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ABSTRACT

Seismic reflection profiles show at least four major mass-transport deposits (MTDs) on the Amazon Fan that drilling has
shown date from the late Pleistocene. Each deposit extends over an area on the order of 10* km? and is 50-100 m thick. The
entire thickness of individual MTDs was penetrated at Sites 931, 933, 935, 936, 941, and 944, and wireline logs were collected
at most of these sites. Most deposits consist of large deformed blocks (meters to decameters) of clayey sediment.iR little matr
is recognized between blocks, and some weaker smaller blocks are highly deformed. Thin matrix-rich deposits with small clasts
near the top of some units are true debris flows. Properties of clasts in the MTDs show a broadly repetitive charadyer vertical
within the deposit, on a scale of meters to tens of meters. There is no evidence that a long time span is representiéd by discon
nuities in sediment properties; rather, this repetitive pattern probably represents retrogressive failure from a headwall scarp
Major units 20-50 m thick within the MTDs can be correlated between sites. Sediment properties and microfossils suggest that
most sediment was derived from muddy channel-levee deposits on the continental slope, but some sediment (particularly near
the base of flows) resembles local deep-water levee sediments. Mass-transport events are inferred to have initiated in slope an
upper-fan levee sediments. This sediment was underconsolidated because of rapid prodeltaic deposition during marine low-
stands as well as a result of the presence of shallow gas and gas hydrates. Local steepening and weakening by diapiric intrusio
may also have facilitated failure. The ages of the mass-transport events may correlate with times of falling sea levsl, when ga
hydrate sublimation could destabilize sediments. MTDs were partly confined by pre-existing channel-levee topography on the
fan. In places, high-relief levee deposits were eroded by the mass-transport flow and incorporated in the basal part of the

deposit.

INTRODUCTION

Major blocky mass-transport deposits (MTDs) covering areas of
hundreds of square kilometers, have been recognized as major com-
ponents of continental margins from the past two decades of seafloor
mapping with high-resolution seismic-reflection profiling and side-
scan sonar (e.g., Walker and Massingill, 1970; Jacobi, 1976; Embley
and Jacobi, 1986; Kenyon, 1987; Bugge et al., 1988; Lee, 1989). The
surficial parts of only afew such deposits have been investigated in
detail by acoustic imaging and coring (e.g., Normark and Gutmacher,
1988; Masson et a., 1993), but interpretation of their dynamics re-
mains speculative (Hampton et al., 1996) in the absence of lithologic
and structural detail about the deeper parts of thesethick deposits. Al-
though many of these MTDs have been loosely referred to as debris
flows, other processes have been important in their formation and
transport in many cases, and many show similarities to terrestrial
landslides. The imprecise use of terminology results from both the
commonly structureless character of the deposits on acoustic-reflec-
tion profiles, the lack of samples, and because failures may incorpo-
rate elements of both slides and debris flows. The entire thickness of
major MTDs was penetrated at six different sites on Leg 155, thus
providing important new insightsinto the character, origin, and trans-
port processes of such deposits.
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Previ

On the Amazon Fan (Fig. 1), MTDs are intercalated with thick,
predominantly muddy levee deposits (Fig. 2). Individual |evee units,
which rapidly prograde downfan following turbidity-current channel
avulsion, are grouped into larger |evee complexes, each of which ap-
pears to correspond to a major lowstand in sea level (Flood, Piper,

Klaus, et al., 1995, see “Leg Synthesis”). Two surficial MTDs are
termed the Eastern and Western “debris flows” in recent publications
(e.g., Manley and Flood, 1988). Each covers an area extending ~200
km downslope by 100 km in width, and each is 100-200 ms thick.
Note that Damuth and Embley (1981) originally referred to Western
“debris flow” as the “Central slump/debris flow complex” and ap-
plied the term western to the complex on the rise at 50°W (which we
refer to as the 50°W MTD). The Western Mass-transport Deposit
(WMTD) was cored at Site 941, whereas the Eastern Mass-transport
Deposit (EMTD) was not sampled on Leg 155. A widespread buried
MTD, the “Unit R Debris Flow” of Manley and Flood (1988) or Unit

R Mass-transport Deposit (URMTD) of this paper, underlies the Up-
per Levee Complex (isotopic Stages 2—4) and was cored at Sites 935,
936, and 944. The correlative interval was penetrated downfan at Site
946, where sediment comprises thickly bedded sand with thin silt and
mud beds. An MTD at the bottom of Hole 930C underlying the Or-
ange Channel-levee Complex may be part of the URMTD, although
this is not demonstrated by seismic-reflection correlation. On the
eastern fan, an MTD overlying the crest of the Bottom Levee Com-
plex (isotopic Stage 8) was cored at Sites 931 and 933; it is referred
to here as the Bottom Mass-transport Deposit (BMTD). (We use this
inelegant terminology because the MTD immediately overlies the so-
called Bottom Levee Complex of Flood et al., 1991).

The historical nomenclature of marine MTDs is potentially con-
fusing. In this paper, we generally follow the usage of Varnes (1978)
and Nardin et al. (1979 which the terms slide, slump, and debris
flow each indicate a particular transport process. We use the term
“mass-transport deposit” in a more general sense or where more than
one process is involved. The characters of submarine slides and de-
bris flows were originally defined using 3.5-kHz high-resolution re-
flection profiles (Jacobi, 1976) and have been refined as side-looking
sonar and core data became available (Prior et al., 1984; Normark and
Gutmacher, 1988; Normark, 1990). A slide involves displacement
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Figure 1. Map of the Amazon Fan showing location and character of surficial MTDs and the two major buried MTDs (URMTD = Unit R Mass-transport
Deposit; BMTD = Bottom Mass-transport Deposit). ODP sites penetrating MTDs and piston cores illustrated in Figure 29 are also shown. Map modified from

Damuth et al. (1988) and Manley and Flood (1988).

(shear) along defined shear surfaces. A slump is a particular form of
dlide in which there is rotational movement on shear surfaces: many
slumps on the continental slope have moved only short distances and
preserve back-tilted benches. Debris flows may develop from slides
as aresult of break up of blocks along multiple shear surfaces, inter-
nal deformation of blocks, and inmixing of seawater. Acoustic pro-
files of dides may reveal the presence of component blocks (Prior et
d., 1984; Normark, 1990). The size of the blocks commonly decreas-
es downslope, and dlide deposits may merge downslope with struc-
tureless, acoustically transparent deposits with low surface relief but
steep marginsthat are interpreted as a debris flows on seismic-reflec-
tion profiles. This gradation in acoustic properties from slides to de-
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bris flow deposits has resulted in both terms being used almost inter-
changeably in previous studies. In ancient deposits, lithologic fea
tures can be used to infer transport process. Debris flow deposits are
mud-clast conglomerates, commonly with scattered pebbles and raft-
ed blocks (e.g., Piper et d., 1978), whereas slide deposits comprise
large blocks of sediment with deformation concentrated at their lead-
ing edge (Coniglio, 1986). Deposits that include elements of both
slides and debrisflows are also found. Some submarine slidesand de-
bris flows are thought to produce turbidity currents (Middleton and
Hampton, 1976) as the mass-wasted sediment continues to deform
and lose cohesion during transport and water is entrained with the
moving and deforming sediment.
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Figure 2. Schematic cross section of the Amazon Fan through selected ODP sites showing stratigraphic setting of the MTDs and stratigraphic correlation with
isotopic stages and nannofossil stratigraphy. Names of turbidite systems (Ch 6, Ch 5, Or, Ye, BI, Pu, Aq, Am-Br) are summarized in Table 1. Modified from
Flood, Piper, Klaus, et al., 1995, “Leg Synthesis,” fig. 1).

Purpose Table 1. Summary of stratigraphic nomenclature of the Amazon Fan.
This paper addresses three questions, based on seismic-reflection, Upper Levee Complex
core, and downhole logging data: (1) What isthe age of the MTDs on Qg\;avzr?'(‘égm)
the Amazon Fan? Does the age provide any insight into what trig- Aqua (Aq)
gered the mass-transport events, and was there any relationship to gllllfg? B(lF)’U)
sea-level change? (2) What is the source area for the sediment in the Yellow (Ye)
MTDs? (3) What are the transport processes involved in the mass- Channel "5 (Ch 5)
transport events? I's each deposit asingle or amuitiple event? Crane % ch 6)
The broader implications of each of these issues to the more gen-
eral question of the origin of MTDs on continental margins are also URMTD and BMTD

considered. Middle Levee Complex

Red (Re)

Sratigraphic Nomenclature on the Amazon Fan Lower Levee Complex

Gold (Go
The Amazon Fan has aggraded principally by the deposition of G_reerg (G)r)
thick levee deposits from a turbidity-current channel. Periodic chan- o
nel avulsion has resulted in the deposition of a series of overlapping
channel-levee deposits. Previous workers on the Amazon Fan have Bottom Levee Complex
assigned color names to all the recognized channel-levee systems
(Table 1; Fig. 2), with the exception of the youngest, which is termed Note: From Damuth et al. (1983) and Manley and Flood (1988).

the Amazon Channel-levee System, and two systems on the eastern

fan, termed Channels “5” and “6.” On the upper fan, upstream from

any particular avulsion point, two successive channel-levee systenfer assemblages. These deposits can be assigned to nannofossil Zones
may be contiguous, as is the case of the Amazon and precedi@N15b (0-85 ka), CN15a (85-260 ka) and CN14b (260-460 ka), al-
Brown levee in Figure 2. Individual channel-levee units have beethough the presence or absence of diagnostic species may be influ-
grouped into larger levee complexes: the Upper, Middle, Lower, anénced by paleoenvironmental conditions (Maslin and Mikkelsen, this
Bottom levee complexes (Fig. 2). volume). The presence of isotope Stage 5 deposits at Sites 942 and

The proportion of sheet sands increases downfan. Sandy units i846 was confirmed by the presence of the Blake paleomagnetic
terbedded with channel-levee systems appear as high-amplitude eent.
flection packets (HARPSs) on seismic reflection profiles. They were
interpreted by Flood et al. (1991) as the first turbidite deposits follow-
ing an avulsion, across which the new channel-levee system prograd- DISTRIBUTION
ed. HARPs are thus assigned the same color names as the overlying Surficial Mass-Transport Deposits
channel-levee deposits (Fig. 3).

