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3. GRAIN-SIZE CHARACTERIZATION OF AMAZON FAN DEPOSITSAND
COMPARISON TO SEISMIC FACIESUNITS!

PatriciaL. Manley,? Carlos Pirmez,® William Busch,* and Adrian Cramp®

ABSTRACT

Prior to Ocean Drilling Program Leg 155, the architecture of the Amazon Fan, as well as those of other modern submarine
fans, had been investigated primarily by seismic reflection profiles. The acoustic facies and stratal patterns observed on these
profiles provided a wealth of information that allowed deciphering fan growth patterns and the geometry of fan deposits. How-
ever, lithofacies could only be inferred from the seismic reflection data. Here we analyze grain-size data from 13 sites drilled
during Leg 155, and place the resultsin the context of the stratigraphic units interpreted from seismic reflection data. Clay, silt,
and fine sand are the dominant grain sizes of al cores retrieved from the Amazon Fan. In this mud-rich fan, sand is concen-
trated within the channel thalweg, at the base of channel-levee systems within the middle fan, and forms a significant fraction
of the lower fan depositsdrilled. All channel-levee deposits drilled are characterized by afining-upward trend and by an overall
coarsening in the downfan direction. Downfan coarsening of the levee deposits probably results from very efficient sorting
associated with the channelized flow of turbidity currents together with the overall decrease in channel relief downfan. Fining-
upward cycles within a channel-levee system are observed in the middle fan where multiple phases of levee development are
stacked upon each other. Each growth phase is marked by an abrupt coarsening that marks a channel bifurcation occurring
downslope, followed by a fining-upward sequence of levee aggradation. Channel bifurcation results in the reworking of older
channel deposits, and the formation of laterally widespread units. High-amplitude reflections (HARs) beneath the channel axis
and high-amplitude reflection packet (HARPSs) units are composed of two distinct grain-size populations. HARs and HARPs

are the coarsest units that form the fan, with sizes up to 0 @. Both units display an overall coarsening downfan. Therse charact
istics are likely the result of multistep transport of sand downfan. Thick acoustically transparent units on seismicrprofiles a
correlated to large mass-transport deposits, displaying grain-size characteristics similar to levee deposits with anr@yerall fi

upward and downfan-coarsening trend.

INTRODUCTION

Two magjor acoustic units aternate to build the fan, large levee
complexes and mass-transport deposits (Figs. 1, 2). This cyclic pat-
tern was recognized within the upper and middle Amazon Fan (Man-
ley and Flood, 1988) and led to the identification of four stacked
channel-levee complexes. The youngest, the Upper Levee Complex
(ULC, isotope Stages 2—-4), overlies both the Middle Levee Complex
(MLC, isotope Stage 6) and the Lower Levee Complex (LLC, isotope
Stage 8) while the Bottom Levee Complex (BLC) appears strati-
graphically below all three (Flood et al., 1991; Flood, Piper, Klaus, et
al., 1995) (Fig. 2). Interfingered with these complexes are mass-
transport deposits (Table 1).

Each levee complex is built by individual channel-levee systems
that overlap and coaesce. Channel-levee systems are large, acousti-
cally semitransparent, lens-shaped overbank deposits with a distribu-
tary channel near the center. The channel axes are associated with
high-amplitude reflections (HARS, Kastens and Shor, 1985) on seis-
mic reflection profiles. The relative age relationships of the systems
were determined for the surficial channels by overlapping strati-
graphic relationships (named 1 through 6C; Damuth et al., 19833,
1983b, 1988; Damuth and Flood, 1984), wheresas the stratigraphy of
buried channel-levee systems used overlapping stratigraphic rela
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tionships as well as depth to levee crests (given color names; Manley
and Flood, 1988) (Table 1; Figs. 1, 2). The levee complex growswith
repeated avulsions of older channels. At the location of an avulsion,
anew channel-levee system begins to build on top of older channel-
levee systems downfan (Figs. 2, 3). Within the middle fan, lobe-like,
high-amplitude refection packets (HARPs) underlie the newly
formed channel-levee systems and are related to the avulsion. These
HARP units extend downfan from the point of bifurcation to form
part of thelower fan (Flood et al., 1991). Thus, several seismic archi-
tectural units (e.g., channel-levee systems, mass-transport deposits,
HARs, and HARPS) have been previously mapped throughout the
Amazon Fan (Damuth et al., 1988; Manley and Flood, 1988; Flood et
d., 1991; Pirmez, 1994; Pirmez and Flood, 1995). During ODP Leg
155, holes at 17 sites were drilled through these acoustically defined
units, and approximately 4 km of Pleistocene-age sediment was re-
covered (Figs. 1, 2).

Limited grain-size studies have been done on sediments from
modern fans, usually sampling only the upper 20 m via piston cores.
Although two modern fans have been drilled, the Mississippi Fan
(Deep Sea Drilling Project [DSDP] Leg 96) (Stow et al., 1985) and
the distal portion of the Bengal Fan (ODP Leg 116) (Stow and Wet-
zel, 1990), no known studies have ever sampled the same acoustic
units systematically from the upper to the lower fan.

Individual sites had specific drill objectives (Flood, Piper, Klaus,
et al., 1995), but because of the previous sei smic stratigraphic knowl-
edge of the fan, severa sites (specifically Sites 930, 935, 936, 939,
940, 943, 945, 944, 945, and 946) were drilled within the most recent-
ly active channel-levee system (named the Amazon system) of the
ULC. These sites allowed for characterization of downfan variation
in several acoustically identified units. In addition, some sites (Sites
931, 933, 935, 936, and 944) penetrated the stacked channel-levee
complexes, alowing characterization of older channel-levee com-
plexes (MLC, LLC, and BLC) (Fig. 2).
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Figure 1. Generalized map of the Amazon Fan (after
Flood, Piper, Klaus, et a., 1995). Site locations are
shown relative to surficial and buried channel-levee sys-
tems and surface mass-transport deposits. Older chan-
nel-levee systems are labeled by letter or number using
the nomenclature devel oped by Damuth et al., 1988, and
Manley and Flood, 1988. Channel-levee systems Aqua
(AQ), Brown (Br), 1E, and 1F are related to bifurcations
associated with the devel opment of the most recently
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active channel, Amazon Channel, on the Amazon Fan.

Grain-size analyses have been performed on sediment correl ated
to these acoustic units. By systematically determining the grain size
of the sediments from the Amazon Fan, we can investigate several of
the sedimentological processes that formed the fan. In addition, this
can assist in our understanding of the spatial and tempora develop-
ment of the Amazon deep-sea fan. Grain-size data and interpretation
of the architectural units are presented in two parts: (1) the grain size
for individual holesand (2) the depositional processes of the architec-
tura units.

Material and Methods

Grain-size analysis was determined on physical property residues
obtained during Leg 155. Physical properties samplestaken on board
(approximately 10 cm?) were recovered from undisturbed core inter-
vals and often were preferentially sampled avoiding the coarser silt/
sand layers, which were commonly disturbed by drilling.
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Sediment samples of approximately 1 g dry weight were prepared
using 50 mL of dispersing solution (a solution of sodium hexameta-
phosphate [Calgon] and filtered water at a concentration of 38 g/L).
To assist dissemination, the sediment was vigorously stirred with a
soft bristled brush whilein an ultrasound bath. Grain-size determina-
tion was performed using a Malvern MasterSizer E at Hamilton Col-
lege (Clinton, New Y ork). The Mavern MasterSizer E uses a laser-
diffraction technique in order to determine particle size (McCave et
al., 1986). Given that particles of acertain size diffract the laser beam
at different angles, the machine can detect and differentiate those an-
gles, providing a grain-size distribution. There is no bias based on
grain shape or settling rate with the Malvern MasterSizer E. Because
the sample is kept in suspension in a turbulent flow within the lens
detector, this randomizesthe orientation of the grain so all axes of the
grain are used in the grain-size distribution analysis. For thisstudy, a
He-Ne laser, a poly-disperse model, and a 300-mm lens were used to
enabl e detection with the greatest range (1.2-600 Um).
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Figure 2. Schematic cross section of the Amazon Fan (after Flood, Piper, Klaus, et a., 1995). Levee complexes are made up of stacked channel-levee systems.
The stacked channel-levee systems result from abrupt channel switching that generates new levee systems. Four levee complexes have been identified having
large mass-transport deposits separating them.

Table 1. Summary of acoustic stratigraphic nomenclature of channel- calibrated using dry sieved samples of a well-rounded quartz (Jordan
levee systems on the Amazon Fan (after Flood, Piper, Klaus, et al., 1995). Sandstone).

Western Central Eastern
Fan Fan Fan OBSERVATIONS
Upper Levee Complex (ULC) Individual Sites
(isotope stage = 2-4) Smazon _(1:1)
At Site 930
Purple (= 2)
5‘9“%5324) Site 930 is located on the upper part of the Amazon Fan (Figs. 1,
Channel 5* 2), between the levees of the buried Purple Channel and the Amazon
Orange* Channdl A% Channel, and penetrated ~270 m through four channel-levee systems
Channdl 6B* (Amazon, Purple, Blue/Yellow, and Orange), all part of the ULC.
Channel 6C* The dominant average mode size for the Amazon samples is 7.4 @

with clay:silt:sand ratio 14:80:6 and a fining-upward trend (Figs. 4,

Unit R mass-transport deposit (URMTD! . -
Sport deposit { ) 5). A mass-transport unit, having an upper slope-outer shelf source

Middle Levee Complex (MLC) Red

(isotope stage = 6) (Flood, Piper, Klaus, et al., 1995), was encountered near the base of
the hole within the Orange system. This mass-transport deposit con-
Inferred mass-transport deposit tains two distinct blocks, each characterized by different grain sizes;
Lower Levee Complex (LLC) Green the sandy mud unit has an average mode of ~4.8 g (9:76:15), whereas
(1sotope stage = 8) S?L‘i the displaced block unit has an average mode of 8.2 g (21:74:5). The
Gray coarser size occurs primarily at the top of the mass-transport unit.

