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Modelling of sand deposition in
archaeologically significant reaches
of the Colorado River in Grand

Canyon, USA

S. Wiele and M. Torizzo

14.1 Introduction

The construction and application of computational models provide a rigorous
framework for the study of river mechanics as well as for quantitative predictions
that can serve as the basis for informed management decisions regarding environ-
mental issues. Computational models of fluvial processes are typically tailored for
particular applications. A balance between data availability, computational effi-
ciency and sufficient accuracy to meet application ends is typically required, espe-
cially for models intended to predict the evolution of some fluvial process over time.
In modelling the Colorado River in the Grand Canyon, this balance must account
for data limitations resulting from the remoteness of the study sites and the compu-
tational demands stemming from the multi-dimensional modelling of flow fields with
recirculation zones, suspended sand transport and time stepping of changes in sand
deposits. The purpose of the Grand Canyon model is to predict deposition rates,
volumes and location over a range of discharges and sand supplies to anticipate the
consequences of the operation of Glen Canyon Dam and tributary events.
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The Colorado River corridor in Grand Canyon National Park has been severely
altered from its free-flowing state by the construction and closure of Glen Canyon
Dam. The once turbid, sediment-laden flow is now clear except during tributary
flows. The current average annual sand volume in transport below the first major
sediment-contributing tributary below the dam, the Paria River, is about 1.5 million
metric tons, or about 6% of the pre-dam sediment load (Topping et al., 2000a). Pre-
dam average annual flood peaks of 2420m3/s have been typically reduced to the
powerplant capacity of 930m3/s except on several occasions during exceptional
hydrologic conditions or, as of this writing, a single experimental release (see Webb
et al., 1999). Winter base flows have been increased from less than about 80m3/s
prior to the dam construction to about 140m3/s under current dam operations.
These changes to the flow and sediment characteristics of the river have had direct
impacts on dependent resources, such as the preservation of archaeological artefacts,
riparian vegetation and endangered species such as the humpback chub and the
Kanab Amber snail. The retention of the main-stem sand supply behind Glen
Canyon Dam also has led to the erosion of downstream sand deposits that form
the substrate for riparian flora and fauna, are used as campsites by riverside visitors
to the national park and are an important aesthetic attribute of the natural, formerly
unregulated river in the park.

The only tool currently under consideration for mitigating the effects of Glen
Canyon Dam on the downstream river corridor is the dam itself. An Environmental
Impact Study (EIS; US Department of Interior, 1995) proposed releasing water at
discharges in excess of powerplant capacity to entrain and suspend sediment stored
at lower elevations within the channel for redeposition at higher elevations along the
channel sides. An experimental release from Glen Canyon Dam in 1996 demon-
strated that the dam can be operated to restore deposits along the channel sides if
sufficient sand is available. The experimental release consisted of a steady discharge
of 225m3/s for 4 days rising to a steady 1270m3/s for 7 days, followed by another
steady 225m3/s for about 3 1/2 days. As summarized by Schmidt (1999), many of the
objectives for a high release contained in an EIS (US Department of Interior, 1995)
were achieved by the 1996 release. River guides reported improved camping condi-
tions after the 1996 test flow (Thompson et al., 1997). Kearsley et al. (1999) reported
an increase in usable campsites from 218 to 299. Studies of aerial photos (Schmidt
et al., 1999) and bathymetric measurements before, during and after the test flow
(Andrews et al., 1999) documented significant deposition at many sites, along with
considerable spatial and temporal variability. Although many sandbars were replen-
ished, sandbars closest to the dam, and therefore with the smallest available sand
supply, were more likely to erode (Schmidt, 1999). More recent studies, moreover,
have concluded that the channel sand-storage capacity is much less than was posited
in the EIS (Topping et al., 2000b) and have suggested that the timing of high flows
should be adjusted to follow shortly after tributary inputs (Lucchitta and Leopold,
1999; Rubin et al., 2002) to maximize the use of the available sediment.

Studies of the geomorphology of near-river environments where archaeological
sites are located (Hereford et al., 1991, 1993) have concluded that the lower peak
discharges and lower sand concentrations since the closure of Glen Canyon Dam
have directly or indirectly damaged some of those sites. Hereford et al. (1991, 1993)
concluded that the high discharges released from the dam during 1983 directly
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eroded archaeological sites. They also describe a more pervasive process related to
the lowering of base level for side channels. One type of stream channel they
describe, their Type 1, consists of short (300–400-m long), steep, ephemeral streams
that drain small near main-stem catchments during rainstorms. They concluded that
the erosion of sand deposits at the base of these streams since dam closure has
lowered the base level of the streams and led to the upstream migration of nick-
points. As side streams have deepened and widened, they have encroached upon
archaeological sites, and in some cases, the erosion has exposed and damaged the
sites. Hereford et al. (1991, 1993) proposed that the periodic restoration of sand
deposits near river level would raise the base level for these side channels, promoting
refilling of the channels that would in turn help preserve the archaeological sites.
Thompson and Potochnik (2000), in their extensive study of reaches with abundant
artefacts and active gullies, concluded that renewed sand deposition could help preserve
some, but not all, sites. Observations soon after the 1996 test flow showed that under
the conditions at that time, the terraces containing resources gained sand in some cases,
and no harm to these sensitive terrace deposits was reported (Yeatts, 1996).

Hereford et al. (1991, 1993) focused on water transport of sediment in gullies in
their suggestion that erosion of sand bars near the main-stem shorelines is linked to
erosion of archaeological sites. Evidence of local reworking of sand by wind, how-
ever, has been documented by several workers and suggests an alternative link
between the erosion of sand bar deposits along the channel sides and the formation
of artefact-damaging gullies. Aeolian deposits are widespread in many areas within
Grand Canyon (Schmidt and Graf, 1990; Hereford et al., 1991, 1993, 1998; Schmidt
and Leschin, 1995; Hereford, 1996). Thompson and Potochnik (2000) found that
half of the 199 catchments they studied in Marble Canyon, Furnace Flats, the Aisles
and Western Grand Canyon had some kind of aeolian deposition, and 42% had
active aeolian deposition. The possible significance of aeolian processes in the ero-
sion of streamside sand deposits has been noted in studies of the deposition and
longevity of streamside deposits (Howard and Dolan, 1981; Beus et al., 1985;
Hereford et al., 1993, 1996; US Department of Interior, 1995; Yeatts, 1998; Schmidt,
1999). Thompson and Potochnik (2000) suggested that wind may be a major mechan-
ism in restoring sand to gullies owing to the evidence of aeolian deposition at many of
their sites. They further suggested that aeolian reworking of newly deposited sand onto
higher terraces would be significant as long as the supply of sand deposited by the river
is available and is not cut off from upper slopes by vegetation. Powell (1897), although
concerned more about survival than sediment transport on his pioneering journeys in
Grand Canyon, noted in his diaries that fierce flames erupted from campfires as a
result of high winds near river level. An implication of the observations of these studies
is that streamside sand deposits are an important source for windblown sand.
Although some of this windblown sand would be immediately lost to the river, some
would be redistributed over the nearby slopes.