Chronologic control for this stratigraphic sequence is discussed The EMTDs and WMTDs have been mapped from GLORIA
elsewhere in this volume. Briefly, foraminifers, oxygen isotopes, andong-range sidescan sonar, 3.5-kHz, and seismic-reflection profiles.
paleomagnetic data provide chronology for shallow continuoushfpamuth and Embley (1981) described the 3.5-kHz acoustic echo-
sedimented sequences. Important markers are the downcore reaparacter of these surficial “slump/debris flow complexes” on the
pearance of the foraminifétulleniatina obliquiloculata at ~40 ka  fan. The upslope portion of the WMTD (their “central debris flow”)
(Maslin et al., this volume), the Lake Mungo paleomagnetic excurshows a hummocky acoustic echocharacter (darker tone in Fig. 1),
sion at 32 ka (Cisowski and Hall, this voluraeg the heavy isotope and they interpreted the region bounded by scarps between 700 and
peak of the last glacial maximum at 18 ka (Showers et al., this volt500 meters below sea level (mbsl) as a zone of slumping and sedi-
ume). Interglacial deposits are lithologically distinct, consisting ofment removal. The head of the WMTD is bounded by scarps up to
hemipelagic calcareous clay, and contain distinctive warm foramini200 m high, forming a 15- to 25-km-wide valley subparallel to the
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Figure 3. Stratigraphic sections of all sites penetrating buried MTDs showing key stratigraphic markers.
Amazon Canyon (Fig. 1). Lenses of acoustically transparent material Seismic-reflection data from the WMTD indicate that scarps

up to 75 m thick occur within this valley (Damuth and Embley, bounding the zone of sediment removal are associated with deforma-
1981). Downslope, the WMTD has a smoother surface, although lo- tion resulting from rising diapirs or other deformations caused by
cally with hummocky relief of 5-10 m. Within the WMTD, Damuth large-scale gravity tectonics (Figs. 4, 5). Immediately south of the
and Embley (1981) noted patches of acoustically layered materiadcarps, Manley and Flood (1988) identified a bottom-simulating re-
which they interpreted as turbidity current deposits generated at thiection (Fig. 1), suggesting the presence of gas hydrates. A wedge-
same time or after the mass-flow event. In the vicinity of Site 941 (ashaped body of relatively low acoustic amplitude in the scar area is
3400 mbsl), the deposit has a blocky surface with ~5 m of reliefinterpreted as an old channel-levee system that was disrupted by the
Downslope, blocks appear to be larger (10-15 m relief) before apiercing diapirs. Seismic-reflection data show that the WMTD has a
abrupt diminution in thickness with a concave up profile and a trangdistinct eastern edge, abruptly terminating with a steep ramp against
parent acoustic character to a distinct snout at 3600 mbsl (Flood, Pifte low slope of Amazon Channel levee (Figs. 1, 6C, E). Seismic-
er, Klaus, et al., 1995, “Site 941" chapter, fig. 4). reflection data show that the upslope part of the WMTD overlies the
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Figure 6. Series of strike (dope-parallel) seismic-reflection profilesillustrating the eastern margin of the WMTD. Profiles located in Figure 5. h = hummocky;
s=smooth; Am = Amazon Channel; cc = change course. Horizontal line indicates extent of the WMTD.
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Figure 7. Two seismic-reflection profiles across the
western margin of the EMTD, showing the bounding
ridge near the upper limit of the deposit (Farnella81-5,
0815-1015 and 1200-1400 UCT, 11 January 1982).
Profiles located in Figure 5.

Amazon Channel-levee System (Pirmez, 1994, p. 352). On the shallower than 3400 mbsl, is characterized by hummocky topogra-
downslope part of the WMTD, high-frequency 3.5-kHz reflection phy, observed as overlapping hyperbolae on 3.5-kHz reflection pro-
profiles show a thin veneer of sediment with parallel reflectors that files. Unlike the WMTD, no clear erosional headscarp is recognized
thins westward from the distal end of Amazon Channel above the in acoustic profiles; rather, the upslope limit of this zone is character-
WMTD (Pirmez, 1994, p. 400-401). This veneer indicates that th&ed by a sinuous, westward-facing steep slope of stratified sediment
WMTD was emplaced during the late stages of activity within thehat represents an old levee crest (Fig. 7B). Seismic-reflection data
Amazon Channel, and may possibly represent several overbank degeross this area show a triangular-shaped wedge, which is acoustical-
ositional events. The WMTD has a maximum thickness of ~150 mly semi-transparent, suggesting that the material in the EMTD origi-
and the deposit is at least 100 m thick over much of its extent. Totalated from failure of the eastern levee of this old channel system. The
volume is approximately 2000 KniThe volume of “missing” sedi- deposits downslope from 3400 mbsl are acoustically transparent and
ment in the zone of sediment removal is perhaps 500-88Gkgy  laterally thin gradually over the underlying fan sediment. The blocky
gesting that sediment has also been eroded from beneath the WMTdlirface of the EMTD in 3.5-kHz profiles can be recognized at least
The deposit tends to bury underlying topographic irregularities, sucto the 3700 m isobath. On GLORIA sonographs, the deposit appears
as valleys between channel-levee systems (Fig. 4; see also fig. 19mére blocky than the WMTD. It is difficult to determine thickness
Damuth et al., 1988), and the surface of the WMTD rises only slightfrom available seismic data, so the total volume can only be estimated
ly over topographic highs. Apparent “overflow” from one valley to as ~1500 krh
the next is probably a consequence of parallel flow down both valleys
and spillover at valley bends Buried Mass-Transport Deposits

The EMTD mapped on the fan surface by Damuth and Embley
(1981) also has a zone of sediment removal associated with an an- Buried MTDs are recognized regionally from seismic-reflection
cient channel-levee system (Fig. 7A). The upslope part of the EMTDgrofiles and include the URMTD and the BMTD. The URMTD ex-
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tends over alarge area of the present central Amazon Fan. Theinitial seismic-reflection data from the buried MTDs. In general, the
interpretation of aerial distribution of the Unit R deposit and esti- URMTD tends to have a nearly flat top with a irregularly shaped base
mates of its volume by Manley and Flood (1988) are inaccurate, be- where it fills topographic lows. It is characterized on acoustic profiles
cause they included those deposits that are now identified as the as a semi-transparent to chaotic acoustic facies with some coherent
BMTD (Manley and Flood, 1988). reflections within it (Manley and Flood, 1988; Pirmez, 1994). The
Recently obtained seismic-reflection profiles (Figs. 8-11) al-URMTD is thinnest along its western boundary, which can be ap-
lowed reevaluation of the earlier data to delineate the boundaries pfoximated by the eastern edge of the surficial WMTD. It wedges out
the URMTD and the BMTD (Fig. 1). The upfan limit of the URMTD and overlies the Lower Levee Complex or the Middle Levee Com-
is near the 2000 m isobath, which is 50 km farther than previouslglex along this western boundary. It thickens to the east (Fig. 9), and
published. There are uncertainties in the interpretation of these buri¢ide eastern boundary is approximated by the Blue Channel, although
MTDs in seismic-reflection profiles, because locally the dippingon the upper fan, the MTD is observed locally to extend eastward of
levee sequences and MTDs have rather similar acoustic charactbe Blue Channel axis. The URMTD thins or is absent near the vicin-
(Fig. 9). The interpretations shown in seismic profiles and the isoity of the axis of the underlying Green levee system of the Lower
pach map (Fig. 12) represent the maximum extent of the URMTD. Aevee Complex. On the midfan, where the URMTD thickens to the
more conservative interpretation would identify some of the thick deeast, it abruptly changes acoustic character from semi-transparent to
posits assigned to the eastern part of URMTD (e.g., the central patcoherent set of parallel to subparallel reflections, and appears sim-
of Fig. 9) as levee deposits overlying HARPs that are interpreted alsr to a HARP (eastern part of seismic profile in Fig. 9). This abrupt
sand sheets by Flood et al. (1991). Given this interpretative uncertaiohange has been interpreted to be an apparent fault (Pirmez, 1994),
ty, some care must be used in drawing far-reaching inferences frobut it could alternatively be the result of extensive erosion of

Figure 8. Slope-pardlel single-channel reflection profile across the upper fan showing the possible connection of the URMTD and BMTD. Profile located in
Figure 5. (Farnella 0430-1130 UCT, 12 January).
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Figure 9. Seismic-reflection profile across upper fan (Line 1 of Pirmez, 1994), showing distribution of the URMTD (double arrows) and possible interpretations
of the relationship between the URMTD and the Blue Channel-levee System. Dashed line shows base of Blue Channel-levee System from Pirmez (1994), but
underlying HARP may be part of the same system. Am = Amazon, Bl = Blue, Or = Orange Channel-levee System (cf. Table 1). Profile located in Figure 5.

116



N

Am

TWTT (s)

(63

MASS-TRANSPORT DEPOSITS OF AMAZON FAN

E
2 km

dipping
reflections

Figure 10. Seismic-reflection profile showing distribution of URMTD (double arrows) on the middle fan (Line 3 of Pirmez, 1994). Dipping reflections may be
part of channel-levee system or may be allochthonous blocks. Am = Amazon, Or = Orange Channel-levee System. Profile located in Figure 5.

dipping
4.5 w reflections

2 km

Figure 11. Seismic-reflection profile showing distribution of the URMTD (double arrows) across lower middle fan (Line 7 of Pirmez, 1994). Am = Amazon, Pu

= Purple, Gr = Green Channel-levee System. Profile located in Figure 5.

URMTD when the Blue Channel prograded into this area (see be-
low). Progressively farther downfan, URMTD still thickens to the
east, but it appearsto merge with levees of the Orange 2 (Figs. 10, 11)
or in some places, the Blue Channel system. Near the lower part of
the fan, URMTD thickens to the east and again merges with HARP-
like deposits, which appear to be related to the Blue Channel-levee
System (Fig. 13). The URMTD extends over =11 x 10° km? and has
avolume of ~610 km?.

