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Valleys display a remarkable association in long
and cross profiles and in the processes of erosion,
transport, and deposition occurring within them.
The adjustment between landforms, the underly-
ing structure and lithology and the processes
occurring within valleys, however, is not always
complete because the resistance to change varies
through the valley, and the energy available to
cause change varies not only in space but through
time. As a result the degree of adjustment itself is
variable in space and time. Any valley will have
within it minor landforms which are relict from the
last flood and most large valleys will also contain
relict landforms inherited from past periods with
different intensities of tectonic and climatic pro-
cesses from those currently prevailing. A study of a
river valley involves, therefore, not just an examin-
ation of current processes but an interpretation of
relict features and deposits which may reveal
something of the historical processes which have
contributed to present-day landforms.

Valley profiles

As soon as water becomes confined in a channel it
starts to modify the shape of that channel, both in
cross-section and in gradient. This tendency is
readily observed in sandpits where rills develop
deep channels cut into steep slopes, but produce
extensive fans at their bases, so that the long
profile of the rill has a steeper gradient at the head
and a gentler gradient on the fan than the original
sand slope. If the flow of water is sustained the
channel will eventually become adjusted through-
out its length so that there is an approximate
equilibrium between the energy of the water
flowing on the sand, the amount of sand trans-
ported or deposited, and the size and shape of the
channel. The idea that streams tend to equalize
their work throughout their courses was first

enunciated by G. K. Gilbert (1877). When applied
to river channels the concept helps to explain why
the upper reaches of streams have characteristi-
cally steep, often irregular, channels with large and
varied bedload materials, while lower reaches have
lower gradients, bedload materials of smaller
calibre, and more regular profiles, yet there is a
continuity in the longitudinal profile.

Longitudinal profiles
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¢mouth. There are exceptions to the general rule
of toncavity because streams in arid regions may
lose capacity down-valley, as water evaporates or
seeps away, and the profiles may then be convex.

Idealized longitudinal profiles are commonly
depicted as being smooth curves throughout their
length, and mathematical formulae are sometimes
applied to these curves, but natural channels are
seldom, if ever, smooth curves when considered
either at a large or a small scale. Outcrops of
resistant rock in channel beds or banks may
produce waterfalls or rapids; tributaries bring into
a main channel increased water and sediment so
that channels adjust by steepening or decreasing
their gradients; and changes in_tw&v’el%&ﬂr
UN:;'?‘L@‘—_CLHWGL.meVIded by
the sea; ake, can cause increases or decreases
in slope at the mouth (Fig. 10.1). Longitudinal
profiles are thus essentially irregular, but have a
general tendency to develop towards the idealized
form provided that there are no changes in the
controlling factors. In reality those factors are
changing with varying speeds, so the adjustment
of profiles to the controls is never complete and an
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Fig. 10.1 Simplified longitudinal
profiles of rivers showing the effects of
single influences upon the profile. In
natural channels many influences may
operate at the same time.
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equilibrium between channel processes and chan-
nel slopes is never fully established. An approxi-
mate and partial adjustment of form and processes
is, however, characteristic of streams and is
denoted by use of the terms quasi-equilibrium or
dynamic equilibrium.

Even at a very local level, long and cross profiles
of channels are irregular. Along their lengths the
line of deepest water, that is the thalweg, repeat-
edly crosses the channel between deeps and shal-
lows alternating along the length and across the
channel.

Base level i used to denote the effectiv

_Base levelis-aterm used to denote the effective.
W@Wﬁmln his analysis
of the term, W. M. Davis (1902) defined ultimate
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level below which rivers cannot reduce the land

urface. i quibble that, in the estuaries
and deltas of large rivers, flowing water erodes to
below the ocean surface, and that wave action can
reduce the land surface to the lower limit of
effective wave attack. Another reservation is that
in limestone terrains erosion can take place below
sea-level, and in arid areas wind erosion may lower
the floors of hollows down to the water table
which may be below sea-level. In spite of such
restrictions sea-level is the approximate effective
lower limit of most erosional processes.

Temporary base levels are formed where resis-

sant rock outcrops form a level below which land

pstream of the outcrop cannot be reduced, and
%aca? base levels are provided by lakes and by trunk
streams for their {ributaries, To (ributary can
cut below the channel of the stream into which it
flows.

Neither ultimate nor local base levels have been
constant in elevation over the last few million
years. World sea-level has repeatedly fallen in each
glacial period and risen in the following warm
interval, with the maximum depression being
commonly close to 100 m and the high sea-levels of
warm periods being near to those of the present.
Rates of change of sea-level may have been as high
as several metres per century. As a result, rivers
flowing to steep coasts with a falling sea-level
sometimes developed waterfalls and rapids, which
gradually migrated upstream. Such breaks in
longitudinal profiles are known as nickpoints. On

Tmore gently sloping coasts stream adjustments
may have involved channel steepening with the
formation of sharp breaks in profile.

The interpretation of the history of base level
change was once a major component of geomor-
phology, butitis now realized that repeated glacial
to interglacial climatic fluctuations of approxima-
tely similar magnitudes, the repeated loading and
unloading of the crust by the growth and wasting
of ice sheets, and the uplift and depression of the
crust by tectonic activity, together with varying
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make any simple interpretation of base level
change unrealistic.

Cross-valley profiles
Cross profiles are as variable as longitudinal

I Tid ar ongitudinal profiles ten
,Fb_eWep and irregular and}cEs_}@;y_pm@
are similarly steep with rock and talus slopes
providing coarse material to the channel bed:
Valleys tend to have narrow floors with little or no
flat land beside the channel. Farther downstream
as the channel slope is reduced and depositional
“processes become increasingly Important the val-
y widens and floo take u

more . Such broad generaliza-
tions have to be qualified because the effects of
tectonic uplift, climatic change-especially of gla-
ciation—the steepness of slopes, and the vega-
tation cover all have a strong effect upon valley
forms, the rates at which they are modified, and
the extent of inherited forms from earlier environ-
ments. Stream channels, however, are usually
modified by contemporary processes far more
rapidly than the valley which they occupy and
channel forms are therefore the best indicators of
current controls.

Bedrock channels

Stream channels are most commonly cut in bed-
rock in the upper segments of valleys, but many
large rivers crossing uplands have channels deeply
incised into rock even in their lower reaches. Far
less attention has been directed at the features of
such channels than towards those of alluvial
channels. The influences of fold structures upon
drainage patterns of bedrock channels have been
discussed in Chapter 4: attention here will be
focused on features of the channels themselves.

Irregularity in long profile seems to be a charac-
teristic of incised valley floors. This is most
noticeable where waterfalls and rapids interrupt
the profile, and where variations in rock resistance
form reaches with alternately confining and less
restricted valley sides, but it is also a common
feature of channels in uniform rock.