The effects of windblown sand would have been made more significant in the pre-
dam era as a result of the lower winter river stages, which would expose larger
subaerial portions of deposits, coincide with high winter winds and follow the prime
season for tributary contributions of bar-forming sand (Cluer, 1995; David J.
Topping, US Geological Survey, oral communication, 1999). The infrequent,
local, intense rainstorms associated with the initiation and development of gullying
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(Hereford et al., 1991, 1993; Thompson and Potochnik, 2000) may have been offset in
the pre-dam era by the infilling and healing of incipient gullies by windblown sand.

The mechanism linking channel-side sand deposits with the erosion of upslope
artefacts is uncertain and likely to be the subject of ongoing investigation. Never-
theless, the mechanisms described above provide motivation for evaluating the
volume and locations of sand deposition in response to sand supplies and dam
releases beyond the simple sand-storage concerns that have dominated past sand
studies in Grand Canyon. Short of experimenting with a variety of high flows, which
is not feasible and would in any case run the risk of permanently damaging cultural
resources, the best option is the application of a model that has been demonstrated
to represent well the complex flow, sand transport, and erosion and deposition
patterns in previous studies.

14.2 Flow and sediment transport model

14.2.1 Model

The numerical methods used in the model are described by Wiele et al. (1996) and are
based on Patankar’s finite volume method (1980), which features a staggered grid
and upwind differencing to solve the three equations of motion for the vertically
averaged, 2D flow field. A key attribute of the finite volume method is that it
conserves mass, a crucial requirement for sediment transport applications. The flow
algorithms must contend with complex flow fields, typically including recirculation
zones, which generate strong velocity gradients. A diffusion–advection equation is
used to calculate the 3D sand concentration field from which the local suspended
sand transport can be determined. A turbulence closure is applied to recover the
vertical structure of the turbulent mixing and the velocity profile. Local bedload also
is calculated on the basis of local shear stress at the bed, critical shear stress and local
bed slope. The change in bed configuration over a small time step is calculated from
the divergence of the total sand transport rate.

The flow field is calculated by numerically solving the momentum equations in the
downstream direction,
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and cross-stream direction,
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and with the continuity equation

qh
qt

þ quh
qx

þ q�h
qy

¼ 0 ð14:3Þ

360 Computational Fluid Dynamics



//INTEGRAS/KCG/PAGINATION/WILEY/CPT/FINALS_28-03-05/C14.3D – 361 – [357–394/38] 29.3.2005 3:30PM

where x is the direction normal to the upstream boundary, y is the direction normal
to x, u is the vertically averaged velocity in the x-direction, v is the vertically averaged
velocity in the y-direction, h is the flow depth, � is the bed surface elevation, S is the
average reach slope, " is the eddy viscosity, g is gravity, � is density of water, and �x
and �y are the shear stresses in the x- and y-directions, respectively. Equations
(14.1)–(14.3) are in Cartesian coordinates. For applications to reaches with signifi-
cant curvature, the equations were modified with the metric of Smith and McLean
(1984) for calculations based on an orthogonal curvilinear coordinate system with a
variable radius of curvature.

A friction coefficient, cf, is used to relate the resolved shear stress, � , to the
resolved velocity,

� ¼ �cf Uj jU ð14:4Þ

where U ¼ (u2 þ v2)1/2 is the magnitude of the resolved velocity. The x and y
components are determined from the relations:

�x ¼ �cfuU ð14:5Þ

and

�y ¼ �cfvU ð14:6Þ

The friction coefficient is defined by

cf ¼
�

ln h
z0
� 1

 !2

ð14:7Þ

where � is von Karman’s constant and z0 is the roughness parameter. Equation
(14.7) is derived by vertically averaging the logarithmic velocity profile (Keulegan,
1938). The value of z0 at each node depends in part on the thickness of the sand
cover. A value for z0 was initially computed based on bathymetric measurements
with z0¼ 0.1b84, where b84 is the 84th percentile of the deviations of the local
bathymetric measurement from a straight line drawn between two adjacent nodes.
The coefficient 0.1 is typically used to relate z0 to a distribution of gravel sizes. Where
the local sand thickness exceeds the z0 computed from bathymetric records, then the
local z0 was computed based on estimated bedform dimensions, as will be discussed
in more detail later.

The eddy viscosity, ", is defined by

"ðzÞ ¼ u��zð1� z=hÞ ð14:8Þ

where u� is the shear velocity (�/�)1/2, and z is the distance above the bed. Equation
(14.8) is vertically averaged for use in equations (14.1) and (14.2):

" ¼ u��h

6
ð14:9Þ
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Total load sediment transport equations were found to be far too sensitive to the
flow field and yielded physically unreasonable results. Instead, a 3D suspended sand
field is calculated using a near-bed boundary condition that is a function of local
boundary shear stress. This combination is computationally robust and yields pre-
dictions that agree well with measurements. The transport of suspended sand is
governed by an advection–diffusion equation:
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where c is sand concentration and ws is sediment settling velocity. The sediment eddy
viscosity, ", in equation (14.10) is assumed to be equal to the momentum eddy
viscosity represented by equation (14.8). As with equations (14.1)–(14.3), equation
(14.10) was modified for applications to the Lower Tanner and Upper Unkar
reaches, which have significant curvature, for application to an orthogonal curvi-
linear coordinate system using the metric of Smith and McLean (1984).

