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ABSTRACT

On the Amazon Fan, the meandering Amazon Channel is flanked by levees tens of metersto >100 m high. Grain-size char-
acteristics of the thicker and coarser grained spillover turbidites recovered by coring of the levees can be used to infer the nature
of the suspended load and velocity of Pleistocene turbidity currents that transited the channel. Magnetic-mineral alignmentsin
these turbidites provide estimates of flow directions of the overspilling currents. Together, these data augment our understand
ing of the development and maintenance of large submarine channels. The grain size of spillover turbidites from 10 to 50 m
below the seafloor at Ocean Drilling Program Sites 939, 940, 934, 936, 944, and 946 was determined using a Sedigraph 5100
particle-size analyzer. The magnetic alignments were determined by measuring anisotropy of magnetic susceptibility using a
Kappabridge KLY-2 susceptibility meter.

From the upper to the lower fan, the median size increases and the levee height decreases. Pal eoflow during overspill was at
a high angle to levee crests, but with considerable dispersion. Paleoflow data can only be properly interpreted in conjunction
with information on the local channel shape and the position of low points, or saddles, in the adjacent levee crest. Comparison
of (1) the texture of spillover turbidites with (2) grain sizes of sand in the talweg of the Amazon Channel, (3) independent
velocity estimates based on differential levee heights, and (4) suspension theory, leads to the conclusion that a single type of
mixed-load turbidity current could have transported very coarse sand as bedload along the talweg and contributed to levee
growth by spilling a suspension of mainly silt and mud from the flow top. While transiting the Amazon Channel, such turbidity
currents were constantly entraining seawater, but were losing a greater volume of dilute suspension from the flow top through
overspill. As aresult, there is a thirtyfold decrease in channel cross-sectional area from the upper fan to the lower fan. On the
lower fan, with levee heights less than 25 m, even some of the sand load from the lower part of turbidity currents was lost to
overspill.

INTRODUCTION about the overspill process itself and about the vertical structure and
flow mechanics of the turbidity currents that flowed downfan within
Large submarine channels have captured the imagination of ma=  the Amazon Channel. We have targeted the coarser grained silt and
rine sedimentologists since they were first described from the deep  fine-sand turbidites, so that our conclusions relate to the most vigor-

oceans (Menard, 1955), and more recently when side-scan sonar im- ous turbidity currents that transited the channel. Our laboratory mea-
agery indicated the meandering nature of many of these channels ~ Surements consist of grain-size determinations to constrain flow ve-
(eg., Damuth et al., 1983a). A full explanation for meander develop- locities, and anisotropy of magnetic susceptibility measurements to
ment and the long-distance flow of turbidity currents through mean-  €Stimate paleoflow directions.

dering channels remains elusive, although several scenarios have _ Except for Si‘_[e 936, the six sites considered in this paper are all
been proposed (Chough and Hesse, 1976; Hay, 1987; Normark and situated on the right-hand levee of the Amazon Channel. A complete
Piper, 1991; Clark et a., 1992; Pirmez, 1994: Clark and Pickering, levee succession was cored at each site. Ex_cept fo_r Site 946, all of_the
1996). The importance of overspill from channelized turbidity cur-  !€vee sequences have a 10- to 25-m-thick fine-grained cap deposited
rents has long been recognized as the fundamental process governing during the latest Pleistocene to Holocene sea-level rise. Below this
levee growth. As explained by Komar (1973, p. 3332): “At any oné&@pP and down to about 50 m below the seafloor (mbsf) at each site
position along the channel, overspill would bring up the channel rdFig. 2), interbedded and interlaminated sand, silt, and mud turbidites
lief until perhaps only the very largest turbidity currents would be cal®Present the overspill record from the Amazon Channel after the

pable of overspilling the channel. The relief therefore would refleciime of the latest major avulsion along the channel (i.e., after the
the thickness of larger than average flows.” Agua and Brown phases of channel development; see Manley and

During Ocean Drilling Program (ODP) Leg 155, six sites weref100d, 1988; Pirmez and Flood, 1995). Only Site 946 is well downfan

drilled into the levees of the Amazon Channel (Fig. 1). The Leg 158rom the site of this latest avulsion. All the other sites discussed in
cores provide samples through the levees of a major deep-sea charifiist Paper were areas of active levee growth well before the Amazon
at several locations along its length, so that characteristics of ovephase of channel development. _ _

spilling turbidity currents can be assessed. An underlying objective Average sedimentation rates during active growth phases of the
of the research reported in this paper was to acquire the types of ddwpazon Channel levees can be estimated using biostratigraphic data,

from the levee turbidites that might allow inferences to be mad@nd by identifying paleomagnetic excursions and secular-variation
cycles. These rates are extremely high-&.3 cm/yr (Flood, Piper,

Klaus, et al., 1995, p. 18), suggesting a recurrence interval for over-

iFlood, R.D., Piper, D.JW., Klaus, A., and Peterson, L.C. (Eds), Proc. ODP, . spilling turbidity currents of perhaps one to a few years during the
Results, 155: College Station, TX (Ocean Drilling Program). Pleistocene. The Amazon Channel is the most recently active channel

*Earth Sciences Department, Memorial University of Newfoundland, St. John'sof the Amazon Fan. Along its centerline, the channel has a length of
Newfoundland, A1B 3X5, Canada. rhiscott@kean.ucs.mun.ca about 1000 km. SeaBeam bathymetric maps in Pirmez (1994) show

3College of Marine Studies, University of Delaware, Newark, DE 19716, U.S.A. 5 .
4Lamont-Doherty Earth Observatory, Borehole Research Group, Palisades, ndetails of the morphology of this channel downslope from the Ama-

10964, U.S.A. zon Canyon, over a centerline length of ~700 km. This distance is
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Figure 1. Leg 155 sites discussed in this paper, superim- )
posed on a map of the Amazon Fan bathymetry, includ-
ing SeaBeam coverage of the Amazon Channel. The \
SeaBeam survey areais contoured every 50 m, regional 2 Ooo
contoursevery 500 m. Channel stratigraphy isaccording ‘900 %
to the nomenclature of Manley and Flood (1988) and o
Pirmez (1994). Bathymetry in uncorrected meters (v = 3 T T
1.5 kms). 49° W 48° 47° 46°

~280 km greater than the straight-line distance between the start and
end points of the channel in the SeaBeam survey area. The difference
between the centerline length and the straight-line distance is the re-
sult of high channel sinuosity (Pirmez and Flood, 1995; Pirmez,
1994). Pirmez and Flood (1995) divide the Amazon Fan into an up-
per, middle, and lower fan based on whether the channel talweg is
deeper than the interchannel area (upper and lower fan regions) or
shallower (middle fan). On the middle fan, the entire channel-levee
architectural element is perched above the surrounding seafloor.
Pirmez and Flood (1995) provide quantitative data on the mor-
phology of the Amazon Channdl. They refer all measurementsto dis-
tances along the centerline of the channel, with zero distance being
100 km landward of the end of the Amazon Canyon. We use the same
distance scaeinthis paper. The gradient along the channel centerline
decreases from about 8 m/km near the canyon-channel transition, to

about 1 m/km near the distal end of the channel. The channel has a
concave upward, graded longitudinal profile like mature rivers, and
is most sinuous where the regional slope-to-basin gradient isin the
range of 3—7 m/km. Along thispart of the channel, sinuosity isdirect-
ly proportional to regional gradient, with the result that tighter mean-
dering tends to reduce the effects of steeper regional gradients and to
smooth fluctuations in the channel gradient along its centerline. The
highest channel sinuosity of ~1.5 to 2.7 is found 250-600 km along
the channel centerline (Pirmez, 1994).

Pirmez (1994) and Pirmez and Flood (1995) hypothesized that the
morphology of the Amazon Channel was delicately adjusted to the
characteristics of Pleistocene turbidity currents that flowed through
the channel (e.g., flow concentrations, thicknesses, velocities). Soon
after flow initiation, the opposing processes of overbank spill from
the dilute top of aturbidity current (flow stripping of Piper and Nor-
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Figure 2. Graphic sedimentological columns for the Amazon Channel levee sites, showing grain-size variation (width of columns), bed thickness, and sedimen-
tary structures; symbols and preparation of these columns are explained in Flood, Piper, Klaus, et al. (1995, p. 54). We only show here the part of the levee suc-
cession that was deposited after development of the Brown-Amazon bifurcation (i.e., during the most recent phase of channel activity). Bold lines and circled
numbers beside each column show the stratigraphic range of samples discussed in this paper and the number of samples at each site. Site 939 is the most proxi-
mal, and Site 946 the most distal locality.
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mark, 1983), pluswater entrainment thickening the current, produced
aflow that had a narrow range of characteristics and was capable of
persisting onto the lower fan.

THEORETICAL CONSIDERATIONS

In this paper, the word overspill is used to describe the process by
which the upper part of a density current spills across confining
levees. The word spillover is used as a noun or adjective to describe
the materials that spill (or spilled) from the channel; that is, the de-
posits resulting from the overspill process. Theoretical models of tur-
bidity currents require continuous flow thickening in the downflow
direction because of water entrainment (Komar, 1973; Stacey and
Bowen, 1988; Dade et a., 1994), but it is possible to envision an
equilibrium between this tendency to thicken and the tendency of
flows that exceed bankfull channel depth to spill across confining
levees and into adjacent interchannel lows. This loss of suspended
load might eventually deplete the flow of its excess density, but the
fact that overspill takes place from the more dilute flow top counter-
acts this effect by leaving a more concentrated residua flow within
the channel below the levee crests. Aslong astheturbidity current re-
tains sufficient volume to regenerate its quasi-steady state properties
after flow stripping (by seawater entrainment), then it will continue
to advance down the meandering channel system. In theory, there-
fore, asingle turbidity current could spill semicontinuously from the
leveed channel asit moves down the fan, attaining a balance between
overspill and water entrainment. In reality, the overspill is probably
episodic, being concentrated at low points (saddles) in the levee
crests such as those that have been imaged along the Amazon Chan-
nel (Pirmez, 1994).

All along the Amazon Channdl, the gradient of the backside of the
levee is steeper than the gradient along the nearby channel axis. The
levee backside slopes, together with the adjacent channel talweg
slopes, alow constraints to be imposed on the characteristics of the
overspilling turbidity currents. The equation for velocity, u, of the
body of aturbidity current with uniform density (Middleton, 1966) is

2 _ 8¢

- o o= _DP
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where g = 980 cnV/<?, d = flow depth, p + Ap = seawater density plus
density difference between seawater and the turbidity current, f, + f;
= sum of basal and interfacial friction factors, and a = bottom slope.
The velocity can remain approximately constant even during dra-
matic thinning of a current (e.g., during flow stripping), as long as
dsin a remains approximately constant.

Pirmez (1994, p. 154) gives examples of slopes of levee backsides
of 3°-5° beside channels with centerline slopes of about 6238°

(Pirmez, 1994). Equation 1 indicates that, with all other variables
constant, flow velocity will decrease with decreasing channel gradi-
ent, so that discharge within the channel must decrease by a larger
factor, perhaps 50 to 100, over the same distance. This sharp decrease
in discharge through the channel cross-section is attributed directly to
the loss of flow volume and sediment load by overbank spill.

Based on differential heights of left and right levees around chan-
nel bends with known curvature, Pirmez (1994) calculated flow ve-
locities for turbidity currents experiencing bankfull flow, following
Komar (1969). This procedure is equally valid for overspilling tur-
bidity currents, so long as the average thickness of spillover is the
same at the conjugate left and right banks. Velocity estimates depend
on flow density as well as differential levee heights. Reasonable as-
sumed solid concentrations of 0.6% and 2.5% were used by Pirmez
(1994) to calculate velocities of 0.5 to 2.0 m/s, respectively, on the
middle fan, decreasing to 0.5 to 1.5 m/s, respectively, on the lower
fan.

SAMPLING SITESAND SAMPLING STRATEGY

Samples of spillover turbidites, formed mainly of silt and sand,
were collected from the six levee sites. Depths over which samples
were taken are marked on Figure 2. The number of samples taken at
each site is different because some sites contained many more silt and
sand turbidites than others. At sites where silt and sand turbidites are
most numerous, sampling strategy included collecting several sam-
ples from single turbidites to evaluate grading patterns and paleocur-
rent swings during their deposition.

The initial aim of our sampling was to obtain samples from a sin-
gle set of turbidites to be traced from site to site along the channel.
This could only be achieved if the deposits of single overspill events
could be recognized and correlated between sites. Were this to be
achieved, then a quantitative assessment of downchannel evolution of
single Pleistocene turbidity currents might have been possible. For
example, Hesse (1995) was able to correlate single turbidites in piston
and gravity cores for about 300 km along the right-hand levee of the
low-sinuosity Northwest Atlantic Mid-Ocean Channel (NAMOC) in
the Labrador Sea. Our sampling of the levees of the Amazon Channel
was an attempt to apply the same procedure to the much more sinuous
planform of this channel.

