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ABSTRACT

Channel expansions are sites of deposition in bedrock canyons and alluvial rivers.
Within these areas, deposition is commonly focused at the separation point, reattachment
point, eddy center, or along the shear surface that separates the recirculation zone from the
downstream flow in the main channel. This study examined the internal structure of
reattachment bars, separation bars, and natural levees along the Colorado River in Grand
Canyon, Arizona. The recirculation deposits (separation and reattachment bars) are
characterized by a rotary flow pattern that includes upstream flow. Flow patterns within
channel expansions vary with discharge. Increases in discharge generally increase the
length of the recirculation zone. Both the rotary flow pattern and lengthening of the
recirculation zone have been documented from internal structures in the bars. The character
of climbing-ripple structures in the bar deposits demonstrates that recirculating flows
pulsate erratically; field and lab current-meter measurements have demonstrated that these
erratic pulsations occur even when discharge in the main channel is steady.

Depositional processes and internal structures differ for the three kinds of bars that
were studied. During a single flood, deposits of reattachment bars are thickest.
Reattachment bars typically produce fining-upward sequences, because circulation over the
bars eventually weakens as upward growth restricts flow from the main channel.
Separation-bar flood deposits are relatively thinner and are characterized by transgressive
deposits that are commonly dominated by wave-generated structures. Levee deposits
originated where bankward-directed flow transported sand onto narrow floodplains along
the channel. Flow behind the levees was relatively weak and was typically directed
downstream.

Depositional rates were determined for a variety of sites by examining sedimentary
structures in deposits that survived subsequent flows. During the large flood of 1983 (with
a peak that approached 100,000 cfs), deposition on some bars exceeded several meters,
corresponding to a depositional rate of a few tens of centimeters per day. During the
weaker floods of 1984, 1985, and 1986—a total of approximately three months of flow
that approached 50,000 cfs—deposition was limited to a few tens of centimeters,
corresponding to a depositional rate of approximately 1 cm per day. During flows within
the range of power-plant operations (not exceeding approximately 30,000 cfs), depositional
rates range to approximately 5 cm per day. In all flows, the range of depositional rates can
be expected to have varied considerably, from sites that experienced net erosion or non-
deposition to sites that exceeded the observed rates.

Three kinds of effects must be considered when evaluating flow alternatives on
camping beaches: submergence/emergence of bars, erosion/deposition of bars, and net
sediment transport through the canyon. A relatively large annual fluctuation and small daily
fluctuation allow deposition at high elevations for a short time and allow emergence
through most of the year; low daily fluctuations allow camping on bars that otherwise
would be inundated daily.

INTRODUCTION
Objectives

Sedimentary structures provide a natural record of depositional processes that are
responsible for building sand bars. This project examined sedimentary structures of alluvial
bars along the Colorado River in Grand Canyon (Figure 1) in order to identify the
important depositional processes, estimate rates of deposition, and test hypotheses
regarding changes in location of depositional sites as a function of river discharge. Results
of this project have two applications. First, the results can be used directly to evaluate
proposed alternative flows. Second, the results can be used to help guide and test other

3



370 113° UTAH  112°
ARIZONA

ARIZONA

Mile 120

Mile 225
36°

LAKE
POWELL

LEN
FERRY CANYON
(Mile 0) DAM

Figure 1. Map of Colorado River downstream from Glen Canyon Dam.

investigations, such as numerical modeling of deposition in recirculation zones. In this
report, we briefly present findings of the stratigraphic investigations, and we evaluate some
sedimentologic effects of the proposed flow alternatives.

Overview

Recirculation zones form in channel expansions where flow separates from and then
reattaches to the bank (Figure 2). High-velocity flow from the constricted channel
decelerates in the expansion and impinges on the bank at the reattachment point; sand is
deposited in the expansion of the main channel and along the bank near the reattachment
point. Velocities are also relatively low and deposition is induced near the center of the
main recirculating current, and in secondary eddies and nearly stagnant flow that may be
present immediately downstream from the separation point.

Flood deposits formed in low-velocity areas or in recirculating currents in bedrock
gorges have been described throughout the western United States and in Australia (McKee,
1938; Howard and Dolan, 1981; Baker and others, 1983; Baker, 1984; Rubin, Schmidt,
and Moore, 1990; Schmidt, 1990). Baker's studies have described "eddy bars" that form
in the mouths of tributary canyons and downstream from bedrock spurs. In recirculation
zones, deposition is localized near the separation point, reattachment point, eddy center, or
along the "eddy line" (the shear surface that separates the recirculating eddy flow from the
adjacent downstream flow in the main channel; this surface was called the separation
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surface by Rouse, Bhoota, and Hsu, 1951). Deposits that occur near the separation point
have been termed "separation bars", and deposits that are centered at or are topographically
highest at the reattachment point have been termed "reattachment bars"(Schmidt, 1990).
Where subdivision is unnecessary or impossible, the composite bar can be termed an eddy
bar, following Baker's usage. Recirculation zones and their deposits have also been
described from point bars and concave benches in alluvial channels (Taylor, Crook, and
Woodyer, 1971; Leeder and Bridges, 1975; Page and Nanson, 1982; Nanson and Page,
1983).

METHODS

Sedimentary structures were examined on river trips between 1985 and 1994. The
most extensive trenching operations were conducted at the sites listed in Table 1. Internal
structures were also examined at a larger number of small trenches, pits, and natural cut
banks throughout the canyon.

