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Introduction

A previous study (1) of the fluvial morphology of the Colorado River
between Glen Canyon Dem and Lake Mead established that the capacity of
the controlled river to transport peach-building bed material Is about
{3 million tons per year and that the fributaries In this reach only con-
t+ribute about 3 million tons per year. The deficit of 10 million tons
per year means that the river below Glen Canyon Dam is degrading pro-
gressively downstream. Some additional material, much finer than the
peach material, will also continue to be transported and to contribute to
the filling of Lake Mead, albeit at a much slower rate than before the
closure of the river by Glen Canyon Dam, but will have liftle to do with
+he future of the peaches of the Colorado. Measurements by the Bureau of
Reclamation (2) verify that the reach beftween Glen Canyon Dam and Lees
Ferry has been degraded and stabilized with an armour bed of self-sorted
riprap ranging from small cobble to large boulders.

This investigation focused on the beaches, which are primarily fount
below the rapids, in an effort to explain their formation and predict Thi

future.

Recreational activities in +he Canyon are very dependent on the bea
|f the beaches were to disappear (or even to be greatly reduced in size)
the ccming years, the +housands who run the river every year would have
more than a bit of a problem finding 2 camping spot each night. The dar
of flash flooding means +hat the tributaries are a poor choice for sleeg
(Figure 1) the boulder masses at rapids are hardly inviting, (Figure 2)
sheer rock walls are impossible (Figure 3) - some of the falus slopes m
be a poor substitute for the beaches as campsites (Figure 4). The prob
of campsites is not merely a matter of the amenities. The crowding of
people and their wastes onto less space is 2 health problem.

Because the beaches a2re 23 somewhat different habitat from the resi
of the Canyon, the amount of beach left after the degradation and erosi
processes have reached equilibrium could make a difference in the ecolc
along the River. The determination of whether the possible ecological
changes are of any consequence would require a separate investigation.

The objectives in this investigation were several: (1) the estab
ment of camera stations at a number of locations along the River which
would permit a .continuing surviellance of selected beaches, (2) a bet
understanding of beach tormation and destruction through 2 combination
field measurements of the river bed configuration off the beaches, anc
qualitative laboratory experiments, and (3) a qualitative appraisal ©
natural armouring of beaches and the feasibility of enhancing this na¥

process.




preliminary Study Above Lees Ferry

Several days were spent on the reach between Glen Canyon Dam and Lees
Ferry. The immediate reasons were simply to check ocut the equipment that
would be used during the frip down the Colorado River to Lake Mead and fo
learn how to pick out and establish camera stations. A more important
reason in the long run is that what will happen below Lees Ferry has been
happening above Lees Ferry.
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A modest degree of proficiency was acquired in handling the measuring
instruments. The characteristic behavior of the blinking neon light of
the fathometer could be correlated with the observable bottom of the river.
Large boulders could be detected by an erratic bouncing of the signal as
i+ reflected off the top of boulders or +he river bed between +he boulders.
The trace of the pzaper chart revealed the presence of sand dunes in The
one limited area in which they were found.

1t was quickly discovered that the thin, liquid epoxy glue worked
much better and easier when sand was mixed with it, resulting in 2 paste
that would stay in any space between the pebbles forming the camera station
and the large boulder or parent rock which was the base of +he station.
The epoxy was +hin enough to make a good contact with smooth rock or even
penetrate porous rock; the mix was +hick enough to stay in place and re—.
mained workable long enough to set several stations. On 2 second trip a
few months later, it was observed t+hat at some of these early stations the
paste had run enough to be 2 little messy. However, the paste blended well
enough with the rocks that the stations were hardly noticeable except under

close inspection.
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The 15-mile reach between Glen Canyon Dam and Lees Ferry has degraded
and the bed is now armoured. There are deep pools and there are shallows;
all seem to be armoured. In some deep pools there are very large rocks
ten to fwenty feet in size. The natural riprapping ranges down to perhaps’
an inch in diameter in some places. Out from Lee's old fort, one size-
able patch of sand dunes was found. This sand may be coming from the
erosion of the beaches that are leff, but it is more likely 2 result of
the blow sand from fhe plateau above dropping into the canyon about a mile
upstream. Figure 5 shows ripples on 3 small beach near the sand patch