We were unable to correlate individual turbidites between the
sites. One reason for this failure is the large number of superficially
similar levee turbidites at each site (Fig. 2). Figure 3 shows for each
Amazon Channel levee site, the surrounding bathymetry and channel
shape from SeaBeam data, 3.5-kHz echofacies recognized in near-
surface deposits from Lamont-Doherty Earth Observatory cruises,
and selected 3.5-kHz profiles. The complex distribution of echofa-
cies in near-surface sediments suggests that the overspill process is

and bankfull depths of about 500 m. Consider a channel depth of complicated in detail, perhaps because of the complex behavior of
60 m and a talweg slope of 0.3°, for whidina = 0.314 m. On the turbidity currents negotiating tight curves along the meandering
adjacent levee backside, with slope of 4°, a spillover turbidity currenthannel. Sites 936 and 944 are closest to one another (65 km center-
with approximately the same velocity and therefore capability to reline distance), but they are on opposite sides of the channel. Sites 934
tain its suspended load could have a thickness of only 4.5 m. Greatand 936 are closer, at 30 km, but are again on opposite sides of the
flow thicknesses on the levee backside relative to bankfull flow deptbhannel. Also, Site 934 is not a typical levee site (Fig. 3); it is in an
in the channel, or greater backside slope relative to channel centerlisbandoned meander loop that has been filled, since neck cutoff of the
slope, might lead to flow acceleration while traversing the backsideneander, by spillover deposits. Turbidity currents can more easily
of alevee, and nondeposition. The fact that levees of the Amazon Fapill into the abandoned channel segment than over the higher adja-
grow upward at high accumulation rates suggests that conditions foent levee, so that the spillover deposits at Site 934 are coarser
flow acceleration are not met, and, therefore, that the overspilling tugrained and thicker bedded than at Site 936, hampering correlation.
bidity currents are relatively thin. Note that a lower concentration in Because correlations of single turbidites could not be accom-
the spillover flow than in the parent channelized flow, or higher fricsplished, a program of sampling was developed to determine the gen-
tion factors for a thinner flow, would also favor deceleration on theeral characteristics of the coarser spillover deposits from the Amazon
backsides of the levees. Channel, to search for consistent trends in the texture of these levee

Unlike rivers, the cross-sectional area of the Amazon Channel dedrbidites along the channel, and to determine the paths taken by the
creases by a factor of about 30 from the upper through the middle fawerspilling turbidity currents on the backsides of the levees.
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METHODS
Sampling and Sample Orientation

Samples with volumes of 8 cm?® were collected from silt and sand
turbidites using approximately cubic plastic containers with beveled
edges designed for paleomagnetic studies. Two X-radiographs of
each sample cube were obtained, one parallel to the front face of the
cube and one paralléel to the side of the cube. In general, bedding or
lamination had no systematic dip in X-radiographs parale to the
front face of sample cubes, because the samples were taken in the
center of the split-core face and parallel with any visible layering.
However, many samples had a moderate to large dip from the front
side to the back side of the cube (Fig. 4), visible in the side-view X-
radiograph. This occurs because the core was split into two equal
halves, so that the working half of the core contains sediment from
the centerline to the margin of the core. The sample cube was there-
fore pressed into sediment on one side of the core, rather than in the
middle of the core. In this marginal area, primary laminae tend to be
curved downward because of drag along the core liner during pene-
tration of the Advanced Piston Corer (APC). The apparent dips of
laminae in both sets of X-radiographs were measured with a protrac-
tor, and these apparent dips were plotted on a stereonet to obtain true
dip values, relative to geographic north derived from shipboard pass-
through magnetometer data. These bedding dips were subsequently
used to correct magnetic fabric data to a frame of reference defined
by horizontal bedding, similar to modern seabed inclinations on the
levees of <5°.

TURBIDITY-CURRENT OVERSPILL FROM AMAZON CHANNEL

are required to define the principal susceptibility axes. However, for
these analyses, we employed a redundant sampling scheme of 15
measurements to minimize the amount of error associated with each
sample measurement. The three-dimensional shape of the measured
susceptibility is that of an ellipsoid defined by three orthogonal axes
(kmaxinum [kmax]v kintermediate [kim]7 andkminimum [kmm]) Itis the direction of

the k., axis that is used to constrain the paleocurrent direction. The
magnitudes and directions of the principal susceptibility axes are giv-
en as the susceptibility of each axis corrected by the average mea-
sured susceptibility of the sample, and the relative orientation and dip
of each axis.

By using the standard paleomagnetic bedding correction, the ori-
entations of the principal axes of susceptibility were corrected for
coring-induced bedding dip, determined from X-radiographs. The re-
sulting values were geographically oriented by subtracting values of
paleomagnetic declination from the orientation of the principal axis,
giving what we call an AMS paleoflow alignment. Paleomagnetic
declination was determined during the leg on the archive halves of
the cores following alternating field demagnetization at 20 mT; this
declination provides an estimate of true north. If paleomagnetic mea-
surements were not performed at the same depth as a particular sam-
ple, a declination value was determined by linear interpolation be-
tween the bounding values. The paleomagnetic declination values are
preferred to declination values measured on discrete samples because
the shipboard values are smoothed over a larger depth interval, there-
by minimizing the effects that both current transport (Shor et al.,
1984) and geomagnetic secular variation can have on the declination.
Although the pass-through remanent measurements may represent

Following laboratory analysis of samples from the six levee sitetoo short an interval of time at the high accumulation rates of the Am-
along the Amazon Channel, it became apparent that a particular typeon Fan to provide a good estimate of true north, we expect little de-
of silt-mud lamination (¥ division of Bouma, 1962) characterizes viation from true north at these low-latitude sites.
some overspill turbidites (facies 3A and 4A of Piper and Deptuck, Alternatively, we could have based geographic orientation on the

this volume). Particularly well-developed examples of this lamina-average value of paleomagnetic declination for the entire core section
tion (Fig. 5) were recovered from Site 931 in the levee of Channel Bom which a sample was taken. In the discussion of results, we deal
of Damuth et al. (1983b), to the east of the Amazon Channel; two adnly with results corrected using shipboard paleomagnetic declina-
ditional samples were obtained from this site for comparison. tion values for the same depths as the sample itself, although we also
report the alternative average declination values and their standard
deviations in the data table. Note that for the large majority of sam-
ples these two procedures do not give significantly different esti-
The anisotropy of magnetic susceptibility (AMS; King and Reesmates of true north.
1962) was measured on 108 samples from the six levee sites. The The foliation plane is perpendicular to thg, axis and contains
AMS technique measures the preferred magnetic-mineral orientshek,,, andk;, axes. This foliation plane may dip at some small angle
tion, or fabric, of elongated silt- to sand-sized magnetic grains (Hrouto the primary bedding plane if the magnetic grains are imbricated
da, 1982). Rees (1965) demonstrated that the principle AMS eige(ifaira, 1989). Deviations from a subhorizontal orientation suggest
vector is commonly either parallel, or normal, to current direction. that (1) the technique was unable to define the ellipsoid because the
The magnetic susceptibility) is defined as the dimensionless ra- sample had a low susceptibility, (2) a primary current-generated fab-
tio of the intensity of the induced remanen®drf a sample to the in- ric was not developed, or (3) a postdepositional fabric may have de-
tensity of the applied fieldH) (i.e.,k =J/H). The bulk susceptibility veloped because of bioturbation, or diagenesis/authigenesis. We use
of a sediment is a function of the concentration of the ferrimagnetithe criteria of Shor et al. (1984) to accept or reject samples: (1) the
components (e.g., magnetite). This measurement also takes into a@uelination of thek;, axis must be <15° from the vertical; and (2) the
count contributions from paramagnetic (e.g., hornblende) and diacalculated root-mean square error for each measurement must be
magnetic (e.g., quartz) components. For any given mineral, the sus10, and (3K > Kint >> Kyin-
ceptibility is anisotropic and typically highest along the long axis. At
room temperature, this anisotropy results primarily from two aspects Analysis of Grain Size and Sedimentary Structures
of the mineral: (1) its chemistry, crystal structure, and size; and (2) its
shape (O'Reilly, 1984). Most of the silt and silty sand beds that were sampled are thinner
The AMS measurements were performed using a Kappabridggan about 5 cm and have sharp bases and rapidly gradational tops. A
KLY-2 susceptibility meter at the University of California, Santa few beds are thicker, the thickest being about 20 cm. Although lami-
Barbara. For these measurements, a special sample holder was fahgtion was not noted in the shipboard description of most of these
cated. The paramagnetic effects of the plastic used in this study weveds (they were commonly expanded by bedding-parallel gas voids),
typically 4 orders of magnitude weaker than the susceptibility of theéhe X-radiographs show that 69% of the samples are parallel laminat-
samples. Nonetheless, the meter was configured to subtract the vakand 4% are ripple cross-laminated. Lamination is enhanced in X-
of the sample holder from each measurement. The susceptibility ofradiographs by concentrations along some laminae of more dense
sample is calculated as a second rank tensor defined by six valuégavy minerals or less dense organic material (e.g., plant fragments).
three related to the direction of the eigenvectors and three related to Some samples were taken from sediment characterized by 1- to 2-
the values of susceptibility along these axes. Thus, six measuremenim-thick alternations of silt and mud, at the top of turbidites. This is

Anisotropy of Magnetic Susceptibility
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Figure 3. SeaBeam bathymetry (uncorrected meters, v = 1.5 km/s) and 3.5- kHz echofacies in the vicinity of six Leg 155 sites (humbered crosses) along the
levees of the Amazon Channel. A. Vicinity of Site 939. B. Vicinity of Site 940. C. Vicinity of Site 934. D. Vicinity of Site 936. E. Vicinity of Site 944. F. Vicin-
ity of Site 946: white = acoustically laminated returns on the 3.5-kHz records, with the highest acoustic penetration; heavy stipple = intermediate penetration
with semi-prolonged or discontinuous reflections; light stipple = the least acoustic penetration with prolonged acoustic returns; short zigzags = sediment waves;
heavy black lines = abandoned channels.
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Figure 3 (continued). G. A 3.5-kHz profile from JOIDES Resolution through Site 939, and located on (A). H. A 3.5-kHz profile from JOIDES Resolution
through Site 936 and located on (D). The site location maps were gridded and automatically contoured from SeaBeam data. In (A) through (E), light stipple =
thin (0—-10 m) acoustically transparent to semitransparent lenses on the levee flanks, apparently sourced from localized saddles on the levee crest and interpreted
as discrete areas of concentrated overbank deposits; heavy black lines = abandoned segments of the Amazon Channel system; bold triangles = hummocky
topography; S = slump scars; heavy stippled lines = depressions on levee backsides, leading from saddles in levee crests that were probably pathways for

enhanced overspill.

atype of T, division, described by Piper and Deptuck (this volume,
their facies 3 and 4A). A thin slice of most of these silt-mud laminat-
ed samples, perpendicular to layering, was taken from one end of
each cube, air dried, and subsequently impregnated with the low-vis-
cosity biological resin LR White. Thin sections of the impregnated
chip were prepared to investigate the character of the lamination. The
remainder of each sample, after partial drying, was dissected using a
sharp knife so as to obtain separate subsamples of silt and mud.