It has been shown from flume experiments in
homogeneous material, and by field observations,
that large hollows and risers may occur in longi-
tudinal bed profiles so that locally the channel bed

gradient is reversed. In the Channelled Scablands
of Western Washington (USA) closed rock basins
over 50 m deep were formed by the Columbia
River when it was dammed and diverted south-
wards by a Late Pleistocene ice sheet. Similarly
large scour holes are found in the Snake River
Plain, Idaho, where the sudden draining of Lake
Bonneville produced a catastrophic flood which
transported boulders over 1 m in diameter. Few
rivers have scour holes or other irregularities as
large as those of the Columbia and Snake spill-
ways but irregular bottom profiles are normal
(Plate 10.1). As long as the energy slope (the slope
of the water surface) and the water depth is great
enough it appears that both large bed-material can
be moved, and deep scour holes can be formed, by
stream erosion. There are so few studies of the long
and cross profiles of bedrock channels that it is not
known just how variable, and of what scale, most
bedrock channel forms can be.
Waterfalls and rapids are amongst the most
impressive fluvial landforms and are of value as
actions or_as sites for hydroelec
power ge ion. A waterfall is a site at which

_water falls vertically; : taract_is a step-like
_succession-of-waterfalls; rapids are part of the fong-

WKW
';sjlrl()}ls.Lx:ap_sLopf‘sL Rapids y be completely
owned by the flow at high discharges when
turbulence at the water surface is the only evidence
of the underlying profile irregularity, but water-
falls and cataracts are seldom inundated.
Three general classes of waterfalls and rapids

are commonly recognized: (1) those resulting from
differential erosion of rocks with varying resis-

fferen

tance; (2) th d rtical displacements in
t‘mw those resulting
from deposition in the stream channel (Fig. 10.2).

Horizontal or gently dipping strata may contain
a particularly resistant bed—such as an indurated
sandstone, massive limestone, or dolerite dyke
—in a sequence of otherwise rather weak rocks.
The resistant bed then forms a caprock which
forms the lip of a waterfall while weaker underly-
ing beds are more rapidly eroded, thus undermin-
ing the caprock. The Niagara Falls are an example
of this type in which the resistant Lockport
Dolomite forms a cap while shale and sandstone
beds beneath it are more readily eroded. Recession
of the falls has left a gorge about 10 km long. The
rates of retreat in recent years have varied from 0.1
to 2.0 m/year (Fig. 10.3).




[image: image4.jpg]Alluvial river channels

Channel-forming discharges

In a stable natural channel, with erodible banks
and bed, transmission of the flow and bank
stability must be maintained simultaneously.
There is thus an approximate or dynamic equilib-
rium between erosion and deposition, such that
the channel will be scoured to greater depths
during floods and partly filled with sediment on
falling discharges, or will migrate laterally by
erosion of concave banks and deposition on
convex banks, while still maintaining a similar
form. Such channel changes do not occur at all
flow conditions and many attempts have been
made to define the flows which control the shape,
slope, and size of a channel.

It is commonly asserted%h_aﬁhs‘_d_nmiugﬂt__
channel-forming discharge 1s the bankfull dis-

charge_that is. the discharge which-is—just-con
tained within the banks (Plate 10.4). This idea has
“been extended 1Mo The statement that dominant
discharge = bankfull discharge = discharge with
a recurrence interval of 1.58 on the annual flood
series (i.e. the discharge at the most probable
annual flood).

This approach is an attempt to overcome the
problem that defining bankfull discharge is seldom
a simple matter. Not all rivers have clearly defined
banks with sharp crests and, as a small increase in
stage may produce a very large increase in dis-
charge for a big river, there is some merit in
attempting to define bankfull stage on a statistical
rather than a field measurement basis. There
remains, however, the problem of determining the
discharge which predominantly controls the shape
and size of a channel. There is evidence that some
rivers have more than one channel (i.e. they have a

10.4 A river at slightly above bankfull discharge is just flowing onto its floodplain. Waipaoa River, New Zealand (photo by J. H.

Johns, New Zealand Forest Service).



[image: image5.jpg]low-discharge channel inside a larger high-dis-
charge channel), and many rivers in areas of
strongly seasonal snowmelt or savanna wet-sea-
son floods have channels which are adjusted to
floods more frequent than 1.58 years.

The diversity of views on the nature and size of
dominant discharges is partly a reflection of our
ignorance, but probably also a result of the
variability of stream channels occurring in a
variety of materials, in various climatic and vege-
tation zones, and with varying slopes.

Forms of alluvial channels

River channels are commonly classed as being
either straight, meandering, braided, or anasto-
mosing (Fig. 10.5). This scheme ignores much of
the complexity of channels both because along its
length one river may have several different types of
channel and also because one type of channel
tends to grade into another type. The classification
shown in Fig. 10.6 is concerned only with alluvial
channels, but it emphasizes the variability of
channel forms and their relationship with
streambed gradient and sediment supply and
calibre. The relationships between these factors

and through time. As the gradient, supply, and”
calibre of load change, so does the form of the

STRAIGHT T Alternate bars

channel (Table 10.1). A relatively wide and shal-
low channel is associated with the movement of a
high proportion of bed-material load, whereas a
narrow deep channel is associated with the trans-
port of a predominantly suspended load.
Rivers with straight channels are rare, although
_many rivers have short reache! TE straight.
raight reaches may have a range of sediment
sizes forming the load or may have a predominant-
ly suspension load. Although the channel is not
sinuous the thalweg meanders back and forth
within the channel, and low mud or silt bars are
often deposited along the channel edges.
dering _rivers ve sinuous channels
(sinuosity (P) is the ratio of channel'Tength (7.) to
the length of the meander belt axis (4) (Fig. 10.7).
Truly straight channels would have a sinuosity of 1
and strongly meandering channels sinuosities of 3
or more. A sinuosity of 1.5 is usually regarded as
being the dividing point between meandering and
straight channels, but one type clearly grades into
the other.

Braided streams eral channels which,
exceptat high flood. divide around coarse-grained

’ _S_E_i‘l"hfwm'-EaCh channel may be sinuous but
‘the whole channel system is relatively straight and
indicate why channel forms can vary down-valley /

the width of the channel system is large compared
with channel depth (Plate 10.5).
The term anastomosing is usually confined to

Fig. 10.5 Four major types of alluvial
channel with characteristic channel
bars.

MEANDERING

BRAIDED

o Longitudinal bars.
ST

BRAIDED

ANASTOMOSING

Lingoid bars

Bars (covered in flood stages)
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Table 10.1 Classification of River Channels

Bedload Width/
(% of total depth Erosive Depositional
Type Morphology Sinuosity Load type load) ratio behaviour behaviour
Meandering single >1.5 suspension <11 <40 channel point-bar
channels or incision, formation
mixed load meander
widening
Braided two or more <13 bedload >11 >40 channel channel
channels with widening aggradation,
bars and mid-channel
small islands bar formation
Straight single channel <15 suspension, <11 <40 minor side-channel
with pools and mixed or channel bar formation
riffles, bedload widening
meandering and
thalweg incision
Anastomosing two or more >2.0 suspension <3 <10 slow slow bank
channels with load meander accretion
large, stable widening
islands

Concave bank
Convex bank B
w
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Sinuosity, P, (£;/A)=165

Fig. 10.7 Descriptors of the form of meandering channels.

rivers with relatively permanent and stable sys-
tems of very sinuous channels with cohesive
banks. The channels diverge and converge around
large, stable, vegetated islands (Plate 10.6).

The features which are responsible for many of
the characteristics of river channels are the pools,
riffles, and bars which alternate across and along
the channel.