The BMTD overlies the Bottom Levee Complex. Its aerial distri-
bution is not as well constrained as the URMTD because of sparse
seismic-reflection data. The acoustic facies of the BMTD are similar
to the URMTD, mostly semi-transparent to chaotic in nature, flat
topped and filling valleys between channel-levee systems. The west-
ern extent of the BMTD appears coincident with the Y ellow Channel
and the Blue HARP unit farther downfan (Figs. 1, 13). As was ob-
served on the eastern edge of the URMTD, the BMTD on the middle
fan is semi-transparent, thins, and merges abruptly into HARP-type
reflections on its western edge. Its upfan extension appearsto include
aregion of hummocky reflections near the 2000-m isobath (visibleon

The BMTD becomes very thin near Site 933 (Fig. 13), which is
located just west of a region that is a highly reflective zone on
GLORIA sidescan sonar imagery. This reflective zone correlates
with a near-surface expression of a buried channel-levee belonging to
the Bottom Levee Complex120 meters below seafloor [mbsf]); see
Fig. 13D), which produces a 100-150-m step in the bathymetry from
east to west over a horizontal distance of 3.5 km. Seismic-reflection
profiles obtained from th@OIDES Resolution (Flood, Piper, Klaus,
et al., 1995, “Site 931" chapter, fig. 3) show a hummocky facies di-
rectly over this buried channel-levee. To the east of this step, the
BMTD has a transparent facies averagii@0 m thick (sampled at
Site 931), that can be traced laterally and downfan. To the west of the
step, the unit thins dramatically to less than 60 m at Site 933 and then
wedges out, being overlain by the Channel 6 levee of the Upper
Levee Complex. The downfan limit of the BMTD is within the mid-
dle fan area and a first-order approximation of its areal exteiitis
10° kn??,

The question remains as to whether or not the URMTD and the
BMTD are the same unit. Only three seismic-reflection lines running

Farnella 81-5, 4 January 1982, 1430-1700: not illustrated heregast-west are available to determine whether these two units are
These hummocky reflections could indicate the source of failure foequivalent (Fig. 5). The two northern lines both demonstrate the
this deposit or could be an acoustic characteristic of the Yellowhickening of the URMTD to the east and the thinning of the BMTD
Channel, as the seismic line is nearly directly over the channel withito the west into the area of HARP-type reflections. The southernmost
this region. The BMTD extends200 km north from its source area line (Fig. 8) is near the upper reaches of the Blue Channel where the
on the continental slope. Pockets of apparent MTDs are observed f&tARP unit is not well developed. This reflection profile suggests that
ther downfan, but they cannot be directly correlated with the BMTDthese two MTDs may be the same, and Figure 12 shows a possible
The eastern extension of this unit is speculative. The main constraistenario relating deposition of these two MTDs. Prior to 40 ka (Piper
is that it does exist20 km east of Site 931 and is observed on a northet al., Chapter 39, this volume), the surface topography of the fan had

south seismic line just west of the surficial EMTD (Fig. 1).

two major bathymetric highs: the Bottom Levee Complex in the east
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Figure 12. Isopach of the URMTD in two-way traveltime (in seconds). For
location, see Figure 5. The URMTD is thickest to the east, reaching a maxi-
mum of 0.26 s. It isthinnest to the west and along the crest of the Green levee
system (cf. Table 1). The gridding, visualization, and volumetric analysis of
the URMTD data were accomplished through the use of Earth Visions soft-
ware created by Dynamic Graphics Inc., Alameda, Cdifornia
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and the Green levee of the Lower Levee Complex to the west (Fig.
13A), representing the last active channel-levee system for their re-
spective levee complex. One or several mass-transport eventsinitiat-
ed on the upper slope region flowed down between these bathymetric
highs. Near the bathymetric highs, the mass-transport flow was either
deflected away from or locally partially flowed over these features
(Fig. 13B). Thelow of both sides of the channel-levee system of the
Bottom Levee Complex ponded on the flanks of this bathymetric
high with athicker section preserved on the steeper eastern side than
the western. Near the Green Channel-levee System of the Lower
Levee Complex, the mass-transport flow was able to overflow the
levee crest, but the deposit rapidly thinned to the west. Asthe Upper
Levee Complex began to form, it developed on top of the MTD.
When Channel 6 and Yellow Channels prograded across the lower
middle fan, they eroded the MTD leaving only small pockets on the
western side of the Bottom Levee Complex. The development of the
Blue Channel farther to the west, where the MTD was thicker, re-
moved some of the MTD by erosion (Fig. 13C). The HARP associat-
ed with the devel oping Blue system would have been limited |aterally
by the limits of thiserosion. The subsequent development of the Blue
levee over that HARP and merging with the URMTD would give the
appearance of athickening URMTD that abruptly changesinto high-
amplitude parallel reflections (Fig. 9). The lower resolution of some
of the seismic-reflection profiles, however, prevents definitive reso-
lution of the question of whether the two sampled MTDs (URMTD
and BMTD) are the same. If these units are the same, then their em-
placement was modul ated by bottom topography, and they were sub-
jected to subsequent modification by extensive erosion.

Evidence for Erosion Beneath Mass-Transport Deposits

In several areas, seismic-reflection profiles show local erosion be-
neath MTDs. At Site 935, the crest of the underlying levee appearsto

have been planed off (Flood, Piper, Klaus, et al., 1995, “Site 935"
chapter, fig. 3). At Site 933, seismic-reflection profiles indicate that
the surface of the Bottom Levee Complex is locally quite irregular
(Flood, Piper, Klaus, et al., 1995, “Site 933" chapter, fig. 2), also sug-
gesting possible erosion. A seismic-reflection profile at Site 941
(Flood, Piper, Klaus, et al., 1995, “Site 941" chapter, fig. 2) shows a
very irregular base to the MTDs and the sediment of the underlying

Purple Channel-levee System appears to be deformed.

Regionally, however, the base of the MTDs appears sharp in seis-
mic-reflection profiles and shows little evidence for erosional trunca-
tion of underlying reflections, as shown in Figures 9-11 for the base
of the URMTD. Locally, however, the URMTD terminates abruptly
against pre-existing channel-levee sediments, for example in seismic
Line 5 illustrated as fig. 16 of Pirmez and Flood (1995). We cannot
agree on whether these abrupt contacts reflect ponding against pre-
existing topography or whether they provide evidence for in situ fail-

ure contributing to the MTDs; probably both situations exist.

Summary

Observations summarized above on both surficial and buried
MTDs deposits suggest the following general characteristics inferred

from acoustic mapping data:

1. MTDs are derived from source areas in water depths of 500—

2500 mbsl where there are thick channel-levee deposits. The
continental slope to 1500 mbsl is cut by diapirs and in places
shows bottom-simulating reflections.

2. The upslope parts of surficial MTDs appear very blocky on

high-resolution acoustic profiles. Blockiness decreases
downslope, but only the extreme distal parts of the deposits ap-
pear smooth.
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Middle Levee Complex Mass-transport

deposit

Figure 13. Schematic profiles across the middle fan showing the development of the URMTD and BMTD through time. Profile located in Figure 5. A. Fan mor-
phology before the emplacement of the MTD. The Green Channel-levee of the Lower Levee Complex and the unnamed levee of the Bottom Levee Complex
were two prominent bathymetric highs on the fan surface. B. Deposition of the MTD, which ponded between the two prominent bathymetric highs and thinned
on the outer edges of these features. C. The emplacement of Channel 6 and Yellow Channel-levees eroded most of the MTD, leaving only small pockets. The
emplacement of Blue Channel eroded part of the mass-transport unit and subsequently filled it with a sandy HARP unit associated with the Blue Channel. The

Blue levee prograded over the HARP unit and overlies the mass transport unit, apparently thickening the URMTD to the east. D. Present-day Amazon Fan mor-
phology based on seismic-reflection profiles and Leg 155 results.

3. As MTDs flowed downslope, they appear to have locally placesdistinct lateral ramps are visible. Downfan, the margins

moved across the crests of channel-levee systems, but they of MTDs have been eroded during the deposition of HARPs
generaly fill valleys between channel-levee systems and have associated with prograding channel-levee systems.

rather flat tops. The URMTD generally shows more surface 4. In places, seismic-reflection profiles indicate that the lower
relief than the surficial MTDs. Ridges formed by buried levee contact of MTDsiserosiona. In particular, levee crestslocally

crests commonly mark the lateral boundaries of MTDs, but in appear planed off. Anal ogous observations have been reported
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in dlides elsewhere (Trincardi and Normark, 1989). Lateral
contacts of MTDs with older sediments may also show evi-
dence for sediment failure.

LITHOLOGY
Introduction

Our interpretation of the character of the MTDs is based princi-
pally on description of the split core face and shipboard determina
tions of physical properties and microfossils. Detailed descriptions
areavailable in theindividua site chapters of Flood, Piper, Klaus, et
a. (1995) and are not repeated here, but salient features are summa-
rized in Figure 14 and Table 2. Downcore variationsin these various
parameters are compared with wireline logs, which are available for
parts of the buried MTDs. Lithologic variability is determined from
core descriptions of the split core face (Fig. 15), downcore variation
in physical properties and microfossils, and from logging data. Char-
acterigtics of sediment source are provided by laboratory studies of
sediment samples (e.g., grain size, geochemistry), microfossil con-
tent, and some physical properties. The Formation MicroScanner
(FMS), which measures microresistivity of the borehole wall from
four orthogonal padswith aresolution of <1 cm, has been particularly
useful for analyzing the in situ character of the sediment and the de-
formation associated with the emplacement of theMTDs. Inthe FMS
images in Figure 16, more resistive clasts and beds (typically of silt
or sand) appear as alighter tone. Correlation of a single bed between
the four pads alows the dip and azimuth of bedding to be calculated
(tabulated on the right-hand side of the images in Fig. 16). Many
FM Simages obtained during Leg 155 are degraded as aresult of poor
pad contact against a rugose borehole wall (Fig. 16E). Fortunately,
over most of the intervals logged the images are of sufficient quality
in at least one pad so that one can determine an electric faciesthat is
closely related to the nature of bedding and grain sizein the sediment
(see Pirmez et d., this volume). Here, we present an initial analysis
of the FM Simages within the URMTD and BMTD intervals. In par-
ticular, we measured the orientation of numerous beds and bed
boundariesand determined the depths at which abrupt changes of dip/
azimuth occurred. The main objective is to make a preliminary as-
sessment of deformation structures within the MTDs, which was not
feasible with the core material alone on the ship.

Lithologic Variation Through Individual Mass-Transport
Deposits

Most of the MTDsareinferred to consist of mud blockswith ava-
riety of physical scales. These scales can be inferred from split core

susceptibility, or uranium content). This uniformity suggests
that these intervals represent large blocks (Fig. 16A), of a scale
similar to that inferred from 3.5-kHz profiles. In places, there
are muddy or sandy intervals a few meters thick between these
inferred blocks (Fig. 18). The large blocks locally show com-
plete folds both in core section and FMS logs (Fig. 16E). They
contain numerous small faults and evidence of shearing. In
general, cores from intervals with large blocks lack obvious
matrix material and such blocks have the highest strength
properties and are found at or near the base of MTDs.