Field methods consisted of digging trenches, mapping trench locations, and interpreting
sedimentary structures exposed in the trenches. Trench locations and bar topography were
mapped using infra-red electronic range and angle measurements; surveys were tied to
existing benchmarks wherever possible. After sedimentary structures were measured and
described, trenches were refilled, and the bar surface was smoothed.

Although interpretation of sedimentary structures is relatively straightforward,
determining the age of specific strata is a more complicated procedure that relies on such
evidence as photographs showing topographic change, comparison of vegetation visible in
air photographs, the presence or absence of roots in deposits, and elevation of landward
pinch-out of stratigraphic units (providing limits on river stage at time of deposition).
Because such diagnostic background information is not always available, ages can not be
determined at all sites. Where such information is available, a particular sequence of age
determinations involves the kind of logic illustrated in the following example. A deposit
that occurs at elevations inundated only by flows above 60,000 cfs (cubic feet per second),
and that had not formed prior to 1980, would be interpreted as having been deposited by
the high flows of 1983. Deposits that overlie unconformities that are cut into this deposit
and that extend onshore to an elevation corresponding to a river stage of approximately
50,000 cfs would be interpreted as deposits of 1984-86 high-flow events. Stratigraphically
higher deposits that pinch out at an elevation corresponding to the stage at 30,000 cfs
would be interpreted as post-1984-86 power-plant flows. In order to make age
assignments using this technique, it is essential not only that there be background
information for the site, but also that the bar include high-elevation regions that can be
shown to have been deposited in 1983.

Stage-discharge relations were developed at most study sites in order to help establish
elevations of inundation during high peak discharges that occurred in each year between
1983 and 1986. These relations were developed by surveying the elevation of the water
surface at different times (see Schmidt and Graf, 1990, table 1, for times of 1985-1986
surveys) and estimating the discharge at the site. Discharge estimates were made in two
ways: (1) at times of relatively steady discharge, hourly discharge data from the nearest
U. S. Geological Survey gauging station was used in conjunction with U. S. Bureau of
Reclamation routing data; and (2) at times of fluctuating discharge, water elevation of only
the highest or lowest stage was surveyed and compared with the highest or lowest
discharge, respectively, at the nearest gage. Although this method does not account for
attenuation downstream from Lees Ferry, the relations were sufficiently accurate for the
purposes of this study.
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Figure 2. Map showing flow patterns in a recirculation zone. The site illustrated is 55-mile bar
(from Rubin, Schmidt, and Moore, 1990).

RESULTS AND DISCUSSION
Depositional Processes and Sequences

Reattachment bars—Three kinds of bars have been examined (Figure 2 and APPENDIX):
reattachment bars, separation bars, and levees. Depositional processes differ for the three
kinds of bars. Flows that form reattachment bars are rotary in direction and vary from
offshore and upstream (on upstream parts of the bars) to onshore and downstream (on
downstream parts of the bars). Depositional processes and details of structures in
reattachment bars have been published previously (Rubin, Schmidt, and Moore, 1990).
Additional observations of sedimentary structures in this study have documented the
downstream lengthening of the recirculation zone as discharge increases (from 5,000 cfs to
100,000 cfs), as has been reported from hydraulic observations (Schmidt and Graf, 1990;
Schmidt, 1990).

A generalized depositional sequence for reattachment bars subjected to a flood begins
with a basal scour surface overlain by basal deposits of relatively coarse sand. In the
vicinity of the reattachment point, flow is commonly too turbulent for dunes to exist, and
the basal unit is deposited rapidly and unstratified. This facies grades laterally (upstream
and downstream) into beds deposited by fluvial dunes migrating away from the
reattachment point. Circulation over the bar eventually shallows and weakens, either
because continued growth causes the bar to restrict flow from the main channel or because
river stage drops. As a result of the reduced flow over the bar, the size of sediment in
transport decreases, and ripples replace dunes as the dominant bedform. This generalized
depositional sequence describes most of the reattachment bars studied, although not all bars
display the complete sequence. If deposition continues, flow over the bar surface may
become so restricted that only mud is transported. Veneers of fine-grained sediment cover
a number of bars in large expansions with low-velocity flow (for example, 55-mile bar);
such fine-grained veneers appear to be readily colonized by vegetation.

Flow within recirculation zones pulsates erratically, even when flow in the main
channel is steady. Fluctuations in location of the reattachment point cause local upstream-
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Table 1. Study sites.

Site Mile Bar type
Cathedral Wash 2.5 left reattachment bar
31.6 right separation bar
45 left reattachment bar
Lower Saddle Canyon 47.3 right reattachment bar
50.0 right reattachment bar
52 left levee
Nankoweap 53 right reattachment bar with levee
54.5 right reattachment bar
55 right reattachment bar
62.6 reattachment bar
Carbon Creek 64.7 right separation bar
Palisades 65.6 left separation bar
Tanner 68 right levee near separation point
Grapevine 81 left reattachment bar
119 right reattachment bar
119.5 right reattachment bar
122 right reattachment bar
137 left reattachment bar
Fern Glen 168 right separation bar
170 left tributary mouth
Mohawk 171.5 left separation bar




downstream flow reversals. Ripples that are produced by this kind of reversing flow are
symmetrical in profile and have crests that trend normal to the bank, whereas oscillation
ripples produced by waves have crests that nearly parallel the bank. In the reversing flow
at the reattachment point, rates of ripple migration are low, and rates of deposition can be
rapid, causing ripples to climb at a high angle. These flow fluctuations are significant
dynamically because they widen the region where the reattachment point occurs, possibly
causing deposition to occur over a wider region. In addition, changes in size of a
recirculation zone cause exchange of water with the mainstem flow, influencing the flux of
suspended sediment. Experimental work in progress suggests that these pulsations occur
even when mainstem flow is steady.