7,=2.25, €,=23.75, P=3.39

Pools and riffles

Meander belt axis

The thalweg has a zigzag or meandering course
tfmo\ﬁw—ﬁ'mmﬁig}MW
dMe with shallower riffles.
_Pools are topographically low areas along-a-bed-

and they usually have a surface of relatively fine
A e A e T =Y ¢
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10.5 Braided channel of the Waipawa River, New Zealand. In the background is the Ruahine Range which supplies large quantities
of gravel to the river. Note the slip-off terraces on the right.

bed-material. A\rﬂws[rsnmlha—hieh-
formed by a 1 accumulation of coarse
aterial.

m Tay be symmetric or asymmetric so
that the thalweg may diverge around it or pass
along one side. In the latter case the line of the
thalweg meanders down valley (Fig. 10.8). The
tendency for thalwegs to meander is demonstrated
in flume experiments in which a perfectly rec-
tangular channel is occupied by a stream which
gradually forms alternating bars and pools with
the thalweg meandering through them. The same
meandering tendency can be seen if water is
poured down a sheet of dust-coated glass. A
meandering form thus appears to be a character-
istic of streams.

In alluvial channels pools and riffles are made
up of sediments, but even in channels cut in
bedrock deeper sections alternate with rapids. In
the Grand Canyon of the Colorado River rapids

are spaced atintervals of 2.6 km in a pattern which
appears to be independent of the bedrock. About
50 per cent of the decrease in elevation along the
Colorado takes place in the rapids which occupy
only about 10 per cent of the channel length.
Pools in bedrock channels probably develop
below rapids were water velocities are high and
turbulence is at a maximum. In alluvial channels
sorting of coarse and fine material is necessary for
the riffles to be maintained. It has been suggested
that riffles exist as a result of the interaction of the
riffles with the flow velocity. Once coarse material
is in motion it will stay mobile until either an
obstruction prevents bedload transport or water
velocity decreases. As soon as deposition starts
bed roughness increases, velocity falls, and coarse
material accumulates. The result will be a series of
riffles downstream which will become organized
into a spacing which is related to the water velocity
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10.6 Anastomosing channels in the lower Okavango during a flood, northern Kalahari (photo by K. Thompson).

and thus to the channel width. Movement of the
riffle materials can only occur above certain flow
velocities, and at very high velocities all bed-
material may be moved, so riffles may be formed
by flows which are exceeded only 10-20 per cent of
the time. At these intermediate discharges the riffle
materials may move as a kinematic wave from one
riffle to the next, like vehicles between sets of
traffic lights.

1t has been commonly observed that the spacing
between pools and between riffles in alluvial
channels is five to seven channel widths (Fig.
10.8b). As a stream increases its sinuosity by
development of meanders, and hence its channel
length, new pools and riffles form and keep the
spacing constant. It would apear that a spacing of
greater than about seven channel widths is inher-
ently unstable and breaks up into two pool and
riffle sequences initially spaced at three to five

channel widths. This new spacing subsequently
increases to five to seven widths.

Alluvial bars and stream flow

Three t alluvi

recognized: alternating bars, point bars, and braid
bars (Figure 10.5). Bars may be considered as large
bedTfor! ich develop at certain sites along a

channel. Alternatin; i 1
segments within the curves of the meandering

;hk%_‘ﬁ Tweg, and as such they are analagous to point _

bars which form in_the area of relatively low
stream po e inside 1 mez
Because m ing rivers usually have rather

fine-grained bed-material, alternating and point
bars are commonly of silt and sand, but this is not
always the case; both types of bar also occur in
braided channels where they may be composed of
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High water profjje

VERTICAL SECTION

PLAN

Fig. 10.8 (a) A vertical section through an alluvial channel shows the location of pools and riffles and their relationships with the
profile of the water surface. At high stages water velocity increases over the riffle, and can have a depressed surface compared with
deeper, but slower, flow over the pools. This profile preserves the relationship between bed-material and flow. The plan shows the

line of the thalweg.

STAGES
3
3
1

No pools Pools & Pools are Extra pools and riffles

or riffles riffles 1.5 times riffle form in straight reaches
form length

KEY

= Pools < Asymmetric shoal or alternate bar for

Riffle stage 1&2,point bar for stages 34 and 5
waws Erosion

Fig. 10.8 (b) The arrangement of pools and riffles in straight channels and those of increasing
meander curvature (after Keller, 1972).
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gravel and cobbles and they may also be of
coarse-grained materials in some meandering

channels. i € most commo 2
ial, but they also m: d and

ilts, They fo and grow th
as the flow diverges around them. They have
several characteristic shapes but most commonly
are diamond-shaped aligned parallel to the flow,
when they are called itudinal b Plate 10.7).
Such bars are the dominant type in coarse mater-
ials. In sands linguoid bars form transverse to the
Mow; These have upper surfaces which dip gently
upstream towards the preceding bar. Braid bars
are commonly large features many metres long
and wide. The linguoid type are often covered by

dunes and ripples. .

Bars develop in response to the pattern of
stream flow. It has been recognized for several

10.7 Braid bars during a high stage.

centuries that this tends to be helicoidal and such a
pattern is clearly seen inside meander bends. The
spiral in the bend is towards the outer bank at the
surface, vertically downwards at the outer bank,
and towards the inner bank along the bottom (Fig.
10.9). As a result the outer bank is eroded because
flow velocity, and hence bed shear stress, is high
there. Along the bottom towards the inner bank
velocity decreases in the shallower water and bed
shear stress is low, hence deposition can take
place. Sediment from the erosion and collapse of
the outer banks is moved as bedload by the flow on
to the inner bank of the next bend downstream, or
is thrown into suspension until it can settle in the
shallow water close to the inner bank. The result is
the formation of a crescent-shaped point bar at the
inner bend which slopes into the channel at an
angle of a few degrees. The surface of the bar is




[image: image12.jpg]Fig. 10.9 Streamlines showing directions of water movement
in meanders, and the resulting sites of erosion and deposition.
The vertical cross-sections show the relative height of the water
surface in the bends but exaggerate the differences. In many
channels the cross-over point of the flow is delayed towards the
next loop, thus producing asymmetric meanders.

covered by dunes and ripples (if it is a sand or silt
bed) which are active during floods. Alternating
bars have similar origins and forms.

Migration of a point bar produces a sequence of
sedimentary structures approximately equal in
thickness to the maximum depth of the channel.
At the base of the bar channel bed deposits may be
overlain by materials with plane bed lamination
and then by trough cross-bedding formed by

Ripple X

Lag deposits

laminae

River Valleys 275

migration of dunes on the lower part of the bar,
with small-scale cross-bedding from ripples on the
higher part of the bar. Plane bed lamination in
upper parts of the sequence may be evidence thata
high flood has swept across the bar on some
occasion (Figs. 10.10, 10.11).

Braid bars may have similar internal structures
to point bars and alternating bars, although the
formation of dunes and ripples in very coarse
materials is not so well developed as in sands. In
general the materials become finer upwards in the
sequence, as the coarsest debris is moved along the
thalweg and not over the bar. This fining-upwards
sequence also suggests that deposition occurs
predominantly on a falling stage.

Straight and meandering alluvial channels

Straight alluvial channels may| have steep or low
gradients but always have low bedload discharges.
Unless they are incised in bedrock straight chan-
nels usually develop features which lead to mean-
dering, and even the straightest channels have a
sinuous thalweg.

