NUMERICAL STUDIES OF BOTTOM SHEAR STRESS AND
SEDIMENT DISTRIBUTION ON THE AMAZON
CONTINENTAL SHELF

PAUL W. JEWELL!, ROBERT F. STALLARD?, axp GEORGE L. MELLOR?
' Dept. of Geology and Geophysics, University of Utah, Salt Lake City, UT 84112 USA
2 United States Geological Survey, Denver, CO 80225 USA
3 Program in Atmospheric and Qceanic Sciences, Princeton University, Princeton, NJ 08544 USA

AsstRacT: The relation between bottom shear stress and the distribution
of bottom sediments on the Amazon continental shelf has been studied
using a three-dimensional, primitive-equation computer model that incor-
porates the turbulence-closure scheme of Mellor and Yamada (1982) for
calculating eddy diffusivity and a simple algorithm for computing nonlinear
wave-current influences on bottom shear stress. Model results compare
reasonably well with salinity data sets for the Amazon plume, Model results
on distribution of bottom currents and bottom shear stresses help explain
some of the observed sedimentological features of the Amazon continental
shelf. High concentrations of suspended sediment in the Amazon River are
transported outward over the continental shelf and northward by the North
Brazil Coastal Current. As this sediment settles out of the water column,
it forms the prograding, subaqueous delta described by Nittrouer et al.
(1986). Accumulation rates are greatest shoreward of the 40-m isobath due
to a zone of convergent, cross-shelf residual tidal velocities. Little sediment
is deposited in the shallow parts of the shelf, where bottom shear stress
exceeds 10 dynes/cm? over a diarnal tidal cycle. Zones of laminated sand
and mud on the Amazon continental shelf coincide with areas of high
interseasonal differences in bottom shear stress. Our results suggest that
our model may be useful in interpreting sedimentation in ancient sedi-
mentary basins as well.

INTRODUCTION

Estuaries represent a transition from terrestrial to marine settings and
as such, typically act as repositories for continentally derived sediment.
Estuarine environments are commonly less energetic than fluvial envi-
ronments, and therefore the river sediment load tends to be deposited
when it enters the more saline parts of the estuary. Moreover, flocculation
of suspended river sediment is often favored by the high ionic strength of
seawater.

The sequestering of sediment in estuaries is significant on geological
time scales. During high stands of sea level, seawater covers continental
shelves and occupies former river valleys along coastal plains. These
drowned river valleys often act as depocenters for large volumes of sed-
iment. Large, sediment-laden rivers like the Amazon and Yangtze tend
to deposit sediment over vast areas of the continental shelf. During low
stands of sea level, much of the sediment in drowned river valleys and
on the continental shelves is exported to the deep ocean.

Knowledge of the exact nature of sediment movement and accumulation
in estuaries and on continental shelves is hindered by the lack of detailed
observations. Tidally dominated estuaries, like those on the eastern sea-
board of the United States, occupy relatively small areas and have been
studied in considerable detail (e.g., Nelson 1972). Large rivers like the
Amazon, Yangtze, and Ganges-Brahmaputra deposit sediment over hun-
dreds of square kilometers. Outflow from these large rivers often extends
over the continental shelf and for this reason are typically referred to as
plumes rather than estuaries (e.g., Edmond et al. 1981). These large river
systems contribute much of the global sediment yield (Milliman and Meade
1983) and are therefore critical to understanding the global sediment cycle.
Unfortunately, these major dispersal systems are often poorly understood
because the time scale required to cross and sample a major river plume
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greatly exceeds the time scale of important sedimentological and geological
processes. Moreover, formidable logistical problems must be surmounted
to study these systems, many of which are located away from the major
research centers.

An important adjunct to direct, detailed observations of large sediment-
dispersal systems is a physically based computer model with well con-
strained boundary conditions. Such models offer advantages of complete
coverage of an entire system and the possibility of examining the effects
of specific parameters (e.g., tides and winds) on sediment dispersal. A
realistic, physically based computer model can pinpoint specific areas or
processes that should be emphasized by field programs. Such models can
also be used to establish the spatial and temporal context of specific sam-
ples taken within a large, rapidly changing system.

Considerable effort has been directed toward prognostic equations and
models capable of predicting bottom shear stress and sediment transport.
Summaries of some of these equations are given by Yalin (1977), Mid-
dleton and Southard (1984), and Dyer (1986). The advent of large, array-
processing computers has allowed fluid-circulation models to be coupled
with some of these sediment-transport equations. Studies of this kind
include those by Sheng and Lick (1979) and Graber et al. (1989). In recent
years, sedimentologists and fluid dynamicists alike have come to recognize
that the combination of waves and currents has a great effect on the
dynamics of bottom shear stress (Smith 1977; Grant and Madsen 1979).
Studies that have integrated wave-current theories with field data include
those of Wiberg and Smith (1983), Grant et al. (1984), Drake and Cac-
chione (1986), and Davies et al. (1988).