and the blow sand in the background.
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3 This reach of fhe Colorado is Fich in the variety of flow conditions.
} In some sections the river is narrow, in others it is wide. Although
t+here are no rapids, there is fast water in some restricted sections that
i might almost be called riffles during low flow conditions. A gravel bar

i or deposit which might serve 2s a control at low water with a flow over
it which is critical or slightly supercritical can be easily drowned ouT
at a higher flow and merely be somewhat tast water. In the deep pool
cections the velocity can be quite low, buf i+ evidently has been suffi-
cient fo move the sand and fine gravel out of the reach, rether than to
have filled in the deeps because of the low velocities of the controlled
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Figure 5. Ripples formed at high water and.exposed at low water

flow from the dam. The water surface elevation fluctuates about five '
feet between high and low water. There are sheer cliffs forming the
side boundary of the river; there are talus slopes of mixed rock and
residual soil! forming banks; there are exposed sand beaches formed as
sand bars during past floods; there are beaches armoured naturally
with large gravel and cobbles.or boulders, and there are beaches
covered with salt cedar.

Although the bed of this reach seems to be completely degraded to
an equilibrium condition; so completely that even a major increase in
controlled flows will probably only cause some slight rearrangement,
there still are beaches. An inventory of beaches before the closure
of Glen Canyon Dam is not available and probably was not made. Some
have probably disappeared; some remain as residual,naturally riprapped
beaches (Figure 6). The remaining sand beaches appear to be eroding;
some may eventually disappear, some may have enough cobbles mixed in
to armour, others may be large enough so that as they diminish in size
the flow which attacks them will finally be unable to erode them any
more. The camera stations established at and above Lees Ferry should
accumulate the evidence of what is happening to these beaches after the
bed is completely degraded and sediment transport in the river has drop-
ped to virtually zero. The lessons to be learned here should be appli-
cable shortly to the river below Lees Ferry.
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Figure 6. Naturally riprapped beach along the Colorado River

Camera Stations

A total of 47 Camera Stations were installed at 17 locations. Full
details of those stations - maps, descriptions, photos of camera stationsy
photos ftaken from the camera stations - are included as a separately
bound supplement which can be used independently of this report when
retaking pictures in a monitoring program.

The camera stations were made by attaching pebbles to the flat top
of a large boulder or a ledge of rock to fit a RICOH Model 500G 35mm
camera with a2 40mm lens. A very small clearance was left between the
pebbles and fthe camera body so almost exactly the same picture should
be taken over and over. Both of The cameras used will be made avai lablel
for the continuing monitoring program to insure obtaining photos that
can be directly compared. "In taking the first setT of photos the auto-
matic setting on the camera was used. This proved to be a mistake
because the beach sometimes was the brightest part of the picture, some-
+imes the darkest. The pictures should be taken with camera settings
for the beach without regard for the rest of the picture. Therefore,
some type of light meter should be used to get spot l|ight readings when
possible. There should always be enough detail in the rest of the
picture to serve as reference points. Color slide film (Kodachrome 25)
was used.

In choosing the vantage points for the camera stations an effort
was made To ignore the water line between the beach and The river becaul
it is dependent on the rate of flow which cannot be matched from one
picture taking To anofner. Nevertheless, the waferline is in the photo
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because it is this parr of +the beach which is ot grea 5T inTeresv.
Parts of the beach which are out of the water at low flow can be sub-
merged at high flow; careful interpretation will be necessary in
order not to be mislead by such seeming changes between successive
photos . Insofar as possible photos should be t+aken at low water,
however, this will often be impracticable if the phototaking is an
nexira™ undertaking during a routine patrol or a research trip for

some other purpose.

in locating the camera stations an attempt was made fo either
outline a cross-sectional profile of the pbeach or to include large
rocks (too large 10 be likely to be moved). |f the beach erodes,
the profile should move back from the river or down, and the sand
line on the large rock should be lowered. These are +he changes
that can be looked for in successive photos. [In the beginning
qualitative changes will be sufficient evidence of what is happen-
ing. Is The beach eroding or not? If it is eroding, is it eroding
a lot or just a liftle bit? 1f more quantitative values are neces-
sary in the future, measurement of the distance between rocks, or
ot rock dimensions, or photos with sticks of known dimensions, stra-
tegically placed,should suffice. Figures 7, 8 and 9 show a boulder
and a ledge chosen for stations, the pebbles glued on to form sta-

t+ions, and the photos +aken from these stations.