Equation (14.10) is solved for a given flow field with 11 points in the vertical that
are concentrated near the water surface and near the bed to resolve the gradients
near the boundaries. The sand transport is represented by the median grain size, d50.
The eddy viscosity as a function of z is calculated with equation (14.8). The velocity
as a function of z is computed from the logarithmic velocity profile (Keulegan, 1938)
from which equation (14.7) is derived. The numerical method used to solve equation
(14.10) is similar to the one used for the flow equations (Patankar, 1980) extended to
three dimensions.

The lower sediment-concentration boundary condition used in the solution of
equation (14.10) is calculated by first determining a reference concentration, ca, at
the top of the bedload layer, where z¼ za. The reference concentration, ca, is
determined from the relations of Smith and McLean (1977):

ca ¼
cb�s

1þ �s
ð14:11Þ

where cb is the bed concentration and s is the normalized excess shear stress:

s ¼ �sf � �c
�c

ð14:12Þ

where the subscript sf indicates skin friction shear stress and �c is critical shear stress
for the initiation of significant particle motion (Shields, 1936). The value of the
constant � has been updated to 0.004 by Wiberg (reported by McLean, 1992). The
distance above the bed corresponding to ca, namely za, is determined from the
expression presented by Dietrich (1982) with coefficients a1 and a2 as updated by
Wiberg and Rubin (1985)

za ¼ d
a1 þ T�
1þ a2T�

ð14:13Þ
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where d is grain diameter, T* is the ratio of the skin friction shear stress to the critical
shear stress (�sf/�c), and a1 is a constant (a1¼ 0.68).

The coefficient a2 is a function of the grain size in centimetres:

a2 ¼ 0:02035ðlnðdÞÞ2 þ 0:02203 lnðdÞ þ 0:07090 ð14:14Þ

The boundary condition at the water surface is c¼ 0, which is consistent with
equation (14.8).

The evolution of the bed over time is calculated from the sediment continuity
equation:
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where � is the bed elevation. The sediment discharge, qs, is the sum of the sand
transported by bedload and in suspension. The suspended sand discharge is deter-
mined by vertically integrating the product of the flow velocity and the sand
concentration.

The bedload is determined by applying the Meyer-Peter and Müller (1948) for-
mula modified with the critical shear stress of the given grain size in place of their
constant of 0.047:

� ¼ 8 �* � �*cð Þ3=2 ð14:16Þ

where � is the nondimensional bedload transport (� ¼ q/[(�s/�� 1)gd3]0:5), �* is the
nondimensional boundary shear stress (�* ¼ �/[(�s � �)gd]), and �*c is the nondimen-
sional critical shear stress (�*c ¼ �c/[½(�s � �)gd �). The grain diameter is represented
by d; d50, the median grain diameter, is used in the model results presented later. The
density of the sand is represented by �s.

The boundary shear stress used in equation (14.16) is the magnitude of the vector
sum of the shear stress calculated from the flow equations and an apparent stress due
to gravity. The apparent stress due to gravity is calculated with a method proposed
by Nelson and Smith (1989a) in which

�g ¼ �c
sin �r�

sin � r�j j ð14:17Þ

where �g is the apparent gravitational stress, � is the local maximum bed slope, and
� is the grain angle of repose. The x and y components of the bedload are determined
from the respective components of the flow velocity and components of the local bed
slope. The magnitude of �g is zero where the bed is horizontal, and approaches �c
where deposition increases the bed slope to the grain angle of repose.

A large fraction of the total shear stress at the bed is exerted as form drag on large
roughness elements, such as the extreme irregularity of the bedrock channel, bed-
forms, and boulder-size talus and bed material. This form drag must be deducted
from the total shear stress to arrive at the skin friction portion of the total shear
stress that transports sediment. Wiele et al. (1996) calculated the fraction of the total
shear stress active in transporting sediment in reaches of the Colorado River in the
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vicinity of the reaches in this study. Theymade their calculation by determining the skin
friction required to match measured transport rates during periods in which the sand
supply was stable. This calculation yielded a skin friction that was 15% of the total
shear stress. This low value is consistent with the extremely large channel roughness
and associated form drag and was used in the calculations in this study in areas of the
reach where the sand depth is less than the bed roughness.

The procedure used in this study for determining the skin friction in portions of
the channel where the sand is sufficiently thick to cover the bed roughness is different
from the one used by Wiele et al. (1996). Sand thickness tends to be greatest in
recirculation zones, which are isolated from the tumultuous flow in the main chan-
nel, and where the flow and sand transport more closely resemble that of alluvial
streams. In this region, the local channel resistance and skin friction were calculated
as functions of local flow, depth and sand size. This procedure used the methods
described by Bennett (1995) to estimate bedform dimensions and form drag. Bennett
drew on the work of van Rijn (1984) who used u* to distinguish between ripples,
dunes and upper plane bed and to estimate the dimensions of the bedforms, if
present. Given bedform height and wavelength, the local friction and skin friction
are determined in Bennett’s algorithm using the relations of Smith and McLean
(1977) and Nelson and Smith (1989b). Relating local flow resistance and skin friction
to bedforms is an improvement over the use of values derived only from the local
hydraulics, but errors may be induced by uncertainties in the relations used and in
the assumption of equilibrium between the local flow and the bedforms.

The model has been used to examine depositional processes and rates in the
Colorado River main stem during a flood on the Little Colorado River (Wiele et al.,
1996), to examine the effect of sand supply on depositional patterns and magnitudes,
and to compare the effects of natural tributary flooding with flooding caused by
increased dam releases (Wiele, 1997; Wiele et al., 1999). The model has shown good
agreement with cross-section measurements from before and after the Little Color-
ado River flood in 1993 (Wiele et al., 1996) and has replicated depositional patterns
during the 1996 test flow (Wiele et al., 1999). In one of the study reaches during the
Little Colorado River flood, high sand concentrations led to massive deposition in
the main channel (up to 12m) and formed a large bar along the left side of the main
channel in the recirculation zone. In contrast, with lower concentrations and higher
water discharge during the test flow, the main channel scoured, and the focus of the
deposition was near the recirculation zone reattachment point. The model replicated
these differences in depositional pattern with no calibration. The accuracy of the
model without calibration in these studies supports the use of the model to predict
results for the hypothetical cases in this study.