This study represents an initial attempt to couple simplified equations
describing dynamics of bottom shear stress under combined wave-current
flow to a sophisticated, three-dimensional fluid-dynamic computer model
of estuarine and coastal circulation. The Amazon continental shelf was
chosen for this study for several reasons. (1) The Amazon plume exerts
considerable influence on- sedimentation over much of the continental
shelf of northeastern South America (Nittrouer et al. 1986). (2) The vast
size of the Amazon dispersal system makes synoptic observations of flow
and sedimentation difficult. (3) The Amazon continental shelf is an ex-
cellent example of interglacial sediment storage along a continental margin.
Sediment derived from continental weathering {mainly in the Andes
Mountains) is being deposited rapidly (up to 10 cm/yr) in a subaqueous
delta (Kuehl et al. 1986). (4) Sediment transport and deposition in this
large dispersal system are probably similar to other dispersal systems in
the modern ocean as well as the geologic past.

AMAZON CONTINENTAL SHELF SEDIMENTATION

Sediment delivered by the Amazon River to the continental shelf is
dispersed by the strong, northwestward-flowing North Brazil Coastal Cur-
rent. The mixing zone has the form of a plume of fresher water that is
entrained by the North Brazil Coastal Current. Amazon River sediments
are being deposited as far north as the Orinoco River delta (Van Andel
1967) and possibly even the Caribbean Sea (Bowles and Fleischer 1985).
Active sedimentation extends as far as 200 km seaward of the river mouth
and for several hundred kilometers along the shelf. Accretion of fine-



AMAZON SHELF NUMERICAL MODELS

grained siliciclastic sediment to the Guiana coast began in Miocene time
when the Andes Mountains began to rise (Krock 1979). During stands of
low sea level, the sediment load of the Amazon is diverted onto the
continental slope, where it adds to the Amazon Cone, a major sedimentary
feature of the abyssal plain of the Atlantic Ocean (Damuth 1977; Damuth
and Kumar 1975).

The modeling domain of this study (Fig. 1) was selected to encompass
major sedimentary features of the depositional system. Two general regions
of the seabed can be distinguished. The outer-shelf sediments are mostly
relict sands from the last low stand of sea level. Shoreward of the 60-m
isobath the sediments are mostly fine muds and silts. They were once
considered to be relicts from the last marine transgression (12-18 ka) (e.g.,
Milliman et al. 1975b), but it is now generally accepted that they represent
a prograding subaqueous delta that began forming after the end of the last
ice age (Nittrouer et al. 1986). Sediment accumulation rates are moderate
(on the order of 1 cm/yr) on the inner part of the delta and greatest (>
10 cmv/yr) around the 60-m isobath (Kuehl et al. 1986). Much of the delta
is characterized by a layer of sediment (up to 2 m thick) that has been
intensely reworked by tides and surface-wave shoaling (Kuehl et al. 1986).
Large, intense storms do not influence sedimentation beneath the Amazon
plume, because river discharge is at the Equator (Fig. 1). The intense
physical reworking of sediments prevents establishment of a macrobenthic
community (Aller and Aller 1986).

Transport and deposition of suspended sediments in the Amazon dis-
persal system are strongly influenced by circulation, seabed shear stresses,
and salinity. The concentration of suspended sediment in the river mouth
is 50-200 mg/kg (Gibbs 1967; Milliman et al. 1975a; Sholkovitz and Price
1980). Concentrations are higher just outside the river mouth due to
turbidity associated with the shallow, transverse bar in this area (Fig. 1;
Gibbs 1976). Suspended-sediment concentration diminishes to around |
mg/kg at seawater salinities. Biological activity (mainly diatom produc-
tion) commences where surface concentrations of suspended sediment
decrease to about 10 mg/kg (DeMaster et al. 1986). Approximately 50%
of the sediment delivered by the river is being sequestered in the sub-
aqueous delta (Kuehl et al. 1986).

MODEL DESCRIPTION

The three-dimensional fluid-flow model in this study uses conservation
equations for momentum, heat, and salt in conjunction with the level
2-1/2 turbulence-closure scheme of Mellor and Yamada (1982). The model
belongs to a class of models that address mesoscale phenomena, i.e., those
on spatial scales of 1-100 km and time scales of days to months. The
turbulence-closure scheme is necessary to accurately compute eddy vis-
cosity and diffusivity terms, which are critical components of the conser-
vation equations. The Mellor-Yamada turbulence-closure scheme com-
putes all components of the Reynolds-stress tensor and contains no
adjustable parameters. The exact forms of the governing equations, the
turbulence-closure procedure, and numerical implementation are lengthy
and not given here; see Blumberg and Mellor (1987) for details.