Bottom mass-transport deposit (BMTD)
Bottom Levee Complex Old levee

Site 931

Located on the western levee of the buried Channel-levee 5 sys-
tem on the eastern part of the Amazon Fan (Figs. 1, 2), Site 931 pen-
etrated ~420 meters below seafloor (mbsf) into sediments from chan-
nel levees belonging to the ULC (Amazon/Blue/Yellow, and Chan-

All samples had duplicate analyses performed to check reproduc- nel 5), a HARP, a buried mass-transport deposit (named the bottom
ibility. Additional analyses were performed only if the silt size (3.9 mass-transport deposit [BMTD], Piper et al., Chapter 6, this volume)
Um) percentage varied by more than 2%. Additional analyses wer@nd an older channel-levee system (termed “Old Levee” in this pa-
required for about 20 samples. For this study, both mode size and quer) belonging to the BLC. The levee system of the BLC shows a fin-
mulative percent data were used. All data were plotted according ing-upward sequence and an average mode size of 7.5 g (16:80:4)
previously assigned architectural units as cumulative percent. Mod&ig. 4). The BMTD has a range in grain sizes (8.2 @ to 3.7 @) that
size was plotted downhole and triangular plots of sand-silt-clay corgives an average of the mode sizes for the unit of 7.1 g and coarsens
tent constructed (Figs. 4, 5). For each architectural unit, the dominaonpward. The HARP unit contains sediments that separate into two
mode size, the clay:silt:sand ratio, and the cumulative percent frograin-size populations; 6.6 @ and 3.5 g. Channel 5 of the ULC has an
every sample was arithmetically summed and averaged. The teraverage mode of 5.5 g (12:85:3), and the overlying Amazon levee is
“average mode,” “average clay:silt:sand ratio,” and “average cumufiner (6.6 g, 15:85:0).
lative percent” are used to describe this averaging. These average val-
ues were then used for comparisons among the various architectugite 933
units (Table 2).

Grain size for medium to coarse sand (<2 g) samples were deter- Located near Site 931, Site 933 is positioned on the eastern flank
mined by a settling tube. Samples were introduced into suspensiondgitthe Yellow Channel-levee System (Figs. 1, 2). Sediments were re-
the upper end of a 1-m settling tube and the grain-size determinatimovered to a depth of ~250 mbsf. Acoustic units sampled include the
used the Gibbs’ settling equation (Gibbs et al., 1971). The tube wasmazon/Blue, Yellow, Channel systems 5, 6A, and 6B of the ULC,

Note: * = age relationship unknown.
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Figure 3. Schematic block diagram illustrating the develop- Abandoned

ment of a new channel-levee system (and associated Orange
HARRPs) following an avulsion event (from Flood et al., Channel-
1991). levee System

the BMTD, and the Old Levee of the BLC. Site 931 sampled the Old unit is composed of two distinct sediment types with differing grain
Leveeonitseastern flank, whereas Site 933 sampled thelevee ~8 km sizes. The silty clay sediment has an average mode of 7.4 g
upfan and nearer its crest. The Old Levee of the BLC hasarelatively (clay:silt:sand ratio = 14:83:3), whereas the sandy sediment has an
consistent grain size with an average mode of 7.0 g. The BMTRverage mode of 1.1 g (clay:silt:sand ratio = 0:1:99). The Aqua sys-
shows an overall fining-upward sequence with a distinct change item shows a fining-upward trend and has an average mode of 7.0 g
grain size between ~130 and 160 mbsf (Fig. 4). The ratio oWvith a clay:silt:sand ratio of 12:83:5. The overlying Amazon system
clay:silt:sand remains similar for the older BLC levee and the BMTDdramatically shows a fining-upward sequence (average mode 7.6 @)
between Sites 931 and 933 (Table 2). Channels 5, 6A, 6B have an @and has a greater proportion of clay (16:81:3) in comparison to the
erage mode of 7.1 g (14:84:2), and the overlying Yellow system iAgua system (Fig. 4).

slightly coarser 6.8 g (15:84:1). The Amazon/Blue system is the fin-

est sediment at this site (7.8 g, 17:83:0). Site 936

Site 935 Site 936 is located on the western flank of the Amazon channel
upfan from the Brown bifurcation site (Figs. 1, 2). This site sampled
Drilling through two of the stacked channel-levee complexeshree stacked levee complexes (ULC, MLC, LLC) and the mass-
(ULC and LLC), Site 935 is located near the bifurcation of the Aquaransport deposit, URMTD. Within the ULC, samples were obtained
system and the Amazon Channel (Figs. 1, 3). The Amazon and Agfimm the Amazon/Brown system and the underlying HARP unit.
systems with associated HARP units were sampled within the ULG;rom the MLC the Red system was sampled, and the Gold system
whereas only the Green Channel-levee was sampled within the LL@&as sampled from the LLC. The Gold system (which avulsed to cre-
Between these two stacked complexes, the acoustic unit Unit R (URte the Green system [Manley and Flood, 1988]) has an average mode
MTD of Piper et al., Chapter 6, this volume) was sampled. The Greesize of 7.1 g with a clay:silt:sand ratio of 15:77:8. Although the Green
levee has a consistent grain size with an average mode of 7.3 g ay$tem sampled at Site 935 had a consistent grain size, the Gold sys-
an average clay:silt:sand ratio of 14:83:3. The mass-transport depdsm has two fining-upward cycles. The overlying Red system of the
it, URMTD, is slightly coarser than the Green levee (7.1 g; 15:79:6MLC has an average mode size of 6.6 g and a clay:silt:sand ratio of
and has three fining-upward sequences within it (Fig. 4). The HARRO0:82:8. URMTD has several fining-upward cycles with an average
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Figure 4. Downhole trends of grain-size mode determinations for discrete samples at individual sites. Seismic-facies units (or architectural units) are identified
to allow for cross- and downfan correlation. Levees show an overall fining-upward trend, and at certain sites several fining-upward cycles are observed. Mass-
transport deposits generally show a fining-upward trend, whereas HARs and HARPs are the coarsest material recovered from the fan.

mode of 7.2 g (13:84:3). The HARP unit sampled is associated witthanges in deposition within the levee deposits in response to chan-
the Amazon/Brown and Aqua systems of the ULC. Considering theel avulsions downslope. The Aqua system avulsed to create the
unit as a whole, there are two dominant grain sizes that reflect the iBrown system, which in turn also experienced an avulsion event that
terfingered material recovered from this unit. Layers of finer graineded to the development of the Amazon system (Flood et al., 1991).
sediment have an average mode size of 7.6 g (clay:silt:sand ratio @fain-size analysis of this site shows several stacked fining-upward
14:80:6), whereas the coarser grained sediment averages 2.7sequences (Fig. 4). The two lowermost cycles are related to the Aqua
(clay:silt:sand ratio of 0:14:86). The most recent channel-levee sysystem, which has an average mode of 6.6 g and a clay:silt:sand ratio
tem, the Amazon, has two cycles of fining-upward having an averagef 11:77:12. The overlying sediment corresponds to the transition pe-

mode size of 7.3 g (clay:silt:sand ratio of 14:84:2) (Figs. 4, 5). riod when both the Aqua and Brown systems were believed to be ac-
tive (Pirmez and Flood, 1995). This interval also shows a fining-up-
Site 939 ward sequence, but has a slightly finer modal grain size (7.2 @) than

the Aqua system and a clay:silt:sand ratio that shows a decrease in the
Located on the crest of the eastern levee of the Amazon Channekrcentage of sand (13:82:5). The section that corresponds to the
this site sampled the Amazon system (ULC) in the region of the upp&rown system has an average mode size of 6.8 g (clay:silt:sand ratio
fan. Only penetrating ~100 mbsf, this site, in conjunction with siteof 12:82:6), whereas the youngest sediment of the Amazon system
940, 944, and 946, allows for downfan trends to be examined. Gralms an average mode size of 7.2 g and a clay:silt:sand ratio of 12:82:6.
size for the Amazon/Brown system has an average mode of 7.2 g and
a clay:silt:sand ratio of 12:83:5. Only one fining-upward sequenc&ite 941
was observed (Figs. 4, 5).
Site 941 is located on the western side of the Amazon deep-sea fan
Site 940 in a surficial debris flow originally described by Damuth and Embley
(1981) (Figs. 1, 2). Site 941 recovered sediment from the western
Site 940, located 60 km downfan from Site 939, penetrated themass-transport deposit (WMTD) and the Purple Channel of the ULC.
eastern levee of the Amazon system (ULC) and is located justhe Purple levee has an average mode size of 5.9 g (14:86:0), which
upslope of the Aqua bifurcation site (Figs. 1, 2). This site recordss coarser than the overlying WMTD (7.9 @, 18:77:5). There is a
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Figure 4 (continued).

dlight coarsening-upward trend within the WMTD that is described
in more detail in Piper et a. (Chapter 6, thisvolume).

than the Green system, having an average mode of 5.4 g and a higher
percentage of sand (10:73:17) with a slight fining-upward trend
(Figs. 3, 4; Table 2). URMTD sediments lie directly above the Red
system and are coarser than the URMTD sediments sampled at Site
936. At Site 944, the URMTD has an average mode of 5.8 g and a
clay:silt:sand ratio of 11:68:21. A distinct change in grain size occurs
at ~220 mbsf within URMTD (Fig. 4). The lower portion of URMTD

has a consistent grain size of ~5.8 g and becomes finer by 1.5 @ above
be representative of the HAR unit contain two dominant grain sizes. ~220 mbsf. The HARP unit was poorly recovered at Site 944 with
The lowermost material recovered from the HAR unit was mostly less than 10% recovery in most cores. Four samples were analyzed
silt, with an average mode of 4.4 g, and a clay:silt:sand ratio diaving a similar grain size with an average mode size of 5.2 g
0:72:28. The material recovered in the upper part of the HAR uni{8:74:18) from the recovered material. Grain size fluctuates within
was much coarser (2.6 g) and contained a high percentage of sahd Amazon/Brown system, but the unit displays an overall fining-up
(0:9:91) (Figs. 3, 4; Table 2). trend. The average mode size for the Amazon/Brown levee deposit is
6 @ with a clay:silt:sand ratio of 10:76:14.