General dbservations 0f The River

in the few days available on the river it was not possible to
observe in the leisurely way one might have wished, but it was pos~
sible to obtain some general notions of the river behavior which are
important to the question of what is happening fo fhe beaches. Fatho-
meter surveys were taken of the river opposite 2 number of beaches.
Typically, the river was deep jusT downstream of the rapids, indicating
a scour hole created by the high velocity jet issuing from the rapids.
The scour hole was 40 to 50 feet deep measured from +he water surface
where the depth of flow downstream was only 15 to 20 feet deep. The
shape of the scour hole and the river bed configuration downstream was
completely in agreementT with preliminary laboratory experiments con-
ducted before the river trip and the qualitative experiments conducted
afterwards. The inescapable conclusion is that the peach is cast up
because of the flow pattern out of the hole that is scoured out below

the rapids; the hole that is scoured and +he beach that is built are
two comp lementary features of a pool-rapid river such as the Colorado.
‘All natural rivers, however, are the agents whereby the weaThered

tragments of The mountains are fransporfed To the sea. |f this natural
supply of sediment being transported is interrupted, the scour hole

will remain and may even be enlarged, but The depositional teature-the

beach-may disappear.

vt — —te o




On a ceological tim ,cale, ecuilitrium is never re¢ ed by a river
as it moves the mountain to the sea. On our +ime scale ct years (even
hundreds of years), a river will be in a sort of equilibrium based on

a weighted average flow but fluctuating about that equilibrium during
periods of high and low water. Always in a river transporting sediment,
+here will be local scour or desposition if locally the supply of sedi-
ment to an area is not exactly equal to the capacity to transport sedi-
menTt in that area. Therefore, there can be observable local effects on
the Colorado River through the Grand Canyon which are due to the con-
trolled, but fluctuating, flow out of Glen Canyon Dam. Changes in that
controlied flow can result in local scour and deposition, and aggrada-
+ion and degradation in the pools. And, it is important to remember,
+these effects can persist as they move downstream even if the controlled
flow is again changed. Fowever, any such changes will fend towards a
temporary equilibrium state of a balance of supply and capacity and
should not give rise to drastic changes in the beaches.

- —————

The drastic and irreversible changes can be expected when the ;
general degradation to a clear-water flow (or almost a clear-water flow)
regime reaches first one beach and then another. The equilibrium state
is then that configuration of bed and beach such that the fluid-flow
stresses on the boundary material are no longer able to move the sand,
gravel, or cobble +hat remains. Since the beach sand is easily moved,
the boundary stresses must be very low if any sandy beach remains.
Therefore, the flow velocities near the beach at high water must be
very low. The beaches are thus obviously in danger of being slowly
washed away, never to be replaced until Lake Powell is filled with
sediment and the sediment-transporting regime is re-established.

Some fathometer surveys were repeated in the morning at a different
rate of flow than when taken the evening before. The measurements were
not able fo detect a cyclic daily change in response to the fluctuations
in the flow throughout a typical day. However, the anticipated response,
which would have been of inferest in regard to the ability to predict
what is happening in the river, is not crucial to predicting the future
of *he beaches. Perhaps the limited measurements made were too crude,
perhaps the changes over 2 day are too small fTo measure.

The important observation was +hat the field measurements agreed
with the laboratory observations; that the flow patterns and the sediment
movement observable in the laboratory seemed to be duplicated in the
field; that the casting up, or building, of beaches and the wearing away
of beaches observed in the laborafory were in 2!l probability processes
that occur in the field over a much longer period of time.