The three-dimensional version of the Mellor-Yamada model has been
used effectively to study a variety of coastal, estuarine, and open-marine
settings (Oey et al. 1985b; Mellor and Kantha 1989; Galperin and Mellor
1990). In all of these studies, model output compares favorably with field
data. In this paper we concentrate on two specific aspects of Amazon shelf
sedimentation: calculations of bottom shear stress and the nature of bot-
tom sediments. In this initial study we do not attempt to model the erosion
and deposition of seabed sediments per se.

Model Domain

The model domain for the Amazon simulations consists of a 35 x 85
horizontal grid oriented so that the long direction parallels the South
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American coast (Fig. 1). Cross-shore and along-shore grid spacing is 7.8
km. The model domain therefore covers approximately 270 km in the
cross-shore direction and 660 km along shore. Maximum water depth
(100 m) is in the extreme northern corner of the domain.

River water enters the model domain at three points along the western
boundary (Fig. 1). From north to south these rivers are the North Channel
of the Amazon, the South Channel of the Amazon, and Para River. Al-
though the discharge of the Pard is at least an order of magnitude smaller
than that of the Amazon, it may have some impact on the budget of
sediments and dissolved chemical species in the plume (Key et al. 1985).

Otherwise unused grid points in the northwestern corner of the domain
are connected to river entry points along the western edge of the domain.
This arrangement allows approximately 100 km of the river channel to
be simulated. In this way, most of the computer memory can be committed
to solutions within the combined river-shelf domain. Similar techniques
have been used in other applications of this model (Oey et al. 1983a;
Galperin and Mellor 1990). The very strong tidal bore that occurs at the
river mouth in nature is not specifically reproduced by the model. Instead,
the river-channel grid points in the model damp the tidal bore as it moves
upstream. This damping also occurs in nature, although the simplified
river geometry in the model (a straight line of grid points) precludes direct
comparison of the upstream tidal bore in the river with that in the model.

Model Boundary Conditions

A number of boundary conditions must be established in order to run
a three-dimensional model like the one used here. For this study, surface
wind stress is set equal to the climatological monthly values given by
Hellerman and Rosenstein (1983). In many areas of the world, synoptic
winds are much greater than climatological winds. Near the Equator,
however, this effect is not as pronounced: synoptic winds are often very
close to climatological averages (Tucker and Barry 1969). The net surface
heat and salt flux is set to zero because the input of these variables to the
surface of the modeling domain is minor compared to the influence of
river heat and freshwater input. This approximation has been shown to
be valid for most coastal areas of the equatorial Atlantic that are strongly
influenced by the North Brazil Coastal Current (Flagg et al. 1986).

Tidal forcing in the model occurs only along the eastern edge of the
domain. At the northern and southern edges the gradient of alongshore
surface elevation, dn/dy, is zero. The four major tidal components—M,
(principal lunar), S, (principal solar), K, (lunisolar diurnal}), and O, (prin-
cipal lunar diurnal)—were obtained from several sources. The amplitude
of M, tidal forcing on the eastern border is 0.7 m, a value that approxi-
mately matches the tidal range along the 100-m isobath (Accad and Perkins
1978). Tides in the western equatorial Atlantic Ocean are dominantly M,
(Defant 1961; Gibbs 1982). S,/(M, + S,) is set at 0.3, a value that ap-
proximates published tidal records (Curtin and Legeckis 1986). Analysis
of tidal components has shown that (K, + O,)/(M, + S,) < 0.1 in this
part of the Atlantic (Defant 1961, his table 80). K, and O, were therefore
set equal to zero.

Determination of mass flux into the southern part of the domain is
problematic due to the paucity of three-dimensional current data in this
part of the world. The seasonally averaged, historical ship-drift data of
Richardson and McKee (1984) are used to specify mass flux at the south-
eastern corner of the domain. Vertically integrated mass flux is decreased
proportionally in the shoreward direction until it is zero at the first land
point. Mass flux in and out of the eastern boundary is determined by tidal
elevations, with no net transport across this boundary. Mass flux in and
out of the northern boundary is the sum of outflow from all other bound-
aries. River outflow is modeled as a seasonally varying sine wave with
minimum flow (0.9 x 10° m*/s) in mid-November and maximum fiow
(2.3 x 10° m’/s) in mid-May. This closely parallels average observed river
discharges (Oltman 1968).
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Temperature and salinity boundary conditions along the southern, east-
emn, and northern boundaries of the model domain are taken from the
data set of Levitus (1982) for flood-tide (inflow) conditions. During ebb
tide (outflow), temperature and salinity were calculated using an “upwind”
difference advection equation (Blumberg and Mellor 1987, their eq 23c).
Amazon River temperatures are set at 28.5°C (Curtin 1986a) and river
salinity is specified as 0 ppt.