Meandering channels _have geometric forms
whi € Very varl i ios amongst
their properties are characteristic of them regard-
css of the size of the river. Meander wavelength,
amplitude, and channel width are related to the
square root of water discharge in power functions
with the form:

A =KkiQ"5 Aw = k20%%5 we = k3Q%S

Fig. 10.10 Streamlines through a
meander and deposits of point bars and
floodplains. The lag deposits are the
bed-material which can be moved at
high discharges only. Plane beds, or
lamination, develop at medium
discharges, and trough cross-bedding
and ripple cross-bedding at successively
lower discharges (compare this with
Figs 9.9 and 9.11).

Trough X bedding
Plane lamination
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Fig. 10.11 The main depositional features of a meandering channel (modified after Allen, 1970).

where 4 is the meander wavelength, 4, is the
meander amplitude, w, is the channel width, and
ki, ka, k3 are coefficients whose value varies from
locality to locality. Such relationships indicate
that meanders are shaped to discharge the flow
occurring within them, but it is not yet clear
whether the meander form is related to a channel-
forming discharge, such as bankfull discharge, or
to more frequent discharges; nor is the relation-
ship between wavelength and bank and channel
sediment fully understood.

Many hypotheses have been advanced to
explain the development of meanders. Most start
from the assumption that meandering channels
begin with a straight channel which becomes
sinuous. It is true that straight channels do
develop into sinuous channels in flume experi-
ments, but there is no necessity for this to be the
unversal sequence. It is a feature of many newly
initiated rills in the field that they are sinuous from
their inception. Amongst commonly advanced
ideas of cause are the Earth’s rotation; initial
deflection of the current by an obstacle; transverse
oscillations in the flow giving rise to secondary
flows, that is, flows transverse to the dominant
downstream direction of flow; minimization of
energy loss along the channel, and equalization of
energy expenditure. Of these hypotheses that
which attributes meandering to the Earth’s
rotation and Coriolis effect faces the objection that

meandering happens in channels of all directions
and sizes, not just those most suitably aligned, and
nearby channels are not all similarly affected. The
idea of local obstructions may be relevant in a few
cases but is not universally applicable. The most
plausible hypothesis is that meanders result from
secondary flow giving rise to helicoidal motion
and that they are maintained along reaches
because the meander form is the most efficient for
the maintenance of stable discharge of water and
sediment.

It is a feature of most meander loops that they
are asymmetric with the cross-over zones of the
thalweg, and high-velocity flow, being delayed in a
down-valley direction beyond each meander loop
so that it hugs the down-valley bank. This is to be
expected because meanders migrate down-valley.
Consequently, many meander patterns are succes-
sions of straight reaches followed by small
meander loops. An explanation of delayed cross-
over flow may prove to be basic to an understand-
ing of meander mechanisms. As yet no theory has
proved to be adequate.

Braided channels

Braided streams have channels which, at low
water, diverge around islands or bars (Fig. 10.12).
Braiding usually begins when a river is overloaded
with bed-material so that deposition occurs and
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Fig. 10.12 The main depositional features of a braided channel (modified after Allen, 1970).

the resulting braid bar increases in size by extend-
ing from its downstream end. At high stages braid
bars may be drowned and fine-grained material
can then be deposited on the coarser material of
the bar. Many large rivers are braided along
extensive parts or along the whole length of their
course. Such rivers can occur in any climatic
regime.

The chief characteristics which are identified as
being the causes of braiding are t

hich causes the stream to deposit part of its load;

(2) steep slopes which wide shallow
channel inwhich bars i S readily; (3)
w&%_,ﬁ ) alarge bed-materiat
load, in-Ci fison with its suspended load, so

that the large material is immobile except at high
flood stages. The presence of vegetation may have
a considerable influence upon the stability of
channels, for root systems can considerably in-
crease channel bank and braid bar stability by
adding apparent cohesion to the sediment. Thus a
rapidly changing and unstable channel can be
made more stable by plant colonization of its
banks and in some situations the tendency to
braiding may be reduced. This has happened as a

result of climatic change and of human interfer-
ence.

Braided channels are notoriously unstable and
difficult for engineers to control, especially where
the braiding is caused by rapid deposition (i.e. by
aggradation). The Kosi River, India, for example,
receives most of its load from the Himalayas and
its abundant supply has permitted the river to
migrate laterally over its own deposits a distance
of 112 km in 228 years. Diversion of the flow in
high discharges causes the catastrophic erosion of
new channels and the abandonment of old ones.
This condition is aided by the sparseness of
vegetation on the piedmont plains of northern
India. The Brahmaputra also shows severe chan-
nel migration in short periods with rates of lateral
movement of 900 m/year being quite common.
The most significant bankline modifications take
place during falling flood stages when excess load
is deposited, as bars form within the channel,
causing a change in local flow direction and
migration of the thalweg.

Many braided streams have very low flow
depths compared with the channel width (width/
depth ratios may exceed 300), consequently only
the very largest braided rivers like the Brahmapu-
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tra, which is 3-10 km wide, have flow depths in
excess of about 7 m; braided reaches in this river
have a maximum scour depth during floods of
about 25 m, but in meandering reaches scour
depths are proportionally considerably deeper.

Some dunes in sand-bed braided channels are so
large that at low discharges they become braid
bars of considerable size. Some in the Brahmapu-
tra are 8-15 m high and 180-900 m in wavelength.
Such dunes migrate as much as 600 m in 24 hours
in flood discharges.

Long-term channel changes

It has been shown by Leopold and Wolman (1957)
that braided channels have a steeper slope than
meandering channels Tor the same discharge when
the flow Tsjust Ailling the channel(ie. discharge is
éfmmmlot aline can be
drawn separating data points of braided channels
above it, from points representing meandering
channels below the line. Straight channels may be
either of high or low steepness. The graph indi-
cates that for any discharge meanders occur at
lower slopes then braiding, and for a given slope
meanders occur at a smaller discharge than does
braiding.

Experiments and field observations also indi-
cate that the proportions of a stream load which
move as suspended load and bedload, and the size
of the particles in the load also influence channel

sinuosity and meander stability (Fig. 10.6). As a
result of tectonic and climatic changes, discharge
of water, sediment supply and particle size, and
channel slope can change. Consequently it is to be
expected that channel forms will change in re-
sponse to tectonic and climatic effects.

Mississippi River

During a glacial period sea-level around the world
falls as water is retained in the ice sheets which
grow on the Northern Hemisphere continents. At
the same time climate becomes generally colder
and drier; vegetation cover then changes or de-
creases, and in areas on the fringes of glaciers the
sediment supply to rivers is greatly increased in
volume and calibre, as material is washed from
moraines into the stream channels. These environ-
mental changes have very great effects upon the
rivers themselves.

In the Last Glacial the North American ice sheet
supplied great quantities of meltwater and sedi-
ment to the headwaters of the Mississippi, and a
fall of sea-level, of over 100 m at its seaward end in
the Gulf of Mexico, lowered the base level and
caused erosion of earlier alluvial deposits and
scour of the valley floor.