The measurements made of the velocity "at! the beach, (Figure IC)
were somewhat disappointing. In general the velocities observed were
quite small, one foot per second or less by a sand beach, three feet
per second at the most by a riprapped beach. i+ was not possible To re-
main at a locaticn for a day and measure the highest velocity during the
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¥ Figure 10. Taking a velocity measurement near 2 beach
[t
£
i
erent § : + t+icient becaw
were g day. Anc, of course, even +his would nol have been SUTZ1 L her flo
+ions H +he configuration of +he beach can be 2 tunction of past, highe
ilonse E it is more than 2 bit difficult To interpret vhese low velocx.lis. t
;ET ’ 4 the case of sand beaches, ripples and sedimentT TragSPOF:'Citéiioi 2{
bl . . . - imitTi C contl
aure % served, (FI9uce S)lnﬁply;qg .:af T?ew;LTéT;230?32 considegab\y more
' i ransport (criticel Trac ive force 2 C |
e : ;ezchyerésion- On the other hand, +he low velocities near rlziappet
i beaches implies +hat they were formed by con5|d§r8§ly hlghT; beoer
eed % with higher velocities. Both of these inferpr?Taf|o:srio:nd e ihe
5 s i i in the leborato
ad i t ; |y valid, buf much more Time and sTudy in T - )
:iumen E f?eld woald pe necessary +o prove the point. wyefhiiesuch an inves
) % < - H 4 £ 1 .
q away g ment of time and effort is justifiadble is quesTiona
esses : . P+ ; rved thaf the
X At many rapids and many ;eaches, it coE!d bg 0229— “0 4 that o
3 flow boundary had been naturzily armcured W\Th ripr ° "o shown
1C) E +his riprap was only a few inches in diamever. Examplies i evoand
are : Figure !l. “Consicerable time and efforT.wou§d te Qe?did limoui ’
. ' simple observation TO decide just wnaT sizz 15 neegiaT;2 ther e
to re- ) face for a given flow in a given racid gecmetry - ne
ng the :

!
i
1
|
1
1
!




-

PP T

ically manageable cobbles and smaM

there is no reason to doubt that phys
quite sufficient 1O protect the

boulders should in most instances be
beaches against the flows likely to be released from Gien Canyon Dam.

gual itative Laboratory Experiments

The rapids formed in +he small taboratory flume could only be sug- l
gestive of real Colorado River rapids- They seemed +o be typical in

their action. The rapids constricted the flow, there was a critical

control and supercritical £low down the face of the rapids. This high
velocity, supercrifical jet dug 8 scour hole pelow the rapids. The jet I
in the scour hole spread laterally in 2 180° fan with some of the flow
coming out laterally. The lateral flow carried with it a bed load

which moved outward and upward and was deposited as an underwater bar. I
when the flow rate and the water surface elevation was decreased, this
par (or deposit) was above water and had formed a typical Colorado River

beach below 2 rapids (Figure 12).

+to the head of +he flume above

As long as sediment was supplied
le once it had been formed. The

the rapids, +he bar or peach was stab
supply of sediment to t+he beach and the capacity to move sediment along

and off the beach was balanced. When the supply ceased, The capacity

to transporT was no longer balanced by the supply and the beach started
to erode. The erosion continued for a time with essentially +he same I
$low pattern as with a sediment supply, put when the beach eroded Too
much, the main flow would separate from the boundary (the peach) and

an eddy would be interposed petween the main flow and +he beach. ‘The l
eddy would move sediment upstream along the beach an
intfo the main $low from whence it would be moved on downstreamn.
erosion of the peach seemed TO g° on and on forever, al+though The rate
of erosion got slower and slower. This geomefric, assympotic progressil

is the usual form of clear-water scour phenomena.

During the active phase of scour hole formation and beach bui\din’
a greafer.supply of sediment would resul™ in a shallower scour hole 2n
more rapid peach building. 1§ the rapid contained 2 large rock, the
$low could go over the rock during high flow and be giverted during 1 0]
flow - not comp letely, but .more or 1ess. A steep rapid could result i
a short scour hole; a flaTf rapid in 2 long scour hole. A small, intent
eddy could form directly at the end of rapid pefore The geometry of TI:I
scour hole induced the spread of the jef info 3 ${an shape; 3 strategi
cally placed rock could cause enough lateral flow +o break up this edd
Different rocks placed differently resulted in different bed and beac
configurations put all were very similar and qual itatively alike i

(Figure 13).