Calculations of Bottom Shear Stress

Bottom shear stress is commonly determined from bottom velocities
using a drag coefficient:

75 = Cop| V|V, )]

where 7, is the bottom shear stress, p is fluid density, V, is the velocity
of the bottom grid point, and C,, is the bottom drag coefficient. C,, is
commonly calculated from a relationship based on the logarithmic law of
the wall;

47°W
+5°
o
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~America

Fic. 1.—Location of the modeling domain on the
continental shelf of northeastern Brazil. Contours
represent depth in meters. Lines Y-Y' and Z-Z'
mark the locations of cross-shelf property plots
of Curtin (1986a).

Co (1 I (?)) @

where « is the von Kirmin constant (0.4), z, is height above the seafloor,
and z, is the effective sediment roughness length. The value of z,, and
therefore C,,, depends complexly on the sediment grain size, the geometry
of the sediment bed, the bottom current velocity, and other factors.

Egs (1) and (2) have been successfully applied to fluid flows in a wide
variety of geophysical settings. Along continental shelves, however, the
dynamic setting is complicated by the superposition of two kinds of cur-
rents: low-frequency geostrophic or tidal currents and high-frequency, os-
cillatory currents caused by surface waves. The low-frequency and high-
frequency currents have boundary layers with thicknesses on the order of
meters and tens of centimeters, respectively (Grant and Madsen 1986).

In recent years, oceanographers and sedimentologists have come to
recognize that waves and currents interact in a complex, nonlinear way
near the seafloor (Smith 1977; Grant and Madsen 1979). It is now clear
that bottom shear stress caused by wave-current interactions is much
greater than simply the sum of the bottom shear stress due to waves or
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Gibbs and Konwar

Model

Fic. 2.—Diagrams of surface salinity (ppt) from Gibbs (1976), Szekielda ¢t al.
(1983), Gibbs and Konwar (1986), and the numerical model.

currents alone. Under certain conditions, the effective roughness length in
Eq 2 can be increased by more than two orders of magnitude (Grant and
Madsen 1979, their fig. 3). Since the Amazon dispersal system occupies
a dynamic tidal regime in relatively shallow water (< 100 m), this phe-
nomenon of combined wave-current bottom shear stress is probably very
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important. Unfortunately, published procedures for calculating this effect
are too cumbersome for a large-scale modeling project like the one de-
scribed here. For instance, implementation of the theory of Grant and
Madsen (1979) involves multiple integration of several functions as well
as evaluation of a Kelvin function (a specialized Bessel function) for each
seafloor location. Application of the complete version of this theory to
the Amazon dispersal system would require these calculations to be made
at nearly 2000 grid points at time steps equivalent to 15 minutes of real
time. A simplified computational method that accounts for parts of the
nonlinear wave-current theory was therefore developed for the sake of
computational efficiency. It should be emphasized that this part of the
project was meant to produce bottom shear-stress calculations that were
an improvement over the simple “law of the wall” method, rather than
accounting for all aspects of the relevant wave-current theories.

The initial step in applying this simplified wave-current calculation was
to find wave orbital velocities from linear wave theory. Observations over
the Amazon continental shelf (Meserve 1974) indicate average wave am-
plitudes of 0.5-1.0 m and wave periods of 6-7 s. During modeling runs,
small wave amplitudes (0.5 m) were assumed near the coast and larger
amplitudes (1.0 m) were assumed farther from the coast in deep water.
For each grid point, the wave number k was calculated from the well
known dispersion relation

w? = gk tanh (kH) &)

where  is wave frequency, g is the acceleration of gravity, and H is depth.
V, can then be calculated from the equation

_ 2xw

Vo= A Gn (kH)

where 4, is wave amplitude. Eq 4 yields very small orbital velocities (<
0.05 m/s) in water deeper than 30 m.

A genceral form for bottom shear stress that incorporates both current
and wave orbital velocities (Grant and Madsen 1979, their eqs 19-20) is

&)

@

1
{75l =510fm{|V:,|2 + | Vo|? + [ VoV, cos a}

where a is the angle between the bottom current and the direction of wave
propagation and f.,, is a friction factor that results from current and wave
interaction. Eqs | and 5 have the same general form, indicating that a
common expression can be derived that relates the drag coefficient C,, 10
the current-wave friction factor £.,. Doing so in this study was desirable
because the drag coefficient C,, was imbedded in existing computer code.