Fisk (1944) showed that during the maximum of
the Last Glacial, about 20000 to 18 000 years ago,
when sea-level was at its lowest, the Mississippi
near its mouth had a steeper gradient than now

0.1 Fig. 10.13 Braided channels have
F Broided steeper slopes, for similar discharges,
= g.Rrede than meandering alluvial channels
O x Straight (redrawn after Leopold, Wolman, and
il * Meandering Miller, 1964, © W. H. Freeman & Co.
All rights reserved.).
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[image: image16.jpg]and that the slope was steepest close to the sea
(Fig. 10.14). As the ice sheet wasted and sea-level
rose during the period 14 000 to about 5000 years
ago deposition in the valley increased, first with
coarse detritus and then with progressively finer
sands. The upward decrease in particle size
resulted from the progressive decrease in channel
slope and the northward retreat of the ice front
which was supplying much of the load until about
11000 years ago. The wave of alluvial deposition
was probably greatest in the lower reaches of the
valley where the effect of sea-level rise was most
immediately felt. Throughout the valley the tribu-
taries were carrying relatively coarse debris and
many of them built fans out into the main valley.
Silts and clays are almost absent from these
late-glacial period deposits, suggesting that they
were carried into the Gulf of Mexico as suspended
load while the Mississippi had a braided channel.

Towards the end of the period of rising sea-
level, possibly in the period of about 8000-5000 y
BP, the supply of coarse sands decreased and the
load was predominantly of fine sand, silts, and
clays. Its volume was still great enough to cause
deposition on the reduced valley slope and the silts
and clays were often spread across the aggrading
floor during floods. Eventually the fine-grained
deposits formed such cohesive banks, and slopes
were so low, that the Mississippi became a meand-
ering single-channel river.

The Murrumbidgee River

The Murrumbidgee River drains from the high-
lands of New South Wales, Australia, towards the
west. It crosses the alluvial Riverine Plain and
joins the Murray River. On the floodplain of the
modern river are traces of old abandoned channels
(paleochannels). The youngest set of paleochan-
nels has been called the ancestral channels and the
older set prior stream channels. The character-
istics of the three sets of channels are given in
Table 10.2.

Schumm (1968) has interpreted the prior chan-
nels as being adjusted to a drier climate than now
with semi-arid characteristics and hence reduced
vegetation cover, so that, although discharge of
water was not high, erosion was severe and the
sediment supply to the channel was large. The
channel was nearly straight and hence had a steep
gradient, great width, and little depth. As the
climate became wetter the vegetation cover in-
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Late Glacal Mississippi Trench

Sea level -30m

Braided

Mid Holocene Backswamps

Braided stream
and backswamp
deposits

Sea level-6m

Meander belt

E“‘“‘ =224 Z0ne of meander,
5 migration

Overbank deposits Braided stream

deposits

Sea level as now

Fig. 10.14 Changing channel patterns and deposits, resulting
from changing sea-levels, supply of debris and discharge, in the
last 20 000 years for the lower Mississippi (redrawn after Fisk,
1944).
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Table 10.2 Features of Murrumbidgee River
Channels in Modern and Former Times

modern

ancestral prior
size small large large
sinuosity sinuous  sinuous straight
width narrow  moderate  wide
depth deep deep shallow
sediment transport low high very high
climate compared with
present — wetter drier
sediment supply
compared with present — larger very large

creased, water discharges also increased, but the
sediment supply was reduced. The ancestral river
then underwent a change to a narrower but deeper
channel with greater sinuosity so that both gra-
dient and meander wavelength decreased. To-
wards the present the climate became somewhat
drier, but vegetation cover did not decline, so the
modern channel remained rather like that of the
ancestral channel, except that it is smaller and
consequently has a much lower meander wave-
length, and transports little sediment (Fig. 10.15).

Underfit streams

Many meandering valleys contain floodplains
over which modern streams flow with meander

+
Prior channel

Ancestral channel

belts much narrower, and meander wavelengths
far smaller than those of the valley. Such streams-
are commonly calledwnanifestly underfit, the impli-
cation being that the windings of the valleys were
produced by much larger meandering rivers than
exist now. The basis to this argument is the finding
that for many streams channel geometry is well
related to modern discharges. The implication, of
course, is that climatic changes have caused a
decrease in discharge over late Quaternary times.

A age type of underfit has pools and riffles
spaced along the stre accordance with its

mﬁeﬁﬁfﬁﬁs spacing is no d 1o the
‘meander wavel mm
meander bend. In other words the channel is
still adjusting to a reduced discharge and has not
yet reduced the amplitude of its meanders to fit the
spacing of its pools and riffles. Several modes of
transformation of channels may be imagined (Fig.
10.16). Further discussion will be found on p. 541.

Short-term channel changes

Hydraulic geometry of stream channels

A graphical plot of stream discharge (Q) against
each of mean water velocity (v), mean depth (d)
and width (w) of the flowing water, slope (S),
channel roughness (), and suspended sediment

Ancestral
Modern channel

Prior
t

Fig. 10.15 Changing channel forms and dimensions of the Murrumbidgee River.
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Survey indicate that the resulting curves show a
power-function relation of Q tow, d, v, S,n,and L;
in the form:

w = aQ®; S = g0,
d = g, n =0’
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where a, ¢, k, b, f, m, g, p, r, J, y, z are numerical
coefficients. As the cross-section area 4 =w.d and
wdv=Q

then aQb.cQ/.kQ™"=Q, or Q=ackQt+/+m
hence a.c.k=1.0 and b+f+m=1.0

Determination of the values of b, f, and m is
useful because it indicates how streams with
different bed-materials and in different environ-
ments adjust to varying discharges. Streams with
uncohesive bank materials, for example, are seen
to increase their width, compared with the deepen-
ing of channels in cohesive bank material. These
general relationships at-a-station and in a down-
stream direction are indicated in Fig. 10.17.
Similar patterns of change for channel roughness
and bed-material size have also been established.

River Valleys 281

Many recent studies have broadly validated the
concept of hydraulic geometry, but also shown
that there is a large variation amongst rivers in the
manner of their adjustments to changing dis-
charge.

Graded reaches
Recognition that an alluvial river tends to main-
ain itself in a stable condition with an efficient
WMW it has been
nown under the term grade since the beginning of
this century, but its most concise definition is
probably that of Mackin (1948) who said:

A graded river is one in which, over a period of years,
slope and channel characteristics are delicately adjusted
to provide, with available discharge, just the velocity
required for the transportation of the load supplied
from the drainage basin. The graded stream is a systes-
i equilibrium; its diagnostic characteristic is that any
change in any of the controlling factors will cause a
isplacement of the equilibrium in a direction that will
end to absorb the effect of the change.

—

For a 1 be graded it must flow on |
ad ‘_B/u—‘w—m\justah’.mzmrials,l'lence channels in bedrock
can e graded. Grade is thus first achieved at
the downstream ends of channels in alluvial
reaches and it gradually extends headwards. A
trunk stream may thus be at grade while its

Osage type underm

Manifest underfit

Fig. 10.16 Types of underfit streams (redrawn after Dury, 1970).
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Fig. 10.17 Average hydraulic geometry
of river channels expressed by relations

of width, depth, velocity, suspended
sediment load, and slope to discharge,
both at a station and downstream
(redrawn after Leopold, Wolman, and

Width —

Depth —

Miller, 1964, © W. H. Freeman & Co.
All rights reserved).