Site 943

Located within the Amazon Channel on the middle fan, Site 943
recovered sediments that correlate to a HAR acoustic unit and some
buried levee deposits. Grain-size analyses of samples that appear to

Site 944
Site 945

Site 944 is located on the middle Amazon Fan on the eastern levee
of the Amazon Channel, downfan from the Amazon/Brown avulsion Located at the transition between the middle and lower portion of
(Pirmez and Flood, 1995) (Fig. 1). Site 944 sampled three stackedde Amazon Fan, Site 945 is positioned within the Amazon Channel
channel-levee complexes (ULC, MLC, LLC) and a mass-transporthalweg. The interval between 0 and 10 mbsf is interpreted to be a
deposit, URMTD. The lowermost channel system sampled was thehannel-fill deposit (Flood, Piper, Klaus, et al., 1995). Two distinct
Green system from the LLC. Only two samples were analyzed, givgrain-size populations are characteristic for this channel fill. One
ing an average mode of 6.5 g with a clay:silt:sand ratio of 13:80:group of samples has an average mode of 3.4 g (1:41:58), whereas the
Overlying the LLC, the Red Channel-levee System (MLC) is coarseother group is coarser (2.4 g; 0:14:86) (Fig. 4; Table 2).
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Figure 5. Triangular plot of sand-silt-clay content of discrete samples for individual sites. Different symbols represent the samples within the defined architec-
tural units. Most sites show little variability in the relative proportions of sand-silt-clay.

Site 946 1991; Pirmez, 1994; Pirmez and Flood, 1995; Flood, Piper, Klaus, et
al., 1995), average grain-size profiles for each acoustic unit, both

Site 946 is located on the Amazon levee flank, 1.2 km east of the downfan and crossfan, can be constructed from the drilled sites.
channel thalweg sampled at Site 945 (Fig. 1). The upper 20 mbsf rep- Grain-size analyses were determined for sediment samples corre-
resent the most recent Amazon Channel-levee System, whereas, the lated to the acoustic units identified at individual sites. Cumulative
remainder of the hole sampled older systems of the ULC as well as plots for samples allowed for characterization of grain size for those
the MLC or LLC. Grain size for the Amazon Channel-levee System specific acoustic units (Fig. 6). Finally an overall cumulative average
has an average mode of 5.1 g with a clay:silt:sand ratio of 6:73:2&as determined for the key acoustic units at each site allowing for in-
based on two samples. This is slightly finer than the units sampled berhole comparisons between these architectural units (Table 2). By
low 20 mbsf. Between 20 and 125 mbsf, the grain size of the sedtomparing downhole and downfan trends in grain size, the sediment
ment ranges between 1.7 g and 7.5 g having an overall average made acoustic facies observed on the fan can be characterized and
of 4.7 g with a clay:silt:sand ratio of 7:60:33. This interval overliesquantified (Figs. 4, 6-9).
an older complex (either the MLC or LLC), which is coarser (5.5 @),
ranging between 2.8 g and 7.8 g, but has a similar clay:silt:sand ratio Channel Levees
(8:66:26).

Channel levees are acoustically characterized by continuous to

discontinuous parallel to subparallel reflections. Previous studies

COMPARISON WITH ACOUSTIC UNITS (Damuth, et al., 1983a, 1988; Manley and Flood, 1988; Flood et al.,
1991) suggest that only one channel levee system is active at any giv-

Grain size has long been used as an indicator of sedimentary een time and abandonment of an active channel by avulsion leads to
vironment as well as to assist in the understanding of sedimentatige formation of a new channel levee nearby. Therefore, channel-
processes. Previous studies of submarine fans generally lacked tlegee systems grow both vertically and downfan (Fig. 3). Lithologi-
core information to ground truth the interpretation of seismic refleceally, levees sampled were generally composed of mud with thin
tion profiles. beds and laminae of silt and sand.

Four main architectural units comprise the bulk of the Amazon At all sites, sediment within individual levees (from all levee
fan, channel levee systems (overbank deposits), large mass-transpminplexes) contains distinct fining-upward sequences (Fig. 4). Sev-
deposits (MTDs), high-amplitude reflectors (HARs, Kastens anceral models have suggested that fining-upward or coarsening-upward
Shor, 1986), and high-amplitude reflection packets (HARPs, Flood @tends are a response of sediment volume to modulation by sea-level
al., 1991) (Figs. 2, 3). Because the spatial distribution of these unitg climatic mechanisms (Posamentier and Vail, 1988; Posamentier et
is very well constrained on the Amazon Fan (Damuth et al., 1983a)., 1991). Appi et al. (1988) utilized piston cores (10 to 20 m in
1983b; Damuth et al., 1988; Manley and Flood, 1988; Flood et allength) to investigate sedimentological changes within the Amazon
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Table 2. Grain-sizedata for Amazon Fan sediments.

Core, section, Volume Method Depth Mode Mode Clay Silt Sand Acoustic Average mode  Average
interval (cm) (cm3) (M or ST) (mbsf) (um) (2) (%) (%) (%) unit (2) clay:silt:sand
155-930B-
2H-1, 13+133 10 M 7.01 5.61 7.48 15.80 79.13 5.07 Amazon levee 7.38 14:80:6
2H-4, 71-73 10 M 10.91 6.47 7.27 13.24 81.65 5.11
3H-1, 96-92 10 M 16.10 6.67 7.23 14.30 82.18 3.52
3H-4, 98-100 10 M 20.68 5.80 7.43 13.49 81.19 5.32
4H-1, 76-72 10 M 25.40 5.45 7.52 13.69 80.96 5.35
4H-4, 127129 10 M 30.47 6.00 7.38 12.53 78.15 9.32
22X-1, 63-65 10 M 197.03 35.82 4.80 10.06 76.73 13.21 Mass transport 4.83 9:76:15
22X-3, 66-68 10 M 200.06 35.49 4.82 10.04 76.30 13.66 (sandy unit)
22X-7, 6870 10 M 205.22 3.44 8.18 21.68 74.25 4.07
24X-1, 5153 10 M 216.21 3.34 8.23 21.79 74.82 3.39 8.24 21:74:5
24X-4, 36-38 10 M 220.56 3.37 8.21 21.27 74.89 3.84 (displaced units)
155-930C-
13X-1, 53-56 10 M 201.63 34.50 4.86 8.78 74.08 17.14
14X-1, 606-62 10 M 211.40 3.58 8.13 21.05 72.42 6.53
15X-1, 5456 10 M 220.94 3.36 8.22 20.02 74.97 5.01
16X-2, 7476 10 M 231.74 2.99 8.39 18.56 72.06 9.38
17X-1, 96-98 10 M 240.66 3.09 8.34 23.89 71.61 4.50
155-931B-
2H-2, 76-78 10 M 3.06 4.89 7.68 15.69 83.20 1.11 Amazon/Blue/Yellow 6.62 15:85:0
2H-7, 2729 10 M 10.07 14.48 6.11 15.04 84.96 0.00
3H-7, 7577 10 M 20.00 14.70 6.09 14.60 85.28 0.12
5H-1, 3234 10 M 29.62 14.54 6.10 15.42 84.58 0.00 Channel 5 5.45 12:85:3
5H-1, 4143 10 M 29.71 36.38 4.78 4.18 86.02 9.80
6H-3, 56-52 10 M 42.30 19.12 5.71 14.27 85.06 0.67
10X-3, 23-25 10 M 80.03 15.66 6.00 14.43 85.38 0.19
11X-4, 7577 10 M 89.55 17.65 5.82 13.45 86.07 0.48
13X-1, 78-80 10 M 104.28 38.95 4.68 9.97 80.14 9.89
14X-1, 114116 10 M 114.34 26.69 5.23 11.30 85.58 3.12
15X-3, 96-92 10 M 126.70 29.03 5.11 9.08 86.70 4.22
16X-3, 78-80 10 M 136.28 20.57 5.60 13.49 85.38 1.13
19X-3, 86-82 10 M 165.30 14.69 6.09 15.51 84.38 0.11 HARP 3.49 2:41:57
21X-1, 8991 10 M 181.59 16.81 5.89 14.85 84.91 0.24
23X-1, 0G-02 10 M 199.80 107.39 3.22 0.51 23.50 75.99 6.63 14:81:5
23X-2, 2325 10 M 201.53 73.84 3.76 4.35 58.12 37.53
25X-1, 96-92 10 M 220.00 6.56 7.25 13.98 85.65 0.37
26X-2, 35-37 10 M 230.55 6.45 7.28 9.67 70.93 19.40
27X-2,69-71 10 M 240.59 6.62 7.24 12.86 82.74 4.40 BMTD 7.09 13:80:7
28X-2, 1416 10 M 24951 5.97 7.39 12.42 80.14 7.44
29X-1, 7476 10 M 258.44 6.90 7.18 11.13 79.58 9.29
29X-5, 12-14 10 M 263.82 77.66 3.69 9.55 67.17 23.28
31X-3, 64-66 10 M 280.54 6.71 7.22 14.77 79.26 5.97
31X-6, 25-27 10 M 284.65 5.85 7.42 14.49 80.88 4.63
32X-3, 58-60 10 M 290.18 7.11 7.14 13.78 83.32 2.90
32X-6, 59-61 10 M 294.69 6.82 7.20 11.63 84.86 3.51
33X-3, 9193 10 M 300.11 6.70 7.22 14.86 82.07 3.07
34X-4, 5456 10 M 310.84 6.35 7.30 14.39 82.93 2.68
35X-3, 78-80 10 M 319.28 3.44 8.18 15.00 73.45 11.55
36X-4, 779 10 M 330.37 5.18 7.59 15.88 80.90 3.22
37X-1, 5254 10 M 335.32 5.78 7.43 15.53 80.58 3.89
38X-1, 80-82 10 M 345.20 4.49 7.80 17.33 79.76 291 BLC—OId Levee 7.50 16:80:4
38X-3, 60-62 10 M 348.00 5.18 7.59 12.05 80.23 7.72
38X-4, 5+59 10 M 349.47 3.76 8.06 20.64 75.29 4.07
38X-5, 8183 10 M 350.75 3.64 8.10 20.46 75.99 3.55
39X-4, 79-81 10 M 359.39 6.65 7.23 15.26 82.31 2.43
40X-4, 71577 10 M 368.21 5.41 7.53 15.77 80.75 3.48
41X-4, 7375 10 M 378.63 5.66 7.46 14.73 80.80 4.47
42X-4, 7476 10 M 388.14 6.36 7.30 15.83 80.09 4.08
44X-2, 1416 10 M 402.51 6.68 7.23 15.74 81.62 2.64
44X-5, 449 10 M 406.85 6.57 7.25 14.50 83.01 2.49
44X-7, 4F49 10 M 409.42 6.88 7.18 14.93 80.95 4.12
45X-3, 52-54 10 M 415.12 6.49 7.27 14.52 83.05 2.43
155-933A-
1H-3, 77-79 10 M 3.77 6.04 7.37 15.30 84.57 0.13 Amazon/Blue 7.81 17:83:0
2H-3, 61-63 10 M 9.52 3.30 8.24 17.56 81.67 0.77
3H-5, 70-72 10 M 20.78 16.52 5.92 15.21 84.46 0.33 Yellow 6.80 15:84:1
4H-4, 30-32 10 M 29.50 15.73 5.99 13.41 86.30 0.29
5H-4, 103-105 10 M 39.73 15.59 6.00 15.43 84.39 0.18
6H-5, 58-60 10 M 49.08 3.52 8.15 16.70 82.73 0.57
7H-8, 83-85 10 M 59.01 5.03 7.64 15.77 81.58 2.65
8H-6, 66-68 10 M 69.71 7.21 7.12 13.55 84.72 1.73
10H-1, 11+113 10 M 82.81 7.05 7.15 13.84 83.04 3.12 Channels 5, 6A, 6B 7.12 14:84:2
11X-1, 143143 10 M 92.61 7.31 7.10 14.03 84.61 1.36
12X-1,117#119 10 M 100.97 5.60 7.48 19.55 76.61 3.84 BMTD 6.89 14:79:7
13X-1, 7+79 10 M 110.17 6.48 7.27 11.24 76.00 12.76
14X-1, 146-142 10 M 120.40 6.48 7.27 11.55 79.58 8.87
15X-1, 132134 10 M 130.02 7.24 7.11 15.26 82.94 1.80
16X-2, 79-81 10 M 140.59 16.74 5.90 13.59 79.97 6.44
17X-2, 7375 10 M 150.13 23.08 5.44 12.67 83.47 3.86
18X-2,128130 10 M 160.38 4.53 7.79 13.89 75.02 11.09
20X-1, 7476 10 M 177.64 6.75 7.21 12.94 81.92 5.14 BLC—OId Levee 6.99 14:83:3
20X-3, 7+79 10 M 180.67 7.17 7.12 14.84 82.54 2.62
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Table 2 (continued).