Equating the expressions for C,, and f,, involved several simplifications
and assumptions. First, model velocity output was taken to represent the
current velocity ¥, in Eq 3. In reality, the model output represented the
combined effects of current and waves in those parts of the domain where
this method was applied. A second simplification involved deriving an
algebraic expression for £, from graphs in Grant and Madsen (1979). Use
of the algebraic expression matched the Grant and Madsen results within
20% (Jewell 1989). Furthermore, the wave-current calculations were made
only where the current velocity was less than twice the wave velocity. In
deep water (> 30 m), where wave velocities were low, calculations were
made with Eq 2. At each time step, all drag coefficients were spatially
averaged with adjacent nodes in order to mitigate the effects of going
between law-of-the-wall and wave-current formulations. Finally it should
be noted that C,, is dependent on depth, whereas f,, is a generalized
expression for mean flow on the continental shelf. The wave-current shear
stress equation was generally applied to water depths of 10-25 m. Within
this depth range, C,, varies by a factor of 2 (Eq 2). This variation is not
accounted for in Eq 5. However, this twofold variation is small when
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compared to variability in f,, caused by the ratio V,/V, and o (Grant and
Madsen 1979, their fig. 4).

The results of this method of calculating bottom shear stress were ef-
fective, if not theoretically satisfying. Enhanced shear stress was shown to
exist in intermediate-depth water (10-30 m), where the effect of combined
wave-current interaction should be the most important. Drag coefficients
varied significantly over tidal cycles, as would be expected in a dynamic
regime where currents are extremely variable. Finally, it should be noted
that simulations run using only the law of the wall showed greater vertical
salinity stratification than either field data or model runs with the wave-
current shear-stress formulation presented here.

MODEL RESULTS

Model simulations for an entire year were made in order to establish
baselines for distributions of temperature and salinity as a function of
scasonal river discharge onto the shelf. Output corresponding to the first
day of each month was saved. In this way, additional model simulations

Fic. 3.—Cross-shelf transects of salinity {ppt). A)
Salinity data at section Y-Y’ of Figure 1 (Curtin
1986a). B) Model salinity at Section Y-Y’ of Fig-
ure 1. C) Salinity data at Section Z-Z' of Figure

1 (Curtin 1986a). D) Model salinity of section Z-
Z' of Figure 1.

100 150

could be restarted at any point during the year to study changes in model
forcing parameters (i.e., winds, tides, and river discharge). Unless other-
wise stated, the results given below represent model simulations during a
month of high river discharge (May). Climatological average values of
surface wind stress and river discharge were used in all model runs. Al-
though synoptic forcings would give more realistic output, the present
study is intended to show how model output compares to field data and
to highlight seasonal variations in bottom shear stress. In all model results,
cross-shelf refers to the northeast-southwest direction (Fig. 1) and long-
shore refers to the northwest-southeast direction.

Model Validation

Validation of the model output is a problem because the domain covers
thousands of square kilometers and flows vary on very short time scales.
Under these conditions, it is difficult to obtain consistent and compre-
hensive data bases for any variable. Velocity data are sparse (Gibbs 1982;
Curtin 1986b). Temperature is not particularly good for model diagnostics
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because the maximum temperature contrast between river and ocean water

Salinity

Various surface-salinity data sets for similar conditions of river dis-
charge appear to be inconsistent with one another (Fig. 2). Certain features

is only 2°C (Gibbs 1976; Curtin 1986b). Salinity is probably the best

variable for model diagnostics because the contrast between river and

ocean salinities is very large (0~36.5 ppt) and several data bases are avail-

able.

of the model output and the surface-salinity data sets are consistent, how-
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ever. Both data and model output show large horizontal gradients of cross-
shelf surface salinity (approximately 1 ppt/km). Alongshore salinity gra-
dients in both model simulations and data are more than an order of
magnitude smaller. The model predicts surface salinity very well near the
river mouth. In the northern part of the domain, the model surface salinity
compares well with the salinity data plots of Gibbs and Konwar (1986)
and Szekielda et al. (1983). Surface salinity in the northern part of the
model area is 10-15 ppt greater than the data of Gibbs (1976). In shallow
water, simulated surface salinity is much greater than the data of Gibbs
and Konwar (1986). It should be noted, however, that coverage of field
data on salinity in shallow water is sparse, particularly north of the river
mouth.

Cross-shelf salinity transects provide a more consistent check on the
validity of model results than does surface salinity because these transects
often are completed in days rather than weeks. Two salinity transects from
the 1983 R/V Iselin cruise are shown in Figure 3. Several features of the
simulated salinity transect near the river mouth (Section Y-Y’, Fig. )
compare well with the data of Curtin (1986a) (Fig. 3A, B). The water
column is well mixed at depths less than 7 m in both the salinity data and
the salinity model simulations. The characteristic salt wedge is developed
in water deeper than [0 m and extends 120 km offshore. Upward bowing
of the 36-ppt and 36.3-ppt isohalines is evident at 5-10 m depths in the
salt wedge. Curtin (1986a) attributes this feature to the strong freshwater
outflow, which causes upwelling of underlying salt water.