Velocity —

Suspended load —»

Slope —»

Discharge —

tributaries are still influenced by bedrock or local

base levels. A graded reach may exist between two
controls such as rock bars
m @ graded condition is that
it tends towards a condition in which energy
expenditure along a channel is at a minimum and
is evenly distributed along the channel. These
concepts have already been recognized as applying
to meanders and to the mutual adjustments
between water velocity, depth, and width in a
channel. It follows then that rivers tend to develop
graded long profiles. Such a profile would,
throughout its length, be on alluvial materials and
could only occur where base level is constant, and
discharge of water and sediment is relatively
uniform over a period of time. In practice, tectonic
and sea-level adjustments modify base level; and
climate, and hence vegetation cover, is not con-
stant. An ultimate graded condition may thus

Chonge downstream for discharge
of given frequency

——— Change at gauging-station for
'discharges of different frequencies

never be attained so that a quasi-equilibrium is a
closer approximation to reality.

Floodplains and terraces
Alongside the channel of most rivers is a relatively

at_surface extending to base of t
walls. It is appropnately calle € floodplain
it is P ndate ate

Parts of the floodplain close to a channel may
be occupied by river water every one or two years,
but rarer and more extreme floods will occupy
larger areas and with deeper waters. Floods with a
return period of a few years may have a depth of
less than a metre to 1 or 2 m, but some rivers have
much deeper floods—the River Lena, Siberia, for
example, 420 km above its mouth can have a flood
depth of 32 m—and many rivers have depths of
several metres for the 10 year or greater floods.
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A floodplain accumulates its sediments in two
ways: by lateral migration of channels across the
floodplain; and by over-bank deposition from
floodwaters (Figs. 10.10, 10.11; Table 10.3). Each
process gives rise to a distinctive suite of deposits
and related landforms. The character of these
features changes down-valley.

In upland areas the alluvial deposits alongside
rivers are often narrow and relatively thin. They
are composed of poorly sorted mixtures of silts,
sands, and gravels with angular or sub-rounded

Table 10.3 Valley Sediments

particles and a high proportion of feldspathic or
other minerals with a moderate-to-low stability
against weathering and abrasion. Even overbank
deposits may be relatively coarse. As rivers emerge
from uplands their channels decrease in slope and
alluvial fans may be formed with a high propor-
tion of the bedload being deposited. In moun-
tainous reaches a river may carry 5-10 times as
much suspended load as bedload material, butasa
result of abrasion and deposition on fans the
suspended load may be 10-20 times that of
bedload in the lowland reaches and in floods it
may be 100-1000 times that of bedload.

Place of

deposition Name

Characteristics

Transitory channel

Lag deposits
Channel

Channel fills

Composed largely of bedload
materials in transit and similar
sediment forming bars which move
less frequently

Large particles ‘armouring’ the
channel bed; they may be moved
only at very high discharges or

if derived from rockfalls etc.

may be immobile

Accumulations filling abandoned
channels; particles may be from
bed load or of finer-grained
overbank flood deposits, or organic

Channel
margin

Lateral accretion
deposits

Point- and alternating bars which
have been preserved as a result
of channel shifting

Vertical accretion
deposits
Overbank
deposits of
floodplain
Splays

Fine-grained sediment deposited
from suspended load of overbank
floodwater; includes levee and
backswamp deposits

Bedload materials spread on to
floodplains when levees are
breached by flood waters

Fan deposits

Valley Colluvium

margin

Mass movement
deposits

Predominantly bedload with
coarsest material at the fan apex;
lenses of mudflow deposits may be
included

Deposits at the base of hills
derived largely from slope wash,
and soil creep

Landslide debris at the base of
hills, often interbedded with
colluvium




[image: image21.jpg]The alluvial deposits of lowlands are largely
composed of well-rounded quartz sand with silts
and clays. The rate of transport of material within
the channel depends upon how it is carried. The
silts and clays held in suspension move at the
velocity of the water, or at about 1-2 m/s, but
sands move with the bedform dunes and ripples at
about 1 m/day or 5000 times slower than the
suspended materials.

%@LMME@*’W
bil;_a/r%tneaade@wﬂzx;eﬁgaided rivers
usually change course Wi verbank flow
spreads on to the floodplain and becomes chan-
nelled so that a new braided system of channels is
formed, while the abandoned system becomes
fossilized and may eventually be filled in as organic
matter and flood silts fill the depressions. Such
channel changes tend to be catastrophic rather
than gradual processes.

Meandering channels migrate as the outside of a
bend is eroded by undercutting and collapses, and
on the inside of a bend point-bar deposition occurs
to maintain the distribution of sediment along the
channel and to preserve a nearly uniform channel
width. Point-bar accretion results in the formation
of a cross-stratified deposit with a subdued relief
of ridges separated by swales that are the evidence
of the channel migration. The crests of point bars
are usually close to the level of the floodplain,
unless the stream is notably entrenching or build-
ing up its bed, so the floodplain level may not
change its altitude during lateral migration of the
channel.

The ages of point-bar deposits may be deter-

Valley widening
by laterally
migrating
meanders

Avulsion ®

mined from the ages of trees on the floodplain,
from '“C dates of organic matter infilling the
swales, or from aerial photographs. Such studies
show that many channels migrate at rates of
metres per year, yet the overall size of the flood-
plain does not change greatly. The floodplain is,
rather, a deposit of alluvium which moves into an
area, is stored for a while, is weathered, and then
moves on down the valley.

The high rates at which natural channels may
migrate laterally is indicated by the Kosi River of
northern India whose channels have migrated
laterally an average of 760 metres per year over
several centuries, and the Mississippi near Rosen-
dale with migrations of 49-190 m/year. Similarly
high rates are common for the rivers of Bangla-
desh.

In the process of migrating, a meander loop

becomes increasingly sinuous until it is cut off
cither at the neck o the fory chute
along a swale between twi mT bars(Eig. 1048},
The cut-off loop is then abandoned becomes
plugged with bank deposits alongside the newly

cut shorter and straighter channel. Oxbow lakes
are temporary features which are eventually filled
with organic matter and sediment deposited from
overbank flows.

Vertical ion of a floodplain occurs duri
deveralmonths and be either very shallow or deep

inundations. As a consequence, the deposits of a
single flood can range from a millimetre to a metre

or more in thickness. It jscommon for the greatest

Fig. 10.18 Meanders and floodplains.
Note that valley-widening tends to trim
the ends of spurs and creates cliffs, thus
decreasing the interlocking of spurs
from either side of the valley, and it
also develops a floodplain. Neck
cut-offs leave oxbow lakes.

Meander chute
cut-off
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e Mississippi. When levees extend well above
floodplains they may be breached during floods.
The breach cut through the levee is called a
' crevasse the -like deposit o
in _is cal]_d a_ crevasse splay—targe
breaches may (- to be
diverted on to the floodplain were a new levee
system is built up and the lower reach of the old

channel is then abandoned, Such nel diver-
We igs. 10.11, 10.14, ~TO.T0).

At ledst i s have been rec

being invi aching of the levees of t
OWer M1551551Ep1 (1)

_scour pool at the outside of meander bendsduring
Wtag_s, (2) over-steepening at the base of

an bank causmg subaqueous_lands
the b subaqueous landslides

in part of the k lead to Tailures in contiguo
a_rey.?he largest failures occur in sandy and
point-bar deposits, while the clay plugs of former
oxbow lakes are more resistant and may impede
free development of migrating meanders.