Separation bars—Three separation bars (mile 31.6 right, mile 168 right, and mile 171.5
left) have been trenched, and the structure of those bars are grossly different from the
reattachment bars. As noted above, reattachment bars contain shallowing-upward
depositional sequences. In contrast, the separation bars were built by a succession of
deepening-upward (transgressive) cycles. The cycles are typically a few tens of
centimeters thick (considerably thinner than deposits of 1983 flood deposits found in
reattachment bars) and typically contain beach deposits such as swash laminae and berms.
The difference in structure between separation and reattachment bars has at least two
possible interpretations: (1) deposition is initiated at different sites on the different bar types
(beginning near the bank on separation bars and beginning farther offshore on reattachment
bars), or (2) deposition occurs during different phases of a flood on different bar types
(primarily during rising stage on separation bars but including deposition during peak or
falling stage on reattachment bars). The hypothesis that reattachment-bar deposition begins
offshore in relatively deep water is supported by flume experiments (Schmidt, Rubin, and
Ikeda, 1993), although the second hypothesis can not be ruled out.
Levees—ILevees are linear bar ridges that roughly parallel the main channel. They occur at
relatively high elevation, and consist primarily of cross-strata that dip onshore. They
formed at high stage, where sediment was transported out of the main channel onto
floodplains or into vegetated areas. Flow in the backwaters on the landward side of the
levees was commonly—but not always—directed downstream (as determined from the
migration directions of ripples on the landward side of the levees); this observation
indicates that deposition occurred without recirculating flow. At some sites, however,
backwater flow was directed upstream. At Nankoweap, the situation is somewhat more
complicated. A levee occurs within a recirculation zone. Water ponded behind that levee
breached the levee and flowed in an offshore-directed jet that transported a lobe of sand into
the recirculation zone. Levees are too narrow and vegetated to be used as camping
beaches, but they nevertheless constitute a major kind of bar along the river.

Depositional Events and Rates

Pre-dam floods—At elevations usable for camping, the separation bar at Fern Glen
contains a number of cyclic depositional sequences deposited by pre-dam floods. Each
flood cycle is on the order of a few tens of centimeters thick. The thicknesses of these
cycles represent the total thickness deposited by each flood.

At other locations, pre-dam deposits of climbing-ripple structures many tens of
centimeters thick must also have been deposited by single floods (because individual
ripples can be traced through the sequence). Total deposition for a single flood may be
considerably thicker than individual sets of climbing ripples.

1983 flood—Deposits of the 1983 flood range from a few tens of centimeters at Fern Glen
to a minimum of 2-3 meters on some reattachment bars (Table 2). These numbers describe
the thickness of sediment deposited in 1983, not taking into account that the 1983 flood
eroded pre-existing strata prior to deposition at some or all sites. De-watering structures in
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Table 2. Thickness of deposits of flow events.

FLOW EVENT THICKNESS

1983 FLOOD COMMONLY TOO THICK TO TRENCH

(PEAK DISCHARGE OF THROUGH;

APPROXIMATELY 120,000 cfs; DOCUMENTED IN SOME BARS TO EXCEED

TOTAL DURATION OF SEVERAL METERS

APPROXIMATELY 2 MONTHS)

1984-1986 FLOODS RARELY EXCEEDS A FEW TENS OF

(PEAK DISCHARGE OF CENTIMETERS;

APPROXIMATELY 50,000 cfs; LESS WIDESPREAD THAN 1983 FLOOD

TOTAL DURATION OF DEPOSITS

APPROXIMATELY 5 MONTHS)

1993 FLOOD TYPICALLY TENS OF CENTIMETERS

(PEAK DISCHARGE OF THICK;

APPROXIMATELY 30,000 cfs; MANY METERS THICK IMMEDIATELY

DURATION OF 1 WEEK) DOWNSTREAM FROM MOUTH OF LITTLE
COLORADO RIVER

DAILY POWER PLANT FLOODS | DEPOSITIONAL CYCLES RANGE IN

(PEAK DISCHARGE OF THICKNESS FROM SEVERAL

APPROXIMATELY 30,000 cfs; MILLIMETERS TO SEVERAL CENTIMETERS

DURATION OF LESS THAN ONE

DAY)

these deposits at 119-mile bar indicate that deposition during this event was extremely
rapid. The presence of these de-watering structures and massive bedding supports the idea
that bar adjustment is most rapid during high-discharge events.

1984-86 floods—One of the consistent findings of this study was that the high flows of
1984-86 deposited little sediment on the bars. These deposits were restricted in area,
pinching out shoreward against the topographically higher 1983 or older deposits, and
commonly having been truncated on the offshore margin by subsequent power-plant flows.
Where present, the 1984-86 high-flow deposits have a maximum thickness ranging from a
few centimeters to approximately 1 meter. As in the case of the 1983 deposits, examining
the preserved deposits can not provide information about how much sediment was eroded
by 1984-86 high flows before deposition began. The onshore pinchout of these deposits is
commonly situated at the base of a scarp cut into the topographically higher 1983 or pre-
dam deposits. The presence of these erosional scarps suggest that the 1984-86 floods
eroded pre-existing sediment before depositing sediment.