The simulated cross-shelf salinity in shallow water along a transect in
the northern part of the plume (Section Z-Z' in Fig. 1) is much higher
than the salinity data of Curtin (1986a). In deeper water, the basic features
of the salt wedge and deep isohaline structure (salinity > 36 ppt) of the
data set is well reproduced by the simulations.

Differences between model simulations and field observations of salinity
probably arise from several sources. Inflow boundary conditions are only
approximate because they are extrapolated from a coarse-resolution data
set (Levitus 1982; Richardson and McKee 1984). The horizontal grid
spacing of the model is sufficiently coarse (7.8 km) that subgrid turbulence
is not completely resolved. As mentioned previously, wind forcing in the
simulations relies on climatological averages rather than synoptic data.

Velocity and Shear Stress Over a Tidal Cycle

Calculated surface velocity over a tidal cycle shows the dominance of
the North Brazil Coastal Current in the northern portion of the offshore
portion of the Amazon continentat shelf (Fig. 4). Onshore-offshore tidal
flow is dominant in the shallow water, closer to shore. Tidal flow tends
to overwhelm the river plume in much of the surface domain (Fig. 4).

Water circulation and bottom shear stress exhibit complex spatial and
temporal variability. The influence of river outflow can be seen near the
river mouth, although the magnitudes of river velocities are small relative
to tidal velocities (Fig. 5). Tidal currents in the northern and southern
parts of the model domain are very strong: over a tidal cycle, bottom-
current speeds vary by as much as 1 m/s. Bottom shear stress plotted over
an M, (principal lunar) tidal cycle follows the general pattern of bottom
currents (Fig. 6) and shows considerable spatial variability. Local zones
of high shear stress (> S dynes/cm?) are present near the river month and
immediately to the north at various points in the tidal cycle. In shallow
water, bottom shear stress can vary by more than an order of magnitude
over periods as short as 2-3 hours. At intermediate depths (2040 m)
bottom shear stress is on the order of 1-5 dynes/cm?. Seaward of the 40-m
isobath bottom shear stress is 0.2-2 dynes/cm? and remains relatively
constant over a tidal cycle.

MODEL OUTPUT AND OBSERVED SEDIMENT FEATURES

The present status of sediment-transport theory and numerical modeling
as well as the lack of comprehensive field observations in the large Amazon
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Fi. 6.—Simulated distribution of bottom shear stress (dynes/cm2) over an M,
tidal cycle. The frames in Figure 6 correspond in time to those in Figures 4 and 5.

dispersal system make quantitative predictions of sediment transport dif-
ficult. This is particularly true on the Amazon continental shelf, where
there are powerful tidal currents, a strong, through-flowing western bound-
ary current, and waves that interact nonlinearly with both kinds of cur-
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rents. These factors combine to create a complex pattern of sediment
dispersal and deposition. Nevertheless, our state-of-the-art model can be
used in conjunction with known features of the Amazon continental shelf
to make general observations about the most important physical processes
influencing sedimentation. Three specific results of the numerical model
are examined within the context of observed sediment features: residual
tidal velocities, the maximum observed bottom shear stress over a tidal
cycle, and the seasonal difference in maximum bottom shear stress.

Residual Tidal Velocities and Sediment Accumulation

Computing the residual tidal velocity is one way to determine net water
transport over a tidal cycle. Residual tidal velocity is defined as

L 17
U_Tjo Ud (6)

Fic. 7.—A) Longshore component of residual tidal ve-
locity (cm/s). Positive values are in the northwest di-
rection (toward the left of the figure). B) Onshore-off-
shore component of residual tidal velocity (cmv/s).
Positive values are in northeast direction (toward the
top of the figure). C) Sediment accumulation rates in
the estuary in cm/yr (from Kueh! et al. 1986). Dotted
line is the 40-m isobath.

where T is the tidal period (in this case the M, tide). Computed residual
tidai velocities near the sea floor can be examined to see if there is any
correspondence between net water transport and net sediment transport
rate.

On the Amazon continental shelf, net longshore flow is to the north
along the outer part of the shelf whereas longshore circulation patterns are
more complex in shallow water (Fig. 7A). Residual offshore tidal velocities
are high near the mouth of the Amazon River (Fig. 7B). Onshore-offshore
residual tidal velocities reverse sign in intermediate-depth water north of
the Amazon River mouth. This reversal of sign lies shoreward of the zone
of maximum sediment accumulation (Fig. 7C). The area of rapid sediment
accumulation corresponds to the prograding, subaqueous delta described
by Nittrouer et al. (1986) and is close to the 40-m isobath.