2. Intervals with uniform or gradational properties in muddy sed-
iment on a scale of a few meters, as for example in unit B of
the URMTD at Site 936 (Fig. 20) or the cyclical pattern noted
at Site 941 (Fig. 17). Small folds are visible directly in FMS
images (Fig. 16C) whereas larger folds can be detected from
dip reversals (203.5 mbsf in Fig. 16D).

3. Intervals where the variability in split core surface, in logs, and
in physical properties suggests blocks of sizes less than 1 m
(Fig. 16B, F). This lithology is commoner in the upper part of
the MTDs, but is also found at the base of the BMTD at Site
931 and at 253 mbsf at Site 935 (Fig. 14; Table 2).

4. Intervals with common sand were generally poorly recovered
and borehole washout degraded log data (e.g., Fig. 16B; 260
mbsf in Hole 936A in Fig. 18).

5. Intervals (e.g., at the top of MTDs in Sites 931 and 935) where
the sediment is distinctive because it appears highly folded and
consists of mud with many silty laminae, in contrast to the
more uniform muds elsewhere in the MTDs.

In places, the character of successive blocks appears repetitive. At
Site 936, index property data and log data show five cycles from 170
to 225 mbsf (Fig. 20). At Site 941, there is an alternation of glacial
and interglacial foraminiferal assemblages in the blocks, with lower
water content in the interglacial sediments (Fig. 17). The buried
URMTD and BMTD tend to have coarser sediment near the base and
finer sediment higher in the deposit, with several fining-up cycles
visible at Sites 935 and 936 (Manley et al., this volume).

Matrix material is generally difficult to identify in the split core
face. Where small (<10 cm) clasts are present, a grey muddy matrix
similar to the predominant block lithology is visible (m in Fig. 15E)
that contains elongate color patches suggesting shear. Individual less
compacted blocks appear deformed and penetrated by stronger
blocks (e.g., at 99 cm in Fig. 15E, where block “c” penetrates lami-
nation in the overlying deformed block). Matrix material may also be
present between larger deformed blocks (e.g., at 67 cm in Fig. 15F).
Overall, however, it is not possible to systematically identify matrix.

In many cases individual blocks appear to be in direct contact with

surface, although “biscuit” deformation (Flood, Piper, Klaus, et al.one another without intervening matrix (e.g., at 88 cm in Fig. 15D).
1995, see “Explanatory Notes”) makes this difficult in uniform tex-
tured sediment (Fig. 15C). Analysis of abrupt changes in dip/azimuth
of bedding from FMS images allow block boundaries to be identified
(Fig. 16A) and smaller blocks or clasts can be recognized in a single Because of coring disturbance associated with extended core bar-
FMS image (Fig. 16B). In some cases, block size can be inferre@l (XCB) coring of the buried MTDs on the Amazon Fan, the FMS
from the uniformity of microfossil assemblages and from the contimicroresistivity images obtained at Sites 935, 936, and 944 (for the
nuity of index and strength properties (e.g., Fig. 17). ResistivitylJRMTD) and at Site 933 (for the BMTD) are of particular impor-
gamma and other wireline log data (Figs. 18, 19) can also be usedtance in understanding the characteristics of the deformation associ-
infer block size and can be correlated with shipboard measurementated with the emplacement of these deposits. During Leg 155, the
physical properties (Fig. 20). Such data show that block sizes locall{CB cores from the MTDs were commonly characterized as having
are on the scale of centimeters (Figs. 15D, 16B), whereas elsewhéveoodgrain” facies (Fig. 15C), which were tentatively interpreted as
the recovered sediment appears relatively uniform over tens oésulting from “biscuiting” of beds that dipped at various angles
meters of thickness, such as the basal part of the MTDs in Sites 983ood, Piper, Klaus, et al., 1995, see “Explanatory Notes”). This de-
(Fig. 19) and 936 (Fig. 20). formation severely handicapped the shipboard party from assessing
Although there is considerable small-scale variability, it is possithe nature of the deformation within the MTDs.
ble to classify the URMTD and BMTD into five main lithologies The nature of the deformation within the URMTD and BMTD can
(Fig. 14): be assessed by examining the changes in dip and azimuth of the sed-
iment layers measured by the FMS. In many cases, beds dipping in
1. Intervals of uniform mud typically 10-30 m thick with rather one direction are superposed by beds dipping at 180°, suggesting the
uniform characteristics (such as foraminifer content, magnetipresence of folded structures (Fig. 16A). Multiple changes in azimuth

Deformation of Sediments
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1. Uniform mud, large blocks .
4. Sand and silty mud
2. Variable mud, inferred ) Figure 14. Lithologic interpretation of the URMTD and
m-size blocks S. gﬁnﬁgﬁgan;m with BMTD. Lithologies 1-5 are described in detail in text.
3. Abundant cm to dm- y A through E are units defined in Table 2. Small bars
size blocks indicate location of images in Figure 16A through 16F.
Table 2. Subunits of mass-transport deposits.
Subunit Depth (mbsf) Distinctive properties
Hole 931A

A 220-230 Folded blocks of mud with silt laminae. Common P. obliquiloculata.

B 230-235 Sandier interval, common mud clasts.

C 235-275 Large mud clasts. Plant fragments common. Scatter in index properties. P. obliquiloculata absent in most samples

D 275-326 Large mud clasts. At top, change in magnetic susceptibility and water content profile. Uniform index properties, break at 302 mbsf. P.
obliquiloculata common in most samples.

E 326-349 Mud blocks with decimeter- and centimeter-sized clasts including carbonate-rich muds.

Hole 933A

A 97-125 Mud with decimeter-sized clasts, some sand. No P. obliquiloculata. FM S shows change in average dip at 108 mbsf (Fig. 21A).

B 125-164.5 Large mud blocks. Lower magnetic susceptibility, higher U and higher N than in upper part of mass-transport deposit. P. obliquiloculata present.
[Note that index properties (Fig. 27) and resistivity, velocity, porosity, and density logs (Fig. 19) show achange at 130-133 mbsf. FMSimages
show higher dips with higher scatter below thislevel (Fig. 21A)].

Hole 935A

A 199-218 Folded blocks of mud with silt laminae. Common P. obliquiloculata.

B 218-237 Mud with decimeter- and centimeter-sized clasts, including carbonate-rich mud.

C 237-276 Large mud blocks, some sandier intervals, rare smaller clasts. Few P. obliquiloculata throughout.

Hole 936A

A 154.5-?172 Abundant decimeter- and centimeter-sized mud clasts, wood, shell fragments, and fine pebbles.

B ?172-225 Large mud blocks. Five fining up cycles on gamma log, some corresponding water content profiles. P. obliquiloculata common in upper part,
becoming rarer lower.

C 225-255 Large mud blocks. Abrupt increase in strength. Abundant bathyal foraminifers. P. obliquiloculata increases down-unit.

D 255-263 Sandier interval. Abundant P. obliquiloculata.

E 263-294 Large mud blocks. Highest resistivity and gamma. Bathyal foraminifersrare. Few P. obliquiloculata.

Hole 944A

A 192-218 Mud blocks, folded, probably decimeter-sized. Rare smaller clasts. Rare bathya foraminifers. No P. obliquiloculata.

B 218-226 Interval with common carbonate-rich and other decimeter-sized clasts.

C 226-233 Sandier interval.

D 233-268 Mud blocks. Different color from A. No bathyal foraminifers, but common P. obliquiloculata.
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Figure 15. Core photographs of selected intervals. Photographs A-D are also imaged by FM3-lidsd sediment, interval 155-933A-18X-1, 50-110 cm,
probably corresponding to the upper part of Figure 16A. The lack of folding in the FMS image suggests that this foldifipmesiiiing deformation, as
interpreted by Flood, Piper, Klaus, et al. (1995, p. B1Mighly bioturbated sandy mud interval (Section 155-935A-28X-4) corresponding to a large block in
Figure 16B.C. “Woodgrain texture” in muds from Section 155-936A-19X-6, resulting from biscuit rotation in folded blocks. This intenspauiseapprox-

imately to FMS image in Figure 16C.

direction probably indicate the presence of several blocks (Fig. 16E).
Gradual changesin dip uphole are also observed, suggesting perhaps
gentler folded structures or larger scale folds. Small-scale folding
that could be observed within asingle pad israre (Fig. 16C). The ap-
parent scarcity of small-scale folding would indicate that the sedi-
ment within the MTDs may have been too stiff to generate such
small-scale folds, and it must have been transported as fairly large
blocks, which were more or less coherent. Within some intervals,
smaller blocks on adecimeter scalearevisible (Figs. 16B, F) and cor-
respond to rapid changesin lithology in recovered core (Fig. 15D). In
Hole 933A, ahighly folded coreinterval (Fig. 15A) wasderived from
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an interval that shows no folding on FMS, confirming the shipboard
interpretation that this particular folding resulted from drilling distur-
bance.

The MTDs differ from autochthonous channel-levee deposits in
showing dips greater than 30° with azimuths that vary by up to 180°
over short intervals. Dip-azimuth (“tadpole”) plots for Holes 933A,
936A, and 944A are shown in Figures 21A through 21C. For Site
933, we show in addition a plot of the azimuth of measured beds vs.
depth (Fig. 21D). In each of those plots, we marked apparent bound-
aries where either bed azimuth or dip changed significantly (greater
than ~45° for azimuth). These boundaries separate zones where bed
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Figure 15 (continued). D. Several small clasts in Section 155-944A-25X-5. This interval is just below the image in Figure 16F. E. Photo and interpretation
showing small clasts and probable matrix (M) in Section 155-941A-4H-5. Clasts include relatively rigid light-colored clasts with =5% CaCO; (C) and more
deformed color-banded muds F. Photo of deformed color-banded mud blocks showing overall fold deformation and small-scale fault offset from Section 155-
941A-3H-7. Underlying lighter mud may represent matrix. G. Series of small faultsin color-banded mud clast from Section 155-941A-6H-3.
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Figure 16. Examples of particular features from Formation MicroScanner logs. In al plots, thin wavy lines indicate bedding surfaces that can be correlated
between pads. Numbers on right are dips and azimuths determined from these bedding surfaces. A. Hole 933A, 157-166 mbsf. Note 180° change in azimuth

across fault or block boundary.
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(mbsf) Figure 16 (continued). B. Hole 935A, 251-254 mbsf,
(B) Hole 935A showing abundant clasts and sandy interval.