Post-1983 fluctuating flows—Three kinds of cyclic sedimentary structures have been
discovered that permit precise measurement of daily depositional rates during periods of
fluctuating flow. All three structures are recognizable because of the daily changes in flow



regime caused by the dam. Although such structures are common in tidal sand deposits, to
our knowledge, such structures were unknown in rivers. The structures were formed by:
(1) daily deposition of drapes on the lee side of fluvial dunes (55-mile bar; see Rubin,
Schmidt, and Moore, 1990), (2) daily transgressive-regressive cycles caused by shifting
beach-swash and wave-ripple facies (Lava Canyon and Stone Creek), and (3) daily bundles
of climbing-ripple structures formed when ripples were created each day when the bar was
inundated and planed off when flow receded (bar upstream from Fishtail Rapid, right).
The sequences of cycles contain as many as several dozen uniform daily deposits. The
depositional rates are quite similar for all four examples of these three structures, averaging
approximately 2 to 5 cm per day.

Long-term rates of deposition extrapolated from these daily rates are likely to be highly
inaccurate, because deposition at any one site on a bar is self-limiting. Once deposition
causes the local flow conditions to change, deposition may shift to another site. In four of
the five examples cited, deposition of the daily cycles occurred on inclined bar surfaces and
is known to represent laterally shifting deposition. For example, although the daily cycles
at 55-mile bar record local deposition of 1-2 cm/day, deposition did not persist at any one
point for more than a week or two. Deposition over a wider area of the bar for a six-month
time interval that spanned deposition of these daily cycles averaged approximately 0.1
cm/day.

EVALUATION OF FLOW ALTERNATIVES

Although stratigraphic and sedimentologic studies are important in determining how
deposition creates bars, bars contain minimal stratigraphic record of erosion. For example,
beds that are truncated by a discordant erosion surface indicate that erosion occurred, but
volumes of eroded sediment can not be determined. Evidence for changes in bar size must
come from repeated observations such as photographs or topographic mapping. In this
discussion, we rely on previous work (Beus, Carothers, and Avery, 1985; Schmidt and
Graf, 1990; Clark, Kyle, and Schmidt, 1991) to document that bar erosion has been
occurring, and we use what we have learned of depositional processes to evaluate the
proposed flow alternatives.

Flow regime affects bars in three ways: (1) frequency and duration of bar
submergence, (2) bar dynamics, and (3) net sediment budget in the canyon. These three
processes operate on different time scales. On the shortest time scale, bars are
instantaneously lost as campsites when they become submerged, regardless of any erosion
or deposition. Deposition and erosion also operate on an intermediate time scale and can
destroy bars by transferring sand from high-elevation (emergent) locations to the
submerged channel. On a longer time scale (decades), flow regime influences the rate at
which sediment is transported down the main channel, thereby determining the net
sediment budget through the canyon. Bars can thus become unusable for camping because
they are submerged, because they are eroded (sand transferred to the main channel), or
because the entire canyon becomes depleted of sand. Those processes that operate over
longer periods of time are more difficult to reverse.

These three processes are largely independent. For example, a single flow alternative
may build bars for a short time (by flushing sand from pools to bars) but simultaneously
contribute to the long-term depletion of sand in the canyon (by flushing sand out of the
canyon). Thus, a single flow alternative may erode the same bars initially built. Although
the short- and intermediate-term effects (inundation and aggradation or degradation) are
easier to monitor than long-term effects (sediment depletion throughout the canyon), the
long-term effects are potentially a more serious threat to the future of the canyon
environment. If the canyon becomes depleted of sand, decades may be required to restore
the sand. During restoration, options for building bars would be severely restricted;
without sand in storage, flows that might otherwise build bars would fail. Any plan for
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dam operation must take into account the effects of all three effects: submergence, dynamic
adjustments, and sand budget.

Two measures were used to evaluate the extent to which the alternative flows submerge
bars. The first uses cumulative frequency curves for the seven flow alternatives to
determine the percentage of days during a minimum-release year (8.2 million acre-ft) that
discharge does not exceed 15,000 cfs (Figs. 4-10). These percentages, which are
summarized in Table 3, range from a maximum of 100 percent emergence (for year-round
steady flow) to a minimum of 30-35 percent emergence (for flows with large daily
fluctuations). For a given daily release, fluctuating flows inundate higher elevations each
day than do steady flows.

It is also instructive to evaluate the extent to which the flow of each alternative
inundates the deposits produced by that alternative. The 90th percentile of high flows was
used to approximate beach-building discharge for each flow alternative (because of the
exponential increase in sediment transport rate with increasing discharge, and because the
terraced depositional structure of the bars indicates that deposition commonly proceeds to
an elevation that approaches the water surface during high flows, as illustrated in Figure 3).
Deposits were defined to be usable for camping on days during which river stage stayed at
least 10,000 cfs below the 90th percentile beach-building discharge (Figs. 4-10). Using
this measure, bar accessibility was determined to be 50 percent of days during the year for
seasonally adjusted steady flow, and 0-10 percent (for all other flows). For comparison,
the accessibility of deposits of the 90th percentile beach-building flows of a pre-dam flow
year (1957) is 85 percent (Fig. 11). Although the 90th percentile and 10,000 cfs
specifications are somewhat arbitrary, the relative ranking of the seven flow alternatives
and pre-dam conditions is rather insensitive to the particular values selected.