14.3 Study site selection and morphology

Four modelling sites (Figure 14.1) were selected, which are within the study area of
Hereford et al. (1991, 1993). Each of these reaches also contains gullies studied by
Thompson and Potochnik (2000). The modelling site farthest downstream, the
Upper Unkar reach, contains an especially sensitive archaeological site with abun-
dant artefacts concentrated in a small area.

364 Computational Fluid Dynamics



//INTEGRAS/KCG/PAGINATION/WILEY/CPT/FINALS_28-03-05/C14.3D – 365 – [357–394/38] 29.3.2005 3:30PM

Debris flows and floods from streams in side canyons (Howard and Dolan, 1981;
Schmidt, 1987; Webb et al., 1989; Schmidt and Graf, 1990; Melis et al., 1994;
Schmidt and Rubin, 1995) form debris fans that partially constrict the channel,
and recirculation zones are generated in the lee of the channel constriction. The
spacings between debris fans are controlled to a large degree by bedrock structure
(Dolan et al., 1978). The bed of the Colorado River in Grand Canyon National Park
is about 60% bedrock, talus blocks or boulders. Sand supplied to the mainstem river
by tributary floods is stored primarily along the channel sides and in recirculation
zones. Sand is stored temporarily on the channel bottom (Howard and Dolan, 1981;
Wilson, 1986; Schmidt and Graf, 1990).

The four study reaches discussed in this report are located between 112 and
140 km below the dam, starting about 6 km downstream from the confluence with
the Little Colorado River (Figure 14.1), one of the two main sand-supplying
tributaries. The reaches modelled in previous studies tended to have narrow con-
strictions with large, abrupt expansions that produced large, well-developed recircu-
lation zones. These large zones can be effective at storing large volumes of sand.
Reaches modelled in this study have channel constrictions and recirculation zones,
but the expansions are narrower or more constrained and the resulting recirculation
zones are smaller than the previously modelled reaches. In the two downstream
reaches in this study, the recirculation-zone sand deposits are less significant than
the channel-margin deposits. To clarify the discussion and to avoid repeated, lengthy
descriptions of morphological features in the reaches, these features are designated
with letters in the accompanying figures.

Figure 14.1 Aerial photos of study sites and map showing study site locations.
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14.4 Model grids

Channel bathymetry was measured in the study reaches by the Grand Canyon
Monitoring and Research Center (GCMRC). A fathometer mounted on a man-
oeuvrable boat recorded local water depth. The location of the fathometer, including
elevation, was tracked from a shore station with a theodolite manually trained on a
target mounted directly above the fathometer. The boat followed streamwise and
cross-stream lines spaced about 10m apart (see Andrews et al., 1999, for a more
detailed description of surveying methods). In addition, the shoreline was surveyed
to outline channel shape; additional measurements were made around and over sand
deposits (Figure 14.2).

The water discharge was about 425m3/s during the measurements of channel
shape. In order to form topographic maps that extend to elevations in excess of
the river stage at 2830m3/s , the field-surveyed bathymetric and shoreline data were
combined with GCMRC photogrammetrically generated contour data (Figure 14.2).
Where the data sets overlapped, which typically occurred near the channel margin,
the field-surveyed data were used to generate the topographic surface because these
data were considered to be more accurate. A Triangulated Irregular Network (TIN)
surface model was created using the Delauney method of triangulation in which
topographic features are developed into a series of connected triangles where the
nodes of the triangles correspond to measured locations and the facets of the
triangles correspond to changes in slope. Contours were generated from the TIN
surface and corresponded well with the photogrammetric contours in the areas of
overlap. The TIN surface was then interpolated using a bivariate quintic interpol-
ation scheme, implemented by the ARC/INFO Geographical Information System
software (Environmental Systems Research Institute, Inc., 1991), in order to gen-
erate 10-m resolution grids used as the basis for model calculations (Figure 14.3).

The choice of grid spacing requires a balance between computational efficiency,
especially given the demands of a time-stepping model, and sufficient detail. The
10-m grid is sufficient for computing sand volumes and locations, but does not capture
metre-scale detail such as backwater channels. Comparisons with model results using a
5-m grid showed smoother representation of channel shape, but provided no significant
improvement on calculated volumes. Tighter grids are more compatible with the
calculation of flow fields only, without time-stepping erosion and deposition, and can
be helpful for some applications such as habitat studies (e.g. Korman et al., 2004).

14.5 Model application and results

In addition to channel shape, application of the model requires specification of
discharge, downstream water surface elevation at that discharge, sand flux and grain
size into the reach, and the initial thickness of sand deposits. Two water discharges
were modelled in this study: 1270m3/s, corresponding to the 1996 test flow, and
2830m3/s, which is close to the pre-dam average annual flood and the highest
discharge (in 1983) since the closure of Glen Canyon Dam in 1963. Three sand
conditions (Figure 14.4) were modelled in each reach. These sand conditions are
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Figure 14.2 Illustration of the Lower Tanner reach showing the locations of the field-
surveyed bathymetric and shoreline surveys (dots in the main channel and along the channel
sides) combined with GCMRC photogrammetrically generated contour data.

Figure 14.3 Computational grid (dots) of the Lower Tanner reach superimposed on the
topography. Elevations at the grid points are interpolated from the TIN surface.
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representative of historical high sand supplies, historical low sand supplies and an
intermediate condition corresponding to that which occurred during the 1996 test
flow. The historical high sand supply corresponds to conditions represented by
measurements in 1956, prior to the dam construction. The historical low was taken
from sand conditions in 1983, after the dam had been eliminating main channel
inputs for nearly 20 years and during flows approaching 2830m3/s. These two
conditions, high discharge and low sediment supply, combined to winnow the bed
to a coarser state and thereby reduce suspended sand transport (Topping et al.,
2000a,b). The 1996 sand conditions are representative of typical contemporary
conditions. The upstream sand boundary conditions corresponding to the three
sand supplies were taken from sand rating curves supplied by David J. Topping
(US Geological Survey, written communication, 1998). Topping (1997) related sand
concentrations and sand sizes to antecedent conditions and the evolving status of sand
on the channel bed, which forms the source from which sand in suspension is derived.