A possible explanation for the area of rapid sediment accumulation can
be seen in plots of onshore-offshore residual tidal velocity at several depths
in the water column (Fig. 8). Significant offshore water transport adjacent
to the river mouth exists at all vertical levels of the model. For this reason,
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high concentrations of river-borne suspended sediment are swept offshore
over the continental shelf and then northward by the North Brazil Coastal
Current. As the sediment settles through the water column, it is subjected
to the net onshore residual velocities near the bottom (Figs. 7B, 8). The
result is rapid sediment accumulation immediately shoreward of the 40-m
isobath.

Maximum Bottom Shear Stress Over a Tidal Cycle

Maximum bottom shear stress (Fig. 9A) is defined as the maximum
root-mean-square sum of the two shear components over an M, tidal cycle
(12.42 hours). The maximum bottom shear stress occurs at different times
for different model grid points, so the plot in Figure 9A represents a scalar
quantity (magnitude of the shear stress) that does not have a directional
property.

Maximum simulated bottom shear stress over an M, tidal cycle (Fig.
9A) shows patterns that correspond closely to sediment depasition rates
(Fig. 9B). There is an area of shallow water (< 20 m depth) and excep-
tionally high maximum shear stress (> 25 dynes/cm?) near the river
mouth and Tlha de Maraca. This is also an area where sediment accu-
mulation rates are extremely low (Fig. 7B). Sediment accumulation rates
are on the order of 0.1 cm/yr where simulated maximum bottom shear
stress is greater than 10 dynes/cm?. Sediment accumulation rates are ob-
served to be greatest near the seaward edge of the model domain, where
the maximum bottom shear stress is approximately 5 dynes/cm? and
corresponds roughly to the 40-m isobath (Fig. 9B). As mentioned previ-
ously, the general increase in sediment accumulation rate from south to
north along the 40-m isobath is due to northward movement of suspended
sediment in the Amazon plume rather than a north-to-south change in
bottom shear stress. It is interesting to note that a subtle change in sediment
accumulation at the very northern part of the model domain coincides
with the general contours of computed bottom shear stress.

Sediment Transport Mechanics

Amazon River water that discharges over the continental shelf has very
high concentrations (> 200 mg/kg) of suspended sediment. The suspended
sediment settles out of the water column as the Amazon plume is swept
northward by the North Brazil Coastal Current (Fig. 4). Scdimentation
rates are enhanced by the interaction of the freshwater river plume with
seawater because the high ionic strength of seawater increases floc diameter
of suspended sediment approximately tenfold (Gibbs and Konwar 1986).

Observed features of Amazon sedimentation can be described quali-
tatively with the aid of the sediment continuity equation (e.g., Middleton
and Southard 1983, their eq 7-23):

oh dq, . 9q, ac
at K‘(ax + ay + Har @)

where # is height of the sediment-water interface above some reference
level, H is water depth, g, and g, are horizontal sediment transport rates,
C is suspended sediment concentration, and K, is a dimensionless con-
stant. Sediment transport rate g is the depth-integrated product of local
suspended sediment concentration and the local time-average velocity.
If sedimentation is considered on time scales much greater than a tidal
cycle, then sedimentation is essentially steady state, i.e., the transient term
in the sediment continuity equation, 3C/d¢, is zero. Since dh/dt is also
nonzero (i.e., sediment is being deposited) (Fig. 9A), the divergence of the
horizontal sediment transport ¢ (representing the product of velocity and
sediment concentration), must also be nonzero. Piots of the residual tidal
velocity field (Fig. 7) show that the zones of greatest gradients of residual
tidal velocity do not correspond very well with areas of rapid sediment
accumulation. Instead, the dq,/dx and dg,/dy terms are nonzero where
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Fic. 8.—Onshore-offshore component of residual tidal velocity (cm/sec) plotted
at various model levels. Dashed pattern in the estuary represents onshore velocity,
and white areas represent offshore velocity. Dotted lines represent the 40-m iso-
bath.

the concentration gradients are also nonzero. These concentration gradi-
ents become significant for two reasons. First, sediment is being removed
from the water column due to flocculation along time-averaged streamlines
of the Amazon plume as it is advected along the continental shelf by the
North Brazil Coastal Current. Gradients of suspended sediment concen-
tration along these streamlines are therefore nonzero. Sediment-concen-
tration gradients are also appreciable where offshore-flowing sediment-
bearing water encounters onshore-flowing sediment-barren water (Figs. 7,
8). The spatial terms on the right side of Eq 7 is thus nonzero, and sediment
accumulation is focused at intermediate depths of the continental shelf.
Further insight into patterns of sediment deposition can be gained by
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considering the maximum shear stress over a tidal cycle. For noncohesive
sediment, equations for sediment transport rate can have several possible
forms (c.g., Allen 1984; Sleath 1984). A typical expression (Allen 1984,
his eq. 2-30) is

K

= —(1 - 7.)" 8
4= gl ) @®

where p, and p,, are the density of sediment and water, respectively, 7 is
bottom shear stress, and K, is an empirically determined coefficient whose
dimensions depend on variables used in the equations and values of the
exponent m. The subscript cr refers to the shear stress necessary to initiate
sediment motion. If the maximum shear stress observed in a tidal cycle
exceeds the critical shear stress needed to initiate sediment motion (Eq.
8) and the divergence of the sediment transport rate is small (Eq 7), then
there is no sediment deposition. This is clearly the case in the shallow
parts of the Amazon continental shelf (Figs. 7, 9).