These qualﬁ'aﬂve laboratory experimen‘\'s were sufficient To esfj
lish that The ccour hole and beach found in nature are natural ccmp |
nout the oth

mentary features. |t would be surprising to find one wiT
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In The real river there is a wider variation in size of sediment than
used in the model. The sediment used for these experiments was the
beach material from the Colorado River. The bed material contains
coarser material but this coarser material would not be as able o
"climb" the bank and become part of The beach. A small fraction of
the bed material and a large fraction of the suspended load would be
finer than the sediment used in the experiments, but this fine material
would not tend to be deposited. The slack water area, in which the
bar that uitimately becomes the beach is deposited, is very limited
and the fine material does not have enough opportunity to fall out of
suspension to any great extent. (The small fraction of fine material
in the natural bed material was mostly removed for the experiments

in order to be able to see what was going on. The fine material that
remained tended not to deposit but instead cycle as suspended load
through the recirculatory system). Thus the beach material is a self-
sorted fraction of the total sediment being carried by the river, but
a fraction that is easily transported even by moderate and low flows.

Occasionally a rock used to form the mass of model rapid would be
dislodged. |f dislodged, such a rock would be moved a considerable
distance. A boulder on top of a sand bed is much easier to move than
a boulder in among other boulders of the same general size. This is
possibly one reason cobbles and boulders are found in the sand of the

beaches, why there can be material in the beach that can armour the
face of the beach.

Expectations As To Sediment Transport And Pool Degradation

Earlier work (1) established that the capacity of the controlled
river for transporting the normal basic bed material sediment load was
about I3 million tons per year and that the tributaries below Glen Canyon
supplied only about 3 million tons per year to the river. The size range
of the normal beach material is a portion of the size range of this normal,
basic bed-material sediment load. The coarser fraction of this sediment
load is transported as bed load and *he even finer sands, silts and clays
that can be temporarily added to the sediment load tend to stay in sus-

pension and if deposited on the beach are easily washed away or blown
away. :

Because capacity for transport is greater than the supply of sedi-
ment, degradation, starting at Glen Canyon Dam, is to be expected and
has occured. Surveys of degradation between the Dam and Lees Ferry by
The Bureau of Reclamation (2) found that the river bed from the Dam to
Lees Ferry is now armoured and that +he 8,000 acre feet scoured from the
bed was removed mostly in the first years after closure and practically
no sediment load has passed Lees Ferry in the last few years. Because
the capacity for transport would decrease as the bed became progressively
more armoured, the calculated capacity for sediment transport of basic
bed material and the measured degradation between Glen Canyon Dam and
Lees Ferry are in excellent agreement.




R 1 O AP R A

. kN,

In is I15-mile reach, the river | is almost entirely armured'
with eitner residual large rock or salf-sorted cobbles and boulders

that could not be transported out of the reach by the controlled flows
released from Glen Canyon Dam. What lit+tle sand transport is still

going on is probably mostly derived from the continued erosion of l
beaches. Some sediment is also supplied froem the small tributaries in
the reachgyvol'}’en they occasionally run and from blow sand #rom +he plai’l

above. e’gr‘owing on the bed of the stream is indicative of little

or no sediment being transported.

If the bed material in the pool reaches was only sand of a size l
readily moved by the flow, and if the sediment supply to the head of
the first pool was determined by the normal sediment-transporting
capacity of the flow, there would be sccur and fill occuring with
every change in river flow. For every discharge in every pcol there I
is some bed configuration which is the equilibrium condition attained
afver a long period of constant flow. This equilibrium condition is
dependent on the geometry of the rapids, the geometry (including
roughness) of the pool reach, the particular discharge, and the sedi-
ment supply to the first pool from the river upstream. As shown by
Silverston (3) the behavior of the bed in a downstream pool can seem l
to be quite erratic as it reacts to variable sediment supply due to
the scour and fill in upstream pools. ‘

If the bed material in the poo! reaches was still only sand, bu'l'l
now the sediment supply to the first pool goes to zero, each pool in
Turn will be degraded to a depth such that the velocity of flow and
the boundary shear are no longer able to move the sand grains. The '
greater depth of flow means also a lesser velocity, less head loss,
and a smaller slope to the water surface. A little more degradation
then occurs,equal to the difference iIn slopes times the distance up-
stream from the rapids. |If, after equilibrium has been established,

the discharge increases, degradation will again occur in the same pat-
tern with time until a new equilibrium is attained. If, then, the di
charge decreases, nothing will happen because there is no supply from

above to cause aggradation.