One of the initial conditions that must be specified is the sand coverage on the bed
at the start of the simulation. Previous model applications have been in reaches in
which bathymetric measurements have been repeated, allowing for the estimation of
a minimum bed elevation by combining the lowest elevations from different surveys.
Another approach in modelling events in which the change in sand deposits is
dominantly depositional, and where there is insufficient information to synthesize
a minimum bed elevation, is to neglect erosion and make the starting bed shape the
minimum bed elevation. In this study, the local initial sand conditions on the bed
were estimated by running the model in each reach at a discharge characteristic of
dam operation (481m3/s was chosen for these simulations) with a sand boundary
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conditions used as boundary conditions for the model runs: high sand supply during 1956,
intermediate sand supply represented by the conditions during the 1996 test flow and low
sand supply during 1983. These values for sand discharge and grain size were contributed by
Topping (USGS, written communication, 1998).
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condition at the inlet appropriate for the discharge and sand supply. The model was
run until the sand coverage reached near-equilibrium with the sand influx. For the
cases with low and intermediate sand supply, corresponding sand boundary condi-
tions were used to model the initial sand coverage. The highest sand supply, how-
ever, is produced by relatively brief events (David J. Topping, US Geological Survey,
oral communication, 1999), such as local tributary flooding. As a result, a bed in
equilibrium with the intermediate sand supply was judged a more reasonable ante-
cedent condition for the high sand supply than a bed configuration in equilibrium
with the high sand supply.

The effects of the different combinations of water and sand discharge on sand
deposition are considered in the following sections. The final results are taken from
the end of the simulation. The length of the simulation varies as a result of differ-
ences in the real time required for the model run. The length of the model runs
depends on the time step, which is determined within the model on the basis of the
rate at which deposition or erosion occurs. As a result, events with rapid changes in
bed morphology, such as would occur with the high sand supply, generally progress
in the model much more slowly in real time than events in which there is little change
in bed morphology. Nevertheless, direct comparisons between model results under
different conditions can be made at different times because most of the changes
within a reach occur rapidly. The events with the shortest elapsed simulation time (as
a result of small time steps causing slow rates of advance in time) tend to be those
with the most rapid changes and, therefore, reach near-equilibrium in the least
amount of simulated time.

Although maximum sand deposition is generally favourable for the restoration
and preservation of the riparian environment, deposition within the main channel is
of little long-term value because the sand storage is short-lived. Reduction in sand
supply, by the cessation of tributary flooding (which is the only mechanism currently
capable of producing high sand concentrations), will lead to the rapid erosion of
main channel deposits. For the purposes of this study, we emphasize near-shore
environments and deposits above the 708m3/s stage. In the two upstream reaches,
most of the deposition that would be likely to fill gully mouths occurs in recirculation
zones, and so these environments are considered in detail. In the two downstream
reaches, in which deposition is not dominated by recirculation zones, deposits along
the channel sides above the 708m3/s stage are considered. The depositional patterns
and volumes with the intermediate sand supply are generally bracketed by the results
with the high and low sand supplies. Consequently, only the model predictions with
the high and low sand supplies are shown in the figures.

14.6 The four modelling sites

14.6.1 Above Lava Chuar reach

14.6.1.1 Initial conditions

The Above Lava Chuar reach contains an expansion along river left (i.e. left side of
the river looking downstream) in the upper part of the reach (A) that shows no
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recirculation at either 1270 (Figure 14.5a) or 2830m3/s (Figure 14.6a). The debris fan
at the downstream end of this expansion (B), however, generates a small recircula-
tion zone in the embayment (C) formed between it and another debris fan (D)
immediately downstream. The downstream debris fan (D) also partly forms the
Lava Chuar rapid. The bank along river right consists of a steep cliff along most
of its length; a side channel forms an indentation (E) about 500m from the reach
inlet and a camping beach (F) is at the downstream end of the bank. Gullies mapped
by Hereford et al. (1991, 1993) appear in two locations in the Above Lava Chuar
reach, in the vicinity of B and D and downstream from F. The greatest concentration
is in C, and two gullies reach the water level in F.
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Figure 14.5 Contour maps of the Above Lava Chuar reach at 1270m3/s showing (a) the
initial bed morphology (at time¼ 0), (b) the model prediction after 72 hours with the low
(1983) sand supply and d50¼ 0.24mm, and (c) the model prediction after 68 hours with the
high (1956) sand supply and d50¼ 0.16mm.
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14.6.1.2 Model predictions

The total change in sand deposit volume in the Above Lava Chuar reach was
negative for all cases (Figures 14.5, 14.6 and 14.7) largely as a result of erosion of the
sand deposit in the channel expansion marked A under all combinations of discharge
and sand supply (Figure 14.8). The modelled erosion of the sand bar in A may,
in part, be a consequence of the model’s functioning with just one grain size. If the
initial sand deposit within the expansion were of significantly coarser material than
the modelled grain size, it would be more resistant to erosion. The combination of
high discharge and finest grain-size resulted in the most rapid erosion (Figure 14.8).
During the course of this erosion, bars that deflect flow towards the bank formed
within the expansion, resulting in erosion of sand deposits along the bank. After the
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Figure 14.6 Contour maps of the Above Lava Chuar reach at 2830m3/s showing (a) the
initial bed morphology (at time¼ 0), (b) the model prediction after 72 hours with the low
(1983) sand supply and d50¼ 0.29mm, and (c) the model prediction after 37 hours with the
high (1956) sand supply and d50¼ 0.14mm.
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Figure 14.7 Modelled change in sand volume as a function of time in the Above Lava Chuar
reach.
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Figure 14.8 Modelled change in sand volume as a function of time at location A in the
Above Lava Chuar reach.
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bars migrated downstream, the sand deposits in A were restored slightly as sand was
redeposited along the bank.

Deposition occurred in all cases within C (Figures 14.5, 14.6 and 14.9), the most
critical area for archaeological resources. The sand volume within C increased with
higher sand concentration in the flow at 2830m3/s during the first day (Figure 14.9).
There was a rapid initial increase in sand volume, followed by a steady decline after
about 12–14 hours. This pattern is related to the increase in sand flux that resulted
from the erosion of the sand deposit in A, followed by partial erosion of the deposit
in C after most of the sand in A had been evacuated. A similar pattern, but with a
smaller amplitude, occurs for the intermediate sand supply. At 1270m3/s, model
results show volumes similar to the low and intermediate sand supplies, and the
largest sand volume coincided with the high sand supply. At 2830m3/s, more sand
was deposited within the embayment and to a higher elevation, although backwaters
remained in the embayment.