Core, section, Volume Method Depth Mode Mode Clay Silt Sand Acoustic Average mode  Average
interval (cm)  (cm®) (M or ST) (mbsf) (um) (2) (%) (%) (%) unit (o) clay:silt:sand
21X-3, 98-100 10 M 190.48 6.77 721 14.71 83.17 212
22X-3,79-81 10 M 199.58 6.57 7.25 13.56 83.05 3.39
23X-2,121-123 10 M 207.70 6.47 7.27 16.65 81.38 1.97
24X-3, 81-83 10 M 218.73 6.47 7.27 15.51 82.30 219
26X-1,124-126 10 M 236.04 6.43 7.28 13.70 83.55 2.75
27X-1, 44-46 10 M 244.94 25.87 527 11.92 85.52 2.56
155-934A-
6H-3, 33-35 10 M 45.63 4.78 771 13.59 83.34 3.07 Channel slump 7.71 13:83:4
6H-6, 69-71 10 M 49.66 4.70 7.73 13.56 82.98 3.46
7H-3, 60-62 10 M 55.40 4.96 7.66 12.35 82.36 5.29
7H-6, 62-64 10 M 59.92 4.66 7.75 13.48 82.68 3.84
155-935A-
1H-1, 83-85 10 M 0.83 3.80 8.04 20.65 77.97 138  Amazon levee 7.63 16:81:3
2H-5, 59-61 10 M 10.09 5.26 757 14.16 81.82 4.02
3H-5, 69-71 10 M 19.69 6.44 7.28 14.19 84.01 1.80
4H-6, 56-58 10 M 30.56 578 743 14.56 82.16 3.28 Aqualevee 6.99 12:83:5
5H-6, 74-76 10 M 40.24 5.68 7.46 15.28 82.87 1.85
6H-6, 56-58 10 M 49.56 5.92 7.40 14.29 83.72 1.99
TH-7, 44-46 10 M 60.02 6.43 7.28 12.20 84.67 313
9H-1, 54-56 10 M 70.54 6.23 7.33 13.89 84.16 1.95
9H-7, 56-58 10 M 79.56 6.26 7.32 13.37 84.55 2.08
10H-4, 40-42 10 M 83.61 48.78 4.36 2.28 77.01 20.71
11H-1, 52-54 10 M 89.52 6.11 7.35 13.34 83.60 3.06
12H-1, 99-101 10 M 9949 231.65 211 0.00 3.40 96.60 HARP 1.08 0:1:99
12H-4,111-113 10 M 104.11 5.70 7.45 13.07 82.77 4.16
15X-1, 87-89 10 M 123.17 6.00 7.38 15.00 83.69 131 744 14:83:3
15X-6, 70-72 10 M 130.50 6.68 7.23 14.25 84.16 1.59
16X-1, 80-82 10 ST 132.80  380.00 140 0.00 0.00  100.00
17X-1, 92-94 10 M 142.62 6.76 721 13.34 82.82 3.84
17X-6, 82-84 10 M 150.02 6.52 7.26 13.76 84.68 1.56
18X-3, 82-84 10 M 155.22 6.42 7.28 14.34 83.43 2.23
18X-4, 90-92 10 M 156.80 6.93 717 12.30 84.68 3.02
20X-1, 84-86 10 M 171.24 418 7.90 18.44 80.11 1.45
20X-6, 51-53 10 M 178.41 4.84 7.69 14.42 79.94 5.64
21X-1, 50-52 10 ST 180.50  595.00 0.75 0.00 0.00  100.00
21X-2,50-52 10 ST 182.00 770.00 0.38 0.00 0.00 100.00
21X-3, 50-52 10 ST 183.50 590.00 0.76 0.00 0.00 100.00
22X-1, 58-60 10 M 190.18 441 7.83 14.57 78.47 6.96
23X-1, 44-46 10 M 199.74 337 821 19.45 75.28 5.27 URMTD 7.06 15:79:6
24X-1, 32-34 10 M 209.32 6.15 7.35 13.28 83.11 3.61
25X-2, 49-51 10 M 220.59 6.54 7.26 16.93 82.11 0.96
26X-2, 79-81 10 M 230.49 5.42 7.53 16.32 81.88 1.80
27X-2, 86-88 10 M 240.16 597 7.39 14.33 82.56 311
28X-2,79-81 10 M 249.69 451 7.79 15.61 81.61 2.78
29X-3, 79-81 10 M 260.89 573 7.45 15.09 83.34 157
30X-1,100-102 10 M 267.70 121.14 3.05 14.75 57.91 27.34
30X-3, 77-79 10 M 270.47 5.49 751 13.36 82.26 4.38
31X-3, 33-35 10 M 279.63 151 9.37 24.17 73.85 1.98 CaCO;layer
32X-3, 7577 10 M 289.75 6.34 7.30 14.87 83.71 1.42 LLC—Green levee 7.27 14:83:3
33X-3,100-102 10 M 299.70 6.51 7.26 14.28 83.21 2.51
34X-3,116-118 10 M 309.46 6.79 7.20 13.86 83.63 2.51
35X-4, 142-144 10 M 320.92 6.50 7.27 14.32 82.06 3.62
36X-4, 50-52 10 M 329.70 6.37 7.29 13.04 83.01 3.95
37X-4, 84-86 10 M 339.64 6.43 7.28 13.74 84.32 1.94
38X-4, 68-70 10 M 349.08 6.43 7.28 13.25 83.79 2.96
40X-4, 28-30 10 M 367.78 6.34 7.30 14.67 83.39 1.94
155-936A-
1H-2, 76-78 10 M 2.26 5.50 7.51 14.38 84.03 1.59 Amazon levee 7.33 14:84:2
2H-3, 68-70 10 M 10.18 6.76 7.21 12.47 86.52 1.01
3H-4, 43-45 10 M 20.88 6.40 7.29 13.64 84.14 2.22
4H-4, 62-64 10 M 30.62 5.46 7.52 14.37 83.18 2.45
5H-4, 63-65 10 M 40.13 6.51 7.26 13.86 81.99 4.15
6H-5, 43-45 10 M 50.93 6.56 7.25 12.18 84.99 2.83
7H-5, 6-8 10 M 59.52 6.51 7.26 13.11 84.94 1.95
8H-5, 8789 10 M 70.37 6.32 7.31 14.14 84.25 1.61
9H-2, 5+59 10 M 75.07 4.80 7.70 11.59 70.42 17.99 HARP 7.55 14:80:6
10H-1, 2425 10 ST 82.74  305.00 1.71 0.00 0.00 100.00
10H-2, 46-47 10 M 84.46 81.38 3.62 0.27 27.92 71.81
13X-1, 59-61 10 M 106.89 6.52 7.26 13.90 84.14 1.96 2.67 0:14:86
13X-3, 5+59 10 M 109.87 6.11 7.35 13.88 84.64 1.48
17X-1, 33-35 10 M 145.13 4.26 7.87 16.25 81.49 2.26
18X-1, 42-44 10 M 160.92 4.83 7.69 13.82 80.33 5.85 URMTD 7.18 13:84:3
19X-5, 3+39 10 M 170.47 4.60 7.76 16.99 81.31 1.70
20X-5, 73-75 10 M 180.53 6.55 7.25 12.77 84.38 2.85
21X-5, 8183 10 M 190.21 6.66 7.23 12.59 85.00 2.41
22X-5, 24-26 10 M 199.34 6.04 7.37 12.16 82.94 4.90
23X-5, 6163 10 M 209.41 6.89 7.18 11.61 85.34 3.05
25X-1, 96-92 10 M 223.00 7.10 7.14 12.81 84.73 2.46
26X-1, 7F79 10 M 232.47 6.62 7.24 12.94 83.94 3.12
26X-6, 104106 10 M 240.24 7.02 7.15 13.31 86.53 0.16
28X-1,136-132 10 M 252.40 19.05 5.71 11.50 82.52 5.98
29X-1, 109111 10 M 261.79 6.81 7.20 14.21 84.57 1.22
30X-1, 126-128 10 M 271.66 6.86 7.19 13.34 83.19 3.47
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Table 2 (continued).