To build bars that can be used for camping requires the transfer of sand from elevations
that are normally submerged to elevations that are subaerially exposed for time intervals
longer than 24 hours. Because this can only be done by flows that vary on a time scale that
is much longer than one day, it may be necessary or desirable to produce experimental bar-
building flows. Without bar-building flows, seasonally adjusted steady flow offers the
greatest possibility of transferring sand to elevations that are emergent for most of the year.
Experimental bar-building flows combined with either year-round steady flow or existing
monthly volume steady flow might result in a flow regime that crudely resembles the
seasonally adjusted steady flow alternative. However, experimental flows offer greater
flexibility in maximizing bar-building and minimizing sand transport out of the canyon.

We emphasize that it is essential to consider all kinds of effects of flow regime on bars
(submergence/emergence of bars, deposition/erosion of bars, and sediment budget in the
canyon). Without such consideration, a flow alternative that was selected because of short-
term bar-building effects may contribute to the long-term depletion of sand in the canyon or
may result in fewer available campsites merely because of daily submergence.

Other elements of the flow alternatives include such possibilities as sand augmentation
and beach-building flows. Sand augmentation would have a positive effect on the sand
budget and would allow greater flexibility in what kinds of bar building flows could be
adopted. Even without sand augmentation, it may be possible to design bar-building flows
that can transfer sand from the subaqueous channel to parts of the bars that are subaerially
exposed during the remainder of the year.
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YEAR-ROUND STEADY FLOW
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Figure 4. Cumulative frequency plot for the year-round steady flow alternative. Annual
release is 8.2 million acre feet. This alternative maximizes the subaerial exposure of pre-
existing deposits, because discharge is low throughout the year, but any deposits that might
be produced by this flow are inaccessible for camping (submerged) throughout the year.
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SEASONALLY ADJUSTED STEADY FLOW
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Figure 5. Cumulative frequency plot for the seasonally adjusted steady flow alternative.
Annual release is 8.2 million acre feet; monthly releases were determined using the example
provided by T.J. Randle (U.S. Bureau of Reclamation, written communication, 1991). The
90th percentile bar-building flow is 20,000 cfs; deposits emergent at 10,000 cfs are
available for camping for 50 percent of the days of the year. Without the addition of specific
bar-building flows, this alternative has the best combination of brief high discharge (to
deposit sediment at high elevations) and longer low discharge (to allow access to the
deposited sediment). Bar availability is somewhat more limited than implied, because the
highest discharges occur during some of the months of high demand for campsites.
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EXISTING MONTHLY VOLUME STEADY FLOW
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Figure 6. Cumulative frequency plot for the existing monthly volume steady flow
alternative. Annual release is 8.2 million acre feet; monthly releases were determined using
the example provided by T.J. Randle (U.S. Bureau of Reclamation, written communication,
1991). Because of the limited annual range in flow, any sediment deposited during high-
water months can only be a small height above water even during low-water months.
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LOW DAILY FLUCTUATIONS

30000

i Hourly discharge

- | — — Daily peak discharge
25000 | yP g
ho) L
o
5 i
5] L
D
0’ -
5 20000 -
Q_ -
2 Days with peak discharge P
o | 10,000 cfs lower than /
° 15000 - 90th percentile bar-building —
3 - flows do not occur if the
W - full range of allowable .
11

L ; L J 90th percentile
8 fluctuations is utlllze_d; L bar-building discharge
< 10000 | \
T L
©] L
€ I
(] A

5000
0 I | 1

L | ] | ] |
(@] o O o w0 (o2
wn N ®© [>T ) »

| 1 | |
-~ ~— n O o O
. - [V <]

.01
99.9 I~
99.99

PERCEN OF TIME DISCHARGE IS LESS THAN INDICATED

Figure 7. Cumulative frequency plot for the low fluctuating flow alternative. Annual release
is 8.2 million acre feet. An annual hypothetical discharge curve was synthesized using a
computer program J.P. Bennett, U.S. Geological Survey, written communication, 1991)
that imposes the specified daily fluctuations and minimum discharge on a specified monthly
release. Sediment deposited during times of 90th percentile high water is seldom available
for camping because of the limited annual range in discharge.
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MODERATE DAILY FLUCTUATIONS
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PERCENT OF TIME DISCHARGE IS LESS THAN INDICATED

Figure 8. Cumulative frequency plot for the moderate fluctuating flow alternative. Monthly
releases are the same as in Figure 6, but daily fluctuations are larger. This flow has higher
maximum flows than the low fluctuating flows, providing the potential for depositing
sediment at higher elevations. This benefit, however, is offset by the correspondingly
greater daily fluctuations, which inundate higher elevations.
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HIGH FLUCTUATIONS
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PERCENT OF TIME DISCHARGE IS LESS THAN INDICATED

Figure 9. Cumulative frequency plot for the high fluctuating flow alternative. Monthly
releases are the same as in Figures 6 and 7, but daily fluctuations are larger.
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NO ACTION (1989 FLOW)
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PERCENT OF TIME DISCHARGE IS LESS THAN INDICATED
Figure 10. Cumulative frequency plot for the no-action flow alternative. Deposits of high

flows (20,000 cfs and above) are accessible for camping approximately 10 percent of the
days of the year when daily peak discharge does not exceed 10,000 cfs.
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PRE-DAM (1957 FLOW)
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PERCENT OF TIME DISCHARGE IS LESS THAN INDICATED

Figure 11. Cumulative frequency plot for a pre-dam year (1957). Deposits of 90th percentile
high flows (approximately 80,000 cfs and above) are accessible for camping 85 percent of the
days of the year when daily peak discharge does not exceed 70,000 cfs. Scale differs from
Figures 4-10.
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Table 3. Effects of proposed alternative flows on bar accessibility (emergence).