The grain size of all samples and subsamples was determined us-
ing aMicromeritics Sedigraph 5100 particle-size analyzer. Sediment,
once removed from the plastic sample cubes, was placed in 15% per-
oxide solution to remove organic debris, then oven dried at 400°C
order for an accurate dry weight to be determined. After weighin
sediment was resuspended in a solution of 0.5% sodium hexame
phosphate (following Singer et al., 1988) during 15 s of insonifice
tion by a Braunsonic 1510 ultrasonic probe at 200 W power. Resl
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pended samples were wet-sieved through a 63-um sieve. The s Figure 4. Distribution of apparent dips of primary flat lamination, from the
fraction (>63 pm) was dried and weighed to determine its contribi front to the back of sample cubes, measured on X-radiographs.
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Figure 5. Examples of thick Ty divisionsin spillover turbidites from Site 931, levee of Channel 5, Amazon Fan. A. Three successive turbidites with thick silt-
mud laminae at their top (interval 155-931A-4H-2, 76-97 cm). B. Close-up of thick silt-mud laminae forming an entire spillover turbidite (interval 155-931B-
4H-6, 115-122 cm).

tion to the total sample weight. The fine suspension was homoge- the fluid, and on grain density (specified as a quartz density of 2.65
nized with amagnetic stirrer and diluted into the optimum concentra- g/cn® for the first runs). However, Amazon Fan silts and sands con-
tion range for introduction to the Sedigraph. No particular sample tain 5%-15% heavy minerals (e.g., hornblende with a density of 3.0
concentration is required for Sedigraph analysis, athough it is rec- 3.4 g/cni, pyroxene with a density of 3.28.55 g/cn), so that the
ommended that the sample reduce the radiation beam intensity, rela- average grain density must be higher than 2.65%/Etwelve uncon-
tive to background, by 13%-70%. Thisis usually achieved with sus- solidated silt samples for which grain density was determined for the
pensions having >5% volume concentration of solids. X-ray counts Leg 155Initial Reports (Flood, Piper, Klaus, et al., 1995) have a
on a typical baseline solution of 0.5% sodium hexametaphosphate mean density of 2.786 g/émwith a standard deviation of 0.05 gfcm
were about 75,000 counts/s during analysis of the Amazon Fan sam- When all samples are replotted using an assumed grain density of
ples. Typical sediment suspensions ran at 45,000-65,000 counts/s. 2.79 g/cr, reported weight percentages in the B35 um size class
Because the initial sample was wet-sieved at 63 pm, we were suyecome insignificant.
prised that the first runs on the Sedigraph assigned part of the sedi- The >63-um fraction of samples that contain more than 10% sand
ment to the size class 6825 pm. The Sedigraph software bases itswas suspended in ethylene glycol and further analyzed over the range
determination of size on known values of viscosity and density foB50-31 um. Both data sets (i.e., a <63-um analysis, and either a 350-
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to 31-um analysis or the raw weight percent that is greater than 63 pequal-area rose diagrams in Figure 6. We believe that these rose dia-
for samples with <10% sand) were combined in proportion to the regrams represent the true range of paleoflow directions of turbidity
sults of wet sieving and plotted as a cumulative curve on probabilitgurrents that passed over each site on the levees of the Amazon Chan-
paper, with grain size expressedgmunits (Krumbein, 1934¢p = - nel. As an alternative procedure, we could have used the dip of the
log,D, whereD is the grain diameter in millimeters). magnetic foliation plane, a proxy for grain imbrication (Taira, 1989),
Four small samples from silt laminae ipdivisions were spiked to assign a unique paleoflow direction. However, this procedure is
with 2 g of evenly sized quartz sand (2B pm) to increase the sed- not dependable if the dip of the foliation plane is low, and is even less
iment concentration. The weight percent attributed to the sand spikeeliable for the Amazon Fan samples because of the fact that bedding
having no overlap in size with the silt in the sample, was deleted fromplanes were distorted during coring (Fig. 4). Of the 14 samples that
the data file before normalizing the silt component to #8586, so  did not contain lamination in X-radiographs, and for which no correc-
that the shape of its plot on probability paper is similar to the shapi#on could be made for coring-induced tilt, four h&yg inclinations
of plots for unspiked samples. Modification of the settling behavior>15° and three have negative inclinations, including a valté4ff.
of the fine particles by the presence of sand grains in the dilute sus- One can compare the subjective and foliation-plane methods in
pensions is assumed negligible. Table 1 (also on CD-ROM, back pocket, this volume), where positive
values of bedding-correctdd,, inclination correspond to samples
for which the direction of grain imbrication determined from the dip
of the foliation plane is consistent with our subjective assignment of
. o . . .. apaleoflow direction. Negative valueskpf, inclination mark situa-
Deposition from a unidirectional current can result in a statisticaljg,s where there is an apparent downflow imbrication of magnetic

alignment of the long axes of the magnetic particles, primarily thosgains. The distribution of positive and negative values,gfincli-
in the silt-to-sand size range, parallel with the alignment of the assQation is summarized in Figure 7.

ciated nonmagnetic fraction (Hamilton and Rees, 1970). In silt and
sand deposits, the average long-axis fabric may be either parallel or Site-by-Site AM S Paleoflow
normal to the flow direction, less commonly at some intermediate an-
gle. In tractional deposits beneath persistent bottom currents, Ledbet- Site 939 is situated on the outside bend of a gentle meander where
ter and Ellwood (1980) reported flow-normal magnetic fabrics. Ell-accentuated overspilling from the channel would not be expected.
wood (1979) hypothesized that this type of fabric could form even ifThe levee crest in this area is high (about 90 m above the talweg) and
the magnetic grains were originally contained in larger flocculesrelatively smooth. As a result, overspill of the coarser sand and silt
Contrary to the interpretations of Ledbetter and Ellwood (1980), theoad of turbidity currents is rare (Fig. 2). For samples of these uncom-
strength of the magnetic alignment is not necessarily an indicator afion events, AMS paleoflow ranges from north to east, consistent
the intensity of the flow (Flood et al., 1984). with the east-northeast—dipping backside gradient of the levee (Fig.
For one turbidite, Ledbetter and Ellwood (1980) demonstrated).
flow-parallel alignments at the base and top, but only approximate Site 940 is located along a low-sinuosity reach of the channel (Fig.
flow-normal alignments in the middle of the bed. Taira and Scholle). At present, the levee crest stands about 60 m above the channel
(1979) reported very weak flow-normal alignments in thedivi- talweg. The levee crest is marked by local highs and saddles in this
sions of 63 ancient turbidites, and much stronger flow-parallel alignarea; the saddles probably control the location of the highest dis-
ments in divisions J (138 determinations) and, 164 determina- charge during spillover, and the pathways of the spillover turbidity
tions). Numerous optical studies of grain orientation in turbiditescurrents. AMS paleoflow shows a spread of about 60° toward the
(summarized in Hiscott and Middleton, 1980) indicate flow-paralleleast-northeast, at an angle of more than 90° from the local downchan-
grain alignments. Because >70% of the silt to fine-sand samples fronel trend, but compatible with the north-northeast slope of the back-
the levee turbidites of the Amazon Channel are from laminated cgide of the levee north of the site. We conclude that spillover prefer-
cross-laminated divisions,Bind T, we provisionally interpret all of  entially takes place from the outer bend of the relatively tight mean-
the measured magnetic fabrics as being parallel to the paleoflow dier SSW of Site 940, and not from the immediately adjacent channel
rection. segment, which is shielded from the site by a highpoint along the
Intuitively, the overspilling part of a turbidity current is expected levee. As a result, overspilling turbidity currents have to travel east-
to flow down the backside of the levee at some high angle to the chaward from the point where they exited the main channel to reach Site
nel axis. SeaBeam maps (Fig. 3) show alternating highs and saddi&t0.
along levee crests, so that overspill might be confined to low points Site 934 is located in an abandoned (cut-off) meander loop that
along the levees. From these points, overspilling currents might therow has a floor about 55 m above the talweg of the Amazon Channel.
spread laterally while flowing down the backside of the levee. This 55-m differential is partly the result of the filling of the segment
The samples collected for this study are mostly from depths ddfter its abandonment, and partly the result of downcutting of the
10-45 mbsf (Fig. 2), so that the present-day seafloor morphology rédmazon Channel in this area following downchannel avulsion that
vealed by SeaBeam maps can only be taken as a crude approximativeated a new distal segment of the Amazon Channel and abandoned
of the shape and position of the channel meanders and levees at the distal part of the Brown Channel (Note: near Site 934, the levees
time of each overspill event. Although there is evidence for local mesf the Amazon Channel were built by overspill during both the Am-
ander cut-off and minor channel migration, the sinuous planform odzon and Brown phases of channel development). The abandoned
the channel appears to change little over its lifetime, except downfazhannel segment is like a hanging valley in the right levee of the Am-
from avulsion sites (Pirmez, 1994). Therefore, we provisionally us@zon Channel, and is therefore a preferred location for the upper parts
the modern channel position as a guide to the evaluation of AMS paf turbidity currents to be diverted out of the main channel (i.e., flow
leoflow distributions at each site. stripping). AMS paleoflow is to the east-southeast, consistent with
The k.« declination for a sample, after geographic reorientatiorthe orientation of the entry to the abandoned meander loop.
and correction for bedding tilt, provides an estimate of paleoflow Site 936 is the only left-bank levee site, and is in an area of com-
alignment but not paleoflow direction, because the true flow direcplex channel meandering with highs and saddles in levee crests and
tion could be either thig,., declination or thé,,,, declination 180°.  with several possible spillover points both from the meander bend
To select the best estimate of paleoflow direction, we used the Seaast of the site and from the bend immediately upfan (Fig. 3). The
Beam bathymetry maps to subjectively decide which of these posdevee crest closest to the drill site currently stands about 70 m above
bilities is the more likely paleoflow direction. Only these subjectivelythe talweg floor. AMS paleoflow shows a wide range of values (Fig.
selected alternatives are presented with other AMS data in Table6) with a mean toward the west-northwest, in the direction of slope of
(also on CD-ROM, back pocket, this volume), and are plotted athe levee backside. Some of the more northerly AMS paleoflow di-
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Table 1. AMS data for Amazon Channel levee turbidites.