dip and azimuth tend to group with amore or less constant value. We parent dip of the Middle Levee Complex at these locations. The dips
interpret these zones to represent blocks that moved in a coherent determined from seismic-reflection profiles are to the east at Site 936,
fashion within the MTD. Further analysis is needed at this point to consistent with the true dip direction observed from the FMS data at
determine the axis of folds and the exact nature of faults within the this site. Site 935 is located south of the Gold-Green bifurcation, a
unit. The apparent block boundaries occur at intervals ranging from prominent topographic high, and the azimuth of dip for the MTD cor-
afew metersup to =20 m. At Hole 933A, the “block” dimensions ap- responds to the bottom topography at the time it was emplaced.
pear to decrease uphole, but no such trend is visible at Sites 936 and Some observations of deformation can be made in split core face.
944. Matrix material (m in Fig. 15E) lacks internal stratification, but may
A summary plot of the azimuth of the measured features withircontain streaked blebs of different color or grain size. Many individ-
the MTDs for each hole is presented in map view in Figure 22. At Sitaal blocks show shearing (Fig. 18E) and folding (Fig. 18F), but are
933, most beds dip to the west-southwest with secondary modes &tso offset by brittle faults (Fig. 18F). There may be a continuum be-
the southeast and to the east. This corresponds to the apparent dipveéen deformed less consolidated blocks and true matrix in taking up
the Bottom Levee Complex levee at Site 933 as seen in a seismic-ghear within the MTD. Brittle faulting may in part develop during
flection profile crossing the site (Flood, Piper, Klaus, et al., 1995post-depositional consolidation.
“Site 933" chapter, fig. 2). Sites 935, 936, and 944 display the major-
ity of beds dipping to the south-southwest, southeast and east-south- Lithologic Properties of Clasts
east, respectively. At Sites 935 and 936 the overall azimuth of the
bed-dips is opposite to the surface downslope direction. At Sites 936 Grain-size data presented by Manley et al. (this volume) show that
and 944, the URMTD overlies the western flank of the Red Channeltnost clasts are relatively clay-rich sediments, comparable with upper
levee System and the azimuth of dipping beds corresponds to the dpn levees. In general, samples are finer grained than the immediately
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Figure 16 (continued). C. Hole 936A, 179.5-182.5 mbsf, showing small-scale folding.

underlying levees. However, some samples are indistinguishable in
their grain size from local levee sediments.

The FM Simageswithinthe MTDs display avariety of electric fa-
cies (see Pirmez et a., this volume), but are generally dominated by
thinly laminated units (Fig. 16D). Thin resistive layers observed on
the images probably correspond to silt and silty-sand intervals noted
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in many cores of URMTD (e.g., Fig. 15B). The resistive layers pro-
vide good markers that can be traced between pads for measuring
dips Locally thicker resistive beds are observed on the FM S images,
often contained within the image of a single pad, and are interpreted
as sandier intervals. The overal characteristics of the FMS images
within the URMTD suggest that the electric facies of many of the
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Figure 16 (continued). D. Hole 936A, 200—204 mbsf showing well-bedded silts and muds resembling those found in levee sequences.

blocks is quite similar to channel-levee deposits examined on Ama-
zon Fan. Theimages display typical characteristics of turbidite beds,
such as grading (decreasing resistivity upward) and erosional bases
where thicker, resistive beds occur.

Sedimentsin the MTDs in general contain a higher proportion of
benthic foraminifers than do the autochthonous levee muds cored at

the same site (see tables of foraminiferal data for individual sitesin
Flood, Piper, Klaus, et d., 1995). Many of the benthic foraminifers
appear to be mid- to upper bathyal, with rare outer shelf taxa (Vilela
and Madlin, thisvolume). Many MTDs contain echinoid spines. Bio-
turbation by echinoids was recognized only at shallower water sites
such as 937, 938, and 942. Clasts of interglacial calcareous clay,
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Figure 16 (continued). E. Hole 944A, 263-266 mbsf showing abrupt contacts and changes in azimuth between blocks.

wherever recovered during Leg 155, are particularly distinctive be-
cause of their light color. Many of these cal careous clayslack bathyal
benthic foraminifers and are therefore unlikely to have been trans-
ported from the continental slope.

At several sites, a few microfossil samples are barren of bathyal
benthic foraminifers and contain rare abyssal benthic foraminifers

currence of small-scale blocks at the base of the deposit, suggesting
that local erosion may have occurred.

Evidencefor GasHydrates

Unequivocal evidence is lacking for gas hydrates in sediment re-

(Samples 155-935A-25X-5, 59-64 cm, and 27X-CC; 155-944A-covered during Leg 155. Extremely gassy sediment was recovered
26X-CC and 28X-CC). These blocks presumably originated in abysrom the WMTD at Site 941 that is associated with low-chlorinity

sal water depths.

pore water, interpreted as evidence of gas hydrates by Soh (this vol-

Clay minerals are not generally diagnostic of source, but the lowarme). Shipboard chlorinity measurements were made at infrequent
part of the MTD at Site 931 has a distinctive chlorite that is onlyintervals: anomalously low values are found in MTDs at Sites 941
found in the levee sediment from the Bottom Levee Complex during<500 mM), 936 (547 mM), and 933 (549 mM), but not at other sites.
this leg. This supports the lithologic observation of the unusual ogdlow chlorinity occurs in permeable HARPs at Sites 931 and 935.)
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Figure 16 (continued). F. Hole 944A, 225.5-227.5 mbsf, showing abundant clasts. R = resistive clast (?hard clay).

Correlation Between Holes

In places, it seems possible to correlate specific features between
nearby holes. At Site 941, correlation of cyclical variations in fora
miniferal assemblages and water content appears to be possible be-
tween the A and B holes, which are 500 m apart (Fig. 17). Magnetic
susceptibility in the BMTD changes abruptly at 275 mbsf in Site 931
and 125 mbsf in Site 933 (Table 2; Fig. 14), but other parameters

inoidesruber and sparse bathyal benthic foraminifers; in contrast, the
lower part of URMTD at Site 936 has abundant bathyal benthic for-
aminifers but P. obliquiloculata and G. ruber arerare (Table 2). The
basal part of URMTD at Site 944 is similar to that at Site 936 in li-
thology and many microfossil properties.

Manley et a. (this volume) suggest that there is a significant
downfan increase in modal size within the URMTD, from ~7.2¢ at
Sites 935 and 936 to 5.8 at Site 944. This change seems to represent

higher percentages of sand (5%—20%,; cf. 1%-5% upfan) at Site 944
and parallels a similar increase in autochthonous sediment.
Similarities in the sequence of lithologies between Sites 931, 933,
and 935 support the suggestion from seismic-reflection data that the
BMTD and URMTD may be correlative. Unit A at Sites 931 and 935

(such astotal nitrogen) do not correlate.

Sites 935 and 936 both have long intervals of uniform mud in the
lower part of the URMTD, suggesting that large blocks are present.
In detail, however, the blocks are quite different at the two sites. Unit
C at Site 935 (Fig. 14) has abundant P. obliquiloculata and Globiger-
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Figure 17. Downcore variation in water content and ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
foraminiferal assemblagesin WMTD at Site 941 sup- 0 20 40 60 80 100 0 20 40 60 80 100
porting interpretation of large, discrete blocks. (Data Water content (% total weight) Water content (% total weight)
from “Site 941" chapter in Flood, Piper, Klaus, et al. o
1995). Zone Y is glacial, Zone X interglacial. Foraminifer zones @ ZoneY @ ZonesY and X
(Fig. 14) has similar folded muds with silt laminae, common P. ticular, we discuss data concerning the strength properties of sedi-
obliquiloculata, but sparse G. ruber. Unit D in Site 931, B in Site 933 ment in the MTDs.
and Cin Site 935 (Fig. 14) are dl lithologically uniform, have abun-
dant P. obliquiloculata and G. ruber, rare benthic foraminifers, and Western Mass-Transport Deposit
similar magnetic susceptibility. The upper part of Unit B at Site 936
(to ~205 mbsf) appears lithologically and micropaleontologically In the WMTD, careful observation of the split core face allowed

similar, although block sizeis somewhat smaller than at Site 935. The distinction of matrix and clasts in some sections (e.g., Fig. 15E).
lower half of URMTD at Site 936 resemblesthat at Site 944 (Fig. 14; Closely spaced torvane measurements illustrate significant differ-
Table 2), thus suggesting that the URMTD at Site 936 may be com- ences in undrained shear stren@h) Of clasts and matrix. A clast at
posite (see “Discussion” section). 155-941A-4H-4, 105 cm, h& = 95.9 kPa, whereas nearby matrix
at 941A-4H-4, 109 cm, ha&u = 30.3 kPa. Matrix samples are re-
molded and effectively underconsolidated (these particular samples
PHYSICAL PROPERTIES have ~30 m of overburden), because of the rapid emplacement. The
Introduction shear strength of the clasts, which are normally to overconsolidated,
result from loading to higher stress levels at their former site. Based
In this section, we examine results from post-cruise studies afn the undrained shear strength profiles of the shallowest Leg 155
physical properties. Much of the basic data for this study is presentesites (i.e., Sites 937, 938, and 939: Flood, Piper, Klaus, et al., 1995),
in individual site chapters of Flood, Piper, Klaus, et al. (1995). In parthe clast would have been derived from sediment buried to at least
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100 mbsf if it was |ate Pleistocene sediment with asimilar consolida-
tion history or it could have been derived from a shallower depth if it
was older material. The clast measured at 155-941A-4H-4, 105 cm,
isrelatively the firmest; other clasts have lower strengths suggesting
that awide range of source material isincorporated within the MTD.
Both the matrix and the clasts must support the present overburden
stresses. In the clasts, all the overburden is carried by effective or in-
tergranular stress. In the matrix, some overburden is carried by effec-
tive or intergranular stress and some could be carried by excess pore-
water pressure.

Consolidation testing was carried out on four samples from the
WMTD at Site 941 (Fig. 23) and one sample from the underlying
levee deposit. All consolidation test results suggest that disturbance
had occurred, as the C./LL (compression index/liquid limit) ratio is
closeto that of remolded material (Terzaghi and Peck, 1967). It isnot
clear from adjacent sediment what the proportion of blocks to matrix
isin the samples, although the two deepest samplesfrom the WMTD
probably consist of decimeter-sized blocks separated by matrix. The
upper three samples from the WMTD yielded similar preconsolida-
tion values (39.1, 57.1, and 65.9 mbsf, Pc’ values 167, 175, and 177
kPa, respectively), suggesting a similar stress history: these three
tests may represent the behavior of matrix material that supports the
more compacted blocks. A deeper sample at 72.33 mbsf had a Pc’ of
400 kPa, which is higher than that determined in a consolidation test
of deeper levee sediment underlying the MTD (Pc' of 305 kPa at
163.05 mbsf). The lowest mass-transport sample at 72.33 mbsf prob-
ably represents the stress history of a single block.