Core, section, Volume Method Depth Mode Mode Clay Silt Sand Acoustic Average mode  Average
interval (cm)  (cm®) (M or ST) (mbsf) (um) (2) (%) (%) (%) unit (2) clay:silt:sand
31X-1, 96-98 10 M 280.86 6.43 7.28 13.49 80.86 5.65
32X-1, 94-96 10 M 290.34 7.22 711 15.66 81.66 2.68
32X-5, 69-71 10 M 296.09 6.89 7.18 12.18 84.03 3.79 MLC—Red levee 6.55 10:82:8
33X-1, 78-80 10 M 299.78 6.97 7.16 12.65 82.96 4.39
33X-5, 96-98 10 M 305.96 6.65 7.23 13.27 78.68 8.05
35X-1, 85-87 10 M 319.05 40.91 4.61 4.29 80.86 14.85
41X-3,111-113 10 M 380.11 6.48 7.27 13.21 81.93 4.86 LLC—Gold levee 7.10 15:77:8
42X-1, 40-42 10 M 386.10 3.88 8.01 17.27 77.06 5.67
43X-1, 47-49 10 M 395.77 5.18 7.59 13.61 80.47 5.92
43X-4, 39-41 10 M 399.53 5.13 7.61 15.76 80.42 3.82 7.59 15:79:5
44X-1, 39-41 10 M 405.39 11531 3.12 8.23 60.80 30.97 w/o sand layer
44X-3, 1517 10 M 408.15 3.18 8.30 21.77 72.92 5.31
45X-2, 95-97 10 M 416.29 6.45 7.28 11.72 79.69 8.59
45X-6, 106-108 10 M 421.09 5.53 7.50 15.11 80.80 4.09
46X-1, 20-22 10 M 424.20 6.76 7.21 13.24 81.28 5.48
155-939B-
3H-3, 34-36 10 M 15.68 6.77 7.21 10.80 85.60 3.60 Amazon levee 7.20 12:83:5
4H-2, 85-87 10 M 25.35 6.34 7.30 12.80 81.40 5.80
6H-4, 83-85 10 M 46.04 7.09 7.14 9.10 75.60 15.30
7H-4, 88-90 10 M 55.55 6.98 7.16 11.30 84.40 4.30
8H-5, 96-92 10 M 65.85 6.85 7.19 11.80 84.60 3.60
10X-4, 7375 10 M 85.23 6.88 7.18 11.60 86.30 2.10
11X-4, 96-92 10 M 95.10 6.87 7.19 12.80 85.80 1.40
155-940A-
2H-2, 79-81 10 M 5.09 6.95 7.17 10.30 80.60 9.10 Amazon levee 7.18 12:82:6
3H-2, 117119 10 M 14.97 6.96 7.17 10.90 86.20 2.90
4H-3, 38-40 10 M 25.18 7.14 7.13 8.30 68.30 23.40
4H-4, 669 10 M 26.97 6.49 7.27 14.42 83.26 2.32
4H-5, 76-78 10 M 28.56 7.63 7.03 9.42 84.69 5.89
4H-7, 43-45 10 M 31.23 6.26 7.32 12.72 83.29 3.99
5H-1, 96-98 10 M 32.26 6.17 7.34 13.85 84.22 1.93
5H-2, 889 10 M 33.47 6.41 7.29 13.46 84.19 2.35
5H-4, 9-11 10 M 35.23 16.46 5.92 10.80 84.90 4.30
6H-3, 69-71 10 M 44.49 6.81 7.20 10.10 78.00 11.90
7H-3, 1719 10 M 52.58 6.27 7.32 14.91 83.02 2.07
7H-4, 3941 10 M 54.30 6.78 7.20 13.72 82.28 4.00
7H-5, 63-65 10 M 55.97 3.95 7.98 16.70 80.20 3.10
7H-6, 76-78 10 M 57.60 6.86 7.19 11.88 83.25 4.87
8H-4, 49-51 10 M 64.79 6.90 7.18 10.40 79.40 10.20 Brown levee 6.77 12:82:6
9X-4, 93-95 10 M 74.73 17.24 5.86 11.60 81.70 6.70
10X-5, 96-98 10 M 83.96 6.43 7.28 13.93 83.75 2.32
11X-2, 8587 10 M 87.05 6.54 7.26 12.50 81.36 6.14 Aqua/Brown 7.24 13:82:5
11X-3, 83-85 10 M 88.50 6.60 7.24 13.42 83.77 2.81 Transition
12X-1, 64-66 10 M 94.94 6.70 7.22 11.30 80.40 8.30
13X-1, 84-86 10 M 104.74 6.54 7.26 13.70 82.20 4.10
15X-4, 124126 10 M 129.04 6.63 7.24 13.43 82.75 3.82
16X-1, 92-94 10 M 133.92 5.66 7.46 12.38 82.26 5.36 Aqua levee 6.56 11:77:12
16X-2, 104106 10 M 135.54 6.93 7.17 8.90 70.00 21.10
17X-2, 96-98 10 M 145.06 6.74 7.21 10.10 72.60 17.30
19X-4, 5456 10 M 166.94 3.88 8.01 14.90 80.20 4.90
21X-4, 82-84 10 M 186.42 20.34 5.62 12.00 76.70 11.30
22X-2, 84-86 10 M 193.14 6.21 7.33 13.01 81.93 5.06
22X-3, 6769 10 M 194.47 6.52 7.26 12.02 82.42 5.56
22X-4,106-108 10 M 196.36 5.97 7.39 12.80 82.40 4.80
22X-5,104106 10 M 197.84 6.34 7.30 13.01 82.67 4.32
22X-6, 34-36 10 M 198.64 6.48 7.27 12.82 84.79 2.39
23X-5, 46-48 10 M 206.49 17.93 5.80 12.40 78.40 9.20
24X-4, 43-45 10 M 214.93 24.04 5.38 11.70 72.60 15.70
25X-3,13+133 10 M 223.84 50.18 4.32 3.40 70.10 26.50
26X-5, 449 10 M 235.77 52.42 4.25 2.70 67.50 29.80

155-941A-

1H-1,114116 10 M 114 307 835 2479 7517 0.04  Holocene
2H-2,104106 10 M 6.60 338 821 2027  79.69 0.04 WMTD 7.93 18:77:5
2H-5, 74-76 10 M 1080 435  7.84 1822  79.50 2.28
3H-4, 78-80 10 M 2008 381 804 2027  76.40 3.33
4H-4,104105 10 M 2982 475 772 1438  79.03 6.59
5H-4, 36-38 10 M 3836 398 797 1944  76.76 3.80
6H-6, 95-97 10 M 50.53 413 792 1859  74.98 6.43
8X-1, 85-87 10 M 6315 349 816 2090 7178 7.32
8X-1,126-128 10 M 63.56 390 800 1914  77.32 3.54
9X-1, 94-96 10 M 7274 622 733 1288  77.25 9.87
10X-1, 116118 10 M 8246 361 811 2017 7509 4.74
13X-1,3739 10 M 11067 340 820 2253  73.16 4.31
14X-1,4¥43 10 M 12041 483 769 1430  77.93 7.77
15X-1,12¢-131 10 M 13099 1807 579 1268  86.67 0.65  Purple 5.92 14:86:0
16X-1, 6769 10 M 13997 1532 603 1498  84.87 0.15
17X-1, 7274 10 M 14962 1630 594 1422 8552 0.26
18X-1,6163 10 M 15921 1737 585 1356 8594 0.50
19X-2, 116112 10 M 17080 1580 598  13.96  85.89 0.15
155-943A-
2H-3, 4951 10 M 779 19330 237 0.00 836  91.64  Amazon HAR 2.56 0:9:91
2H-6, 49-51 10 M 1229 16922  2.56 0.00 962  90.38
3H-2, 76-72 10 M 1600 160.16  2.64 0.00 940  90.60
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Table 2 (continued).