Susceptibility orientations

Paleomagnetic directions Kimax Orientations K Orientations
Core, section Bedding Section value a Susceptibility values and ratios Measured Bedding corrected Measured Bedding corrected
interval (cm)  strike dip mean o sampledepth ~ K(10°Sl) Foliation Lineation D | D | D | D |
155-934B-
1H-5,0-2 72 13 339 186 284 1119 1.013 1.046 109 7 81.6 0.7 343 78 150 89
2H-4, 83-85 90 17 121.5 4.6 121.6 1193 1.012 1.071 78 8 139.4 11 319 74 246
2H-4, 89-91* 90 5 1215 4.6 124.3 1384 1.021 1.054 88 20 145.8 20 319 60 312
2H-4,91-93 90 10 121.5 4.6 125.3 1379 1.004 1.029 55 4 110.7 10 304 78 252
2H-5, 47-49 90 23 1150 43 112.3 1117 1.004 1.061 75 10 1477 15 327 60 280
2H-5, 49-51* 90 20 1150 43 112.8 1201 1.014 1.022 82 5 151.2 7 345 51 332
2H-5, 70-72 90 17 1150 43 114.2 1038 1.010 1.067 218 21 1008 -7 350 60 338
2H-5, 77-79 90 17 115.0 4.3 110.6 1504 1.013 1.052 258 7 146.4 -3 359 58 358
2H-5, 83-85 90 19 115.0 4.3 109.7 1129 1.014 1.050 76 3 148.3 7 340 59 315
2H-5, 88-90 90 20 115.0 4.3 111.9 1068 1.015 1.042 242 2 131.1 7 335 59 304
155-936A-
2H-6, 14-16* 90 18 339.7 3.8 339.5 1446 1.012 1.010 151 6 3515 10 60 4 62
2H-6, 19-21 135 14 339.7 3.8 342.1 1205 1.001 1.030 155 4 352.9 0.9 52 71 70
2H-6, 37-39 60 9 339.7 38 341.9 689 1.010 1.050 107 5 305.1 1.6 3 71 26
2H-6, 81-83 90 24 339.7 38 339.8 967 1.018 1.026 275 3 293.2 5 10 57 32
3H-1, 43-45 69 16 246.4 3.4 246.3 671 1.005 1.038 110 4 223.7 -7 12 65 47
3H-5, 74-76 90 15 238.3 7.7 242.8 762 1.009 1.044 214 26 328.2 13 12 62 24
4H-2, 21-23* 65 21 3424 104 346.8 795 1.012 1.027 260 25 262.2 29 23 50 50
4H-4, 73-75 270 4 154.0 4.0 139.7 1030 1.013 1.076 263 5 303.3 5 37 83 24
4H-4, 75-77 28 6 154.0 4.0 139.5 1855 1.000 1.089 214 16 252.5 17 360 72 19
4H-6, 44-46 74 21 297.0 4.9 297.1 764 1.010 1.069 207 31 263.9 15 1 56 23
5H-7, 71-73 52 13 179.4 5.7 185.6 980 1.006 1.052 97 4 2714 5.2 349 78 75
5H-7, 82-84 59 11 179.4 5.7 187.1 825 1.007 1.050 102 10 275.9 -2 344 70 0.4
155-939B-
4H-2, 70-72 90 20 2438 14.7 262.5 3435 1.005 1.040 269 0 6.5 0.3 360 70 312
4H-6, 4-6 90 20 243.4 2.2 249.5 738 1.005 1.065 161 26 93.5 7 2 62 7
5H-6, 77-79 90 10 2533 3.0 257.1 666 1.004 1.086 122 14 46.9 9 355 68 351
6H-3, 52-54 90 5 3293 53 337.7 796 1.004 1.063 10 4 32.3 9 242 83 217
155-939C-
4H-3, 128-130 90 3 164.4 4.3 165.2 1103 1.009 1.076 244 10 78.8 9 35 79 46
155-940A-
2H-6, 98-100 60 13 2373 27 234.9 906 1.004 1.053 257 1 21.1 5 350 68 14
2H-7, 25-27 90 10 224.1 3.0 220.4 1970 1.007 1.053 259 1 38.6 0.9 353 72 345
3H-6, 11-13 90 9 203.5 6.5 205.1 869 1.009 1.075 257 8 50.9 6 19 75 43
3H-6, 13-15 90 5 203.5 6.5 204.8 1134 1.012 1.080 103 6 78.2 -5 345 78 335
3H-6, 112-114 90 0 203.5 6.5 204.2 672 1.011 1.052 100 1 75.8 -1 8 78 8
4H-5, 35-38* 0o 2 1935 10.8 191.7 1291 1.045 1.039 132 18 1203 17 356 66 0.5
4H-5,127-130 60 6 1935 108 1725 668 1.009 1.045 258 0 855 -2 290 85 206
155-944A-
6H-4, 23-25 0 3 3496 55 352.0 788 1.005 1.063 257 2 85.0 5 9 84 34
6H-4, 50-52 90 0 349.6 5.5 354.8 1139 1.003 1.066 148 11 333.2 11 12 76 12
6H-6, 30-32 54 4 335.3 5.0 328.9 826 1.009 1.093 204 14 54.1 12 10 76 24
6H-6, 32-34 90 2 335.3 5.0 328.4 959 1.012 1.087 206 14 57.6 12 16 76 19
6H-7, 41-43 90 0 181.5t 94.0t 122.4 1197 1.017 1.027 274 14 3316 -14 105 76 105
6H-7, 43-45 45 8 181.5t 94.01 119.7 1108 1.006 1.036 101 2 3413 -4.6 203 81 172
6H-7, 46-48 90 30 181.57 94.01 119.3 1152 1.004 1.046 244 16 300.7 -2 353 49 337
6H-7, 49-51 90 0 181.5t 94.01 120.7 1171 1.011 1.043 66 2 305.3 2 181 85 181
6H-7, 52-54 90 8 181.5t 94.0t 132.0 1193 1.015 1.044 269 7 316.0 -7 28 76 56
6H-7, 54-56 0 2 181.5t1 94.0t 139.6 1835 1.014 1.034 104 1 3244 -9 203 83 187
6H-7, 57-59 76 21 181.51 94.0t1 156.1 1931 1.011 1.042 173 17 16.9 —4 2 73 121
6H-CC, 13-15 90 30 167.51 124.8t 342.2 1166 1.008 1.062 282 3 116.8 9 18 64 123
155-944B-
4H-4, 90-92 68 12 198.1 6.0 194.5 730 1.002 1.078 235 7 39.5 4 354 76 47
4H-7, 70-72 40 8 188.8 24 187.2 611 1.004 1.061 174 9 345.8 3 352 81 52
5H-3, 49-51 90 12 250.3 21.2 281.8 784 1.013 1.118 125 12 242 5 346 74 313
5H-3, 51-53 80 23 2503 21.2 277.8 946 1.012 1.065 121 17 26.2 1 337 69 232
5H-3, 54-56 75 10 250.3 21.2 269.0 944 1.012 1.055 92 4 3.0 1 342 80 254
155-944D-
3H-2, 18-20 90 6 198.0 3.7 194.6 837 1.011 1.042 66 1 51.4 -3 332 88 193
3H-2, 58-60 60 6 198.0 3.7 196.7 693 1.009 1.063 248 1 51.3 2 346 82 22
3H-3, 36-38 90 4 190.3 15.1 191.3 826 1.005 1.047 252 1 60.7 -2 351 83 339
3H-3, 72-74 270 2 190.3 15.1 181.8 734 1.018 1.050 81 0 79.2 0.3 349 89 356
3H-3, 75-76 90 0 190.3 15.1 181.8 1155 1.020 1.057 262 8 80.2 8 50 80 50
3H-3, 103-105 90 7 190.3 15.1 180.6 851 1.014 1.066 232 2 51.4 -2.3 336 81 289
3H-3, 110-112 45 9 190.3 15.1 183.3 791 1.007 1.063 76 1 72.7 3.6 339 80 43
3H-3, 121-123 90 0 190.3 15.1 177.6 774 1.008 1.053 79 3 81.4 -3 331 81 331
3H-3, 124-126 90 5 190.3 151 172.8 722 1.006 1.077 259 1 86.2 0 357 82 352
3H-3,126-128 52 6 190.3 151 169.3 942 1.005 1.063 258 4 88.7 6 10 79 42
3H-4, 21-23 69 11 173.6 7.3 175.4 818 1.002 1.070 225 8 48.6 3 347 76 13
3H-4, 45-47 104 11 173.6 7.3 171.5 940 1.018 1.056 228 13 55.5 10 18 75 29
3H-4, 66-68 103 10 1736 7.3 164.8 808 1.003 1.085 230 9 64.2 1 355 74 330
3H-4, 68-70 90 10 1736 7.3 164.1 1018 1.011 1.065 233 17 66.9 11 13 68 23
3H-4, 73-75 71 14 173.6 7.3 165.5 1400 1.023 1.059 234 14 65.5 10 34 75 93
3H-4, 101-103 90 4 173.6 7.3 166.6 928 1.007 1.070 228 10 61.4 7 6 76 8
3H-4, 04-106* 90 0 173.6 7.3 167.0 1270 1.017 1.043 247 13 80.0 13 14 71 14
3H-5, 39-41 90 5 149.8 7.8 158.7 917 1.001 1.091 257 5 98.3 4 9 77 15
3H-5, 41-43 90 7 149.8 7.8 160.5 1108 1.012 1.071 271 2 110.5 2 7 73 12
3H-5, 63-65 90 23 1498 7.8 151.4 940 1.010 1.031 107 4 135.6 2.9 6 70 147
3H-5, 65-67 90 22 1498 7.8 152.3 892 1.013 1.034 281 4 126.7 8 18 63 65
3H-5, 70-72* 109 21 149.8 7.8 147.0 897 1.018 1.031 267 14 117.0 5 13 48
3H-6, 25-27 122 7 141.4 3.9 144.5 849 1.008 1.067 254 4 109.5 -1.2 69 86 180
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Table 1 (continued).

Susceptibility orientations
m orientations kin Orientations

Paleomagnetic directions

Core, section Bedding Section value at Susceptibility values and ratios Measured Bedding corrected Measured Bedding corrected
interval (cm) strike dip mean o sample depth K(10°Sl) Foliation Lineation D | D | D | D |
4H-3, 63-65 90 13 1112 41 115.0 875 1.009 1.038 93 2 338.0 1 355 78 225 89
4H-3, 65-67* 90 15 1112 41 116.9 1030 1.004 1.020 117 24 51 17 353 52 349 67
4H-5, 28-30 90 10 85.6 34 86.6 834 1.005 1.078 275 2 84 -3 11 73 26 83
4H-5, 52-54 143 6 85.6 34 89.6 753 1.009 1.081 279 5 94 -1 29 77 11 82
4H-6, 36-38 113 11 68.1 5.0 70.2 539 1.002 1.108 135 7 65.8 3 20 74 14 85
4H-6, 38-40 90 26 68.1 5.0 70.6 959 1.006 1.086 126 12 574 37 3 68 164 86
4H-6, 40-42 90 11 68.1 5.0 70.8 1053 1.004 1.088 110 8 40.2 4 346 76 308 86
5H-7, 56-58 113 17 168.7 5.0 168.5 782 1.008 1.081 246 16 75.5 3 20 67 12 84
5H-7, 60-62 113 27 168.7 5.0 171.7 1166 1.015 1.038 266 18 89.3 5 19 51 11 78
5H-7, 79-81* 90 0 168.7 5.0 159.3 855 1.011 1.037 250 30 90.7 30 12 42 12 42
5H-7, 85-87 90 40 168.7 5.0 162.4 1036 1.006 1.051 231 22 636 -5 358 56 191 84
155-946A-
1H-2, 23-25 90 0 206 6.1 14.6 1171 1.011 1.035 253 3 58.4 3 354 74 354 74
1H-2, 29-31 145 3 206 6.1 17.2 1487 1.019 1.016 271 15 739 13 125 72 134 73
1H-2, 35-37 56 6 206 6.1 16.7 1300 1.009 1.029 254 6 56.3 8 26 81 67 82
1H-2, 78-80* 78 21 206 6.1 19.2 1442 1.011 1.016 261 6 59.8 7 359 50 9 70
1H-2, 83-85 123 8 206 6.1 23.3 1405 1.006 1.020 258 10 53.7 4 67 80 120 84
1H-2, 88-91 90 17 206 6.1 241 1496 1.005 1.021 94 5 709 -4 353 67 335 84
1H-2,138-140 100 10 206 6.1 30.3 1460 1.008 1.044 269 4 57.7 2 15 77 31 87
1H-2,141-143 90 18 206 6.1 31.5 1634 1.012 1.033 272 1 60.5 2 5 72 92 88
1H-2,145-148 90 13 206 6.1 27.5 1749 1.010 1.024 279 3 70.5 5 14 65 28 77
1H-3,1-3 90 13 182 59 15.9 1655 1.003 1.025 98 5 831 -3 343 78 247 86
1H-5, 48-50 90 10 115 6.7 11.8 1106 1.011 1.053 120 10 109.2 -5 1 70 2 80
1H-5, 52-54 90 12 115 6.7 11.6 1665 1.005 1.057 139 18 1294 -9 4 65 8 77
2H-2, 74-76 90 0 3288 6.3 326.2 1138 1.016 1.056 261 4 114.8 4 41 85 41 85
2H-2, 76-79 90 0 3288 6.3 327.0 1129 1.008 1.035 248 3 101.0 3 113 86 113 86
2H-2, 79-81 90 3 3288 6.3 327.9 988 1.011 1.042 260 12 111.1 11 53 76 64 78
2H-4, 8-10 90 5 3440 4.4 339.5 1002 1.010 1.045 277 0 117.5 0.6 9 75 13 80
2H-4, 12-15 90 23 3440 44 341.5 1005 1.004 1.043 256 1 955 -45 348 71 222 84
2H-4, 17-19 90 15 3440 44 336.7 826 1.004 1.024 228 12 70.3 2 360 72 360 87
4H-2, 50-52* 0 16 1275 6.0 120.0 1238 1.017 1.015 84 13 144.0 3 337 54 -0 57
4H-3, 39-41* 0 5 1175 27.2 131.2 1228 1.006 1.007 95 14 1438 -9 1 14 2 14
4H-3, 96-98* 9 0 1175 27.2 127.5 1212 1.009 1.004 245 53 1175 53 354 14 354 14
4H-4, 61-63* 59 11 121.3 10.1 125.1 1016 1.010 1.015 257 10 1299 13 4 58 18 66
4H-5, 48-50 90 3 1219 11.2 118.0 1267 1.000 1.055 268 3 150.0 3 139 85 154 83
5H-1, 45-47* 90 10 318.8 135 317.3 997 1.010 1.001 286 10 146.7 -13 20 22 22 31
5H-1, 51-53* 90 0 318.8 135 294.5 990 1.012 1.038 101 16 166.5 16 336 63 336 63
5H-1, 55-58* 90 17 318.8 135 295.9 1116 1.003 1.019 237 1 122.1 8 329 48 314 61
5H-1, 58-60 90 13 3188 135 312.9 1186 1.005 1.042 67 1 115.1 6 334 68 306 78
5H-2, 64-66 30 8 2836 34 277.2 864 1.003 1.111 56 1 1388 -25 322 82 41 87
5H-2, 69-71 90 15 2836 34 279.7 1121 1.011 1.090 208 9 108.3 4.3 338 77 239 84
5H-5,02-104* 90 O 270.2 193 200.0 1053 1.008 1.013 266 36 66.0 36 9 17 9 17

Notes: The bedding dip isthe largest angle, measured downward, between the bedding plane and a plane normal to the central axis of the core. Bedding strike and uncorrected decli-
nations are measured within this second plane with 0° defined to be normal to and outward from the split face of the Mvofkimgduae and positive angles increasing clock-
wise from 0° to 360° for an observer looking down the central axis of the core. By convention, bedding dip is normal theaightoof, the reported strike directidh.=
declination;l = inclination. * = samples rejected according to the criteria of Shor et al. (1984). T = anomalous and unreliable sagésreseiting from paleomagnetic mea-
surement problems.

Thistable also appearson CD-ROM.

rections may record deposition from turbidity currentsthat spilled out
of the Amazon Channel at the outside bend of the meander upfan
from the drill site, or they may be uncommon flow-normal aign-
ments of the type described by Ledbetter and Ellwood (1980).