Steady flows Fluctuating flows
3No action
1Existing (same
lSeasonally monthly limits as
lYear-round adjusted volume 2Low | 2Moderate | 2Hi gh before
interim
Effect flows)
Accessibility of all
bars, regardless of
discharge that created
the bars (% of days 100 75 100 70 650 630 635
that discharge does not
exceed 15,000 cfs)
Percentage of days in
which high-flow
deposits of each flow 0 550 0 60 60 60 610
alternative are
accessible for camping
throughout the year7

1Steady flows that were evaluated were those provided by T.J. Randle (U.S. Bureau of Reclamation, written
communication, 1991); annual release is 8.2 million acre feet.

2The low, moderate, and high fluctuating flows that were evaluated were hypothetical discharge curves
synthesized using a computer program (J.P. Bennett, U.S. Geological Survey, 1991, written
communication) that imposes the specified daily fluctuations and minimum discharge on a specified
monthly release; annual release is 8.2 million acre feet. Differences between the three synthetic
fluctuating flows and the observed no-action fluctuating flow may be due in part to the scheme used to
synthesize the predicted discharges.

3These flows were evaluated using discharges measured hourly at Lees Ferry in 1989; annual release was
8.2 million acre feet.

4Bar-building flows (see text) could increase this rating for all flow alternatives.

SThe months of submergence occur during some of the months of greatest recreational use.

6Accessibility is limited to those days on which discharge is low and fluctuations are less than the
maximum allowable. Such flows occur on weekends and apparently contribute to the 10 percent rating
of the "no action” alternative. Low weekend flows are not built in to the computer model used to
synthesize hypothetical discharge curves; campers can not predict which days the discharge will remain
low.

7See text for quantitative determination of this effect.

CONCLUSIONS

Three kinds of effects must be considered when evaluating the effect of flow
alternatives on camping beaches (submergence/emergence of bars, erosion/deposition of
bars, and net sediment budget in the canyon). A relatively large annual fluctuation and
small daily fluctuation allows deposition at high elevations for a short time and allows
emergence through most of the year. Low daily fluctuations allow camping on bars that
otherwise would be inundated daily.
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APPENDIX (OBSERVATIONS OF INTERNAL STRUCTURE)

This APPENDIX consists of figures showing stratigraphic sequences in the larger
trenches and pits that have been excavated. These figures are included to document the
structures observed and to illustrate the extent of observations used to develop an
understanding of depositional processes. The figures are arranged by distance
downstream.
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CATHEDRAL WASH
MILE 2.5 LEFT
TRENCH 4
DECEMBER 15, 1990

TRENCH 4

meters

2 -

Stake 19

- post-1983 deposits, with 1b a sandy

onshore

grainflow deposited on a steeper bar,
while 1a is a silty unit

- 1983 flood deposits?
- pre-1983 deposits?, possibly deposited

by the same event as unit 4

- pre-1983 deposits?
- basal clay layer

offshore

disturbed
bedding

Stake 18

meters
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MILE 52 LEFT
TRENCHES 1- 4
MAY 15, 1991

TRENCH 1
St. 40 m

onshore offshore

levee

zig-zags (10 cm thick)
overlying organic-rich
foresets

thicker foresets

backset or topsets,
plane bed or grainfall

silty bottomsets grading
up into foresets, a few

—— peaty layer
sandy bottomsets poalylay

— root zone

METERS
TRENCH 3
St.ém
onshore offshore

TRENCH 2
St.-30m

onshore offshore

levee

deposits of recent
power-plant flows

e

Levee has lower crest than at downstream trenches.

2 - silty climbing-ripple topsets between st. 0 - 4
silty foreset bed between st. 5 - 7

3 - climbing-ripple beds, some silt, increasing angle
of climb, migrating landward with slight upstream
component (single flood?)

4 - climbing ripples, organic debris on foresets

Note: in trench all ripples migrate onshore

im
TRENCH 4
River Left (downstream)
| I | I L 1
7 6 5 4 3 2 1 0
METERS onshore offshore
1 - climbing-dune topset
levee

3
1.5m]: 2

1 - avalanch beds dipping onshore, organic particles,
lens-shaped in strike section, inverse grading
dips ~ 30 degrees

2 - steep (~ 28 degrees) dips offshore, bedding
indistinct, possible wave ripples at one horizon

3 - like unit 1, but no organic particles, not as planar in
dip section

Note: levee parallel to bank

33




NANKOWEAP
MILE 53 RIGHT
TRENCH 1
MAY 17, 1991

TRENCH 1

OFFSHORE ONSHORE

50 cm

Q =
— ]
N ==
© —
H—
UV —

meters

1 - muddy, sandy drape deposited by recent powerplant flows

2 - climbing wind ripples (post 1986)

3 - silty sand, upstream fluvial climbing-ripple beds; several deformational structures;
possible wind ripple structures. Beds dip onshore.(1984 - 19867 floods)

4 - some salt-and-pepper sand as unit 5, cross-bedded, dipping mostly onshore, but with slight
upstream component. Upper 5 cm are disturbed by roots. Contains buried trees that
were at the surface in 1980 air photo. (1983 flood deposit?)

