record, Ma
lin et al. (this volume) created a composite curve based on analy
of several planktonic species, which suggests that there have bee
pronounced heavy oxygen isotope events in the last 50 k.y., and
these events appear to correspond to Heinrich Events H1– H5 ide
fied in the North Atlantic Ocean. Maslin et al. (this volume) sugge
that these heavy events may be caused by extended NBCC retro
tion and a resulting increase in surface-water salinity and a decre
in heat and salt flux to the North Atlantic. At Site 938, a pronounc
heavy oxygen isotopic event (0.5‰) is identified at Stage 3.0, ~24
(Schneider et al.; Showers et al., both this volume). Schneider e
(this volume) correlate this event to a sea-surface temperature m
mum in the Benguela Current being advected north from the Sou
ern Ocean, but the timing also may be consistent with Heinrich Ev
H2. Neither Maslin et al. (this volume) nor Schneider et al. (this vo
ume) shows negative isotopic events similar to those described
Showers and Bevis (1988) based on piston cores from the Ama
Fan, but the sampling interval used to date is much coarser than
used by Showers and Bevis (1988).

Maslin et al. (this volume) and Schneider et al. (this volume) bo
also report the existence of light-carbon isotopic events. At Sites 
and 933, Maslin et al. (this volume) report negative deviations 
0.5‰–2‰ at ~12−15 ka (Sites 932 and 933) and a grouping of ne
ative events between ~26 ka and 32 ka (Site 932). Light-carbon 
topic events are recorded at ~24 ka, 55−70 ka, and 80 ka at Site 942
(10, 18−22, and 33 mbsf; Schneider et al., this volume) and during 
last deglaciation and at ~24 ka at Site 938 (5 and 138 mbsf; Schne
et al., this volume). Maslin et al. (this volume) suggest that this lig
carbon event may be related to either more extensive distribution
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Amazon-derived organics in the surface-water column, or to light
carbon introduced to the water column through slump-related disas-
sociation of gas hydrates (see discussion in Maslin et al., this vol-
ume). The ages of light-carbon isotope events are not particularly
consistent with the age range of the MTDs (Piper et al., Chapter 6,
this volume). However, Schneider et al. (this volume) prefer to asso-
ciate the negative events observed on the fan to changes in large-scale
surface circulation, including the Benguela Current, the South Equa-
torial Current, and the NBCC, and the advection of events originating
at high latitudes in the southern ocean to the northern hemisphere.
This view appears to be supported by the existence of light-carbon
events at ~13−14 ka near the Antarctic polar front and off Northern
Namibia (see discussion in Schneider et al., this volume).

The Land Record

Studies of land fauna and Pleistocene geology within the Amazon
drainage basin have suggested that during glacial intervals, the vast
tropical rain forests shrank and semiarid savannahs probably pre-
vailed over much of the eastern Amazon (Colinvaux, 1989). Howev-
er, the continental record of these changes remains sparse and incom-
plete (Absy et al., 1991; Liu and Colinvaux, 1988). The pollen record
in marine sediments from piston cores off northern Brazil suggests
that savannah was an important type of vegetation in the Amazon Ba-
sin during the LGM and that mangroves expanded along the coast in
response to rising sea level during the transition from the last glacial
to the present full interglacial (Holocene; Caratini and Tissot, 1976;
Caratini et al., 1978).

During sea-level lowstands, river-derived materials are delivered
directly to the Amazon Fan and are deposited in channel levees as
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Figure 14. Comparison of planktonic isotopic 
records from Sites 932 and  942, 250 km apart, 
showing the influence of surface-water variation on 
the fan. LM = Lake Mungo paleomagnetic Excur-
sion. Paleomagnetic model from Cisowski and Hall 
(this volume). ha–hg are heavy isotopic peaks rec-
ognized by Piper et al. (Chapter 39, this volume). 
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well as dispersed across the fan. By reading the record of river-de-
rived materials, we expected to gain new evidence about glacial cli-
mate within the Amazon drainage basin. This information can come
from the record of plants contained in pollen and spores, from the
character of the organic compounds preserved in the sediments, and
from the nature of the lithogenic material itself.