Site 944 isjust downfan from aparticularly sharp bendinthe Am-
azon Channel (Fig. 3). The slope on the backside of theleveeistothe
northeast, consistent with the strongest mode in the AMS pal eoflow
distribution (Fig. 6). Thereis also a secondary north-northwest mode
in the paleoflow data. Seven of the 13 results that form this mode
were obtained from multiple sampling of the same 20-cm-thick tur-
bidite (seebelow). Thisisan unusually thick turbiditefor the Site 944
levee, and it comes from the base of the levee succession. The levee
at this site developed largely after avulsion from the older Brown
Channel, the abandoned termination of which lies east of Site 944
(Fig. 1). The turbidity current that deposited this bed may have
spilled from an upfan meander loop, or may have been an unusually
large flow that perhaps used the then recently abandoned Brown
Channel course. The northwest flow direction would be consistent
with these scenarios. Alternatively, the northwest-oriented mode
might record flow-normal magnetic alignments.

Site 946 is about 220 km downchannel from Site 944. The levee
of the Amazon Channel is composite at Site 946, being formed of an

uppermost 18-m-thick recent levee wedge and an underlying approx-
imately 25-m-thick levee unit that formed when the Amazon Channel
was situated slightly farther west than at present (Flood, Piper, Klaus,
et d., 1995, p. 635-636). The most recent channel is entrenched into
sediments that predate both levee units, so that the relief between the
levee crest and the channel talweg is 40 m, similar to the full height
of the composite levee unit. Before thislatest incision of the channel,
leveerdlief isbelieved to have been low, probably always <25 m. As
aresult, thelevee contains more abundant silt and sand turbiditesthan
levees higher on the fan (Fig. 2). AMS paleoflow is toward the east,
orthogonal to the north-south orientation of the adjacent channel seg-
ment and directly down the backside of the youngest levee. Because
thelocation of the bifurcation between the older and younger branch-
es of the Amazon Channel is very closeto this site, the deeper part of
the levee probably had a crest orientation and backside slope direc-
tion similar to those of the most recent levee. Hence, the AMS pale-
oflow is consistent throughout the entire levee succession.

Paleoflow Variationswithin Single Turbidites

In 12 turbidites at Sites 934, 944, and 946, multiple samples were
taken at different heights in each bed to examine the consistency of
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939

936

946

Figure 6. Equal-area rose diagrams of AMS paleoflow from sites on the
levees of the Amazon Channel. On these plots, the radial scale varies as the
square root of the number of samples (Nemec, 1988). The total number of
samplesisgiven at the center of each current rose.

paleoflow directions during deposition from a single turbidity cur-
rent. The AMS paleoflow determinations indicate apparent devia-
tions in flow direction with time (Fig. 8). Swings of this type have
been described elsewhere by Parkash and Middleton (1970), Ledbet-
ter and Ellwood (1980), and Hiscott and Middleton (1980). Because
most of the swings are progressive rather than abrupt, we favor the
interpretation of Parkash and Middleton (1970) that such unconfined
turbidity currents are characterized by a shifting pattern of meander-
ing streamlines in the flow as deposition proceeds. In several cases,
thereisaconsistent swing in pal eoflow during deposition, suggesting
that some subtle topography on the levee might have forced the tur-
bidity current to deviate progressively to one side of itsinitial path as
it lost momentum. The modern SeaBeam bathymetry cannot be used
toinfer past details of levee shape, soit isnot possible to discover the
nature of this hypothetical topography.

GRAIN-SIZE DATA

Only highlights of turbidite grain size will be presented here. Cu-
mulative data for all samples are available in Table 2 (also on CD-
ROM, back pocket, this volume; for an explanation of thistable, see
Cramp et a., this volume). From the upper to the lower fan, the me-
dian sizes of the basal samples from turbidites increase, on average
(Fig. 9), and levee heights decrease. Experience from both ODP and
piston coring on the Amazon Fan indicates that the high levees are
finer grained than the low levees, presumably because the more
coarse-grained suspended load from the lower part of aturbidity cur-
rent can only contribute to the overspill if the leveeislow relativeto
total flow height. Recall that the turbidity currents transiting the
channel, as they thicken because of water entrainment, are expected
to lose some of their flow thickness because of overspill; thislost sus-
pension is finer grained than the part of the flow that remainsin the
channel. Therefore, at outer fan locdlities like Site 946, the sediment
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Figure 7. Upcurrent inclination of the major axis of the anisotropy ellipse
(Kmax), Where the upcurrent direction was determined subjectively by exam-
ining the SeaBeam bathymetry around each site relative to potential sources
of overbank spill. In cases of negative inclination, there is an apparent down-
current imbrication of magnetic grains. These unexpected negative results
are attributed to an inability to properly correct for al bedding dip induced
by APC coring. Error limits on inclination determinations are probably about
+ 5° (compare Hiscott and Middleton, 1980).

availableto generate spillover depositswill be coarser than on the up-
per and middle fan. Because the levees are also lower in this area
(pre-incision levees may have only been about 25 m high), fluid tur-
bulence is able to lift a significant amount of this coarser sediment
load high enough in the flow for it to overtop the levees.

At the upper fan Site 939, with its high levees, even the coarsest
examples of spillover turbidites are fine grained and poorly sorted
(Fig. 10). Generdly less than 1% (by weight) of sand is present in
these turbidites. At typical middle fan Sites 940, 936, and 944, there
is a common shape to the grain-size profiles (Fig. 11), with awell-
sorted coarse-to-medium silt popul ation separated from amore poor-
ly sorted fine silt and clay population by a prominent change in slope
when plotted on probability paper. The “kink” in the grain-size pro-
files occurs in the range-8 ¢ units.

Where two or more samples were taken from the same bed, the
data indicate normal grading (Fig. 12A). However, grading is irregu-
lar in some beds (e.g., Fig. 12B), and other beds are essentially un-
graded (e.g., Fig. 12C) except where they pass into mud at the bed
top.

For beds with 1- to 2-mm interlaminated silt and mud at their tops
(expanded T divisions; see also Piper and Deptuck, this volume),
both fine and coarse laminae have convex upward grain-size profiles
with a “kink” in the range 67 @ units (Fig. 13). It had been anticipat-
ed, based on theory and examination of thin sections (Fig. 14), that
the sorting that produced the laminae of thaliVision might have
efficiently separated the coarse-to-medium silt and fine silt to clay
modes (Stow and Bowen, 1980; Hesse and Chough, 1980), but this
proved not to be the case.

Site 934 is an unusual middle fan levee site because of its location
in a hanging meander loop. Because the hanging valley taps overspill
from a deeper level in Amazon Channel turbidity currents than other
nearby levee saddle points, the turbidites at Site 934 are thicker and
coarser grained than at Sites 940, 936, and 944 (Figs. 2, 9). Sand
forms 20% of one sample (Fig. 15A). Sampled beds show irregular
or normal grading (Fig. 15A, B).

At the lower fan Site 946, low levees are incapable of preventing
the overspill of abundant sand, which was unable to escape the chan-
nel farther up the fan except in minor amounts. The overspill deposits
that we sampled contain as much as 65% sand (Fig. 16). There is a
“kink” in all grain-size profiles, at a somewhat coarser position than
on the middle fan (about® @ units compared with-& @ units on
the middle fan). Some beds show normal grading (Fig. 17A), but in
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some cases thisisrestricted to the coarser part of the size distribution
(Fig. 17B).

Origin of the Kinksin Grain-Size Profiles

Natural grain-size populations are generally considered to have
frequency distributions that are either log-norma (Spencer, 1963;
Folk, 1974) or log-hyperbolic (Bagnold and Barndorff-Nielsen,
1980; Christiansen et a., 1984). The Amazon Fan samples, with their

prominent “kink” in the range of-& @ units, fit neither of these dis-

1969; Middleton, 1976). An alternate interpretation, however, is that
the segmented grain-size profiles are an artifact of sample dispersion
in the laboratory. The “kinks” in the plots for the Amazon Fan sam-
ples occur at sizes for which electrostatic cohesive forces become im-
portant. For example, McCave (1981) showed that muds from North
Sea coastal waters have a prominent mode in the intefvgl Bnits

that collapses after removal of organic matter; after treatment, the
proportion of the sample in the range98p units increases dramati-
cally, indicating that sample treatment caused the disaggregation of
primary mud floccules.

tributions. Here, we will focus on the log-normal model. For sedi- AmasSeds Research Group (1990) and Kineke et al. (1991) report
ment that has a log-normal distribution, a plot of cumulative data osediment concentrations of 4100 g/L (0.4%4%) in shelf waters
probability paper yields a straight line (Folk, 1974). If two straightseaward of the mouth of the modern Amazon River. Gibbs and Kon-
line segments are present, as is the case for our levee samples, a caan-(1986) indicate strong flocculation on the shelf that increases ef-
mon interpretation is that each sample consists of a mixture of twiective particle size significantly. The rapid accumulation rates of
populations, one of which is better sorted than the other (e.g., Vishd?|eistocene Amazon Fan levees are consistent with periodic hyper-
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Table 2. Grain-size data for Amazon Channel levee turbidites.

Cumulative percentages coarser than specified grain size (um and @ units)

250 um 177 pm

125um 88um 63 um

44um 3lpm 22pm 16pum  1lpm 7.8pum 55pm 39pm 28um 20pm L14pum 0.98 um 0.69 pm 0.49 pm

Core, section,
interval (cm) 2¢ 259 3¢ 3509 4¢ 45¢ 5¢ 55¢ 6@ 6.50¢ 70 750 8¢ 850 9¢ 95¢ 1090 105¢ 1l¢
155-931A-
4H-2, 78-80 [f] — — — — 0.19 0.49 3.48 1476 3273 47.20 55.68 60.97 64.67 67.86 71.06 73.95 76.64 79.04
4H-2, 78-80 [c] — — — — 0.20 0.20 270 13.60 3480 5400 6490 70.00 7430 7790 80.50 8290 85.20 86.70
4H-3, 107-109 [f] — — — — 0.20 0.50 1.20 530 1560 26.80 37.10 4490 5130 56.10 6090 64.70 6850 71.60
155-934B-
1H-5, 0-2 — — — — 1.10 480 2267 4699 6222 69.05 73.00 76.56 79.63 82.00 83.88 8586 87.44 89.81
2H-4, 83-85 — — — — 0.54 8.30 29.18 5276 66.88 74.24 78.22 81.10 83.29 84.98 87.27 89.16 90.65 92.74
2H-4, 89-91 — — — — 8.61 2753 5211 69.02 76.33 79.80 8172 83.09 8519 87.02 8876 90.77 90.68 91.96
2H-4, 91-93 1.20 1.50 1.50 7.80 2390 50.30 7210 8340 87.86 90.31 9167 93.09 94.19 9496 95.67 96.25 96.71 97.48
2H-5, 49-51 — — — — 483 20.25 5061 7269 81.16 84.87 87.15 89.15 90.58 91.72 93.15 94.19 9515 96.10
2H-5, 70-72 — — — — 1.05 9.16 2856 47.46 59.23 65.66 68.83 7249 7576 78.03 8100 8268 8357 86.74
2H-5, 77-79 — — — — 3.66 17.92 4422 6252 7023 7524 78.03 8054 82.66 84.01 8574 87.86 88.82 89.98
2H-5, 83-85 — — — — 599 18.74 4384 6588 77.38 8294 86.68 88.88 90.42 9224 9463 96.07 97.70 99049
2H-5, 88-90 — — — — 2.02 11.62 30.24 51.60 6551 7266 77.66 80.89 83.34 8540 87.16 88.83 90.89 93.73
155-936A-
2H-6, 14-16 — — — — 3.04 15.16 43.08 69.17 81.97 87.30 90.11 9147 93.02 93.70 94.67 9544 95.83 96.61
2H-6, 19-21 — — — — 3.44 11.16 33.28 60.02 77.12 8436 8754 89.09 90.73 9170 9295 93.72 94.88 95.65
2H-6, 37-39 — — — — 0.38 0.18 456 20.01 4421 6264 73.00 78.78 8257 8526 87.55 89.54 91.13 92.83
2H-6, 72-74 — — — — 0.10 0.50 290 1110 23.70 3490 4280 49.20 5420 5860 62.80 66.90 70.00 73.20
2H-6, 81-83 — — — — 1.39 7.21 2870 5839 76.73 8412 87.58 89.55 91.42 92,70 94.28 95.27 95.96 97.34
3H-1, 43-45 — — — — 0.49 258 10.74 27.76 4477 5572 6239 67.26 70.84 74.03 77.61 80.10 82.69 85.67
3H-5, 74-76 — — — — 1.00 437 2011 4040 5496 6347 6852 7248 7535 7792 8050 82.68 84.16 86.44
4H-2, 21-23 — — — — 1.35 401 19.01 4130 5857 6745 7287 76.82 79.88 8185 8382 8599 8757 89.25
4H-4, 73-75 — — — — 2.81 9.03 2740 51.21 68.61 77.06 81.63 84.74 87.07 8843 89.99 9164 9359 9533
4H-4, 75-77 — — — — 0.58 16.06 4547 7195 84.13 8841 90.36 91.72 92,50 93.57 94.64 96.01 96.49 97.47
4H-6, 44-46 — — — — 2.35 8.50 25.10 4444 57.72 6543 7031 7461 77.74 80.47 8311 8555 87.11 89.84
5H-7, 71-73 — — — — 1.79 8.47 2821 5414 7270 8154 8586 88.61 90.47 93.52 9479 9529 97.74 98.63
5H-7, 82-84 — — — — 0.78 7.03 2834 57.68 7591 8365 86.82 88.90 90.68 91.77 9276 93.95 94.85 95.94
155-939B-
4H-2, 70-72 — — — — 2.70 4.16 4.65 6.20 834 1233 1895 25,66 31.99 3958 46.49 53.69 59.33 65.56
4H-6, 4-6 — — — — 0.53 451 1296 26.69 39.02 47.08 5235 57.33 61.80 6598 70.16 7434 78.12 81.80
5H-6, 77-79 — — — — 0.41 0.91 2.70 858 18.04 2780 3596 4393 50.80 56.68 62.16 67.43 72.02 76.50
5H-CC, 30-32 — — — — 0.21 2.60 3.30 6.40 1199 1837 2436 3085 37.03 4282 4881 54.89 61.08 66.87
6H-3, 52-54 — — — — 0.19 2.69 8.37 1566 22.15 28.74 3522 4171 48.10 53.39 58.78 63.07 67.36 71.95
155-939C-
4H-3, 128-130 — — — — 0.53 441 21.02 4380 5991 68.27 7284 75.83 78.22 80.01 8239 84.48 86.07 87.67
155-940A-
2H-6, 98-100 — — — — 0.35 264 1141 27.75 4330 5257 5855 63.33 67.22 70.20 73.89 76.48 78.87 81.96
2H-7, 25-27 — — — — 0.18 0.08 3.47 1505 34.72 5049 6047 66.36 70.65 73.85 76.24 78.74 8153 84.33
3H-6, 11-13 — — — — 0.16 0.96 6.65 24.12 46.29 6056 68.35 7294 76.34 78.83 81.23 83.43 8542 87.12
3H-6, 13-15 — — — — 0.00 1.90 1260 4040 67.30 7880 8270 8500 86.50 87.80 89.10 90.20 91.10 92.50
3H-6, 112-144 — — — — 0.00 1.00 540 1830 3510 47.00 55.20 61.10 65.60 69.30 7290 76.40 78.60 82.00
4H-2, 38-41 — — — — 0.53 2.02 511 1326 2351 32.76 40.02 46.19 52.06 56.73 6131 6568 69.66 73.44
4H-5, 35-38 — — — — 0.16 2.86 14.44 36.90 57.47 6745 7214 7554 77.84 79.63 81.73 83.63 8522 87.12
4H-5, 127-130 — — — — 0.14 1.24 1.94 6.13 1522 2520 34.09 4198 4867 53.86 5896 63.05 66.55 70.14
155-944A-
6H-4, 23-25 — — — — 0.18 2.08 8.07 28.63 52,69 66.16 7265 76.74 7944 8123 8333 8513 86.62 88.82
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Table 2 (continued).