14.6.2 Palisades reach

14.6.2.1 Initial condition

The Palisades reach has a simpler form than the Above Lava Chuar reach, with a
recirculation zone (G) on river left downstream from the rapid that forms the reach
inlet (Figures 14.10a and 14.11a). The channel expands (H) downstream from the
recirculation zone. A cobble bar is located midway in the channel adjacent to H
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Figure 14.9 Modelled change in sand volume as a function of time at location C in the
Above Lava Chuar reach.
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where the thalweg is close to the right bank. The deepest part of the channel is
downstream from the inlet near the centre of the channel. The right bank consists of
a cliff along most of its length.

Gullies mapped by Hereford et al. (1991, 1993) in this reach are near G. The gently
sloping surface above G contains many artefacts (Yeatts, 1996; K. Thompson and
A. Potochnik, SWCA, oral communication, 1999). The gullies within G in the
Palisades reach have a lower gradient and appear less deeply incised than gullies in
the Above Lava Chuar reach. If further incision of gullies is to be arrested or past
incision healed by deposition along the water’s edge, these sites may be the best
candidates for benefits from high releases.
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Figure 14.10 Contour maps of the Palisades reach at 1270m3/s showing (a) the initial bed
morphology (at time¼ 0), (b) the model prediction after 72 hours with the low (1983) sand
supply and d50¼ 0.24mm, and (c) the model prediction after 72 hours with the high (1956)
sand supply and d50¼ 0.16mm.
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14.6.2.2 Model predictions

The most important depositional site in the Palisades reach is G, the recirculation
zone on river left near the reach inlet. Hereford et al. (1991, 1993) mapped gullies
extending to the 142m3/s water surface in this area. Modelling results (Figures 14.10,
14.11 and 14.12) show that some deposition will occur in G under all combinations of
water discharge and sand conditions. The initial deposit volume increased with the
amount of sand available for transport at 2830m3/s, and the volumes were larger for
all cases at 2830m3/s than at 1270m3/s (Figure 14.13). At 1270m3/s with the low sand
supply, minimal deposition occurred in G, and most of that extended upstream from the
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Figure 14.11 Contour maps of the Palisades reach at 2830m3/s showing (a) the initial bed
morphology (at time¼ 0), (b) the model prediction after 72 hours with the low (1983) sand
supply and d50¼ 0.29mm, and (c) the model prediction after 31 hours with the high (1956)
sand supply and d50¼ 0.14mm.
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Figure 14.12 Modelled change in sand volume as a function of time in the Palisades reach.
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Figure 14.13 Modelled change in sand volume as a function of time at location G in the
Palisades reach.
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reattachment point; deposition in the region of the gullymouths was less than in all other
cases. The intermediate and high sand supplies at 1270m3/s produced deposits better
suited to archaeological site preservation because deposition was greatest close to the
water’s edge. With the intermediate sand supply, sand accumulated at a steady rate over
the course of the simulation and the volume matched the sand volume obtained with the
high sand supply by the end of the simulation.With the high sand supply, however, most
of the accumulation occurred within the first 14 hours. All three cases at 2830m3/s
deposited more sand than the 1270m3/s cases, and the deposit volume increased with
increased sand supply. Most of the deposition was near the reattachment point and
along the cobble bench that forms the left bank at the 2830m3/s stage.

14.6.3 Lower Tanner reach

14.6.3.1 Initial conditions

The Lower Tanner reach (Figures 14.14a and 14.15a) is unlike the Above Lava
Chuar and Palisades reaches in several respects. The Lower Tanner reach is longer
(about 1200m), has significant curvature and does not contain a large recirculation
zone that dominates the sand storage in the reach. The outside of the bend, along
river right, is bordered by bedrock cliffs along the upper half of the reach. The area
near the outlet on river right consists of a low gravelly bench. The interior of the
bend, along river left, is bounded by fans. Coppice dunes were mapped by Hereford
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Figure 14.14 Contour maps of the Lower Tanner reach at 1270m3/s showing (a) the initial
bed morphology (at time¼ 0), (b) the model prediction after 72 hours with the low (1983) sand
supply and d50¼ 0.24mm, and (c) the model prediction after 72 hours with the high (1956)
sand supply and d50¼ 0.16mm.
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Figure 14.14 (Continued).
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Figure 14.15 Contour maps of the Lower Tanner reach at 2830m3/s showing (a) the initial
bed morphology (at time¼ 0), (b) the model prediction after 72 hours with the low (1983) sand
supply and d50¼ 0.29mm, and (c) the model prediction after 35 hours with the high (1956)
sand supply and d50¼ 0.14mm.
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et al. (1991, 1993) in the area marked as ‘‘I’’ on Figures 14.14 and 14.15, and most of
the gullies are contained in this area.

Most of the gullies mapped by Hereford et al. (1991, 1993) in this reach are on river
left near the middle and downstream parts of the reach (Figures 14.14 and 14.15).
Deposition predicted by the model was primarily along the channel sides, especially in
the lee of bank irregularities that were too small to form well-developed recirculation
zones. Deposition in the lee of bank irregularities may correspond to the deposition in
microeddies proposed by John C. Schmidt (Utah State University, oral communica-
tion, 1999) as a significant depositional process, but eddies on the scale of the
computational grid are represented in the model by the channel roughness.

14.6.3.2 Model predictions

Model predictions of deposition rates for the entire channel show a straightforward
relation between sand supply and discharge and the consequent deposition
(Figure 14.16). At both discharges, deposit volume increased with increased sand supply,
and after 12 hours, the higher discharge produced larger deposits for all sand supplies.