At Site 941, the MTD hasundrained shear strength/effective over-
burden stress ratios (Su/Po') generally at least double that of the un-
derlying levee sediments. Po' is calculated from the measured bulk
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density valuesintegrated over the overburden depth interval and used
as buoyant densities (Moran et a., 1993). The ratio in the MTD of
~0.1 is below that of normal consolidation (Skempton, 1970), which
should be ~0.2t0 0.3., but issimilar to that of the other Leg 155 sites.
The profile shows a wide scatter of values (Fig. 24). Some scatter
may be the result of drilling disturbance, but it is principally due to
the testing of both matrix and blocks that have quite different stress
histories.

On the basis of Skempton’s (1970) approximation, and assuming
full consolidation of sediments is possible, the I84/Po’ ratio
would indicate that the sediments are underconsolidated. Gibson
(1958) showed that for a clay to be normally consolidated with a uni-
form rate of depositionr), the ratioc,/rh must be more than 10
whereh is the thickness of the layer anglis the coefficient of con-
solidation. Results of consolidation testing indicate the latter is typi-
cally 1 nt/year, so then for the top 100 m the deposition rate has to
be less than 1 m/k.y. The initial results from Leg 155 (Flood, Piper,
Klaus, et al., 1995, see “Leg Synthesis”) indicate that this rate of dep-
osition was frequently exceeded. Therefore, it is not surprising that
the sediments recovered indicate underconsolidation. The presence
of free gas or hydrates would also inhibit the normal consolidation
processes.

Bottom Mass-Transport Deposit

The MTD at Site 931 has undrained shear strength/effective over-
burden stress ratioS{/Po’) of ~0.07, generally at least half that of
the overlying sediments (Fig. 25). Such ratios are minimum values
due to the limits of the shipboard measuring equipment (Flood, Piper,
Klaus, et al., 1995, see “Explanatory Notes”). The scatt&u/ifo’
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between 0.02 and 0.08 may in part be due to core disturbance, but, as the water content gradually increases with degt).(The FMS data

at Site 941, probably represents the non-uniform distribution of clasts suggest that most of the index property measurements were made in

within the matrix. clasts, implying that progressively more consolidated material was
The BMTD at Site 931 can be divided into three subunits on the incorporated into the MTD and accumulated higher in the deposit (or

basis of shipboard measured index properties (Figs. 25, 26) and shear perhaps that more matrix is present deeper in the section). The higher

strength (Flood, Piper, Klaus, et al., 1995). The stiffest sediment is undrained shear strength values at the top of the lower subunit would

found in the lowest part of the deposit (297—348 mbsf) where unsupport this interpretation. The upper sequence (above 133 mbsf)

drained compressive strengths are >440 kPa and undrained sheanerally has higher water contents and may be derived from younger

strength was measured as 320 kPa by a single laboratory vane mésss consolidated sediments.

surement. All other laboratory vane tests exceeded the machine capa-Flood et al. (this volume) have shown that shear modulus and bulk

bility. Such high strength values suggest that the BMTD was derivethodulus determinations (based on analysis of porosity and log-de-

from old, stiff sediment. Sediment of this consolidation state is unrived velocity) indicate normal to overconsolidated sediment imme-

likely to occur within 100 mbsf on the Amazon Fan (based on Legliately below the BMTD at Site 933 and underconsolidated sediment

155 results). A source area on the continental slope or shelf is consiseneath the URMTD at Sites 936 and 944. This interpretation at Site

ered more likely from the degree of consolidation. 933 is inconsistent with the interpretation of an underconsolidated
The index properties at Site 933 clearly show the effect of restrictanit beneath the BMTD at this site based on water content and resis-

ed dewatering of the sediment immediately underlying the MTDtivity log data.

(Fig. 27). The water-content profile of the sediment immediately be-

low the BMTD follows the same trend as the sediments overlying the AGE

MTD (Fig. 28). The single exception is the sample (155-933A-19X-

1, 51-53 cm) just below the MTD (Fig. 28), where trends in log data Introduction

(Fig. 19), particularly resistivity, have been interpreted as indicating

considerable overpressure (Flood, Piper, Klaus, et al., 1995), sug- Aboard ship, the age of buried MTDs was poorly constrained and

gesting that the BMTD has inhibited drainage. These observatiorseveral of the deposits appeared to mark major hiatuses in sedimen-

suggest that there was no major erosion at the base of the BMTD duation. For example, the BMTD overlies mid-Pleistocene (probably

ing its emplacement. isotopic Stage 7) calcareous clays and is overlain by late Pleistocene
The index properties at Site 933 also show evidence for discontéleposits of Channels “5” and “6” (Fig. 3), dating from isotopic Stage

nuities in physical properties of blocks in the BMTD, with a major3 (Maslin and Mikkelsen, this volume). Determining whether the

boundary at 133 mbsf (Fig. 27). Both above and below this boundar¥TDs have removed sediment by erosion or are overlain by hiatuses
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is important in determining the origin and nature of their emplace- were distinguished in Hole 941A (Flood, Piper, Klaus, et al., 1995).

ment. Surficial debris flows, such as the WMTD, provide more ac- Unit | (0 to 0.98 mbsf) consists of brown calcareous clay. Unit 11 (0.9
cessible examples for considering the possible presence of hiatuses  to 8-5.3 mbsf) consists of mottled gray clay. Unit ll, consisting prin-
overlying debris flows. cipally of mud clast conglomerate and large mud blocks, was identi-
fied as the MTD. However, the uppermost part of Unit Il (to 10.7
Western Mass-Transport Deposit mbsf—155-941A-2H-5, 64 cm) also consists of mottled gray clay

similar to that in Unit Il. This interval contains abundant branching

Damuth and Embley (1981) obtained 50 cm of Holocene calcare- siliceous fossils (3 mm 10 mm). Three clasts, a few centimeters in
ous ooze over 435 cm of gray clay resting on debris flow depositsin size, occur in the mottled mud of Unit Ill. This mud has an abrupt
core V18-20. Using a sedimentation rate of 0.5-1.0 m/k.y. for the lateontact with an underlying mud-clast conglomerate. This upper 5 m
glacial gray clay, they estimated an age of 15-25 ka for the base of Unit Il might represent in situ sedimentation involving winnow-
the sediment overlying the WMTD. Rates of sedimentation for muding off the top of the blocky MTD (and rare spalling of clasts), or
dy sequences on Leg 155 (e.g., at Site 932) are >1 m/k.y., suggestimight represent a debris flow deposit forming the upper part of the
the younger end of this range is more probable. Oxygen isotope deass-transport unit. The presence of siliceous branching fossils and
terminations from this core V18-20 (Fig. 29) show valued'@ on  of mottling (bioturbation) throughout suggests that it represents rela-
Globigerinoides sacculifer just above the MTD of ~0.0, similar to tively slow autochthonous (hemipelagic) sedimentation. This inter-
those just above the last glacial maximum in Site 942. The bottom gfretation is supported by the very consistent isotopic charadBer of
core V12-88, which did not reach the MTD, appears to be youngersacculifer in three samples from this mud interval watfO of 0.2%0—

A younger age (early Holocene) was estimated for the WMTD a0.3%q identical to values at the last glacial maximum peak in nearby
Site 941 during Leg 155 (Flood, Piper, Klaus, et al., 1995). The inteiSite 942 (Showers et al., this volume). Samples elsewhere in Unit 111
pretation of the age of the WMTD is critically dependent on identify-show more variability, consistent with an interpretation of mixed
ing the top of the deposit at Site 941. The following lithologic unitssources, so it is difficult to explain the consistent isotopic signature
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of the mottled mud interval at thetop of Unit 111 if it isadebris flow
deposit. If the interpretation of autochthonous sedimentation is cor-
rect, the base of the sediment overlying the WMTD corresponds ap-
proximately to the last glacial maximum in isotopic Stage 2.

Itis possiblethat cores penetrating to the WMTD were located on
high-standing blocks in the deposit and thus have a significant local
hiatus, as sediment first filled depressions between blocks. In this
case, the age of the oldest overlying sediment may not be an estimator
for the age of the MTD. At Site 941, blocks have ~5 m of relief, al-
though 15-m blocks are seen nearby in 3.5-kHz profiles. Sedimenta-
tion rates on abandoned high-standing levees, such asat Site 932, are
~1.1 m/k.y., so it is possible that a hiatus of several thousand years
may be present on the top of blocksin the MTDs.

Seismic-reflection profiles suggest correlation of the snout of the

WMTD (Flood, Piper, Klaus, et al., 1995, “Site 941" chapter, fig. 4)
with the lower part of the Amazon-Brown interval, but this correla-

Figure 21 (continued).

absent between ~40 and 10 ka; Maslin et al., this volume). The range
of isotopic data is similar to that from the Purple interval at Hole
930B and 937B (Showers et al., this volume). The age of the Purple
interval is estimated to be ~22 ka (Piper et al., this volume). The
thickness of the “missing” stratigraphic section between the autoch-
thonous sediments above and below the WMTD can be estimated.
Six meters of non-recovery separates the base of the MTD and the top
of the Purple levee. If the top of the MTD immediately predates Stage
2.2 (18 ka, corresponding to the Brown Channel-levee System) then
only a short time interval, equivalent to the Aqua Channel-levee Sys-
tem of perhaps 4 k.y. duration, is not represented at the site (Piper et
al., this volume). Site 941 is near the downslope limit of the WMTD:
greater erosion may have occurred upslope.