Cumulative percentages coarser than specified grainisiz@dg units)

Core. section 250pum 177pm 125um  88um 63pm  44pm  31lpm  22pm  16pm  1lpm 7.8ym 5.5um 3.9pym 2.8um 2.0pm 1.4pm 0.98um 0.69um 0.49um
interval (cm) 29 2509 30 3.5¢ 4¢ 45¢ 5¢ 55¢ 6@ 6.5¢ 79 75¢ 8¢ 8.5¢ 9¢ 9.5¢ 109 105¢ 119
6H-4, 50-52 — — — — 0.00 150 1230 3880 63.70 7480 80.10 83.00 8480 86.40 8810 89.40 91.30 9390 96.30
6H-6, 32-34 — — — — 0.53 0.43 332 16.09 37.84 5441 64.08 6947 7336 76.15 7895 8124 83.14 85.03 86.63
6H-7, 41-43 — — — — 0.46 345 1878 4714 7034 8059 8467 86.66 8865 89.85 9124 9214 9253 9423 96.02
6H-7, 43-45 — — — — 0.17 576 2243 4949 69.65 7884 8293 8513 87.02 8862 89.82 91.02 9171 93.01 93.81
6H-7, 46-48 — — — — 0.34 413 2336 5426 7499 8286 86.05 87.94 8954 9053 9173 92.63 93.02 94.22 94.92
6H-7, 49-51 — — — — 0.17 446 2143 5009 7105 80.33 8433 86.72 8872 8952 90.82 9171 9231 9381 9571
6H-7, 52-54 — — — — 0.69 774 2879 5660 7368 8054 8351 8580 87.49 8838 90.27 9096 9136 92.65 93.25
6H-7, 54-56 — — — — 179 1024 2929 5148 6563 7260 7643 79.18 81.63 8330 85.07 86.55 88.02 89.39 90.67
6H-7, 57-59 — — — — 277 1599 4750 7433 8493 8853 90.08 9144 9232 9319 94.07 9456 9475 9582 9592
6H-CC, 13-15 — — — — 0.16 236 1324 3940 6426 7634 8193 8482 86.72 8842 89.72 90.52 9161 92.81 94.01
155-944B-
4H-4, 90-92[f] — — — — 0.00 0.00 0.90 510 1480 2740 3760 4530 5130 56.30 60.80 64.60 68.20 7140 74.40
4H-4, 90-92[c] — — — — 0.00 0.00 0.00 1650 38.72 5223 5888 64.84 67.82 6942 7423 85.00 — — —
4H-7, 70-72 — — — — 0.20 0.20 1.90 6.79 16.07 26.75 3593 4311 4930 5439 59.18 63.17 66.87 70.66 74.05
5H-3, 49-51 — — — — 0.10 1.20 1.90 759 19.38 31.07 40.26 47.05 5245 56.94 6154 6543 6883 7223 75.32
5H-3, 51-53 — — — — 0.47 356 1231 30.73 4844 5830 6417 6835 7134 7402 7671 7930 8189 85.07 87.56
5H-3, 54-56 — — — — 0.54 3.62 16.06 37.84 5574 6479 69.76 73.15 76.03 7832 80.80 83.09 8478 86.97 88.56
155-944D-
3H-2, 18-20 — — — — 0.18 727 2843 56.38 7355 8044 8343 8573 8742 8832 90.22 9092 9132 92.61 93.21
3H-2, 58-60 — — — — 0.00 1.60 370 1710 39.90 57.10 66.30 7140 7480 77.60 80.00 8240 8470 86.60 88.90
3H-3, 36-38 — — — — 0.17 0.97 8.26 2982 5498 6895 7494 7844 80.93 8293 8453 86.32 87.82 89.52 90.32
3H-3, 72-74 — — — — 0.17 1.67 456 1465 3222 4729 56.47 6226 66.86 7035 7345 76.44 79.44 8173 83.63
3H-3, 75-76 — — — — 0.15 384 1473 4289 7034 8293 87.02 8892 9041 9191 9251 9341 9461 9521 96.11
3H-3, 103-105 — — — — 0.68 2.07 547 1943 4306 5991 6899 7427 7776 8055 8325 8564 8754 8953 91.62
3H-3, 110-112 — — — — 0.00 1.50 370 1480 3390 49.60 59.10 6540 69.70 7320 76.10 79.20 82.10 84.10 86.30&'
3H-3, 121-123 — — — — 0.17 1.37 6.26 2293 4809 6556 7394 7844 8153 8373 8552 87.12 89.02 9032 9151xp
3H-3, 124-126 — — — — 0.00 1.10 3.10 940 2190 3430 4320 5040 56.00 60.80 6510 69.10 7290 76.40 80.20W
3H-3, 126-128 — — — — 0.17 316 1225 3461 5787 7075 76.74 8043 8273 8473 86.32 87.82 8952 9131 9231Qg
3H-4, 21-23 — — — — 0.17 1.57 586 19.74 40.00 54.08 6157 6656 6995 73.05 7554 78.14 80.73 83.13 85425
3H-4, 45-47 — — — — 0.16 2.16 705 2462 5058 6655 7394 7774 80.33 8273 8472 8652 8852 9032 91.61<
3H-4, 66—68 — — — — 0.15 2.15 474 16.03 36.89 53.67 6256 6855 7274 76.04 7873 8153 84.02 8632 88.72(
3H-4, 68-70 — — — — 0.00 0.00 8.04 3290 6336 78.83 8432 87.12 8892 90.31 9141 9251 9391 9471 95.31C
3H-4, 73-75 — — — — 0.00 110 1050 3510 63.60 80.00 8620 89.10 90.30 9140 9240 9340 9460 9560 95.608
3H-4, 101-103 — — — — 0.00 1.10 8.10 2750 5140 66.00 7280 77.00 79.80 82.00 83.90 86.50 88.70 89.90 91.50|-;|9I
3H-4, 104-106 — — — — 0.34 542 2097 4798 7010 80.77 84.85 87.24 88.94 90.33 9153 93.12 9422 95.02 96.31=
3H-5, 39-41 — — — — 0.17 0.47 396 1345 2822 40.70 50.09 56.97 61.77 66.06 70.15 7414 76.84 80.13 82.83—
3H-5, 41-43 — — — — 0.15 404 1463 3849 6216 7444 80.03 8313 8542 8712 8872 90.21 91.81 9331 94310
3H-5, 63-65 — — — — 0.17 2.17 9.05 30.72 58.17 7355 80.23 8373 86.42 8822 89.72 9112 9261 94.11 95.61%
3H-5, 65-67 — — — — 0.33 322 1299 3850 6352 7548 80.76 83.75 85.95 87.64 89.24 90.63 9173 93.12 94.023
3H-5, 70-72 — — — — 0.37 336 18.10 46.60 69.02 7858 8266 84.96 87.05 88.74 89.94 9173 9273 9412 95.120
3H-6, 25-27 — — — — 0.17 2.07 7.46 2473 46.89 6047 67.75 72,65 76.14 7864 8093 8333 8552 87.42 89.122
4H-3, 63-65 — — — — 0.16 266 1314 3331 53.08 6426 70.75 7494 7794 80.33 8263 8442 86.52 8832 89.62—
4H-3, 65-67 — — — — 0.18 497 2254 5239 7455 8343 8742 8942 9132 9211 93.01 9361 9421 9541 95.71
4H-5, 28-30 — — — — 0.00 1.90 580 20.00 4190 5760 66.10 7150 7520 78.00 80.30 8250 84.80 87.30 89.30M
4H-5, 52-54 [f] — — — — 0.00 0.00 1.00 7.70 2300 3870 4880 5590 60.70 6490 6850 7170 7430 77.00 79.509
4H-5, 52-54 [c] — — — — 0.00 0.00 488 3344 6071 7151 77.17 80.00 — — — — — — —
4H-6, 36-38 — — — — 0.00 0.00 0.70 2.30 7.60 1520 2320 31.40 38.80 4540 5130 56.80 6170 66.30 71.602
4H-6, 38-40 — — — — 0.00 1.30 790 2670 49.00 6220 6880 7270 7510 77.60 80.10 8270 8470 87.10 88.60=
4H-6, 40-42 — — — — 1.90 3.79 16.65 4546 7248 8445 89.73 9192 9352 9502 96.31 9751 99.10 99.90 101.40,:‘\>J
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Table 2 (continued). T
>
Cumulative percentages coarser than specified grainsizeufde units) =
Core. section 250pum 177pm 125um  88um 63pm  44pm  31lpm  22pm  16pm 1lpm 7.8ym 5.5um 3.9pym 2.8um 2.0pm 1.4pm 0.98um 0.69um 0.49um @)
interval (cm) 20 2509 30 3.5¢ 49 45¢ 50 55¢ 6@ 6.5¢ 79 750 8¢ 8.5¢ 9¢ 9.5¢ 109 105¢ 11¢ Ry
)
5H-7, 56-58 [c] — — — — 0.00 0.00 357 2717 4694 5737 6259 65.88 70.00 — — — — — — =
5H-7, 60-62 — — — — 0.16 256 1494 4079 64.06 7564 8053 83.13 8532 86.82 8812 8952 90.62 92.31 93.21m
5H-7, 79-81 — — — — 1.23 469 20.10 4370 6178 7146 76.00 78.96 8143 8341 8538 87.26 8894 90.72 92.30
5H-7, 85-87 — — — — 183 13.02 3855 6338 76.73 8203 8459 8645 87.83 8871 90.18 92.05 9293 93.82 94.40
155-946A-
1H-2, 23-25 — — — — 0.57 325 1151 2970 5068 63.71 70.17 7425 76.83 79.12 8131 8340 8548 86.97 89.06
1H-2, 29-31 0.60 0.70 1.10 2.50 6.20 2510 5279 7286 8179 8541 8745 8868 89.66 90.81 91.34 9231 93.10 93.99 95.14
1H-2, 35-37 0.00 0.90 320 1150 2940 53.10 69.81 7850 8279 84.97 86.49 87.84 89.02 90.37 91.19 9231 9342 9436 9542
1H-2, 78-80 — — — — 1.25 490 1794 4095 6119 7225 7729 8045 8252 8440 86.27 87.76 89.14 90.62 92.30
1H-2, 83-85 0.40 1.00 1.80 390 1090 3518 60.05 7546 8226 8558 87.07 8823 89.39 9047 91.13 9237 9329 94.03 94.86
1H-2, 88-91 0.40 1.20 2.40 6.90 16.20 4176 6473 7951 8552 87.99 8949 90.69 9144 9242 93.10 94.07 9482 9572 96.25
1H-2, 138-140 — — — — 2.00 8.76 3277 6149 7756 83.63 86.28 88.14 8942 9098 92.16 93.04 9441 9520 95.79
1H-2, 141-143 — — — — 6.64 19.06 4594 6770 78.06 8254 8478 86.46 87.77 89.08 90.10 91.22 9290 94.02 95.15
1H-2, 145-148 — — — 2463 3827 5862 7181 7814 8116 8319 8447 8560 87.04 88.62 90.05 91.26 9231 9292
1H-3,1-3 0.00 0.00 180 1370 3270 5479 6882 7727 8201 8414 8572 8736 8839 89.61 9040 91.19 9216 9295 9411
1H-5, 48-50 — — — — 0.15 0.95 6.84 2421 4818 6445 7234 76.83 79.43 8163 8392 8592 87.72 89.42 9091
1H-5, 52-54 — — — — 2.61 9.33 3319 6173 7770 8374 8637 88.22 8948 91.04 9221 93.09 9445 9523 9581
2H-2, 74-76 — — — — 2.61 514 1527 3699 5734 6825 7390 7750 79.74 8198 8393 8578 87.63 89.19 90.94
2H-2, 76-79 — — — — 2.29 981 3268 5877 7489 8144 8417 8593 87.30 8886 90.03 9130 9355 94.82 95.99
2H-2, 79-81 — — — — 570 16.17 4031 6332 7558 80.86 8331 8529 86.61 8812 89.34 90.76 9217 9340 95.00
2H-4, 8-10 — — — — 0.93 489 1698 36.69 54.03 6354 6830 7186 7444 77.02 79.10 8147 8375 8573 8791
2H-4, 12-15 — — — — 350 10.16 3380 62.08 7790 83.88 86.49 8832 8958 9112 9228 9315 9450 95.27 95.85
2H-4, 17-19 — — — — 1.52 713 20.33 40.62 56.47 6455 6858 71.83 7449 76.76 79.32 8168 8395 86.11 88.87
3H-7,2-4 — — — — 260 1010 27.83 4828 6231 69.90 73.60 7643 7818 80.23 8237 8393 8578 87.44 88.90
3H-7,5-7 — — — — 395 1058 27.67 50.25 66.57 75.03 79.06 8194 8406 8578 87.42 88.86 9040 91.74 92.89
4H-2, 50-52 — — — — 379 1187 3544 6296 7883 8557 88.26 89.90 90.96 9211 93.07 9423 95.09 9548 96.25
4H-3, 39-41 0.00 440 19.00 4780 66.60 79.40 86.14 89.22 91.31 9272 9339 9433 9517 9565 96.13 96.50 97.35 9740 97.57
4H-3, 96-98 13.70 2370 4150 5470 60.60 6520 66.65 68.98 7247 76.22 79.04 8152 8327 8483 86.38 87.98 89.46 90.87 —
4H-4, 61-63 — — — — 713 1354 36.29 6350 7873 8449 87.00 88.76 89.97 9146 9257 9341 9471 9545 96.01
4H-5, 48-50 0.00 0.30 1.80 800 1820 3816 6139 76.62 8330 86.40 88.11 89.67 9052 91.61 9254 9340 9464 9518 95.65
5H-1, 45-47 — — — — 1.97 9.71 3344 6187 7765 8353 86.08 8824 8941 9059 9167 9265 93.63 9441 95.39
5H-1, 51-53 — — — — 0.98 425 1999 46.23 6693 76.73 80.69 8346 8485 8643 8792 89.40 90.69 91.88 93.07
5H-1, 55-58 — — — — 839 1755 4274 6748 79.75 8479 87.08 8882 89.83 91.02 92.03 93.04 9395 9450 95.24
5H-1, 58-60 — — — — 746 1385 3652 63.63 7881 8455 87.04 8880 90.01 9149 9260 93.43 9473 9547 96.02
5H-2, 64-66[f] — — — — 0.20 0.50 2.50 9.60 21.20 33.10 41.60 4750 5210 56.00 60.00 63.70 6690 70.10 72.90
5H-2, 64-66[m] — — — — 0.20 0.50 350 1480 3270 4720 5570 61.00 6470 67.90 7110 7390 76.60 79.00 81.20
5H-2, 64-66[c] — — — — 0.00 0.00 847 3839 6212 69.41 70.00 — — — — — — — —
5H-2, 66—68 — — — — 0.75 442 1474 3549 56.13 6735 7261 76.08 7846 80.65 82.83 84.62 86.30 88.09 89.48
5H-2, 69-71 — — — — 2.09 728 2392 4693 64.16 7327 7817 81.01 8267 8453 8659 8845 89.92 91.38 91.87
5H-5, 102-104 510 1060 20.10 33.00 4310 5340 64.01 7412 8134 8514 8730 8883 90.15 91.52 9231 93.20 94.04 9489 9542
Notes: — = not determined. [f] = fine laminae in @ivision; [m] = medium laminae ingMivision; [c] = coarse laminae in, ivision.