If the bed material in the pool reaches is sand with some boulde
that cannot be moved out by the flows now occuring, the degradation ma
not be as great as with a simple sand bed. That is +o say, if the
boulders left behind as the sand bed is scoured out form an armour lal
protecting the sand underneath, the amount of degradation will depend
how many boulders there are in the bed material. I|f there are only a
few, the degradation can be as much as would be expected with sand al
with the boulders still not forming 2 protective riprap layer. |[If th
are many boulders the amount of degradation may be quite small. If an
armour or riprap layer forms of boulders so large that none of the fl
occuring can move them, an increase in discharce will not result in a
more degradation. If the boulders are of a size such that some of +he!
can be moved by some flows, some added degradation can teke pizce. An

17
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if the pool reach is no+ uniform from section to secTi

on boulders ca;
be moved downstream and deposited in a deeper pool.

WiTth the contrcllegd flows there chould not be much rear

ranagemen-
unless some extreme event occurs.

Expectations In Reqard To The Future Of The Beaches

Until the general degradation of the river reaches a particular
beach, there is a strong tendency for stability of that beach. The

the river and the capacity for transport and the sediment supply tend
to be in balance. This tendency for stability is merely a tendency
and it can be offset by the difference between the prevailing flow
pattern and the flow pattern in the past uncontrolled floods which
cast up the beach long ago. The large beaches are formed below a rap
(Figure 14). With the moderate flows of +he controlled releases the

striction) can be enough different to cause a steady erosion of a bea
towards a new equilibrjum of capecity and supply. Such a difference
in flow pattern could also cause beach building or a combination of
beach building and erosion. Changes in the controlled high and low
flow can also cause some erosion and building of particular beaches.
As a general rule, however, it would not be expected that these change
in the beach would be major unless the change In flow patterns are
major. Some minor changes are to be anticipated since a large boulde:
becomes relatively smaller in a large flood; it may deflect a large
part of a small flow, but only a small part of a large flow.

There may be some tendency towards erosion wearing away the beact
at moderate and low flows (Figure 15). Scour and fill often tend to
be cyclic; points in a stream which scour during high flow fill during
low floew and vice versa. Since the beaches are cast up in floods, the
possibility of erosion during low flows should not be entirely discour
However, because {ow flows have low capacities for transport, the scoc
or fill processes during low water tends to be slow.

that particular beach. Presently the sediment transport in the river
is mostly supplied by degradation of the bed and banks in the upstream
reaches. Tributaries are supplying perhaps a quarter of +he total sed
ment load of beach-building size and this supply is mostly on a infer-

mittent basis when there is a flood on a tributary. The tendency for
stability of the beaches is the balance of sediment supply and capacit
To ftransport sediment. wWhen the sediment supply is reduced to s fract
of what it was (or to zero at the extreme), the Capacity to transport

remains what it was, and *he fluid forces pick up and move the beach s:
ments at the boundary of the flow. Tre beacn erodes. For a +ime the
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flow pattern changes slightly with the retreating boundary and erosion
continues. With further erosion, the flow may no longer be able To
foliow the boundary and the main flow may break away or separate irom l
the boundary. An eddy is formed then between +he boundary and the flow.
The eddy continues to erode the boundary supplying the main flow with
the eroded material which is then swept on downstream. In The eddy,
the velocity at the boundary is upstream but this has no effect on its l
ability to erode the beach. As the beach retreats, the eddy becomes
larger and eventually the boundary shear in the eddy may no longer be
able fo move the beach material. Whatever beach is left may be perman- l

ent-unless the controlled high flows are increased for some reasson some-
time in the future.

-

~

If there is a sufficient percentage of rocks and cobbles and
boulders in a beach, it can gradually and naturally riprap itself be-
cause the flow may not be able to move such material and it remain to
become the surface of the beach, (Figure 16). Such a riprap armour can
be observed may places along the river. The natural process could be
enhanced artificially by adding more cobbles of +he right size; the
result should appear perfectly natural.