Vertical accretion has been widespread in the
lower reaches of many rivers during the last 12000
years or so because world sea-level has been rising.
It is improbable that such excessive accretion
would occur under conditions of a stable base
level.

Alluvial plains

sive plai med of alluvial deposits occur
T €S, .duc

plains are partly low-angled alluvial fans, but also
they have some of the characteristics of flood-
plains formed by braided rivers. The High Plains
of the central United States are veneered by sands
and gravels of the Ogallala Formation which
covers an area 1300 km long and 500 km wide.
This formation is up to 150 m thick and has been
formed as a result of severe erosion, in the Rocky
Mountains, which accompanied tectonic uplift

and the frequent climatic changes of the late
Cenozoic. Similar piedmont alluvial plains form
the Argentine Pampas on the eastern side of the
Andes, the Canterbury Plains of New Zealand to
the east of the Southern Alps (Plate 10.8), the
Indo-Gangetic Plain south of the Himalayas, and
the Po Valley Plain south of the European Alps.
Many of these plains have been built up spas-
modically during periods of severe erosion and
glaciation in the uplands when sediment supply
was at a maximum. The thickness of sediments
below the Indo-Gangetic Plain and the Po Valley
has also been greatly increased because these are
areas of crustal subsidence. The nature of the
sediments depends upon the type of river whi
hasbut € deposit and much of the histor:
changing ischarges may be
mterpreted from the sedimentary record (Fig.

Terraces

Fluvial terra benches, approxi ral-
the channel or val s, which usually -~
resent former levels oodplains or_vall

floors.. Terraces may be discontinuous or con-

tinuous down the valley; it is common for the
lowest terraces in a sequence to be more con-
tinuous and younger than those at higher eleva-
tions, which are older, more eroded, and dismem-
bered. Terraces are separated from one another by
steep risers and have nearly flat surfaces, which
sometimes have old floodplain features on them,
and which usually dip down-valley at an angle
which may be similar to or different from that of
the modern floodplain.

River terraces, like floodplains, may be cut
across bedrock so that they are essentially rock
cut-surfaces bearing a veneer of fluvial sediments,
or they may be formed on thick alluvium (Fig.
10.19; Plates 10.1, 10.5, 10.9).

ock cut-terraces result from ingisis
i n ing resistant rock. The incision may
result from either uplift of the land or from a fall in

sea-level; in either case it is the relative fall of base
level which causes incision. The term strath terrace
is sometimes applied to rock cut-terraces after a_

oTtSh3Trath and [ valley, with

ck cut-floor. A special type of cut terrace occurs
m'[ﬁﬁﬁﬁ.fbeds of resistant with less resistant
rock so structurally controlled terraces are formed
by differential erosion.




[image: image23.jpg]10.8 The alluvial plain of Kaikoura, New Zealand with the Kaikoura Ranges in the distance and the bedrock peninsula in the
foreground. Note the terraces, on the peninsula, formed by wave action and now uplifted (photo NZ Geological Survey).

Terraces formed in fluvial sediments are very
common. They may result from infilling of a valley
with sediment, as a result of an increase in load, a
decrease in discharge, or a rise in base level, and
therefore a decrease in channel slope. Because of
the frequent changes of climate which have char-
acterized the late Cenozoic, and the accompanying
changes of sea-level, many river valleys have
experienced alternating phases of infilling with
sediment and latter incision of those sediments to
leave flights of terraces.
filling of valleys, that is
_from an’oversu of i

radation, results

ggradation
may result from a phase of accelerated erosion on
slopes resulting from a severe storm, a fire,
devegetation, a longer-term climatic change, in-

creasing rates of denudation, or changes in the
mode of erosion as when severe frost action or
glacial erosion occur in a cold climate. It may also
occur after severe tectonic events, or a volcanic
event which produces much debris. Decreases in
discharge are most commonly the result of a
climatic trend towards aridity. Incision of the
aggradation deposit occurs when the stream in-
creases its capacity to transport debris relative to

the supply.mg}er@m—@a_ﬂy,wﬁ
rate of denudation. an increase in the vege-
tati Ver,.Qr an i ase i b . An
increase in slope may be caused by tectonic tilting
but it may also result from more local adjustments

to removal of channel obstructions, readjustments
of stream gradients, as when meandering channels
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Fig. 10.19 Types of valley terraces and structural benches.
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10.9 Terraces of the Rangitikei River, New Zealand, have been cut in mudstone bedrock during the last 250 000 years as the land
was uplifted. Each terrace has a veneer of alluvial deposits. Note the point bar and floodplain in the foreground and the channel bars

farther downstream.

develop a braided habit, or the capture of a
drainage system by a river at a lower elevation.
Shortening of channel lengths, as when a main
channel migrates laterally and reduces the length
of its tributaries, may cause incision and terrace
formation along the shortened reach.

The significance of tectonic warping is evident
where uplift rates have been measured with an
extreme of 5-7 m/1000 years or up to 7 mm/year.
Thus in 10 years a change of slope of 70 mm per
kilometre of channel may occur and this is suffi-
cient to change the direction of the energy slope of
some rivers.

Repeated episode radation an si
are so_com that valley deposits s:
evidence of alternatin; ases of cut and fill With

€ach phase of alluviation the older cut terraces

have been buried, and with each period of incision
some of the fill is eroded away, so a valley may
have experienced far more episodes of cutting and
filling than are represented in either the terraces or
the infill deposits.

Both paired_and unpaired It
where there is a structural control on Terrace
1only, where downcui-

levations or, more comm
?ﬁﬂh@‘gﬁm_uqu_m such a
sifuafion the terraces on either side of the valley
match each other in elevation and slope, i.e. they
are paired.

Mnpaired terraces form where a channel is
prcdominanThy miETng Taismily Soron 2 TAt-
ley—particularly across a_wide valley—s at

incision is of less significance. Conditions of slowly
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errace sequences are seldom complete and
ple to interpret. In its lateral migrations a river
may undercut one valley wall and erode away the
terraces above it, while leaving the sequence
complete in other reaches. Resistant outcrops may
protect some terrace remnants downstream of the

outcrop to for: k-defended terraces with a
limited downstrg;%m
i €dip 0 leave slip-off slope
terraces on one side of the valley but a river cliff on

mmm—m%m incomplete
sequences can easily create problems for the
geomorphologist, who seeks to reconstruct past
erosional and depositional events by interpreting
the record of change from terrace forms and
deposits. Some workers have created difficulties of
correlation for themselves by referring to terraces
by altitude or by number—as in ‘the 50 m or 3rd
terrace’—when it would be safer to give it a
geographical name, e.g. the ‘Frasertown Terrace’,
so that correlations can be attempted only when
the full sequence has been recognized.

Terraces are not always clearly defined features,
for their form may be obscured by erosion, by
partial burial by fans, by wind-blown sand, loess,
or volcanic ash, and in active tectonic areas flights
of terraces may be offset or displaced by faulting.
Terrace chronologies are, therefore, not always
easy to establish and, because of the multiplicity of
causes of terrace formation, are often very difficult
to interpret without a very detailed study of the
sediments and the floras and faunas they contain.