Thistable also appears on CD-ROM.
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Figure 9. Comparison of the median size of basal
samples from overspill turbidites with downchannel
distance and modern levee height along the Amazon
Channel.

Figure 10. Cumulative grain-size curves, probability
ordinate, for five samples from Hole 939B and one
from Hole 939C. Silt size classes are shaded.
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Figure 11. Cumulative grain-size curves for middle fan sites, probability ordinate. A. Samples from Cores 155-940A-2H through 4H. B. Samples from Cores
155-936A-2H through 5H. C. Samples from Core 155-944D-3H except one sample from Core 4H.
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Figure 12. Cumulative grain-size curves for multiply sampled spillover turbidites at Site 944, probability ordinate. A. Pairs of samples from the base and middle
of turbiditesin Cores 155-944D-3H and 4H. Pattern-coded arrows connect curves for coarser basal samples with curves for finer overlying samplesin each bed.
B. Five samples from a single 30-cm-thick turbidite, with heavier weight curves for deeper samples. Two curves from the bed top (155-944D-5H-7, 56-58 cm)
are from separate samples of silt laminae. C. Four samples from the base (thick curves) to the top (thin curve) of a 10-cm-thick turbidite. Note the absence of
grading.
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- T4 laminae, coarse & fine
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mud laminae of T4 divisions of single spillover turbid-
ites. Pattern-coded arrows connect curves for samples
from the same bed. Silt size classes are shaded.

Figure 14. Prints made directly from thin sections,
showing delicate lamination and marked separation of
silt (gray) and mud (white) in T4 divisions of spillover
turbidites. A. Sample 155-931A-4H-2, 78-80 cm. B.
Sample 155-944B-5H-3, 49-51 cm. Different silt lam-
inae show sharp bases, sharp tops, microcross-lamina-
tion (lower of two thick laminaein A), inverse grading
(upper of two thick laminaein A), and normal grading
(middle of B). Each image shows a 1.5-cm-thick inter-
val.

pycnal flow directly from the river mouth onto the fan (see also Da
muth and Kumar, 1975), which would require high suspended sedi-
ment concentrations in turbidity currents and prompt flocculation of
silt- and clay-sized particles. Given these observations, it seems high-
ly unlikely that the more poorly sorted subpopulation of fine silt and
clay represents the primary particle-size distribution in the Amazon
Channdl turbidity currents. Instead, much of this mud was probably
in the form of low-density, silt-sized floccules. This suspended load

2

would therefore have had a size distribution closer in shape to alog-
normal distribution with a single mode, and without the prominent
“kink” shown by our grain-size plots. It is for this reason that we use
the median as a measure of central tendency in this paper: the mean
would give a false impression of the texture of the suspended load
during turbidity current transport.

If it is true that some part of the primary load of the turbidity cur-
rents consisted of floccules, then magnetic-particle alignments might
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Figure 15. Cumulative grain-size curves for multiply sampled spillover turbidites at Site 934, probability ordinate. The thickest curves correspond to the deepest
samples in each bed. A. Three samples from a normally graded 10-cm-thick bed. B. Four samples from an inverse- to-normal-graded, 20-cm-thick bed. The
basal sample has a patterned curve and is finer grained than all but the uppermost sample.

have become somewhat degraded by collapse of the floccules during
compaction, as proposed by Ellwood (1979).

The Elusiveness of Primary Textural Characteristics

The fine silt through clay texture determined in the laboratory
likely does not reflect the true texture of the finer part of the suspend-
ed load of the turbidity currents. To rationalize the results from wet
sieving, the Sedigraph, and shipboard physical-properties measure-
ments, we based our size cal culations on ahigh average grain density
of 2.79 g/lcm3, even though the actual grain population is heteroge-
neousin mineralogy and density. Smear-slide analyses (Flood, Piper,
Klaus, et a., 1995) indicate that the turbidity currents contained sig-
nificant quantities of heavy minerals with densities commonly as
high as 3.5 g/cm?, but they also carried abundant quartz and feldspar
grains (density about 2.65 g/cmd).

We might have converted the Sedigraph data to settling-velocity
datato circumvent theissue of mixed mineral densitiesinthe samples
(settling velocity is what the Sedigraph actually measures, but not
what its associated software reports). However, the true settling ve-
locitiesin aturbidity current depend on salinity, density and viscosity
of seawater at 3000—4000 m depth, and on the concentration in the
flow itself (Pirmez, 1994, p. 412-413). We have therefore decided
that the simplest way to present the raw, uninterpreted datais as the
equivalent size of 2.79 g/cm?® spheres, using the average grain density
from physical-properties measurements. Conversion of the raw data
to settling velocities would provide no remedy for the fact that fine
silt through clay was probably in the form of larger low-density par-
ticles in the turbidity currents. These floccules would settle more
quickly than their component grains, but shear within the current,
particularly near the base of the flow, is widely believed to modify

the degree of flocculation and size of floccules (Stow and Bowen,

1980).

In spite of all the difficulties associated with specification of the
primary texture of the suspended load of the overspilling turbidity
currents of Amazon Channel, we can safely make the following gen-
eralizations:

1. Theload of theturbidity currents was well sorted to moderate-
ly well sorted, predominantly silt.

From the upper fan to the lower fan, the median size of spill-

over turbiditesincreases as levee height decreases.

. Theoverall downfan increasein median size resultsfrom over-
spill farther up the fan preferentially depleting the flowsin fine
particles.

. At sites having anomalously low levee height (e.g., Site 934),
spillover turbidites are thicker and coarser grained than at
nearby sites on high levees, suggesting avertical textural grad-
ing within each turbidity current (Stacey and Bowen, 1988;
Hiscott, 1994).

. Much of thefine silt and clay was probably in the form of par-
ticle aggregates or floccules.

2.

DISCUSSION

The counteracting effects of turbidity-current inflation by sea
water entrainment and continual loss of suspension by overspill are
fundamental controls on levee facies, texture of spillover turbidites,
and channel cross-sectional area. Because of the major decline in
flow volume and sediment load while transiting the Amazon Chan-
nel, discharge and channel cross-sectional areas are dramatically re-
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Figure 16. Cumulative grain-size curves for sandy lower fan spillover turbidites at Site 946, probability ordinate. A. Texture of seven samples from Cores 155-
946A-1H through 5H. B. Normal grading shown by pairs of samples from single spillover turbidites. Arrows connect curves from the same bed.

duced on the lower fan. However, the material that makes it asfar as
thelower fanisenriched in sand (Damuth and Kumar, 1975) because
finer particles have been preferentially left upfan, contributing to
levee growth.

Both the talweg centerline slope and flow depth decrease down
the Amazon Channel. The body of along turbidity current transiting
the channel would therefore be moving more slowly near its front
than near itstail (see Equation 1). Hence, aturbidity current confined
within the channel might replenish its suspended load by becoming
shorter, asitstail catches up with its decelerating front.