5 - relatively coarse-grained, clean, salt-and-pepper sand, very poorly laminated climbing
ripples; bottomsets of unit 4, or gradually grade upward into unit 4. (1983 flood deposit?)
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PALISADES
MILE 65.6 LEFT
TRENCH 1
OCTOBER, 1990

TRENCH 1

97 - onshore offshore

96 —

meters

95 —

35 30 25 20 15 10 5 0
meters

1 - clean sand, bubble structures, and climbing ripples

2 - sand and muddy sand, climbing-ripple structure: migration directions upstream and
slightly offshore

3 - fluvial foresets dipping offshore

4 - foresets dipping onshore; some fluvial climbing-ripple bottonsets, a few of which are
climbing vertically (photos)

5 - sand and muddy sand foresets dipping onshore; some organic-tich climbing-ripple
structures on foresets migrating upstream

6 - climbing-ripple structures that build a trough from the offshore flank; ripple migration
directions are mostly upstream

7 - beach swash bedding
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TANNER
MILE 68 RIGHT
TRENCHES 1 &2
APRIL 6, 1993

METERS

METERS

1.25 .
1.00
o ROCKS ™™ TRENCH BASE s RN
E o TRENCH BASE * _ N
E . \\\
25 - SN 4
’ ) .\\
0 T T T 1 ! '
6 5 4 3 2 1 0
METERS

1 - PRE-1993, MUDDY CLIMBING RIPPLES, POSSIBLE HORIZONTAL LAMINATIONS,
ORGANICS, AND ROQOTLETS.

2 - JANUARY 1993 CLIMBING RIPPLES MIGRATING DOWNSTREAM AND OFFSHORE,
ORGANIC FORESETS, SILTY.

3 - SUBSEQUENT 1993 FLOOD DEPOSITS, BEACH SWASH - WAVE RIPPLE
TRANSGRESSIONS/REGRESSIONS (AS MANY AS SIX).

4 - POST-FLOODS BEACH SWASH.
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GRAPEVINE

MILE 81 LEFT
SITE LOCATION,
TRENCH 1
APRIL 7, 1993
SITE LOCATION
UPSTREAM TRENCH 3 DOWNSTREAM
TRENCH 2 —
TRENCH 1
SHORELINE
TRENCH 1
1
ONSHORE OFFSHORE
0.5 —
0 — R JANUARY 1993 FLOOD DEPOSIT. \v\
o . .. MUDDY BASE THICKENING OFFSHORE; i
o T Sel MM'S THICK AT STATION 15 TO 10'S OF CM'S AT STATION 2. ' POST-JAN. 1993
w " ... _ENTIRELY CLIMBING RIPPLES "\ FLOODS. SWASH,
w T *. WAVE RIPPLES,
s PRE-1993 BEDS, .. *VERTICAL BEDDING
COARSE SALT &.PEPPER SAND, . .
0.5— SOME FLUVIAL UPSTREAMMIGRATING * + = © + . .
e DUNES AND RIPPLES R . :
- — :
T T T I T T T T T T T I T T T T |
16 14 12 10 8 6 4 2 0
METERS
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GRAPEVINE

APRIL 7, 1993
TRENCH 2
UPSTREAM DOWNSTREAM
JANUARY FLOOD DEPOSIT.
_ WITH MUDDY BASE OVERLAIN
Y WITH CLIMBING RIPPLES
05— PRE-1993 BEDS,
-5 COARSE SALT & PEPPER SAND OVERLIES JANUARY FLOOD
DEPOSITS AND THEREFORE
- MUST BE A SECOND OR THIRD
.l FLOOD EVENT
N Treee oo N
® PRE-1993BEDS, | ™.
ooy COARSE SALT & PEPPER SAND ™\,
[= e
g .
s N
1.5—
2 —
1 | | | | | | | | | I | | | [ | |
0 2 4 6 8 10 12 14 16 18
METERS
5 TRENCH 3
ONSHORE OFFSHORE
1 -
0.5 — PRE-1993 BEDS,
- COARSE SALT & PEPPER SAND
1)
o
w
] SAME DEPOSIT
=
0 — .
. ' OVERLIES JANUARY FLOOD DEPOSITS
. . AND THEREFORE MUST BE A SECOND
: ", OR THIRD FLOOD EVENT
-0.5— R S e
'.. JANUARY FLOOD DEPOSIT.
s WITH MUDDY BASE OVERLAIN
*+ WITH CLIMBING RIPPLES
PRE-1993 BEDS, N .
COARSE SALT & PEPRER SAND "*-_ .
-1
1 | I | | T I 1 | I | | | |
7 6 5 4 3 2 1 0
METERS
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MILE 119 RIGHT
TRENCH2 & 3
OCTOBER 26, 1990