Pollen, Spores, and Phytoliths

Pollen is much more abundant at lowstands of sea level than in
Holocene and interglacial sediments. Preliminary studies of the pol-
len and spore records have been undertaken by Haberle (this volume)
and Hoorn (this volume) and of the phytolith record by Piperno (this
volume). These studies present a consistent view of the changing na-
ture of glacial flora in the Amazon River drainage basin. Haberle (this
volume) compared the pollen record observed on the Amazon Fan
with samples taken along the modern Amazon River and concluded
that there was an increase in cold-adapted arboreal taxa throughout
the last glacial, peaking between 21 and 17 ka in response to a colder,
possibly dryer climate (Fig. 15). The pollen record suggests that there
were only moderate increases in savannah during the last glacial pe-
riod. Haberle (this volume) also suggests that the pollen assemblage
is consistent with less forest flooding, perhaps due to a more deeply
cut Amazon River channel when sea level was low. Hoorn (this vol-
ume) noted that palynomorphs decrease along channel from Sites 940
and 944 to 946. She also noted that the last glacial is consistently rep-
resented by an increase of fern, fern allies, and fungal spores. How-
ever, this may be due to enhanced erosion on land during the glacial
sea-level low, and the resultant proliferation of ferns over barren
ground. Piperno (this volume) suggests from a study of phytoliths
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and microscopic charcoal that the glacial maximum appears to have
been significantly dryer than the postglacial era with frequent grass-
land fires. These data also reveal the highest percentages of C4 grass-
es (the grasses likely to expand at the expense of forests and C3 grass-
es during dryer climatic intervals) and burnt grasses during the LGM.

Overall these data suggest that the LGM was a cooler time than
the present interglacial, and that cold-adapted Andean forests ex-
panded to lower altitudes. The last glacial time was also somewhat
dryer, and C4 grasses and fires increased. However, these workers
suggest that the pollen and phytolith data do not support the existence
of large-scale vegetation changes in the Amazon River drainage ba-
sin and the formation of rain forest refugia. Haberle (this volume)
suggests that the Amazon Fan data are consistent with LGM simula-
tions that suggest a reduction in precipitation of 20%–25%, wh
would result in savannah cover over 32% of the drainage basin. M
el predictions based on a 40% reduction in precipitation with rain f
est refugia and 80% savannah cover are less consistent with th
data. Piperno (this volume) notes that the accumulated evidence
gest that Pleistocene climate in the Amazon River drainage basin
dynamic, varying between cool and relatively moist to very cool a
dry, and that the basin may have held the largest, continuous bloc
forest near the equator, but that the trees that made up that forest
not all of the same trees found in the modern lowland forest. Pipe
(this volume) also notes that many highly distinctive and unkno
types of pollen and phytoliths were retrieved from the Amazon F
strengthening the case for more complete modern reference co
tions.
Figure 15. Correlation of the Ericson Zones, SPECMAP oxygen isotope record, and pollen records (including the Cold-Adapted Vegetation Index) assembled
from Holes 932A and 946A, and climatic records at Fuquene and Funza (figure from Haberle, this volume; see Haberle, this volume, for discussion). These
records suggest a colder, dryer Stage 2 in the Amazon drainage area. 
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Terrestrial Organic Matter

The organic matter preserved in Amazon Fan levee deposits (
cussed in more detail in the next section) is almost entirely deri
from terrestrial sources. The δ13C of total organic carbon (TOC) in
fan levee deposits is quite constant at ~27.5‰ throughout the last
cial period (Goñi; Schneider et al., both this volume), consistent w
terrestrial organic matter dominated by C3 plants. If extensive 
gions of C4 grasses had been developed during the LGM, then he
er δ13C of TOC would be expected, since C4 grasses have values
eraging 13‰. This effect should be most pronounced at Site 
where levee deposition was occurring during the LGM, but the δ13C
record at Site 940 is quite constant at ~27.5‰, except for a biotur
ed interval at ~70 mbsf where there may be some inmixing of ma
carbon. Alternatively, the δ13C of TOC may not be a very sensitive
indicator to changing abundances of C4 grasses in the Amazon R
basin given the large amount of C4 carbon transported by the r
(Goñi, this volume).