Alluvial fans

alluvial fan is a fluvial deposit who
forms a segment of a cone that radiates downslope

from an apex where the depositing stream leaves
mpsomme?mmy
it @ mountain and the depositional area is in a
valley, a basin, or at the margin of a plain (Plate
10.10). The long profiles of the stream channel are
concave and are continuous from the mountain
reaches into the alluvial fan. Alluvial fans grade
in! i i erosional pedi-
ments which are cut across the edge of an upland.

Pedim s_have lower angles of

slope than fans, and their alluvium forms a thin
veneer across 4 cut surface whilst fans are thick
depositional features (Figs. 10.21, 8.13).

T teral coalescence of many alluvial fans
along a mountain front is commonly called a.

“bajada in North America. Along bajadas many
small Tans lose their fan shape where they are

Nl -

restricted by adjacent larger fans. An alluvia
lowland that lacks the form of coalescing alluvia
fansisbestcatied an alluvial slope or alluyi NS
Fans vary greatly in size from a few metres u;
length to more than 20 km and the thickness o
their deposits is likewise variable. Where deposi
7

tion is occurring in a sinking basin, such as%
graben, fan deposits may be hundreds or eve

thousands of metres thick; as a general guide fans
may be distinguished from thinner deposits, such
as those of pediments, by the thickness of their
deposits exceeding 1/100th of the length of the
landform from apex to toe.

Alluvial fans have a great diversity of sizes.
S types of deposi =

teristics. They are most common in arid and
s:m_f)arts of the world although they do also
occur in humid areas, but their dominant areas of
occurrence are tectonically active mountains
where the upland source area is being raised by
contrast with the depositional zone. Such tectonic
environments permit the deposition of very thick
fans. Fans are thus common in mountains of
humid regions which have been glaciated and,
because a ready supply of debris is necessary for
fan formation, they develop in terrains of readily
eroded rock such as mudstones or highly fractured
hard rocks. Massive resistant rocks seldom pro-
vide suitable environments for fan formation
because trunk streams in valleys can remove the
small quantities of debris carried by tributaries.

Fan processes and deposits

The dominant influence upon fan morphology
and”> ‘pmm}frﬁiﬁ
&bﬁs—?ﬁm deposit-
iowmsed by decreases in
stream depth and water velocity. This may occur
at the apex of the fan or, where the stream is
entrenched in its own apex deposits, some distance
down the fan. Here the channel opens from its
confined single trench and spreads out on the fan
to form numerous distributaries as water infil-
trates into permeable fan sediments. The loss of



[image: image27.jpg]10.10 An alluvial fan formed during a severe storm accompanied by much landsliding and sediment transport. Since the storm,
rivers have incised and left low terraces in the deposits, Ruahine Ranges.

Fig. 10.21 Sub-surface profiles of a pediment which has been
cut across a mountain front. The front is faulted.

discharge causes streams to drop their sediment
load. Inevitably the largest-calibre debris is
dropped first and the size of material progressively
decreases down the fan. This simple relationship,
however, is often disturbed because rare large
floods carry coarse material beyond the apex and
deposit it amongst the finer sediments character-
istic of the middle and toe sections of the fan.
The deposition of coarse debris near the head of
the fan causes the stream to braid, and continuing
infiltration may prevent it from maintaining even
a braided system, so a channel network may be
replaced by sheetflow in the middle part of the fan.
The proportion of a fan that is flooded by a rare
storm flow varies with the size of the source and
fan area. Fans larger than 100 km? may have only



[image: image28.jpg]5 per cent of their area affected by the flood, but
smaller fans of 1 km? may have more than 20 per
cent of their area covered by a flood of the same
occurrence interval.

Climate is an important variable affecting fans.
Periods of accumulation of debris often coincide
with accelerated erosion in the source area, per-
haps as the result of a decrease in vegetation cover,
a lowering of the tree line, an increase in stormi-
ness, or more severe physical weathering. Alterna-
tively, accumulation may occur because of de-
creased competence of transportational processes
at the mountain foot. This may result from
decreased flow or a reduction in flood flows.

Lakes

Lakes are bodies of still water occupying depres-
sions in the ground and having no direct opening
to the sea. All lakes are temporary features of the
landscape on a geological time-scale, but their
duration may vary from a few hours to millions of
years. At present lakes are most common in
northern latitudes and in high mountains which
have been recently glaciated. Such lakes have fresh
water, but the rarer lakes of sub-humid regions, or
those close to the sea, may be saline.

Lake basins may be formed by tectonic, vol-
canic, landslide, glacial, fluvial, eolian, or marine
processes, or be the result of solution, accumu-
lation of organic matter, or meteorite impact.

The tectonic movements which form lake basins
may be gentle warping, folding, or faulting. The
East African region provides excellent examples of
such lakes with Lake Victoria occupying a shallow
basin with upwarped margins and Lake Kyoga a
river valley system which has been drowned by
backward tilting of the plateau surface. Large
elongated lakes like Tanganyika and Malawi
occupy rift valleys (Fig. 4.31). In volcanic regions
lakes may form in calderas, craters, or behind lava
barriers.

Shallow, and usually short-lived lakes may be
impounded when landslides block valleys and
river deposits may themselves impound water
when levees of main rivers rise above floodplains,
block tributaries, or create depressions between
levees. Such fluvial features are common in the
lower Mississippi and Yangtze valleys.

Glacial activity creates lakes in several ways.
Erosion carves hollows in bedrock, glacial debris
forms dams across valleys, and melting ice masses

in moraine or deeply frozen ground produce
hollows which become small lakes. Most of the
large valley lakes of glaciated mountains occupy
hollows carved in bedrock and many such hollows
are increased in depth by an impounding dam of
moraine. The Italian alpine lakes like Como and
Garda are clearly impounded by glacial moraines
and the great depth of the lakes has been attri-
buted to deep fluvial incision when the Mediter-
ranean virtually dried up in Miocene times. In this
case the significance of glacial erosion is debatable.

Lake basins of many sizes have been formed by
solution in limestone areas, by wind deflation of
hollows in arid regions, between sand dunes in
coastal and arid areas, and behind spits and bars in
coastal areas. Less common are those created by
meteorite impact such as Ungava Lake, Quebec,
by beavers building log dams, or men mining
minerals underground and allowing subsidence to
occur into the excavation. Quarries are also
common in industrial regions.

Because they have so many origins lakes are not
readily classified, but they are of considerable
geological importance. The presence of lake beds
and shorelines in areas now well drained, or arid, is
often a valuable indicator of past geological or
climatic events, and they are particularly valuable
in arid regions where carbonate or organic matter
in the lake deposits can be dated and used as an
indication of formerly more humid climates.

All lakes are temporary features of the land-
scape which are gradually infilled with sediment,
especially by the growth of deltas and the gradual
deposition of muds and organic matter (Fig.
10.22). The infill material may itself be a valuable
geological indicator, for peat can be dated and the
annual sediment layers, or varves, of lakes close to
an ice front may be counted and used for establish-
ing a chronology of glacial retreat. Old lake shores
around the periphery of a lake basin may indicate
the greater extent and size of former lakes and
hence of wetter climates in the past.

Drainage basins as units

The drainage basin is the fundamental unit in
geomorphology within which may be studied the
relationships between landforms and the processes
which modify them. The basin is the collecting
ground and storage container for precipitation,
the system of routes by which water and sediment
are transported to the ocean, and the expression of