At 1270m3/s, deposition rates for sand deposits above the 708m3/s stage follow
similar patterns, asymptotically approaching a maximum value (Figure 14.17). The
magnitude of the deposit volume is proportional to the sand supply at 1270m3/s.
With the low and intermediate sand supplies, the maximum deposit volume is
reached after about 48 hours, and only slight increases occur subsequently. With
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Figure 14.15 (Continued).
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the high sand supply, the maximum value was reached after about 1 day. In contrast
to the smoothly increasing deposit volume at 1270m3/s, sand deposits above the
708m3/s stage at 2830m3/s accumulated in irregular temporal patterns. The initial
deposition rate was highest with the high sand supply, but dropped off after about 6
hours to match the sand volume accumulated with the intermediate sand supply.
With the low sand supply, an initial scouring was followed by a rapid increase in
volume until about 12 hours, followed by a steady increase in sand volume over the
rest of the simulation. A sand deposit on river left near the reach inlet was inundated
at 2830m3/s and eroded at that discharge with all sand supplies. With the low sand
supply, deposition elsewhere was initially insufficient to offset erosion at this
location. Sand volume at 2830m3/s with the low sand supply exceeded all the sand
deposited at 1270m3/s after about 36 hours.

The volume of deposits above the 708m3/s stage, which have the most potential
for preservation, is only about a third of the sand volume stored in the recirculation
zone in the Above Lava Chuar reach (zone C) and the recirculation zone in the
Palisades reach (zone G). This relatively small volume reflects the absence of
significant recirculation zones in this reach. The volume of sand with preservation
potential in this reach is small compared to that in the two upstream reaches, but
there is some compensation in that these deposits are above typical dam-release
stages. The recirculation deposits in the upstream reaches, although removed from
the main channel, are subject to flow-induced erosion, albeit at a rate much lower
than that for main channel deposits.
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Figure 14.16 Modelled change in sand volume as a function of time in the Lower Tanner
reach.
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14.6.4 Upper Unkar reach

14.6.4.1 Initial conditions

The Upper Unkar reach (Figures 14.18a and 14.19a) is about 1.6-km long down the
channel centreline. A small recirculation zone is on river left near the reach inlet, and
a deep hole in the main channel typically associated with recirculation zones in the
upstream reaches is present here as well. The reach bends to the left and maintains a
more consistent channel width at higher flow than the other study reaches. The most
striking feature of this reach is the mid-channel bar that is inundated at higher flows,
but forms an island at most typical dam releases (below about 500m3/s). This bar
was formed by a debris flow that spilled gravels into the reach that have been
reworked into the present configuration. At low flow, when the bar is an island,
most of the discharge occupies the left channel.

A ‘‘No Visitation’’ label in river guides of Grand Canyon (e.g. Stevens, 1990)
dramatically marks this reach as one of the most sensitive in Grand Canyon. The
part of the reach labelled ‘‘J’’ on Figures 14.18 and 14.19 has been declared off limits
to the public by the National Park Service because of the abundance of artefacts at
that location. The gullies mapped by Hereford et al. (1991, 1993) also are located in
this area (Figures 14.18 and 14.19).
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Figure 14.17 Modelled change in sand deposit volume above the 708m3/s stage in the
Lower Tanner reach.
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Figure 14.18 Contour maps of the Upper Unkar reach at 1270m3/s showing (a) the initial
bed morphology (at time¼ 0), (b) the model prediction after 72 hours with the low (1983) sand
supply and d50¼ 0.24mm, and (c) the model prediction after 72 hours with the high (1956)
sand supply and d50¼ 0.16mm.

Modelling of sand deposition in Colorado River 383



//INTEGRAS/KCG/PAGINATION/WILEY/CPT/FINALS_28-03-05/C14.3D – 384 – [357–394/38] 29.3.2005 3:30PM

14.6.4.2 Model predictions

The Upper Unkar reach contains a recirculation zone on river left near the reach
inlet, but the area of interest with respect to gullies and vulnerable archaeological
sites is on river right near the upper part of the mid-channel bar. The total sand
deposition showed a clear separation between the deposition volume at 2830m3/s
with the high sand supply and the other conditions (Figure 14.18, 14.19 and 14.20).
At 2830m3/s with the high sand supply, substantial bars formed along the channel
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Figure 14.19 Contour maps of the Upper Unkar reach at 2830m3/s showing (a) the initial
bed morphology (at time¼ 0), (b) the model prediction after 72 hours with the low (1983) sand
supply and d50¼ 0.29mm, and (c) the model prediction after 34 hours with the high (1956)
sand supply and d50¼ 0.14mm.
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sides and around the tail end of the mid-channel gravel bar. At 2830m3/s with the
low and intermediate sand supplies, the results were similar, with the deposit reach-
ing capacity more rapidly with the intermediate sand supply. At 1270m3/s, the sand
volume with the high sand supply matched the 2830m3/s results with the low and
intermediate sand supplies. Total deposition at 1270m3/s with the low and inter-
mediate sand supplies was relatively small.

Considering only the sand deposited above the 708m3/s stage, the differences
between the volumes deposited with the three sand supplies at 1270m3/s were
relatively small (Figure 14.21). At 1270m3/s, all three sand conditions converged
to a similar sand volume; the deposit reached capacity within about 6–10 hours with
the high and intermediate sand supplies, whereas the deposit steadily grew over most
of the simulation with the low sand supply. The significance of accommodation
space created by high stage was especially apparent in the results at 2830m3/s. At
2830m3/s, the sand deposits with the low and intermediate sand supplies were close
to capacity after about 12 hours and reached a volume about seven times larger than
with the lower discharge. With the high sand supply at 2830m3/s, sand deposit
volume was nearly double the volume obtained with the two other sand conditions
at 2830m3/s (Figure 14.21).

A more narrow focus on the deposits in region J, the critical region near the
archaeological sites (Figure 14.22), showed a proportionately larger gap between the
deposit volume at 2830m3/s with the high sand supply and the other cases than was
evident for total depositional volumes for the entire reach (Figure 14.20). Total sand
deposition near J for all cases except for the high sand supply at 2830m3/s and the
low sand supply at 1270m3/s showed similar results at the end of the simulation.
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Figure 14.21 Modelled change in sand deposit volume above the 708m3/s stage in the
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Sand deposits most likely to be of greatest benefit to artefact preservation were the
deposits near J above the 708m3/s stage (Figure 14.22). Sand deposit volumes near J
above 708m3/s were small at 1270m3/s for all sand supplies compared with the
results at 2830m3/s. The increased accommodation space at 2830m3/s allowed for
much larger deposits with the low and intermediate sand supplies than those formed
at 1270m3/s. With the high sand supply, sand deposit volume near J above the
708m3/s stage was three times the sand deposit volume at 2830m3/s with the two
other lower sand supplies. About half of the increase in total deposit volume for the
reach shown in Figure 14.21 at 2830m3/s with the high sand supply was a result of
increased deposition near J. In all cases, some deposition occurred in that region
along the bank, aided in part by the presence of debris that was deposited upstream
near the right bank during the same event that formed the mid-channel bar. With the
highest sand supply, there was sufficient deposition to initiate substantial bars in the
lee of that debris; thus large deposits were formed at the most advantageous site for
the preservation of archaological artefacts.