Sediment Geochemistry and Mineralogy

Sediment geochemistry and mineralogy provide important e
dence on the source (provenance) of sediments and their geoche
history. This information can be used to characterize source a
(e.g., old shield rocks vs. younger orogens based on mineral com
sition, Nd isotopic composition, and mean sediment source ages f
whole-rock dating) and the intensity of weathering or diagene
(e.g., major element chemistry, trace and rare-earth element patt
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clay mineralogy). Through such analysis we may be able to deter-
mine temporal changes in source rock areas (e.g., shield vs. Andes)
as well as variations in the intensity of weathering on the craton. The
manner in which these indicators co-vary should help us to under-
stand the relative contributions of sea-level change and land climate
on sediment supply and composition.

Gibbs (1967) estimated that suspended sediment and dissolved
solids reaching the mouth of the modern Amazon River is more than
80% derived from the Andes, although the Andes comprise only 15%
of the present-day Amazon drainage basin. The modern river trans-
ports sand with a high proportion of rock fragments and few feldspars
(Franzinelli and Potter, 1980); however, characteristics of the river
load are poorly known for glacial times (Milliman et al., 1975). Data
available prior to Leg 155 suggested that the bulk chemistry of the
uppermost Pleistocene fan sediment (~11 ka) is broadly similar to
that observed today (Kronberg et al., 1986; Nesbitt et al., 1990).

Information on sediment provenance comes from studies of Nd
and Pb isotopes of Amazon Fan muds (McDaniel et al., this volume)
and visual and electron microprobe studies of detrital grains (Nan-
ayama, this volume). McDaniel et al. (this volume) show that the
dominant source of Nd and Pb is the Andes, although there is some
evidence for a cratonic component. Although there is some evidence
for change in source area in different glacial periods, additional stud-
ies will be needed to further evaluate these changes. Detrital grains
can be traced to source areas in the Precambrian shield areas, to arc-
volcanic rocks of the Andes, and to granitoids in the Andes (Nanaya-
ma, this volume).

McDaniel et al. (this volume) also discuss bulk sediment chemis-
try of Amazon Fan muds as an indicator of the intensity of continental
weathering. These analyses suggest that glacial Amazon Fan sedi-
ments show a moderate degree of weathering, and in particular that
the bulk sediments do not appear to have been significantly affected
by the harsh weathering conditions that characterize the modern Am-
azon Basin.

Clay minerals show temporal variations that relate in part to ero-
sion on the continent and in part to weathering on the continent (De-
brabant et al., this volume). During glacial times of lowered sea level,
smectite and kaolinite were contributed through soil erosion in the
lower and middle portions of the Amazon Basin, whereas illite, chlo-
rite, and other clay-sized minerals were supplied by erosion in the
Andes. The more recent sediments are enriched in smectite or kaolin-
ite. This change in clay mineral assemblage in the Holocene appears
to be caused by increased weathering on the continent.

Conclusions

Leg 155 has contributed to characterizing the LGM climate of the
Amazon Basin in order to discriminate between various paleoclimat-
ic simulations. Detrital palynomorphs and phytoliths indicate that the
basin was cooler but experienced only a modest increase in savannah
cover. The very size of the Amazon Basin makes climatic interpreta-
tion of the detrital sediments, dominantly from the Andes, more dif-
ficult. The next stage of investigations of Leg 155 material should be
detailed studies of cyclicity in discharge of sediments and palyno-
morphs, now that site-to-site correlations and a working age model
are available.