How long will all this take? When will the beaches be gone - or
almost gone? The experience above Lees Ferry gives an answer of sorts.
The degradation will proceed downstream at about the rate of one mile
per year. In some reaches the armouring will happen quickly because
vhere is a lot of coarse .material in the bed; in some reaches the down-
stream rate of progress will slow because the bed is mostly sand. The
beaches will take longer to go and some beach will probably always

remain. The rate at which the river is being cleaned out is not fast.
If a program to save the beaches is decided upon, it would not need to
be a crash program all along the river. On the other hand, each year

that nothing is done means that the beaches in another mile or +wo of
the river are jeopardized.

Expectations As To The Future Of The Rapids

The rapids of the Colorado River are there because unusual storms
on Tributaries resulted in floods of sufficient magnitude to bring down
boulders, large and small, in such a quantity as to create rock dams
across the river which subsequent river floods have not been able to
wash away. Rock falls, residual boulders and exposed bedrock can con-
tribute to these rock dams which can be built up through a series of
events. There are boulder masses which merely constrict the river with-
out creating a rapids; whether because the mass was never large encugh
to create a dam or because the river has been able to wear it away is
difficult, if not impossible, to say. A smal!l rock dam may oniy create
a riffie rather than a rapids; the difference being one of degree from
a scientific viewpoint, but of considerable consequence from a practical

viewpoint. Running the rapids is a large part of the fun of a Colorado
River boat trip (Figure 17).
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The essential hydraulic characteristic of rapids is That the cor
siriction of the flow by the rise in the river bted and the pinching
of the walls results in 2 critical control, i.e., “he flow goes throt
critical (minimum energy for a given discharge) with subcritical, fr:
quil, low velocity flow in the pool above, critical depth and veloci
at +he crest, and supercritical, high velocity flow on the steep roc
downstream slope of the boulder mass. At the tce of the rapids, the
transition back to the tranquil flow condition in the nexi pool take
place either by jet dispersion in a deep hole downstream of the rapi
or among a jumble of large rocks downstrezm of the toe.

A well-shaped, concrete weir or dam results in a flow pattern
wherein these characteristics are simply and clearly illustrated; su
critical flow upstream accelerating to the critical control at the
crest and on to supercritical flow down the face of the dam and fine
a transition to subcritical flow at the toe.

These same characteristics in the same order are found in vhe t
pattern over the boulder mass that forms a rapids; however, the flov
now three dimensional and not at all smooth and simple. Each boulde
especial ly the large ones, is a geometric boundary element that the
flow must go over and around. In going over a boulder the flow mus-
uphill and will slow down, only fo speed up again when past the Top
In going around a boulder the flow may be constricted and increase
velocity, or it may be deflected past a low-velocity, deadwater cup
it may go into a superelevated curve. At different flow rates the -
surface will be higher or lower in respect to the boulders and the
patterns can change dramatically. The boulder mass will not be sym
rical right and left, but will be roughly a flat V (or U) shape. S
+imes there will be ftwo channels separated by a boulder island whic
may or may not be covered at high flows. At low flow rates, only t
bottom of the V is covered with water. AT higher flow rates, the ¢
and the velocity over the bottom of the V is greater, and the sidecs
fhe V becomes covered with water. The dynamic fluid forces cn the
boulders in the bottom of the V increase frcm some modest valte to
targer value; the forces on +he boulders cn the sides cf The V incr
from zero when they are out of the flow to some moderate value. Ir
eral at low flow rates the forces on any boulder are smaller than ¢
high flow rates; however, because the flow pattern can switch arou:
with changes in flow rates, for a few special boulders the opposite

" may be possible.