14.7 Discussion

Modelling results show significant variability in deposition volumes relating to
channel shape as well as to discharge and sand supply (Figure 14.23). In reaches
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without significant recirculation zones, sand was stored in narrow bands along the
channel sides under most conditions, primarily in the lee of channel irregularities.
Sand volumes deposited above the 708m3/s stage in the Lower Tanner reach and in
the critical right bank region (J) in the Upper Unkar reach were, at best, half the
deposit volumes in the Above Lava Chuar and Palisades recirculation zones. Recir-
culation zones appear more consistent in response to increased discharge and vari-
ations in sand supply, and store more sediment for a given reach length. Trends in
overall sand storage in reaches dominated by recirculation zones can be generalized,
but in reaches where sand storage is dependent on finer-scale morphology of the
channel sides, the trends are more variable.

High discharge releases. Higher flows, such as the 2830m3/s flow, tend to deposit
sand in sheltered areas even with low sand supply. This is especially evident in the
two upstream reaches in this study. Higher water discharges are significantly more
effective in depositing sand in critical areas than lower discharges. This is a result of
the greater sand transport rate for given sand conditions and, perhaps more sig-
nificantly, the larger accommodation spaces created by higher stages.

High-flow duration. Deposition rate depends strongly on the volume of sand already
present at a depositional site. Deposition rate falls rapidly as the site fills. As a result,
high flows are most effective within the first day or two in filling depositional sites.
Longer-duration high releases distribute sand more thoroughly within a depositional
site, as pointed out by Anima et al. (1998), but are less efficient at utilizing sand in
transport.

Sand supply. High sand concentrations, such as would occur during significant
tributary flow, would be most effective in forming significant deposits in critical
areas. The possibility and potential advantages of dam releases timed to coincide or
shortly follow tributary flows were considered by the authors of the EIS (US
Department of Interior, 1995), and were reiterated by Lucchitta and Leopold
(1999) with particular emphasis on flows in the Little Colorado River. Careful
analyses of sand deposits, sand transport processes and suspended sand measure-
ments (Rubin et al., 1998; Topping et al., 2000a,b) have provided a process-based
explanation of the importance of tributary inputs to replenishing sand resources,
especially those in Marble Canyon that rely primarily on the sand inputs from the
Paria River, and a quantification of the potential benefits of high releases associated
with tributary inputs. Releasing high flows during or shortly following significant
tributary flows would also increase the supply of fine-grained sediment, which would
increase the stability of the deposits (as pointed out by Richard Hereford, USGS,
oral communication, 1998). High discharges increase the total volume of the deposit
and place the sand higher up the channel bank and, therefore, would place a larger
volume within the gully mouths.

It is important to note that these study sites are in a relatively sand-rich reach
compared with the channel above the confluence with the Little Colorado River.
High discharges may deposit sand at many sites in this region, even with a low sand
supply; but upstream of the confluence with the Little Colorado River, the lower
sand supply in the absence of significant flow in the Paria River would make that
reach more vulnerable to erosion (Schmidt, 1999; Topping et al., 2000a,b).
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Influence of channel shape on deposition volume. Results in region A in the Above
Lava Chuar reach are consistent with the conceptual model of Melis (1997) for the
relation between shoreline types and fan–eddy attributes and the potential for sand
storage. Melis (1997) suggested that the greatest potential for sand storage would
occur in reaches with the greatest density of debris fans and downstream from the
tightest channel constrictions, and that the least potential for sand storage would
occur in reaches with steep shorelines and few debris fans. The model results for
these four reaches support the conclusion that recirculation zones are the most
effective sites for storing large volumes of sand that are likely to endure on a time
scale of months to years. The parts of these deposits that are beneath the water
surface during normal dam operation, however, are still subject to erosion at lower
discharges by scour, although at a much slower rate than occurs in the main channel.
These inundated deposits may also erode rapidly during routine dam operation
(Cluer, 1995). Deposits along the channel sides that are perched above the 708m3/s
stage, albeit smaller than the recirculation deposits, may have greater potential for
preservation. Little is currently known about the rates at which erosive processes,
such as aeolian transport, operate.

Potential negative impacts of high flows. The cases studied so far have led to the
generalizations listed above. Particular sites may respond differently. Schmidt et al.
(1999) and Hazel et al. (1997, 1999) documented considerable variation in response
to the 1996 test flow within reaches with similar morphology. Even at a given site,
periodic mass failure of rapidly accumulated sand deposits can lead to a temporal
variability in sand deposit volume (Andrews et al., 1999). Widening of the main
channel flow at higher stages may diminish deposits formed at lower discharges in
some reaches, as shown in A in the Above Lava Chuar reach and as was suggested by
Melis (1997). This is especially likely if high releases are necessary to lower Lake
Powell, as happened during 1983–1984 when sustained high flows peaking at
2720m3/s caused erosion at some archaeological sites (US Department of Interior,
1995). Although results so far have shown deposition under most conditions in
sheltered areas, such as recirculation zones, under some conditions erosion can occur
within recirculation zones (Joseph Hazel, Northern Arizona University, oral com-
munication, 1999). Erosion in recirculation zones is most likely to occur with deeper
flows, caused by some combination of increased stage and initial low elevation of the
sand deposit, if the channel morphology is conducive to high flow velocities and is
combined with low sand supply in the main stem. Erosion and deposition in reaches
with gradually varying channel width are more likely to show greater sensitivity to
variations in water and sand discharge.

14.8 Conclusion

The model used in this study provides a physically based, predictive method for
examining the effects of dam releases and sand supplies on sand deposits. Predictions
of changes in sand bars can be made at specific sites and general trends can be inferred
from modelling results over a range of conditions and at multiple sites. The model was
constructed with sufficient complexity to represent processes with an accuracy com-
mensurate with the purpose of the study using available computational power.
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