Core, section, Volume Method Depth Mode Mode Clay Silt Sand Acoustic Average mode  Average
interval (cm)  (cm®) (M or ST) (mbsf) (um) (2) (%) (%) (%) unit (9) clay:silt:sand
3H-4, 74-76 10 M 19.04 157.74 2.66 0.00 9.05 90.95
5H-4, 45-47 10 M 37.75 42.76 4.55 0.00 78.18 21.82 441 0:72:28
7X-1,90-92 10 M 49.17 44.40 4.49 0.00 69.07 30.93
7X-2,29-31 10 M 50.59 55.39 4.17 0.00 69.92 30.08
155-944A -
1H-3, 32-34 10 M 3.32 3.68 8.09 12.45 69.48 18.10 Amazon/Brown levee 5.97 10:76:14
2H-3, 43-45 10 M 7.33 5.95 7.39 11.26 72.74 16.00
3H-3, 49-51 10 M 16.89 6.46 7.27 13.42 84.43 2.10
3H-3, 90-96 50 M 17.30 16.57 5.92 11.72 78.63 9.65
3H-7, 67-69 10 M 23.07 6.50 7.27 13.58 75.99 10.43
5H-1, 92-98 50 M 33.32 28.71 512 10.91 76.28 12.81
5H-3, 106-108 10 M 36.46 17.09 5.87 13.87 84.63 1.50
6H-3, 24-26 10 M 44.74 18.44 576 9.88 70.36 19.76
6H-7, 7-13 50 M 49.48 33.69 4.89 533 84.02 10.65
7H-3, 78-80 10 M 55.18 17.40 5.84 12.86 82.07 5.07
7H-4, 97-103 50 M 56.87 30.64 5.03 1.86 77.25 20.90
8H-3, 86-88 10 M 64.76 18.92 572 13.13 75.60 11.27
8H-6, 65-71 50 M 68.82 27.60 518 5.59 78.25 16.16
9H-2, 75-81 50 M 72.65 25.70 528 11.53 72.07 16.40
9H-3, 81-83 10 M 74.21 17.35 5.85 10.22 67.55 22.23
10H-2, 117-124 50 M 82.57 25.81 528 1.98 75.18 22.84
10H-4, 53-55 10 M 84.93 18.36 577 11.91 71.69 16.40
11H-4, 60-62 10 M 94.50 16.52 5.92 12.04 74.07 13.89
12X-4,124-131 50 M 102.84 27.14 5.20 7.19 67.53 25.28
13X-1, 82-84 10 M 105.72 16.64 591 11.13 75.98 12.89
13X-5, 56-64 50 M 111.42 25.44 5.30 12.13 83.05 4.82
13X-5,106-108 10 M 111.92 5.54 7.50 11.58 69.53 18.89
16X-1, 30-36 50 M 134.10 28.96 511 5.98 79.58 14.44 HARP 5.23 8:74:18
16X-2, 89-91 10 M 136.19 16.11 5.96 14.38 82.81 281
17X-1, 58-60 10 M 143.98 55.49 417 2.67 66.52 30.81
21X-1,108-110 10 M 183.08 19.66 5.67 9.63 67.15 23.22
22X-4, 60-62 10 M 196.70 5.84 7.42 13.50 76.31 10.19 URMTD 5.81 11:68:21
23X-3, 34-40 50 M 20454 139.72 2.84 0.34 22.33 77.33
23X-5,99-101 10 M 208.19 6.53 7.26 14.01 76.05 9.94
24X-2,116-118 10 M 213.56 21.76 552 12.99 75.91 11.10
25X-2,91-93 10 M 22291 16.54 592 10.66 70.07 19.27
26X-3, 64-66 10 M 233.74 16.27 594 13.31 78.92 7.77
28X-1, 87-93 50 M 250.27 17.76 5.82 10.69 71.83 17.48
28X-3, 51-53 10 M 252.91 18.39 5.76 12.11 72.50 15.39
30X-1, 94-96 10 M 269.64 16.61 591 13.20 74.33 12.47 MLC—Red 5.36 10:73:17
30X-6, 22-24 10 M 275.45 17.59 5.83 11.29 72.49 16.22
31X-4,106-106 40 M 283.00 29.84 5.07 4.78 76.76 18.46
31X-6, 3F39 10 M 285.37 20.36 5.62 11.06 71.35 17.59
32X-5, 144150 50 M 294.81 27.13 5.20 10.46 68.54 21.00
32X-6, 3%39 10 M 295.24 22.56 5.47 13.20 83.20 3.60
33X-3,109-115 40 M 301.69 59.74 4.07 2.03 61.30 36.67
33X-5, 669 10 M 304.22 18.74 5.74 12.58 81.03 6.39
41X-1, 40-46 50 M 374.90 17.72 5.82 12.07 79.69 8.24 LLC—Green 6.54 13:80:7
41X-1,130-132 10 M 375.80 6.53 7.26 14.75 79.33 5.92
155-945A-
1H-2, 5#59 10 M 2.07 163.70 2.61 0.00 12.98 87.02 Amazon HAR 3.40 1:41:59
2H-2, 85-87 10 M 11.35 140.31 2.83 0.00 13.05 86.95
3H-2, 122124 10 M 21.22 76.57 3.71 0.00 37.40 62.60
3H-5, 78-80 10 M 25.28 109.85 3.19 0.48 35.18 64.34
4H-1, 105107 10 M 29.05 148.40 2.75 0.00 26.45 73.55 2.43 0:14:86
4H-4,22-24 10 M 32.72 110.05 3.18 7.87 45.42 46.71
5H-1, 7274 10 M 38.22 136.24 2.88 0.00 17.40 82.60
5H-2, 7274 10 M 39.72 123.06 3.02 0.00 26.50 73.50
5H-4, 69-71 10 M 42.69 73.97 3.76 1.44 56.49 42.07
5H-6, 1416 10 M 45.14 35.61 4.81 0.00 74.44 25.56
5H-7, 78-80 10 M 47.28 94.49 3.40 0.00 34.54 65.46
6H-1, 33-35 10 M 47.33  140.63 2.83 0.00 20.20 79.80
6H-2, 83-85 10 M 48.54  147.45 2.76 0.00 11.23 88.77
6H-3, 83-85 10 M 50.04 17491 2.52 0.00 15.49 84.51
6H-4, 76-78 10 M 51.47 253.56 1.98 0.00 10.84 89.16
6H-7, 43-45 10 M 55.27 52.66 4.25 0.00 68.97 31.03
7H-1, 7274 10 M 57.22 63.99 3.97 0.00 57.08 42.92
7H-3, 7274 10 M 60.22 207.88 2.27 0.00 19.35 80.65
7H-4, 2729 10 M 61.27 201.69 231 0.00 18.81 81.19
7H-5, 84-86 10 M 63.34 108.84 3.20 0.00 37.08 62.92
8H-1, 82-84 10 M 66.82 270.38 1.89 0.00 9.89 90.11
8H-2, 84-86 10 M 68.34 72.68 3.78 0.00 44.13 55.87
8H-3, 8587 10 M 69.85 92.93 3.43 0.00 30.33 69.67
8H-5, 14+143 10 M 73.41 24547 2.03 0.00 17.26 82.74
8H-6, 113115 10 M 74.63 255.75 1.97 0.00 14.51 85.49
155-946A-
2H-6, 24-30 50 M 14.79 43.40 4,53 1.15 65.62 33.23 Amazon levee 5.10 6:73:21
2H-6, 58-60 10 M 15.13 19.62 5.67 10.38 80.80 8.82
3H-6, 38-40 10 M 24.38 136.98 2.87 6.96 55.27 37.77 Older Amazon systems 4.71 7:60:33
3H-6, 128-135 50 M 25.28 28.44 5.14 10.86 77.56 11.58
4H-1, 39-47 50 M 26.39 30.55 5.03 4.12 74.42 21.46
5H-1, 4143 10 M 3591 110.70 3.18 2.32 42.58 55.10
5H-5, 120-127 50 M 42.70 36.80 4.76 6.31 80.99 12.70
6H-5,126-127 50 M 52.20 123.75 3.01 8.53 55.09 36.38
7H-1, 106-102 10 M 55.50 5.18 7.59 13.29 74.92 11.79
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Table 2 (continued).

Core, section, Volume Method Depth Mode Mode Clay Silt Sand Acoustic Average mode  Average
interval (cm) (cm® (M or ST) (mbsf) (um) (2) (%) (%) (%) unit (2) clay:silt:sand
7H-3, 125-131 50 M 58.75 3.61 811 20.56 79.36 0.08
7H-5, 75-81 50 M 61.25 59.42 4.07 1.82 59.41 38.77
8H-1, 90-92 10 M 64.90 6.43 7.28 12.05 80.22 7.73
8H-6, 94-100 50 M 72.44 98.22 3.35 234 39.48 58.18
8H-7, 34-41 50 M 73.35 26.74 5.22 6.72 78.83 14.45
9H-2, 92-94 10 M 75.92 5.61 7.48 14.27 81.93 3.80
9H-3, 139-145 50 M 77.89 25.58 5.29 11.36 74.84 13.80
9H-7, 7-15 50 M 8257 113.02 3.15 0.79 3551 63.70
10H-1, 39-47 50 M 83.39 94.52 3.40 0.42 34.04 65.54
10H-2, 20-27 50 M 84.70 141.76 2.82 0.47 26.53 73.00
10H-2, 78-80 10 M 85.28 31943 1.65 1.38 27.63 70.99
11H-4,108-110 10 M 98.08 6.62 7.24 11.33 82.35 6.32
12H-3, 88-90 10 M 105.88 19.45 5.68 8.39 82.64 8.97
13H-3, 135137 10 M 115.85 12458 3.00 157 25.83 72.60
14H-1, 34-40 50 M 121.34 27.91 5.16 191 65.82 3227
14H-2,100-106 50 M 123.03 26.16 5.26 10.73 70.39 18.88
14H-4, 60-62 10 M 125.63 108.02 321 1.36 32.25 66.39
15H-4, 125-127 10 M 135.62 483 7.69 16.05 82.51 1.44 MLCorLLC 5.53 8:66:26
16X-4, 61-63 10 M 145.11 4.56 7.78 1091 72.76 16.33
17X-4, 32-34 10 M 154.42 14529 2.78 3.15 24.05 72.80
18X-1, 137-143 50 M 160.57 32.82 4.93 5.07 81.51 13.42
21X-3, 29-36 50 M 191.49 24.77 534 6.13 68.44 25.43
24X-3,125-132 50 M 221.35 39.88 4.65 416 69.62 26.22

Notes. M = grain-size analysis done on the Malvern MasterSizer E. ST = grain-size analysis done with a settling tube. Average mode and clay:silt:sand are the arithmetically averaged
discrete samples for the indicated acoustic unit.
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Figure 6. Typical cumulative frequency curves for the various architectural units found on the Amazon Fan. Levees and mass-transport deposits have similar
grain-size distributions, whereas the HARP and the HAR units are the coarsest and best well-sorted material from the Amazon Fan.
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Channdl, the last active channel on the fan, at the end of thelast gla-
cial period. They found apattern of thinning and fining-upward of the
turbidite sequences from the lower fan to the upper fan for the Ama-
zon Channel-levee System. This trend was attributed to the slacken-
ing and/or shifting of the sediment source landward as the Amazon
Channel received less sediment because the Amazon River de-
bouched directly onto the continental shelf with the rising sea level.
However, this study suggests that there is a general fining-upward
trend for al channel levees. This includes levees found in al com-
plexes and at all stages of fan development, not just at the end of a
glacial cycle. Other factors must be contributing to this fining-up-
ward trend.