Seasonal Differences in Bottom Shear Stress

The model simulations indicate that substantial variations in bottom
shear stress exist in the Amazon Estuary between high and low river
discharge (Fig. 10A). River discharge follows a seasonal pattern, with high
river flow in May-June (approximately 225,000 m?/s) and low discharge
in October-November (approximately (90,000 m?/s) (Oltman 1968). Al-
though the overall model pattern is irregular, seasonal differences (as much
as 5 dynes/cm?) are present north and seaward of the river mouth. Inter-
estingly, sediment lithologies in this area consist of interbedded mud and
sand, indicating a time-varying depositional regime for this part of the

Fic. 9.—A) Simulated maximum bottom shear
stress (dynes/cm?) over an M, tidal cycle at high
river discharge. B) Sediment accumulation rates
in the estuary in cm/yr (from Kuehl et al. 1986).
Dotted line is the 40-m isobath.

estuary (Fig. 10B; Kuehl et al. 1982). South of the river mouth and north
of Ilha De Maraca, sediments are faintly laminated muds. Model output
for these regions indicates that seasonal variations in bottom shear stress
are approximately | dyne/cm>. In deeper water, seasonal shear-stress dis-
tributions are less than 1 dyne/cm?, and sediment lithology consists of
bioturbated mud. The combination of bottom shear stress simulations
and sediment observations therefore indicates that the laminated sedi-
ments are the result of seasonal differences in distribution of bottom shear
stress. It is not yet possible to determine whether these seasonal differences
are caused by changes in river discharge (from 90,000 m?/s to 225,000
m?/s) or changing seasonal wind shear stress. The general progression of
high seasonal shear-stress differences near the river mouth to low seasonal
differences along the shelf margin indicates that river discharge is the more
important factor.

DISCUSSION

This study presents a three-dimensional circulation model coupled to
a combined wave-current interaction model of bottom shear stress. The
combined model is used to address sediment transport dynamics as well
as observed sedimentology of the Amazon continental shelf. Sediment
accumulation rates on the Amazon shelf appear to be controlled by three
factors: (1} unloading of suspended sediment as the Amazon plume is
swept northward by the North Brazil coastal current; (2) large magnitude
and (in a time-average sense) crude uniformity of bottom shear stress over
a tidal cycle in the shallow parts of the shelf, resulting in no sediment
accumulation, and (3) the convergence of onshore-flowing sediment-bar-
ren water and offshore-flowing sediment-bearing water masses at inter-
mediate depths of the continental shelf. The result is the prograding, sub-
aqueous delta described by Nittrouer et al. (1986). Model results suggest



744

PAUL W. JEWELL, ROBERT F. STALLARD, AND GEORGE L. MELLOR

bioturbated
mu

that continued growth of the delta is to be expected at the northern edge
of the present delta, in intermediate-depth water, rather than seaward in
deep water.

Kueh! et al. (1982) have suggested that short-term increases of Amazon
River discharge are responsible for deposition of the sand component of
the interlaminated sediments outside the river mouth. Our model used a
smoothly varying, sinusoidal river input. Model results suggest that changes
from high to low river discharge cause significant differences in bottom
shear stress (Fig. 10). A similar eflect might be expected for short-term
flooding episodes like those envisioned by Kuehl et al. (1982).

Models like ours have the potential to aid in the study of ancient sed-
imentary environments. One possible future application of the model
might be to predict sediment accumulation on continental shelves during
transgressive and regressive cycles. For instance, by taking oceanographic
and atmospheric boundary conditions from studies of Pleistocene climate,
it might be possible to reconstruct various depositional regimes of the
Amazon delta during the past 12,000 years. Similar work has been at-
tempted in the well studied Cretaceous Interior Seaway of North America
(Eriksen and Slingerland 1990) with a nonstratified model that uses a
Chézy-Manning method for bottom shear stress. A more sophisticated
model like ours might elucidate the relative influence of tides, river dis-
charge, and wind-induced wave motions. We emphasize, however, that
computational studies of ancient environments can only approximate ac-
tual sediment dynamics. Such work is often most useful in making sen-
sitivity analyses of the relevant physical variables.
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