NATURE, ORIGIN, AND EARLY DIAGENESIS
 OF ORGANIC CARBON

Objective

The fourth objective posed for Leg 155 was to determine the na-
ture, origin, and early diagenesis of organic carbon present in differ-
ent fan units. Organic compounds that accumulate in the ocean con-
670
tain important records of land and ocean climate, but to interpret them
one needs to understand how sediments are delivered to the site of
deposition and what transformations may occur as the sediments are
buried (Aller et al., 1996). Understanding these relationships on the
continental margin, and especially on fans, is important because sed-
iment accumulation rates are high and variable during times of low-
ered sea level, and thus the amount and quality of organic matter pre-
served may be different than observed today (Keil et al., 1994). Initial
studies conducted on Leg 155 sediments helped determine the nature
and variability of organic matter and its initial diagenesis in different
fan units. These studies are of particular interest on the Amazon Fan
because organic matter of the Amazon River and modern shelf depos-
its has been extensively studied (e.g., Ertel et al., 1986; Hedges et al,
1986; Showers and Angle, 1986; Aller et al., 1996). Complementary
studies of the organic record of fan sediments can provide informa-
tion about the processes of organic matter transport and deposition in
the glacial ocean as well as the character of the Amazon drainage ba-
sin during glacial intervals.

Delivery of Terrestrial Organics to Fan Sediments

Much of the organic matter transported by the modern Amazon
River consists of organic compounds mostly adsorbed onto sediment
particles (Keil et al., 1994; Mayer, 1994; Keil et al., this volume). The
binding of this organic matter to sediment particles, and transforma-
tions of organic matter as sediments pass from the river to the ocean,
can be understood in terms of the ratio between organic carbon con-
tent and mineral surface area (OC:SA; Keil et al., 1994; Mayer,
1994). Where more labile organic matter is attached to sediment par-
ticles, OC:SA is relatively higher, whereas when the organic matter
is somewhat older and has been degraded, OC:SA is lower. For the
Amazon River, OC:SA ranges from ~0.42 to 0.95 mg/cm−2 (average
0.67), although for modern delta sediments, OC:SA ranges from
~0.18 to 0.40 mg/cm−2 (average 0.30; Fig. 16). The lower OC:SA ra-
tio for shelf sediments is interpreted to mean that organic matter ini-
tially on the particles has been remineralized during cycles of repeat-
ed deposition, erosion, and transport (see discussion in Keil et al., this
volume). In part because of this remineralization, only about one-
fourth to one-third of the organic matter delivered to the Amazon
Delta during the modern highstand of sea level is buried. Hedges and
Keil (1995) suggest that sediments deposited on the fan during times
of lowered sea level would have higher OC:SA ratios because sedi-
ments would bypass the shelf and thus not be affected by the reminer-
alization that occurs there.

Variations in OC:SA were studied at Sites 932 and 942 (Keil et
al., this volume). In both of these sites, the deeper portion of the hole
sampled a levee deposit (built by deposition from turbidity currents
that spilled out of the channel), whereas the upper portion of the hole
sampled distal levee sediments deposited when the adjacent channel
was abandoned and inactive. Other channels were active or deposited
during sea-level highstands when a reduced amount of sediment
reached the fan. The deep levee at Site 932 is thought to be deposited
during isotopic Stage 4 (Channel 6), whereas the deep levee at Site
942 was deposited during isotopic Stage 6 (Piper et al., Chapter 39,
this volume). The OC:SA ratio of active levee sediments is interme-
diate between the OC:SA ratios of river and shelf sediments (Fig. 16),
but closer to that of river sediments, whereas the OC:SA ratio of the
sediments deposited on abandoned levees when other channels were
active is closer to that of the present shelf sediments (Fig. 16). This is
interpreted to mean that the organic carbon that accumulates in active
levee sediments is only partially degraded relative to the modern Am-
azon River, and thus was probably rapidly delivered to the area with
few intermediate burials. In contrast, the sediments that accumulate
on abandoned levees have been more degraded. Results of neutral
sugars (aldoses) and δ13C analyses suggest that these indirect sedi-
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ments are similar to the fine suspended particulate materials carried
by the modern Amazon River (consisting of degraded material de-
rived from plants and riverine microorganisms; Keil et al., this vol-
ume).