in the past a few, or many, boulders, large and small, were ar
+o *he rapids on infrequent occasions. These added boulders were .
upon by the dynamic fluid forces of the flow and either resisted *
forces and stayed in place or were moved o a new position where ¥
were able to resist the fluid forces. At the exireme, this new po
weuld be in the downstream pool beyond the toe of the rapids. Zef
closure and regulation by Glen Canyon DJam, the flcod flow each yee
quite large and occesionally was very, very large. These large, a
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very ..rge, flows were unable to remc.2 the boulcer masses thét .‘o!
rapids, but were certainly able o dislcdge and 7ransport many of T
smafl ler boulders in the bottom of the V and hich up on The sides of
V. Since the number of very large tculders added to the rapids is.
ably small, and the small boulcers cculd be swept out in the large
it is likely that only rare events czused much change in a rapids.
with the large floods controlled, the ability of the flow to sweep
added bouliders is less. Some boulders added to +he sides of the Vl
making the V a little steeper and ccncentrating the flow in the bot
of +he V. Some boulders in the bottom of the V siay beiween the v
large boulders tending to make the geometry less severe. The Tend.
in general, therefore, should be to make the rapids easier fo run;
water being higher for a given flow and the deep holes in the bound
geometry somewhat fitled. The ceomeiries of rapids are so complex

ever, that the general tendency will not necessarily be fulfilled
rapids. |t is quite possible that in the zbsence of very larce ¥lo
flcws, there will be a tendency to build up a shallows at the foe
rapids composed of boulders too big for the conirolled high flows I

move farther on into the next pool.

As the degradation of the river bed in the pools, which sfar?.
the closure of Glen Canyon Dam, moves on downstream the depth of f
the pools will increase until a self-sorted armour or riprap layer
tects the bed (unless the bed is already controlled by rock in th
The greater depth implies less velocity and, therefore, less ener
The water surface slcpe should, therefore, be less and the tailwate
vation at the foe of the rapids lower. |f the rock, or armour, |
the toe of the rapids is high, the depth of flow in this area may
small. There is, then, a second tendency for there to be a shallov
boulders at the toe of the rapids in the future more than in the pl

¥ there are not enough boulders to armour the bed at the foe
rapids (an unlikely situation), then degradation at the head of The
could conceivably undermine the toe of the rapids causing a rearr
ment of the boulder mass that could then be either harcer or easi
run than before.

Summary Of Findinas And Recommendations For Further Study I

The observations made in this investigation confirm that ‘rhel
River below Glen Canyon is degrading and the beaches are being fo
though it may be one or two hundred years before +this prccess has
course all the way to Lzke Mead, in the next five, ten, or fiftee
a substantial portion of the most important part of the river wil
changed - and it will not be possible to reverse the acTion and re
the river to today's state or previcus states. Indeed, it is pro
not possible to have extensive sand teaches on the Colorado River
Lake Powell is full of sediment and no longer serves 2s an enormo
efficient sand trao. BSut this would e 2 long time to waif.
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™  The camera s*ati. s which were esveplishaed sacul e usec in 2

Vi monitoring program. Photes could bs Taken several Times a year during
routine patrols or research frips. I+ should only Teke a few minutes
+o find the staticns and take the pictures. A comparison of past and
new photos should be revealing as fc what is happening and how fast it
is happening. |f interpretation of these photos indicate, more stations

at other beaches could be easily esiablished.

4

Nothing can be done about the degradation of The bed of the river.
Fortunately, it probalby doesn't metfer if the bed of The river does
degrade and is eventually composed of cobbles and boulders. In the
reach between Glen Canyon Dam.and Less Ferry, at leas®, the change
seems to be for the better rather than for the worse. Below lees Ferry
fine suspended material is contributed by the Paria and the LitTle
Colorado as well as other smaller tributaries and this portfion of the
river may never be comparable To the reach zbove Lzes Ferry for fishing
but neither should it become worse than i7 is.

The beaches are a different story; they are needed as campsites
for river runners-(Figure 18). They are disappearing although not as
fast as the bed is degrading. In fact, there is reason 7o believe thatv
the major attack on the beaches follcows the degradation of the bed.
That is, as long 2s there is a2 sediment supply to The beach it has a
+tendency to be stable. When The degradation has reached a particular
beach, the supply goes to zero (or close thereto) and The destruction
of the beach begins in earnest.

| f manpower can somehow be made available, pilot studies involving
beach riprapping should be considered. Some preliminary effort to find
out hew to riprap a beach so it looks naturzal, how To move The necessary
rock with li<*le or no equipment, and where to place the rock so it will
stay, would be a worthwhile investmen® before embarking upon a mejor
undertaking to save the beaches.
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