TRENCH 2

OFFSHORE ONSHORE

r
7 6 5 3 2 1 Q
METERS
1 - muddy rippled sand with trample structures; possible thin eolian beds
2 - clean ripple-bedded sand, same unit as clean rippled sand in trench #1
(1984 - 1986 high flows)
3 - planar-bedded clean sand; probably 1983
4 - dunes migrating downstream and massive bedding (photo) in same bed
- at 0.4m mark, dune-scale cross-bedding toward N75E (075 degrees)
5 - 1983 massive sand (same as in trench 1)
TRENCH 3
OFFSHORE ONSHORE
I I I | |
4 3 2 1 0
METERS
1 - diverging ripple migration direction indicates that the reattachment
point is here; bed is muddier here also (photos)
7 - trampled, massive, pin-striped eolian, and two beds of wave ripples
/s
Plan view of trenches 3,4, & 5 3 /|
Station 0 of trench 3, 4, and N
trench 5 are the same location. fver 4
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MILE 119 RIGHT
TRENCHES 4 & 5
OCTOBER 26, 1990

TRENCH 4

DOWNSTREAM UPSTREAM

METERS

1 - clean, rippled sand (1984 - 1986)

2 - planar (1983)

3 - downstream-climbing ripples

4 - massive sand and dunes (1983) migrating upstream

5 - red-brown, silty sand; downstream-migrating ripples with fluid-shear
or trample deformation structures

6 - upstream-climbing ripples

7 - pinstripe eolian, with massive trampled (?) top

8 - upstream-climbing ripples, silty and salt-and-pepper sand

9 - massive sand

TRENCH 5
DOWNSTREAM UPSTREAM

METERS

1 - clean, rippled sand

3 - salt-and-pepper sand, dunes migrating downstream

5 - muddy climbing ripples with scarp in trench 4

10-fine sand climbing ripples migrating downstream
11-alternating sand and muddy beds dipping downstream
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MILE

119.5 RIGHT

TRENCHES 1-4
MAY 19, 1991

TRENCH LOCATION PROFILE

10 OFFSHORE ONSHORE
|4
2
Q
E 5
trench #2
rench #1
5000 cfs
water = T T T T T T T T =
surface 0 5 10 15 20 25 30 35 40 45
meters
TRENCH 1
Clean climbing ripples,
massive sand
trampled, rippled sand and
silty sand (conformable with
topography)
50cm
T 1 T 1
85 9 10 " 12 13 14 15 meters
TRENCH 2 1 - interbedded, sand, silty sand, trample structures, overlain

by fluvial muds, then trampled sands; transition zone in
elevation from powerplant to '84, '85 & '86 floods; at st. 19
muddy bed pinches out, thickening offshore (may be peak
powerplant discharge)

2 - clean sand, possible fluvial climbing ripples, charcoal bits;
other possibility is eolian; bounding surfaces dip upstream

and onshore
1 ¥ 1
18 19 20 meters
TRENCH 3 TRENCH 4

silty, upstream climbing ripples (1984, < mas
10cm — '85, & '86 because pinches out in trench| . solian, “amp\‘;a o

#4 at terraceelevation) g6 high 1O%: 5 oy pinch ©

wIe Ve K 85 & 8 beds hi
50cm clean sand, climbing ripples (upstream), 1984, ing ripple
avial clirnbt

possibly some eolian beds (1984, '85 &
'86 for same reasons as above)

fi

meters
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MILE 119.5 RIGHT

TRENCHES 5 & 6
MAY 19, 1991
TRENCH 5
downstream upstream
1.8m fipples on foresets foresets dipping onshore
‘ migrating offshore
- foresets dipping
onshore and upstream
TRENCH 6
OFFSHORE ONSHORE
post-1983, e
eolian, trample ba_ckflow
ripple
1984, '85 &'86 massive O
flood deposits, eolian, 0)
tramples
post-1983 ~ rocks
powerplant flows 1983 massive sand and
onshore-migrating foresets
3.2 m thickness
measured in gully
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MILE 122 RIGHT

TRENCH 1
MAY 23, 1991
TRENCH 1
OFFSHORE ONSHORE
tamarisk
tree
2
3

buried former cutbank

1 - mostly pre-dam silts and sands
2 - 19837 dunes and climbing ripples
3 - massive sand and clean fluvial dune sand, below silty beds
- pre-dam, because tam roots in silty beds, but no tamarisk are at
surface (or anywhere within tens of m)
Note: tamarisk rooted in 1983 and sprouted shoots in 1984 - '85
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FERN GLEN
MILE 168 RIGHT

PITS1-3
MAY 27, 1991
PIT 1
offshore onshore
tamarisk burried
in 1983 \L
1983 climbing ripples migrate
downstream and onshore \"J ——
at base of trench
1983 climbing 1.5m
wood and beach swash ripples
(pre-1983, or 1983 rising stage)
" wood and
beach swash
PIT 2
- 11 year
5 couplets of sand and tamarisk sheddings old tam- 10cm
arisk branch
fluvial or eolian sand
20 cm
PIT3
offshore tamaris onshore
beach swash/berm trunk
with small wood bits
= ———beach I 6cm
= 10-15cm
fluvial climbing ripples § 15 cm
fluvial beach swash sand; berm sand 30 cm

<> Large stones on surface (15 cm diameter).
Maximum 1983 flood deposit is from stones up. (i.e. 36 cm)
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FERN GLEN
MILE 168 RIGHT
TRENCH 1
MAY 28, 1991

TRENCH 1

offshore onshore

1983 deposition

pre-dam onshore-j 1.0m
migrating.fluvial-dur

base of 1984 - 1986

Note: Maximum 1983 deposition is 42 cm.
Same stratigraphic section as in Pit 2
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