Lignin composition and yield (Goñi, this volume), lipid compos
tion (Hinrichs and Rullkötter, this volume), polycyclic aromatic hy
drocarbons (PAHs; Budzinski et al., this volume), phosphorous an
yses (Ruttenburg and Goñi, this volume), and carbon isotopes on
ganic material (Goñi; Schneider et al., both this volume) all supp
a primary terrestrial origin for the organic matter in the levee dep
its. Terrestrial organic matter includes a wide range of compoun
including not only those derived from land plants but also those 
rived from a wide variety of organisms including soil bacteria, fres
water plankton, and products resulting from the degradation of th
compounds.

Goñi (this volume) demonstrates that the lignin composition
active levee sediments is consistent with a mixture of 80%−90%
coarse and 10%−20% fine fractions of the modern Amazon Rive
whereas the lignin composition of the distal levee deposits is m
similar to the fine fraction alone (Fig. 17). Lignin phenol yields fo
Figure 16. Comparison of organic carbon (OC) to min-
eral surface area (SA) for Holes 932A and 942A, Ama-
zon River sediment, and Amazon delta sediment (figure 
from Keil et al., this volume). “Direct” fan deposits cor-
responding to active (proximal) levees have OC:SA 
ratios similar to samples suspended in the Amazon 
River. “Indirect” fan deposits corresponding to sedi-
ments deposited on tops of abandoned levees have 
OC:SA ratios similar to sediments from the modern 
Amazon delta. Sites of indirect deposition also show 
higher δ13C values suggesting larger percentages of 
marine organic carbon.
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active levee sediments are also intermediate between the yields o
coarse and fine fractions, but yields for distal levee deposits are
low those of the river fine fraction. The decreased lignin phen
yields in distal levee deposits appear to be due to dilution of terres
organics with marine organics, and Goñi (this volume) estimates 
terrestrial organics account for between 80% and 15% of the org
matter based on lignin yields and organic carbon isotopes (Fig. 1
see also Keil et al., this volume). Lipid composition also varies in 
sponse to the local supply of terrestrial organics.

Hinrichs and Rullkötter (this volume) suggest that the ratio of t
rigenous wax alcohols to marine fatty acids varies with sedimenta
rate and with an increased sedimentation rate corresponding to a
creased predominance of terrigenous wax alcohols. PAHs also re
a strong terrestrial contribution, although some diagenetic proce
were also characterized (Budzinski et al., this volume).

Phosphorous is an important component of marine organic ma
(C:P ratio 106:1), but is relatively impoverished in terrestrial plan
(C:P ratios up to 800:1; Ruttenburg and Goñi, this volume). The C
ratio of active levee sediments is high, suggesting a terrestrial ori
whereas the C:P ratio of distal levee and highstand deposits is lo
671
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thus suggesting mixtures of terrestrial and marine sources on distal
levees and primarily marine sources during highstands. These chang-
es in C:P ratios are closely tied to changes in the organic matter iso-
topic composition and appear to be more sensitive than C:N ratios in
distinguishing terrestrial and marine organic matter.