Piper and Normark (1983) demonstrated that when a turbidity
current is thick relative to the channel depth it can overtop the levee,
stripping off the upper part of the flow and allowing the residual
coarser portion of the flow to continue down channel. This process,

tions. Turbidity current overspill and the ensuing flux of sediment
overbank will result whenever the flow is thicker than the height of
the channel because flow turbulence and diffusion near the upper in-
terface will tend to transport material from the channel to the sur-
rounding clear water. A comprehensive set of field observations or
numerical models does not yet exist to describe the spatial and tem-
poral variations of turbidity currents in long sinuous channels. Nu-
merical and experimental models (e.g., Parker et al., 1986; Stacey
and Bowen, 1988; and references therein) do indicate that turbidity
currents should become thicker as they travel downslope because of
water entrainment from above. The resulting flow dilution tends to
decrease the flow velocity, leading to sediment deposition and even-
tual dissipation of the turbidity current, unless the decrease in flow
momentum is counteracted by other processes.
For turbidity currents confined to a channel, it is likely that the

portion of the flow above the channel levees will spread laterally,

termed “flow stripping,” occurs when thick turbidity flows travel in possibly flowing down the steep levee flanks, becoming detached
channels having sharp bends. The characteristics of the sediments ffem the main flow in the channel (Pirmez, 1994; Hiscott et al., this
posited on the levees are determined by complex interactions beslume). The upper portion of the flow carries the finer grained por-

tween the turbidity currents and the morphology of the channel.

Indtion of the sediment load (Stacey and Bowen, 1988). Thus flow strip-

vidual turbidity currents evolve both through time and space, and sging provides a mechanism for grain-size sorting, with the finer ma-
do the channel relief and slope, that in turn influence the flow conditerial depositing in the levees and the coarser part of the load remain-
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Figure 8. Averaged cumulative percent for the Amazon/Brown system for Sites 936, 939, 940, 944, and 946 provides a downfan trend for levee sediment depo-
sition. Thereisaprogressive shift to the right, indicating a downfan coarsening within the levee sediments. The inset histogram indicates the averaged sand-silt-

clay percents for the five sites and demonstrates the increase in the percent of sand downfan.

ing in the channel. Flow density, and consequently velocity within
the channel on the other hand, may increase if sediment is eroded
from the channel floor and added to the turbidity current load. Dens-
er, faster turbidity currentswill also tend to become thinner, decreas-
ing the potential to export sediment overbank (Piper and Normark,
1983). Turbidity currents traveling several hundreds of kilometers
downfan must then continuously maintain a balance between flow
thickening and dilution by entrainment, and increasein flow concen-
tration by flow stripping and erosion. In addition, individual turbidity
currents will be affected by spatial changes in channel sinuosity,
slope, and cross-section. The grain-size sequence within the levees
therefore contains a complex record of the interaction between flow
and channel, and their changes through time.

The distinct fining-upward trend observed in all levee sequences
is perhaps best explained by the overal increase in channel relief
through time, whichis clearly expressed in seismic reflection profiles
across the channel levees (Manley and Flood, 1988; Pirmez, 1994;
Pirmez and Flood, 1995). Soon after abifurcation, the newly forming
channel has little relief, and the lowermost portions of the turbidity
current are allowed to spread laterally overbank (Fig. 3). With suc-
cessive turbidity flows, levees begin to grow, increasing the channel
relief. Asthedistance from flank crest to thalweg grows, progressive-
ly higher levels within the turbidity current will flow overbank, re-
sulting in finer grain sizes being deposited on the levees. Thisis a
continuous process, and the channel levees continue to grow in this
manner until the next avulsion. Abandoned, the levee will only re-
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ceivedistal edges of proximal turbidity flowsaswell as some pelagic
drape. Therefore, achannel levee should show afining-upward trend
as aresponse to its vertical growth in time and subsequent abandon-
ment.

This simple cyclic response appears to explain the general fining-
upward seguence observed on Amazon Fan levees, and is probably
applicable to submarine fans in general. It is interesting to note that
the fining-upward trend within the levee deposits is associated with
general progradation of the levee system, that is, asthe levee system
grows verticaly, it also advances both into deeper water as well as
laterally. This general model provides a basis for interpreting the
more complex records of grain-size trends observed where multiple
levee growth phases are stacked upon each other upslope of bifurca-
tion sites.

Vertical Grain-Size Cycles and Channel Bifurcations

Several fining-upward cycles are observed within channel levees
at Sites 931, 936, 940, and 944. Site 940 sampled the levee deposits
upslope of the Aqua bifurcation site (Figs. 1, 3). The levee deposits
at this site record deposition from the onset of formation of the Aqua
channel system to present day, including the Aquato Brown, Brown
to 1F and other younger bifurcations, until forming the youngest
channel, Amazon Channel (Pirmez and Flood, 1995). Pirmez and
Flood (1995), using acoustic stratal relationships, have demonstrated
that after avulsion of achannel, thereis an adjustment of the channel
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profile with headward entrenchment and sediment bypass along with
downfan aggradation. Using the measured thickness of channel and
overbank depositsimmediately upstream and downstream of a bifur-
cation points, the post-bifurcation deposits are thicker downfan of the
bifurcation location. This rapid downfan aggradation, after an avul-
sion, isinterpreted asindicating that channel bifurcations occur at pe-
riods of increased sediment discharge and channel progradation. As
aresult of abifurcation, Pirmez and Flood (1995) state that thalweg
entrenchment would rework older channel fill deposits and would
cause an increase in the sand:mud ratio of the sediment load to the
new pathway. This ratio would decrease with time as anew channel-
levee system is established.

The stratal patterns observed within the levee deposits (Pirmez,
1994; Pirmez and Flood, 1995, fig. 18) show that the stacked aterna-
tion of levee progradational and aggradational units correlates close-
ly to individual fining-upward cycles associated with each channel-
levee growth phase. We have correlated abrupt changesin grain size
with seismic reflectors corresponding to the avulsion events identi-
fied at Site 940 (Fig. 7). At key acoustic reflectors, which represent
the base of the newly forming channel levee, thereisacorresponding
shift to coarser grained material. Thisis usually associated with a5%
to 15% increase in sand for the sediment samples analyzed near the
depths of the avulsion reflectors. Independent estimates of sedimen-
tation rate based on the ratio of terrestrial to marine organic matter

(Hinrichs and Rullkétter, this volume; also Fig.stiggest that there

sampled at downfan sites. A downfan linear relation-
ship also exits for samples within the URMTD.

locity and/or density of turbidity currents traveling through the chan-
nel. For instance, channel infilling by mass-transport deposits has
been observed at Site 934 (Flood, Piper, Klaus, et al., 1995) as well
as on other fans (e.g., Droz and Bellaiche, 1985). Rapid infilling of
the channel and consequent decrease in channel relief should lead to
coarsening of the overbank deposits, because lower levels in the en-
suing turbidity currents will flow overbank.

Systematic changes in stratal characteristics (Pirmez and Flood,
1995) and grain-size trends are directly related to bifurcations at sev-
eral sites along the Amazon Channel, and these avulsion events are
characterized by a dramatic change in sediment type over broad re-
gions downslope (e.g., thick sand-rich mass-flows or HARPs; Flood,
Piper, Klaus, et al., 1995; also Pirmez et al., this volume). Thus it is
difficult to explain the stacked fining-up sequences within the over-
bank deposits without invoking significant increases of turbidity cur-
rent velocity or sediment flux (i.e. external controls, at the time of
channel bifurcations).

The Amazon levee sampled at Sites 936 and 944 also shows sev-
eral fining-upward cycles. These sites are located upslope of other bi-
furcation points along the Amazon Channel. Site 936 is located near
the Brown bifurcation, whereas Site 944 is located near the 1F bifur-
cation (Pirmez and Flood, 1995). The observation of stacked fining-
upward cycles at these three sites (Sites 940, 936, 944) indicates that
channel bifurcations are directly related to changes in grain size with-
in the levee deposits.

is an overall decrease in sedimentation rate through time over the

whole levee column sampled at Site 940. Peaks in sedimentation r&8patial Changes of Levee Modal Grain Size

index over 108 the index measured near the surface (linear sedimen-

tation rate ~10 cm/ka) occur at the onset of the Brown and Amazon Sites 939, 940, 936, 944, and 946 sampled the Amazon/Brown
levee systems, and correspond closely to the trends observed in matiannel, all located within 3 km of the levee crest, from the upper fan
al grain size. These observations support the premise that channel (8ites 939, 940), middle fan (Sites 936, 944) to the lower fan (Site

furcation is a result of increased influx (resulting from increased ve946). All sites are located on the eastern levee flank and are located
locity, density, frequency) of turbidity currents introduced into thein relatively straight reaches of the Amazon Channel. The exception
channel system, that is, they result from external controls (allocyclids Site 936, which is located on the western levee flank on the outside
on the characteristics of turbidity currents. bend of a meander of the Amazon Channel. An average cumulative
An alternative hypothesis that cannot be entirely ruled out woulghercent was determined for the Amazon/Brown levee sediments at
be that the observed stacked depositional cycles within the levee deach site and indicates that there is a coarsening-downfan trend not
posits are autocyclic. They may be a result of periodic changes nly in mode size but in the relative ratio of clay:silt:sand (Fig. 8; Ta-
channel relief or planform shape without invoking changes in the veble 2). Using distance along the channel determined from high-reso-
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lution SeaBeam bathymetric survey of the Amazon Channel (Pirmez
and Flood, 1995), a linear relationship between average phi mode
size and distance downfan was determined (Fig. 9).