The samples analyzed for this study represent the coarsest spill-
over depositsat each site. A greater proportion of the sediment within
Amazon Channel levees is made up of color-banded mud turbidites.
These may represent overspill from turbidity currents that were car-
rying little or no sand and silt. Alternatively, only material from the
very dilute top of a flow with a mixed sand-through-mud load may
have escaped from the channel, even though the same flow may have
spilled silt and sand |oad over the levees el sawhere because of differ-
ent channel geometry or levee heights. We tentatively favor the latter
interpretation, mainly because of differences in the proportions of
sand and silt at Site 934 compared to Sites 940 and 936 (Fig. 2). We
believe that the same flows that deposited silt and sand turbidites at
Site 934 only left arecord of laminated muds at the other two sites,
because the higher levees at these other sitesrestricted overspill to the
dilute tops of flows transiting the main channel.

The hypothesis that levee height is an important control on grain
size of spillover turbiditesis supported by the general fining upward
observed in al levee successions cored during Leg 155 (Fig. 2;
Flood, Piper, Klaus, et a., 1995). Specifically, as levees grow in
height, they prevent the overspill of the coarser load of turbidity cur-
rents. The very highest levees allow no coarse silt and sand overspill
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(e.g., Site 939; Fig. 2), whereas lower levees are unable to prevent
sand overspill (e.g., Sites 934 and 946; Figs. 2, 9).

The occurrence of thick and well-developed silt and mud laminae
of turbidite division T, (Fig. 5) is consistent with overspill from tur-
bidity currents that were only just capable of overtopping the levees
of the Amazon Channel, but that were carrying a mixed silt and mud
load. We invoke fluctuations of flow depth in the main channel, per-
haps as a result of passage of interfacial Helmholtz waves down the
channel, as a mechanism to explain the well-devel oped silt-mud lam-
inae. At times when the flow top was at awave crest, overspill of silt
load would be accentuated, and as an interfacial wave trough passed
in the adjacent main channel, overspill of silt would cease, allowing
deposition of a mud lamina. It is noteworthy that similar thick silt-
mud laminae characterize spillover turbidites of NAMOC inthe La-
brador Sea (Hiscott et al., 1989), suggesting that this type of T, divi-
sion may be characteristic of levee deposits (see a so Piper and Dep-
tuck, this volume).

What might be the character of atypical turbidity current that de-
posited the silt beds sampled along the Amazon Channel ? It has been
suggested by Normark and Piper (1991) that thick muddy turbidity
currents or a series of mud-rich flows are most likely to construct
levees, whereasthinner sand-rich flows are morelikely to account for
middle- or lower-fan sand lobes and sheets. The Amazon Fan has
both morphological elements(Damuth and Kumar, 1975), but neither
velocity calculations nor reasonable models of the vertical structure
of turbidity currents require two fundamentally different types of
flow. Instead, our results are consistent with mixed-load flows carry-
ing sand deep in the channel and spilling silt and mud over high levee
crests, except where low levees allowed overspill of the sand load as
well. Formation of lower-fan and sub-levee sand sheets (high-ampli-
tude reflection packets, or HARPS) is discussed el sewhere (Pirmez et
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Figure 17. Cumulative grain-size curves for multiply sampled and normally graded spillover turbidites at Site 946, probability ordinate. A. Three samples from
a 10-cm-thick bed (interval 155-946A-1H-2, 78-90 cm). The line weight is heaviest for the basal sample, and lightest for the uppermost sample. B. Four sam-
plesfrom the base to the top of a 15-cm-thick spillover turbidite. The fractions coarser than the 6-@kink in all profiles are finer with height above the base of the
bed, but all samples have essentially the same distribution of fines to the right of the kink.

d., this volume), and likely involves a multistep transfer of sand
down the fan as a consequence of repeated episodes of avulsion and
talweg incision.

The suggestion that the same turbidity currents carried sand along
the talweg and spilled silt and mud onto the leveesis supported by in-
dependent velocity estimates of Pirmez (1994), using differential
levee heights around the channel bends, and the texture of channel
sands. On the middle and lower fan, levee heights suggest velocities
of 0.5-2.0 m/s, and the grain sizes of channel deposits suggest veloc-
itiesof 0.3—-1.0 m/s. These estimates overlap, suggesting that the type
of current responsible for the meandering planform of the channel
was also competent to carry sand along the talweg.

Both the concentration and average grain size of the suspended
load decrease from the base to the top of aturbidity current (Middle-
ton and Hampton, 1973; Stacey and Bowen, 1988; Hiscott, 1994). To
put the characteristics of turbidity currents transiting the Amazon
Channdl in context, we relate some observations in the vicinity of
Sites 934 and 936 to agraphical representation (Fig. 18A) of the dif-
fusion model of Rouse (1937) for relative sediment concentration,
plotted in terms of the dimensionless variable z, where

z=wW/(BKu.) )

where w = particle settling velocity, B = a coefficient relating the
sediment diffusion to the diffusion of turbulent energy (B = 1), K =

the von Karman constark & 0.3 for a low-concentration turbidity

current), ands. = shear velocity of the currer@, in Figure 18A is
the concentration at a reference lewelnear the bed, an@ is the

concentration at other levels in the flow, for each grain size of the
suspended load, where grain size is expressed by a settling velocity.

The flow top in the Rouse graph, developed for open-channel
flows in river channels, likely corresponds to a height somewhat
above the velocity maximum in turbidity currents, above which sed-
iment concentration drops off rapidly (Middleton and Hampton,
1973; Stacey and Bowen, 1988; Fig. 18B).

Suppose that flows passing Sites 934 and 936 had maximum ve-
locities of about 2 m/s (Pirmez, 1994). From standard fluid mechan-
ical relationships, if, + f; = 0.01, theru. =u/28 = 7 cm/s. The 2-mm
(-1 @) quartz grains observed in the abandoned channel deposits at
Site 934 (and assumed to be similar in size to the coarsest sediment
in the talweg of the Amazon Channel) could not have been transport-
ed in suspension by such flows, because a conservative suspension
criterion ofu. =w (Middleton, 1976) would requine = 26 cm/s, sig-
nificantly higher than the estimate of 7 cm/s based on differential
levee heights. No grains coarser than about 0.6 mm can be carried in
suspension by a flow with a mean velocity of 2 m/s.

If u. =7 cm/s, then grains with settling velocities of 5.2 cm/s and
1.1 cm/s would havevalues of 2.5 and 0.52. Thesealues are plot-
ted as solid circles on Figure 18A at appropriate overspill depths for
Sites 934 and 936. The circle that corresponds to the height of the
hanging valley at Site 934 leads to a prediction that the relative con-
centration of 2p sand at the base of a turbidity current spilling into
the hanging valley would be essentially nil. As predictegsand is
rare at this site (Fig. 15). The circle that corresponds to the height of
the levee crest at Site 936 suggests a relative concentration of about
10% for 3@ sand in the lower part of the overspilling current. Grains
with z values approaching 0.8 (diameter = &5might also be ex-
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Figure 18. A. Suspension model for open-channel flow conditions in rivers or laboratory flumes (Rouse, 1937), compared with the scale of Amazon Channel
levees, maximum grain size of overspill deposits at Sites 934 and 936. B. Theoretical velocity and concentration profiles of turbidity currents (Stacey and
Bowen, 1988). The dashed lines near the flow top in (A) are approximate changes in curve shapes to make the suspension model appropriate to turbidity cur-
rents. Turbidity currents have alow-concentration wake behind the head (upper part of B) that is well above the velocity maximum and that has no equivalent in
open-channel flows, where the velocity maximum is at the flow top. Reported settling velocities (w) are determined using the Gibbs et al. (1971) empirical set-
tling law, deep-ocean viscosity of 1.537 x 1072 g/cm-s (Stanley and Batten, 1969) and density of 1.043%g#&cgrain density of 2.79 g/éfor data determined
by Sedigraph @and %), and a grain density of 2.65 g/&ifor very coarse quartz sand in the channel talweg.

pected in these overspilling currents. Extrapolation of grain-size pro-
files for samples from Site 936 suggests that 3 @ sand is indeed
present in some turbidites (Fig. 11B).

CONCLUSIONS

Based on samples taken from the coarsest spillover turbidites in
the upper 10-50 m of the levees of the Amazon Channel, we con-
clude that flows that transported sand as bedload along the channel
talweg were aso responsible for the construction of levees and em-
placement of graded coarse silt and very fine sand turbidites on the
backsides of the levees. Starting on the upper fan, entrainment of sea-
water resultsin flow thickening to greater than bankfull depth, driv-
ing semicontinuous overspill along the full length of the channel.
Flow concentration is maintained, in spite of entrainment, by prefer-
ential loss of the dilute tops of turbidity currents by repeated over-
spill, and possibly by flow shortening as turbidity currentstransit the
channel. Loss of suspension contributes to levee growth and is com-
pensated for by athirtyfold decrease in channel cross-sectional area
from the upper fan to the lower fan.

The overspilling fraction of turbidity currents experiences a dra-

5° on the backside of the adjacent levee. Because of reduced flow
thickness and lower average concentration of the overspill, this high-
er bottom slope on the backside of the levee probably does not result
in an acceleration of the overspilling flows. Instead, velocity is be-
lieved to decrease, leading to deposition and levee aggradation.

Overspill is apparently focused along the outer bends of meanders
and at saddles in the levee crests. AMS paleoflow directions have
considerable scatter (Fig. 6), but are broadly away from the main
channel axis and down the slope of the backside of the levees. A
small number of anomalous AMS paleoflow results, nearly perpen-
dicular to the backside slope of the levees, suggest that spillover
flows may leave the main channel at one meander bend and then flow
parallel to the main channel axis along interchannel lows. The sites
considered in this study are not situated in such interchannel lows,
and therefore do not contain a significant record of this process. Al-
ternatively, these apparently anomalous paleoflow directions might
result from an erroneous assumption that all magnetic-mineral align-
ments are parallel to the flow direction; flow-normal alignments may
characterize a few samples.

AMS paleoflow directions vary from the base to the top of single
spillover turbidites (Fig. 8). We interpret these swings in alignment

matic change in slope from about 0.3° along the main channetto 3to indicate that streamlines in decelerating turbidity currents mean-
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dered about the average flow direction, as proposed by Parkash and
Middleton (1970).

Grain-size distributions are characterized by a well-sorted very
fine sand to medium silt fraction, separated by a prominent kink on
cumulative plots from apoorly sorted mud fraction. Based on (1) the
observation of widespread clay flocculation on the modern Amazon
shelf and (2) inferred high sediment concentrations near the base of
depositing turbidity currents, we explain the segmented grain-size
plots as an unavoidable artifact of sample preparation, during which
primary mud floccules are disaggregated into their component grains.
The original population, in our view, consisted mainly of awell-sort-
ed to moderately well-sorted mixture of (1) mineral-density grains of
very fine sand to medium silt and (2) silt-sized, low-density floc-
cules. Consequently, the best indicator of bulk grain sizeisthe medi-
an, which is not affected by uncertainties about the degree of floccu-
lation of finer fractions. Mean size is an inappropriate statistic for
these samples.

Median size varies directly with the present local levee height
(Fig. 9), even though the samples were taken at some depth below the
modern levee surface (Fig. 2). This strong relationship suggests that
therelative heights of proximal to distal levees of the Amazon Chan-
nel were established early during levee growth, and that the coarse-
ness of aspillover turbidite depends mainly on the extent to which the
middle part of the flow contributes to the overspill (Fig. 18). Even
with constant levee height at a single site, subtle variations in flow
thickness, perhaps because of the passage of Helmhotz waves along
the upper interface of the flow, can lead to fluctuationsin the silt con-
tent of the overspill and to formation of thick silt and mud laminae
(Fig. 5).

On the Amazon Fan, the long-distance flow of channelized tur-
bidity currents is modulated by continuous seawater entrainment
(causing flows to thicken), and overspill across levees that decrease
in height downfan. The channel profile is graded, like maturerivers;
meandering smooths any irregularitiesin downchannel sope. Ween-
vision a delicate balance between entrainment, overspill, flow con-
centration, flow discharge, and levee aggradation, as suggested more
than 20 yr ago by Komar (1973). Flows that spill silt onto levees are
competent to carry sand as bedload in the talweg of the main channel,
and we therefore see no reason to propose different types of flow (1)
for long-distance sand transport and (2) to provide silt and mud to
growing levees. Instead, the narrow range of texture and bed thick-
ness in Amazon Channel levees (Fig. 2; Flood, Piper, Klaus, et a.,
1995) impliesonly asmall variation in the characteristics of turbidity
currents passing through the channel . The counterbal ancing effects of
seawater entrainment and overspill presumably subdued most prima-
ry differences in the characteristics of the Pleistocene turbidity cur-
rents, and sorted the suspended load to achieve good size sorting at
various levelsin each flow. The upper part of each turbidity current
was characterized by concentrations lower than the average for the
flow (Fig. 18B), but still sufficiently high to ensure significant mud
flocculation.
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