Early Diagenesis of Organic Matter

The diagenetic environment on the Amazon Fan is unusual for its
combination of high sedimentation rates (typically 3−8 m/k.y. to ~25
m/k.y.), abundant supply of carbon of terrestrial origin, and iron-rich
terrigenous detritus (~8 wt% Fe2O3). Shipboard pore-water profiles
show that sulfate reduction is complete by 10 mbsf (Burns, this vol-
ume). Bacterial populations were present in all samples taken (to
depths of 245 m; Cragg et al., this volume), and plant-rich layers
tended to have elevated bacterial numbers. Organic carbon in active
levee sediments decreases from 1% in near-surface levee mud to
0.8% at sub-bottom depths of several hundred meters. Shipboard ob-
servations of excessive gas expansion and honeycomb-like structures
in mud, and wireline-log data all suggest that gas hydrates may occur
locally. Shore-based analysis of honeycombed sediments using X-
ray computed tomography (CT) analysis and pore-water sampling
suggest that the honeycomb structure was formed by the disassocia-
tion of a sediment that contained ~10% gas hydrate (Soh, this vol-
ume).

The high iron content of the pre-Holocene fan sediments results
in a diagenetic mineral assemblage where iron-bearing phases domi-
nate (Burns; Hall et al., Chapters 14 and 15; Flood and Green; Rut-
tenburg and Goñi, all this volume). The diagenetic mineral phase
clude iron sulfides (hydrotroilite and greigite), bacterial magneti
vivianite (FePO4·(7−8)H2O), and siderite (FeCO3). Hydrotroilite,
vivianite, and siderite appear to form in the upper 20 m, and grei
is found deeper in the section (Burns; Hall et al., Chapter 14, both
volume). Greigite nodules have high magnetic susceptibility, a
672
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create occasional spikes on the whole-core magnetic susceptib
profiles (Hall et al., Chapter 14, this volume). These spikes som
times make magnetic susceptibility records difficult to correlate b
tween holes at a site and between sites (Hall, Chapter 15, this 
ume).

Shipboard analysis of water content and shear-strength profile
several levee sites (939, 940, and 944) identified a zone of alm
constant water content at ~20−30 mbsf (17−27 mbsf at Site 939; 25−
39 mbsf at Site 940; 17−22 mbsf at Site 944). Shipboard observatio
of hydrotroilite growth patterns (it appears to fill pore space; Sh
board Scientific Party, 1995c) in this depth range suggests that dia
netic growth of hydrotroilite is keeping sediments from compactin
normally in this range. This may result in a weakened sediment at
depth where hydrotroilite is converted to other minerals, includin
greigite, and the weakened sediments could result in slope failure

Conclusions

The amount of organic carbon delivered to the Amazon shelf d
matically decreased, and the amount of organic carbon delivere
the deep-water Amazon Fan dramatically increased when the fan 
active. This is significant to the global carbon cycle because orga
matter deposited on the shelf is intensely reworked and remineral
whereas organic matter deposited on the fan is buried.

Analyses reported on to date suggest that the organic carbon 
tained in the levees of the active channel during the last glacial pe
were derived from the Amazon River, with the amount and over
composition of organics in the levee sediments consistent with th
transported by the present-day river. The overall similarity in comp
sition between fan organics and the modern river suggests that
river sediments were transported fairly quickly from the river to th
fan with few intermediate resuspension events. However, more 
tailed analyses of the organic matter preserved in fan sediments 
be needed to identify possible changes in the character of terres
Figure 17. Lignin composition for Site 932 sediments 
(open circles = direct deposits; closed circles = indirect 
deposits), and composition range for coarse and fine 
organic matter from the mainstem of the Amazon River 
(* = sample from the LGM; figure from Goñi, this vol-
ume; see Goñi, this volume, for discussion). 
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organics with time. Sediments that are transported relatively far from
the active channel and deposited as distal levee deposits on aban-
doned levees appear to correspond to the finer-grained component of
river sediments that are little altered by diagenesis. These distal levee
deposits contain increasing amounts of marine organics as a result of
decreased dilution of marine organics by terrestrial organics.

Diagenetic reactions give rise to a number of authigenic minerals
in these iron-rich sediments. Hydrotroilite, vivianite, and siderite
form within the upper 20 m, and greigite is observed at depth. Diage-
netic surfaces may form seismic reflections (e.g., Site 939) and may
be zones of preferential weakness leading to slope failure.