Other Surficial Mass-Transport Deposits

tion remains tentative. Sediment underlying the WMTD is tentatively The age of the EMTD can only be estimated from piston cores,
correlated through the seismic stratigraphy with the Purple Channdbecause it was not drilled during Leg 155. Oxygen isotope analyses

levee System, consistent with the laclobbliquiloculata (which is

on RC16-171 (Fig. 29) suggests that the top of the core is missing and
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that Stage 3 sediment is present above the MTD. Alternatively, the At Site 935, theP. obliquiloculata datum occurs in hemipelagic

sediment may be mixed, including dominantly isotopically heavy mud overlying a HARP that rests on the mass transport unit (Fig. 3).
glacial age foraminifers and afew Holocene individuals (because G. At Site 936, theP. obliquiloculata datum occurs in a thin levee mud
menardii is reported to 5 mbsf). unit that rests directly on the top of the mass transport uni.No

A similar isotopic stratigraphy was obtained from RC15-176 on obliquiloculata was found above the mass-transport unit at Site 944,
the MTD near 50°W, where the MTD underlies Stage 3.3. On the ottalthough the isotopic character of the section immediately above the
er hand, core V31-139 on the eastern part of the same MTD has arass transport unit is similar in Sites 936 and 944 (i.e., a gradual de-
isotopic stratigraphy similar to that found on the WMTD, supportingcrease downcore &#%0 to a value of —0.5%0; Showers et al., this vol-
the interpretation of Damuth and Embley (1981) that this MTD mayme). At all three sites, sediment recovery in the cores a few tens of
be composite. meters above the MTD was poor because of the presence of sandy

. . HARPs. Although the presence Bf obliquiloculata and isotopic
Unit R Mass-Transport Deposit data are only of stratigraphic value within a particular glacial cycle,

Regional seismic-stratigraphic correlation shows that theseismic correlation with Sites 942 and 946 suggests that the sediment
URMTD overlies the Red Channel-levee System of the Middleover URMTD is considerably younger than the last interglacial
Levee Complex (Figs. 2, 3, 11), dated as older than isotopic Stage(Stage 5). Furthermore, experience at Sites 935, 936, 944, and 946 is
by seismic correlation with Site 942 and younger than Stage 7 at Sitd#at recovery was good in highstand carbonate clays; none were re-
936 and 944. The lowest HARP above the URMTD in Site 935 is corcovered above the URMTD.
related through seismic profiles with the Orange Channel-levee Sys- The evidence for the maximum age of overlying sediment is clear-
tem (Fig. 3), dated at Site 930 at ~40 ka based on the appearanceesf at Site 936, where no more than 4 m of stratigraphic section is
P. obliquiloculata (cf. Maslin et al., this volume). missing between the MTD and the overlying autochthonous sedi-
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ments (Fig. 3). Unless there is a remarkable hiatus on top of the
URMTD, then the maximum age of the sediment overlying the UR-
MTD is ~80 ka, because neither sediment nor isotopic values typical
of isotopic Stage 5 have been recovered above the URMTD. A max-
imum age of ~50 ka seems likely if a reasonable sedimentation rate
is assumed for the sediment between the P. obliquiloculata datum
and the URMTD (see also Madlin and Mikkelsen, this volume).

At Site 936, the mass-transport unit rests on ~10 m of levee mud
and silt, that in turn overlies athick sequence of sandy turbidite beds
from isotopic Stage 6 in the Red Channel-levee System. At Site 944,
the MTD also rests on levee muds of the Red System. In contrast, at
Site 935 the URMTD rests on 10 m of levee mud and silt overlying
carbonate-rich highstand sediment that Maslin and Mikkelsen (this
volume) interpret as isotopic Stage 9. Seismic-reflection profiles

Figure 21 (continued).

The P. obliquiloculata marker is 50 m above the top of the MTD,
suggesting that the stratigraphic position of this deposit may be iden-
tical to the URMTD at other sites. Seismic correlation indicates that
this MTD occurs within the Orange-1 Levee (Pirmez and Flood,
1995), in which case it would be younger than URMTD.

Nannofossil-bearing clasts in URMTD at Site 944 are from Zone
CN15, at Site 936 from Zone CN15a and at Site 935, where the base
of the deposit cuts down into older sediment, from both CN15a and
CN14b (the latter both near the base of the flow and 50 m above the
base of the flow).

The hiatus between recovered autochthonous sediment above and
below the URMTD thus extends from ~50 ka (Site 936) to at least
130 ka (because there is neither lithologic nor isotopic evidence for
recovery of Stage 5 deposits, and in particular Stage 5e calcareous

(Flood, Piper, Klaus, et al., 1995, “Site 934" chapter, fig. 34) suggestlays, at any site beneath the URMTD). The restriction of CN14b cal-
that the eastern levee crest has been eroded, but no erosion is resol@etous clasts to Site 935, which is the only site where the deposit di-

at the western crest at site 934.

rectly overlies CN14b sediment, suggests that these old clasts are

At Site 930, an MTD underlies the levee-crest sediment of the Omore likely the result of basal erosion during emplacement than der-
ange Channel-levee System (see fig. 17 of Pirmez and Flood, 199%)ation from old sediment in the source area on the continental slope.
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Figure 22. Map of Amazon Fan showing regional varia-
tion in azimuths of bedding dipsin the WMTD,
URMTD, and BMTD. Also shows location of the Yel-

-~ -+ Red levee crest
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low, Red, and Green levee crests (cf. Table 1).

Bottom Mass-Transport Deposit

At Site 931, the MTD is overlain by the Channel 5 levee deposit
and its underlying HARP, together with ~50 m of older HARPs. The
32 kaLake Mungo magnetic excursion is~180 m above thetop of the
deposit (Fig. 3). At Site 933, the MTD is overlain by levee deposits
of the Channel 5 and 6 Systems, with the Lake Mungo Excursion 17
m above the top of the deposit. The lack of HARPs at Site 933 makes
this site of greater stratigraphic value. The P. obliquiloculata marker
was not recognized in either site, and Maslin and Mikkelsen (thisvol-
ume) therefore interpret the BMTD as younger than the URMTD. At
Sites 932 and 938, however, where there is a better foraminiferal
record, the P. obliquiloculata marker occurs above the Channel 6 de-
posits. Seismic correlation therefore suggests that the top of the
BMTD is considerably older than the P. obliquiloculata marker and
could be the same age asthe URMTD.

At both sites, the MTD rests directly on highstand carbonate clay
correlated with isotopic Stage 7 (Maslin and Mikkel sen, this volume)
resting on the crest of the Bottom Levee Complex. Rare nannofossil-
bearing clasts at Site 931 are from Zone CN15a.

DISCUSSION
Age
The best estimates for the age of the surficial MTDs come from
isotopic determinations on foraminifersin piston cores. The WMTD

dates from near the last glacial maximum. The EMTD is overlain by
some Stage 3 sediments (Fig. 29) and is thus a little older than the
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WMTD, even though it appears fresher (more distinct contrast in
acoustic backscatter) and more blocky on GLORIA imagery. The
MTD at 50°W is probably composite; part predates isotopic Stage
3.3, but part may be of the same age as the WMTD.

At least the upper part of the URMTD dates from ~45 ka and of
the BMTD from ~37 ka, although within the limits of resolution of
bio- and magnetostratigraphy, these two deposits could be synchro-
nous. Older MTDs are difficult to recognize in the seismic-reflection
profiles (but note deposit below the Bottom Levee Complex illustrat-
ed in fig. 23.6 of Flood et al., 1991).

Does the pronounced age gap in at least the buried MTDs indicate
that they represent multiple events that occurred over a long period of
time? Or is the age gap a result of basal erosion by the flow? Seismic-
reflection profiles generally do not show stratified sediment interbed-
ded with the MTDs, and the margins of the deposits do not have mul-
tiple snouts interbedded with stratified sediments. The distribution of
clasts in the URMTD is consistent with erosion at the base of the
flow. Seismic-reflection profiles show that the surface of the Bottom
Levee Complex is locally quite irregular (Flood, Piper, Klaus, et al.,
1995, “Site 933" chapter, fig. 2) and may be indicative of erosion;
clay mineralogy of clasts within the BMTD also suggests some ero-
sion.

Source

Two hypotheses have been considered for the source of the
MTDs. Some of the seismic-reflection data suggests that the MTDs
represent channel-levee sediment that has deformed essentially in
situ (parautochthonous model). In contrast, on the basis of microfos-
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sils, Vilelaand Maslin (this volume) conclude that the MTDs were
initiated in middle to upper bathyal depths with rare shelf contribu-
tions.

Evidence supporting the interpretation of a parautochthonous or-
igin for the MTD includes the following: (1) The incorporation of
carbonate-rich interglacial sediment at the base of Site 931 and local-

Figure 23. Oedometer consolidation tests from Site 941
Arrows indicate Pc’ values.

ren of bathyal benthic foraminifers and contain rare abyssal benthic
foraminifers. These blocks presumably originated in abyssal water
depths (Fig. 30). (4) Thereis adownfan increase in the proportion of
sand in the buried M TDs that parallels a downfan increase in the pro-
portion of sand in levee sediment (Manley et a., this volume). (5)
The total volume of the surficidl MTDs appears greater than the

ly within Site 935 and Site 944. These calcareous clay deposits lack
bathyal benthic foraminifers and are therefore unlikely to have been
transported from the continental slope. (2) Some blocks are litholog-
ically similar to fine-grained levee deposits. In particular, a distinc-
tive clay mineral occurs in some blocks near the base of the BMTD
in Site 931 and the underlying levee, but nowhere else (Debrabant et
a., thisvolume). (3) At somesites, afew microfossil samplesare bar-

“missing” sediment inferred from seismic-reflection profiles of the
source areas.

Most of the authors of this report feel that the bulk of the evidence
supports an interpretation that most of the sediment in the MTDs was
derived from channel-levee deposits in water depths of 500 to 2000
m on the continental slope. By analogy with the WMTD, some of this
sediment was derived directly from failure on the continental slope
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Figure 24. Plot of ratio of undrained shear strength (Su) to estimated overbur-
den effective stress (Po') against depth for Site 941. Shows wide scatter in
upper part of WMTD, suggesting that the strengths of clasts and matrix are
very variable.

and some from erosion beneath the proximal part of the MTD. Ben-
thic foraminifer abundance is consistently greater in the MTDs com-
pared with levee deposits (seeindividual site biostratigraphy tablesin
Flood, Piper, Klaus, et al., 1995), an observation confirmed by the de-
tailed work of Vilela and Madlin (this volume). This suggests the
source was in shallower water than the sediment cored during Leg
155. This interpretation is supported by the presence of rare outer
shelf foraminifersin afew samples (Vilelaand Maslin, this volume).
There is no evidence, however, that shelf sediment represents a sig-
nificant component of the MTDs. The upslope limit of the mapped
deposits (Fig. 1) probably corresponds to the predominant source ar-
ea

The source of sediment in the MTDs was lithologically complex.
At Site 941, intervals of glacia and interglacial sediment blocks al-
ternate, and some smaller clasts are as old as early Miocene, probably
brought near the surface by the diapirs within the source region of the
WMTD. In al MTDs, carbonate-rich muds are easily recognized as
being of different lithology from most clasts, but there isalso consid-
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Figure 25. Plot of ratio of undrained shear strength (Su) to estimated overbur-
den effective stress (Po') against depth for Site 931, showing elevated values
within the MTD. Dashed lines indicate boundaries in physical properties
within the BMTD, discussed in text.

erable variability inthe color and grain size of mud clasts. Carbonate-
rich muds are of variable age.