Though not sampled at as many sites, the Aqua (ULC), the Red
(MLC), and the Green (LLC) levee systemswere sampled at two sep-
arate locations allowing for downfan comparisons. The Aqua system
(sampled at Sites 935 and 940, 60 km apart), the Red system (sam-
pled at 936 and 944, 64 km apart), and the Green system (sampled at
935 and 944, 108 km apart) all show downfan coarsening. The linear
correlation (Fig. 9) that exists between mode and distance downfanis
more variable than that observed for the Amazon/Brown levee. This
variability could be attributed to several factorssuch asimprecisedis-
tance determination along channel for the Red and Green channel
systems and variable site distance away from the channel thalweg.
Whilethe Amazon/Brown leveelocationswere all within 3 km of the
Amazon channel axis, one of the Red levee sitesis 11 km away from

The HAR unit associated with the Amazon Channel was sampled
at three sites (Sites 943, 945, and 934 at a cut-off meander loop).
These sediments are the coarsest and best-sorted material sampled
within the Amazon deep-sea fan and represent the channel sands that
are moved down the fan with each successive turbidity current (Fig.
6). Based on grain-size analyses from Sites 943 and 945, the HAR
unit is composed of alternating finer and coarser grained sediments
that are well sorted (Figs. 4, 5). At Site 943, the two distinct grain-
size populations have modes of 2.6 g (coarse-grained sediment) and
4.4 g (fine-grained sediment) with clay:silt:sand ratios of 0:9:91 and
0:72:28, respectively. By Site 945, 220 km downfan from Site 943,
the HAR still has two distinct, well-sorted grain-size populations.
The coarser mode (2.4 g, 0:14:86) is similar to that determined at Site
943; however, the finer mode (3.4 g, 1:41:58) has coarsened downfan
by 1 g. The coarsening downfan of the medium sand fraction indi-
cates that the turbidity currents are still effectively sorting this size

the channel axis while the other siteiswithin 3 km of the channel. In range. However, the coarsening trend is inconsistent with deposition
spite of local variations, the grain-size—downfan relationship withinfrom the same flows, as there is a general decrease in slope, and pre-
levee deposits shows a consistent downfan coarsening trend. Presitmably current velocity decreases downfan. Sediment reworking
ous mapping of the complexes (Manley and Flood, 1988; Flood et alduring multiple phases of channel bifurcation is probably the cause
1991) showed that each levee complex developed from canyons pof downfan coarsening. The constant size for the fine-sand fraction
sitioned at different locations along the shelf break. The downfamay be an indicator of the maximum size that can be transported
coarsening trend in levee deposits, which is observed in three comewnfan given the distance and gradient of the fan, or it may be the
plexes, suggests that the control on grain-size trends is driven momeaximum size available in the system.
by the dynamics of turbidity currents than by sediment source supply. High-amplitude reflection packets (HARPSs) have been identified

As previously stated, new channel levees form as a result of avule be associated with channel bifurcations (Flood et al., 1991) and
sion and grow vertically, probably because of a combination of flovare thought to represent the flows that begin when an avulsion event
stripping and fluid entrainment. This balance between channel reliégfreaches a channel levee (Fig. 3). The coarser, unchannelized depos-
and turbidity current thickness can also explain downfan coarseninigs accumulate downslope from the newly forming channel mouth as
trends observed in levees. As new levees grow in height, more of thiee channel grows downfan. The HARP unit associated with the
turbidity flow is constrained within the channel. With time, the estab-Amazon levee and its associated channel bifurcations were sampled
lished channel levee slowly builds, channelizing more of the turbidityat three locations (Sites 935, 936, 944). Similar to the HARs, HARPs
flow farther downfan. If flowstripping is a continuous process, thehave two distinct grain-size populations (Figs. 4, 6). At Site 935 the
upper portion of turbidity current will be continuously removed andtwo populations have modes that are 7.4 g (14:83:3) and 1.1 &
be deposited on the levees as it proceeds downfan, enriching the flg@:1:99). Downfan at Site 936, the finer sediments have a mode of
in coarser material. Because the distance between thalweg and leveé ¢ (14:80:6), whereas the coarser fraction is 2.7 g (0:14:86). At
crest decreases downfan (Pirmez and Flood, 1995), successive lov@te 944 only one population was recovered and had an intermediate
levels of the flow will be stripped away resulting in the observedmodal value of 5.2 g (8:74:18).
downfan coarsening trend. Considering the finer fractions for each site, they are only slightly

A similar trend of downfan coarsening was observed by Hiscott etoarser than the overlying Amazon channel levee. The coarser frac-
al. (this volume) for turbidites recovered from the upper ~50 m otions sampled at Sites 935 and 936 are within the range of the grain
overbank deposits along the Amazon Channel. Though unable to caizes determined within the HAR unit sampled at Site 943 (only 66
relate individual turbidite beds along the Amazon system, they find km downfan from Site 936). The grain-size data support the idea that
strong correlation between median grain size and modern channel tee HARP units are reworked channel levees and channel lag depos-
lief, supporting the idea that change in channel relief along the chaits. The bimodality of samples and downfan changes observed in
nel is the primary control on the grain size of the sediment that is déhese sand-rich units probably result from stacking of multiple bifur-
posited on the levees. Assuming that the samples taken at each si&tion events. For instance, at Sites 935 and 936, the HARP units re-
are representative of the different fan acoustic units, we find that th&ulting from the Aqua bifurcation are superposed onto older distal
same downfan coarsening trends occur in all channel-levee systetesee deposits of the Aqua and older systems, including sand-rich
drilled on the Amazon Fan. units probably associated with older channel systems. More detailed
sampling, guided by seismic and logging data studies (e.g., Pirmez et
al., this volume) will be required to refine spatial changes in grain
size within this unit.

HARSs beneath the channel axis (Kastens and Shor, 1986; Stelting
et al., 1985) and HARPs beneath levee deposits (Flood et al., 1991)
comprise the acoustic facies yielding the coarsest sediment yet re-
trieved from the Amazon Fan. These units had generally poor core re- Three large mass-transport deposits were sampled during Leg
covery, and the HARPs in particular are characterized in more detdib5. Although discussed by Piper et al. (Chapter 6, this volume) in
through logging and core data elsewhere (Pirmez et al., this volumejore detail, the grain size was determined on each of these units. The

HARs have been associated with the axis of channel-levee syg/estern Debris Flow (WMTD at Site 941; Piper et al., Chapter 6, this
tems on most submarine fans, and were originally thought to be lagolume) has a slight coarsening-upward trend (Fig. 4). The WMTD
deposits in the channel thalweg. Yet other work has suggested that(average mode, 7.9 @) is finer than URMTD at either Site 935 (7 g,
least part of the reflective nature of HARs may be an acoustic artifadt5:79:6) or Site 936 (7.2 g, 14:83:3) and the BMTD found at Sites
caused by side echoes off a sinuous channel (Flood, 1987). The up@&i (7.1 g, 13:80:7) and 933 (6.9 g, 14:79:7) (Table 2).
portion of a HAR was sampled on the Mississippi Fan (Leg 96) and URMTD was first recognized on seismic profiles as an acoustical-
found to contain coarse gravel (Bouma, Coleman, Meyer, et ally transparent deposit (devoid of any high-amplitude reflectors) that
1986). filled in topographic lows and separated the ULC from the LLC. This

HARsand HARPs

Mass-Transport Deposits
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acoustic unit wasinferred to be the result of one or more slump/debris bidity currents and channel morphology probably is the primary con-
flow deposits (Manley and Flood, 1988), which was confirmed by trol in the grain size of overbank deposits, a conclusion also reached
drilling at Sites 935, 936, and 944 (Flood, Piper, Klaus, et al., 1995). by Hiscott et al. (this volume).Variations from this grain-size trend
However, its aerial distribution was found to be smaller than previ- certainly occur, as observed when multiple phases of levee growth
ously estimated (Piper et a., Chapter 6, this volume). are stacked within a levee deposit. Here several processes, including
Sites 935, 936, and 944 span approximately 100 km downfan. At changes in channel morphology associated with the avulsion process
Site 935, the clay:silt:sand ratio is 15:79:6 with a mean mode size of (levee aggradation, entrenchment, infilling) (Pirmez and Flood,
7.1 g. Approximately 35 km downfan at Site 936 the clay:silt:sand rat995), as well as external forcing such as sea-level changes, climate
tio has changed slightly to 13:84:3 with nearly the same mode 7.2 wariability, or local switching of the Amazon River mouth, certainly
By Site 944 (64 km farther downfan), the clay:silt:sand ratio isinfluence the grain size of the sediment transported by turbidity cur-
11:68:21 and the average mode is 5.8 g (Fig. 4; Table 2). URMTD i®ents and deposited overbank. We propose that the systematic occur-
0.2-0.5 g coarser than the Amazon levee at Sites 935 and 944, wherence of stacked fining-up sequences, separated by abrupt coarsening
as its nearly identical to the Amazon levee at Site 936. There is at the base associated with widespread deposition of sand-rich mass-
coarsening downfan trend, and a first order linear relationship bdlows downfan, record marked increases in the flux of sediment
tween distance downfan and grain size for URMTD can be mad&ansported by turbidity currents into the fan. Thus the general fining-
(Fig. 9). Since Site 944 is within 22 km of the downfan terminus ofupward trend can be modulated by changes in the flow characteristics
the URTMD, this site may have sampled the distal edge of the depoat times of bifurcations generating the stacked cyclic patterns. How
it, which may be anomalously coarse, resulting in the downfan coargxactly the grain-size load of turbidity currents responds as the char-
ening trend observed. This seems consistent with the downhole moeeteristics of individual flows change in response to sea-level chang-
trends. URMTD shows an overall fining-upward sequence that hass, climate variability, or switching of the Amazon River mouth is not
similar clay:silt:sand ratios to those of the channel levees locatealddressed here. However, since each levee complex appears to form
stratigraphically above or below it at Sites 935 and 936 (Table 2). Yeturing a major sea-level lowstand (~100 ka), and individual levee
at Site 944 the mode appears to have a coarsening upward trend wislgstems appear to bifurcate at short time intervals of the order of 1 to
in the lower section of the deposit but is 2 g finer in the upper 15 0 ka, forcing mechanisms would have to act over very high frequen-
of the unit. cy to explain the grain-size record within the channel-levee systems.
Originally thought to be part of Unit R, a buried debris-flow unit
(BMTD of Piper et al.,Chapter 6, this volume) was sampled at Sites
931 and 933. The average mode size of the BMTD is 6.9 g with a ACKNOWLEDGMENTS
clay:silt:sand ratio of 14:79:6 at Site 933, and 7.1 g with a
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