GENERAL CONCLUSIONS

Leg 155 was proposed and drilled because of the potential of con-
tinental margin sites to provide high-resolution paleoenvironmental
records in addition to important information on sedimentological and
geochemical processes. We saw an advantage in drilling where envi-
ronmental gradients are steep and where the marine and terrestrial
records interfinger.

Most of the original predictions have been borne out. Sedimenta-
tion rates of up to 25 m/k.y. provided extremely high resolution
records of oxygen isotopes, magnetic properties, and detrital organic
and inorganic material. The fact that these parameters could be cor-
related between sites and that longer wavelength patterns observed in
the high-resolution sites could be recognized in lower sedimentation
rate sites (Piper et al., Chapter 39, this volume) is evidence that
working” does not seriously hinder paleoenvironmental records
this area. We attribute relatively low amounts of reworking to site 
lection (reworking is minimized on the topographic elevations of a
tive and inactive levees) to the constructional nature of chan
levees, to the relatively small submarine canyon, the primary eros
al area, and to the large sediment input. We achieved good rat
recovery, particularly from advanced piston coring (APC), and h
a very complete paleoenvironmental record for the past 35 k.y.

Our record of environmental change prior to ~35 ka is less co
plete. Most of our deeper penetration sites were chosen to meet 
mentological objectives, principally to sample MTDs, deeper leve
and lower fan sands. Site 942 provided an unusually high-resolu
record of isotopic Stage 5 (Showers et al.; Schneider et al., both
volume); Site 932 provides a continuous record back to 75 ka (Ma
et al., this volume), and the various deep sites on the middle fan 
vide a composite section through Stage 7 (Piper et al., Chapte
this volume). With the benefit of hindsight, sites could have be
chosen to continuously sample the pre-35 ka paleoenvironme
record, at the expense of other objectives.

The steep environmental gradients above the Amazon Fan (F
2, 13) slowed our progress in arriving at detailed correlations and
age model. Planktonic foraminifer isotopic records vary substanti
across the fan, resulting from incursions of warm saline and c
freshwater (Maslin et al., this volume), so that isotopic correlation
not self-evident and must be closely integrated with other inform
tion, particularly paleomagnetic data. As a result, most papers in
volume were written without a detailed age model and the benefit
such a model will only be seen in subsequent publications.

The marine record has provided a means of stratigraphic corr
tion within which the terrestrial detrital record can be assessed. 
full benefits of correlations between sites, however, have also no
been realized in assessing the detrital record on the fan. The fan
serves a record of both high sedimentation rate levees and slowe
imentation rate “hemipelagic” deposition for most time interva
from 10 to 70 ka. The high sedimentation rate sections probably c
tain a detailed record of climatic change on a scale of 102 to 104 years,
through a proxy of sediment grain size or subtle changes in det
petrology and palynology. At present, only the broad climatic fe
tures of the Pleistocene Amazon Basin have been sketched out.
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By drilling a wide range of acoustic facies and depositional en
ronments, for which a detailed chronologic correlation is availab
the leg has greatly advanced our understanding of the depositi
character of deep-sea fan facies and the processes leading to
deposition. Major MTDs were systematically drilled; they appear
be major blocky landslides, largely derived from the continen
slope and probably triggered by sublimation of gas hydrates dur
falling or low sea level.

Studies during Leg 155 have shown that terrigenous contine
margin sediments can be successfully cored, with high rates of re
ery, despite considerable amounts of sand, provided that sites
carefully selected. Good correlation can be achieved beyond 
range of 14C dating, principally using paleomagnetic intensity an
orientation data and isotopes of oxygen and carbon preserved in
idly buried foraminifers. The sediments contain a high-resoluti
record of paleoclimatic events in the ocean and the adjacent co
nent. Carefully selected sites provide important information on se
ment facies, depositional processes, and diagenetic reactions. 
rates of terrigenous sedimentation are not a barrier to solving imp
tant paleoenvironmental problems.
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