The folded muds with silt laminae at the top of Sites 931 and 935
contain a “warm glacial” planktonic foraminiferal assemblage with
commonP. obliquiloculata but sparsés. ruber. The low degree of
compaction of this sediment suggests that it was not deeply buried
before failure and therefore probably represents sediment that accu-
mulated between 85 ka and the time of failure. The uniform mud in-
tervals at the base of Sites 933 and 935 and correlative muds in 931
and 936 have an interglacial planktonic foraminiferal assemblage;
whether these date from Stage 5 or older sediment is uncertain. Sed-
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Figure 26. Void ratio plot for Site 931. The BMTD shows as an offset to the [ eft.

iment in the upper part of Sites 931, 933, 935, and 944 and the middle
parts of Site 936 have glacia planktonic foraminiferal assemblages
(Fig. 30). Block size is commonly smaller than for the interglacial
mud interval s, and more sand and wood fragments are reported in the
visual core descriptions. The presence of sand and silt interbeds prob-
ably reducesthe ability of blocksto remain intact asthey aretrandat-
ed.

Figure 30 shows the inferred principa sources of blocks, based
mainly on their microfossil assemblages, and the apparent correlation
between URMTD and BMTD. The grain-size data of Manley et al.
(this volume) show some correlation between inferred source and
modal grain size. If only muddy samples (mode > 6¢) are considered,
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the mean modal size of interglacial mudsis 7.44¢, of “warm glacial”

muds is 7.3, and “cold glacial” muds is 7.28

The variation in sediment type and foraminiferal assemblages in
the five sites penetrating the URMTD and BMTD can be correlated
between sites (Fig. 30). This suggests that there were four phases of
sediment supply to the buried MTDs. The first is represented only in
Sites 944 and the lower part of URMTD in Site 936, with sandier sed-
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Figure 28. Water content for Site 933 with the MTD removed. This shows
the trend above and below the MTD, with asingle sample (1) from the over-
pressured unit beneath the MTD.

iment reaching Site 944. The second is represented by the upper part
of Site 936, the lower part of Site 935, the middle part of Site 931,
and most of Site 933. Thethird isrepresented by the upper part of Site
931 and the extreme top of Site 933. The fourth phase consists of
mixed sediment types at the top of Sites 936, 935, and 931 (Fig. 30).
There is no evidence for any extended time period between these
phases, which are interpreted as representing different source sedi-
ment in the failure zone. The lithologic correlation supportsthe inter-
pretation based on seismic-reflection profiles that the URMTD and
BMTD are correlative.

Transport Process

In trying to infer transport processes, we must consider whether
different mass-flow units experienced different transport processes
and whether individual MTDs resulted from multiple events, perhaps
involving different processes. All the MTDs that were cored are in

similar water depths on the fan (3346—3701 mbsl) and their similari-

ly small amounts of matrix and by weaker blocks (Fig. 31). The low
surface slope of the deposit (<1:100) confirms the presence of some
weak matrix or shear surfaces. Matrix-rich deposits with small clasts
are common near the top of some units. These may be true debris
flows and may also be represented at the snout of the WMTD (Flood,
Piper, Klaus, et al., 1995, “Site 941" chapter, fig. 4). The general ten-
dency for the largest and most consolidated blocks to be near the base
of the MTDs suggests that the deposits represent either a single event,
or a major slope failure followed by lesser retrogressive failures in
the slide scar area. The headscarp for the WMTD (Fig. 4) is 120 m
high. The degree of consolidation of transported blocks in all the
MTDs is consistent with derivation from failure involving this order

of sediment thickness.

The strong evidence for the transport of large blocks from bathyal
depths on the continental slope needs to be reconciled with the local
evidence for erosion at the base of the MTDs and incorporation of
abyssal sediment. The distribution of surficial MTDs suggests that
they flow between and are commonly bounded by old levee crests.
Where the trend of levee crests is locally oblique to the regional fan
gradient (e.g., such as in the surface Amazon Channel immediately
downslope from Sites 930 and 936, near the Aqua and Brown avul-
sions), ponding of MTD by the levee may have induced failure in the
rapidly deposited levee sediment, which then became incorporated in
the mass flow deposit. Such a process would account for the apparent
“planing off” of the levee crest at Site 935.

I nitiation Process

Several possible hypotheses might account for the triggering of
the mass-transport events. On the basis of largely circumstantial evi-
dence, we think that the most probable is that the events are triggered
by gas hydrate decompression and sublimation during falling sea lev-
el (Kayen and Lee, 1991). On other continental margins, large slides
have been triggered by canyon-channel incision during falling sea
level (Posamentier et al., 1988) or by rare seismic events unrelated to
changes in sea level or channel pattern (Piper et al., 1985). In every
case, diapirism may promote sediment instability. The age of the
MTDs thus becomes critical for the interpretation of initiation of
movement.

The age and source area of the WMTD is best known. It was de-
rived from an old channel-levee deposit, that is disturbed by diapirs
(probably of mud). There is a bottom-simulating reflector in the
source area of the WMTD and gas hydrates appear to have been
present in the WMTD at Site 941 (Soh, this volume). The age of the
deposit is not sufficiently constrained to determine unequivocally
whether the event took place during falling or rising sea level, al-
though an age synchronous with or immediately preceding the last
glacial maximum seems likely. The EMTD was deposited during the
progressive fall in sea level during isotopic Stage 3 (Fig. 32).

The ages of the URMTD and BMTD are not sufficiently con-
strained to determine if there is a correlation with sea-level change. If
the MTDs were essentially a single event, as argued above, then their
likely age in the early part of isotopic Stage 3 was during a progres-
sive fall in sea level (Fig. 32).

The apparent source areas of the surficial MTDs are separate from
the incised Amazon Canyon, and their initiation is thus unlikely to
have been triggered by canyon incision. There is no independent ev-
idence for seismic shaking in either the source areas or the continen-
tal slope areas unaffected by the MTDs, so that seismic initiation also
appears unlikely. On the other hand, the presence of low chlorinity
anomalies in some MTDs may be evidence of the presence of gas hy-
drates in the failed sediment.

CONCLUSIONS

ties in lithology and seismic character suggest that they experienced

similar transport processes.

1. At least four major MTDs are recognized on Amazon Fan in the

The main transport process appears to have been as a slide of lalag 100,000 years. Each extends over an area of ordetlafd.and
blocks (meters to decameters) with deformation taken up by relativdras a volume of order 1@m?,
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2. Mass-transport events initiated in slope and upper-fan levee
sediments, locally steepened by diapiric intrusion and underconsoli-
dated because of rapid prodeltaic deposition during marine lowstands
and because of the presence of shallow gas and gas hydrates. The
ages of the mass-transport events may correlate with times of faling
sea level, when gas hydrate sublimation would further destabilize
sediments.

3. MTDs were partly confined by pre-existing channel-levee to-
pography on the fan. In places, elevated levee deposits were eroded
by the mass-transport flow and incorporated in the basal part of the
deposit.

4. Sediment properties in the MTDs show a broadly repetitive
character. There is no evidence that along time span is represented
by discontinuities in sediment propertiesin the deposits. Rather, they
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Figure 32. Age of MTDs plotted against sea-level curve (from Flood, Piper,
Klaus, et al., 1995, “Introduction” chapter, fig. 7).

146




	6. MASS-TRANSPORT DEPOSITS OF THE AMAZON FAN
	D.J.W. Piper, C. Pirmez, P. L. Manley, D. Long, ...
	ABSTRACT
	INTRODUCTION
	DISTRIBUTION
	LITHOLOGY
	PHYSICAL PROPERTIES
	AGE
	DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES
	FIGURES
	Figure 1. Map of the Amazon Fan showing location ...
	Figure 2. Schematic cross section of the Amazon Fan ...
	Figure 3. Stratigraphic sections of all sites ...
	Figure 4. Longitudinal seismic-reflection profile ...
	Figure 5. Map showing location of seismic profiles ...
	Figure 6. Series of strike (slope-parallel) seismic ...
	Figure 7. Two seismic-reflection profiles across ...
	Figure 8. Slope-parallel single-channel reflection ...
	Figure 9. Seismic-reflection profile across upper ...
	Figure 10. Seismic-reflection profile showing ...
	Figure 11. Seismic-reflection profile showing ...
	Figure 12. Isopach of the URMTD in two-way traveltime ...
	Figure 13. Schematic profiles across the middle fan ...
	Figure 14. Lithologic interpretation of the URMTD ...
	Figure 15. Core photographs of selected intervals....
	Figure 15 (continued). D. Several small clasts in ...

	Figure 16. Examples of particular features from ...
	Figure 16 (continued). B. Hole 935A, 251–254 mbsf, ...
	Figure 16 (continued). C. Hole 936A, 179.5–182.5 ...
	Figure 16 (continued). D. Hole 936A, 200–204 mbsf ...
	Figure 16 (continued). E. Hole 944A, 263–266 mbsf ...
	Figure 16 (continued). F. Hole 944A, 225.5–227.5 ...

	Figure 17. Downcore variation in water content and ...
	Figure 18. Wireline logs of the URMTD at Sites 935 ...
	Figure 19. Wireline logs of the BMTD at Site 933.
	Figure 20. Selected index and wireline log properties ...
	Figure 21. Dip-azimuth (“tadpole”) plots for MTDs ...
	Figure 21 (continued).
	Figure 21 (continued).
	Figure 21 (continued).

	Figure 22. Map of Amazon Fan showing regional ...
	Figure 23. Oedometer consolidation tests from Site ...
	Figure 24. Plot of ratio of undrained shear strength ...
	Figure 25. Plot of ratio of undrained shear strength ...
	Figure 26. Void ratio plot for Site 931. The BMTD ...
	Figure 27. Water content plot for Site 933. The BMTD ...
	Figure 28. Water content for Site 933 with the MTD ...
	Figure 29. Oxygen isotope determinations and numbers ...
	Figure 30. Inferred age of source sediment and ...
	Figure 31. Drawing illustrating source and flow of ...
	Figure 32. Age of MTDs plotted against sea-level c ...

	TABLES
	Table 1. Summary of stratigraphic nomenclature of ...
	Table 2. Subunits of mass-transport deposits.




