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Abstract
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Deltaic processes were studied on the Laitaure delta. Specific aims were
to: analyse forms and processes in distributaries with regard to hydraulic
geometry relationships; investigate the distribution of water into different
distributaries; analyse the morphological development of the delta; and
quantify the advance of the delta front. Further, a brief study was made of
the bottom sediments in Lake Laitaure.
It was concluded that distributaries may be distinguished by at-astation hydraulic geometry relationships, depending on their state of
activity and their location in the delta, i.e. distance to the delta front.
Differences in activity between distributaries were also shown by the
"delta" (analogous to downstream) hydraulic geometry relationships.
Large similarities in "delta" hydraulic geometry were found between the
Laitaure delta and the Volga and Danube deltas (cf. Mikhailov, 1970).
It was found that the discharge in a distributary is linearly related to
the total discharge in Rapaalven, and that the main distributary system
may, inter alia, be distinguished from the other systems by its: (1) higher
rate of increase in discharge with total discharge; (2) decreasing proportion of the total discharge as this increases. Threshold discharges, i.e. the
total water discharge in Rapaiilven below which a channel has zero discharge, were determined for the "secondary" distributaries.
The temporal variation in flow distribution is indicated by, for example,
changes in the rate of deltaic advance at different mouths and aggradation of channel beds within distributary systems that have experienced
reduced flows. It is concluded that the flow distribution is an important
factor to be considered in studies of river deltas.
The delta is growing by about 0.38 km2/year, equivalent to an advance of
the delta front by approx. 4.5 m/year. Disintegration of vegetation is abundant all over the delta except for the distal parts. However, the proportion
of delta lake area has decreased and the proportion of vegetated area has
increased due to miniature delta formation, and deltaic growth.
X-ray radiographs of sediment cores sampled in different parts of
Laitaure, reveal annually laminated deposits, for which the variations in
temporal and spatial sedimentation rates were investigated.
Keywords: Recent delta formation, hydraulic geometry, distributary forms
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ERRATA:

p. 56. (lst paragraph in Section 2.5.6., lst sentence) slope (s) should be
included.
p. 69 (4th par., 3rd sent.) Reads ...This is also the water stage of Laitaure
as presented in the map (in cover pocket) and in the maps in
Section 4.5.
Should read .. .This is also the water stage of Laitaure as presented
in the maps in Section 4.5.
p. 72 (Fig. 4.2. text) Following sentence should be included: The height of
the levee crest is about 1 m above the water surface.
p. 76 Fig. 4.3: The mean velocity axis start at 0.1 m/s and ends at 1.0 m/s
p. 82 (lst par., last sent.) Reads ...The plots show a slightly lower crosssectional area and slightly larger velocities in the later period for
discharges up to about 200 m3/s.
Should read ...The plots show a slightly fower cross-sectional area
and slightly larger velocities in the later period.
·
p. 86 (3rd par., 4th sent.) Reads ...As can be seen in these plots, the
scatter is quite large, especially as concerns the discharge to width,
and discharge to depth relation.
Should read ...As can be seen in these plots, the scatter is quite
large.
Section 4.2. The term "percentual discharge" should be replaced by
discharge percentage (or percentage discharge) since the word
"percentual" apparently is non-existing in the English language.
p. 102 (lst par., 2nd sent.) Reads .. .lts activity has since then decreased,
because of decreasing gradient in association with elongation into
the lake by approximately 260 m.
Change 260 m to 250 m
p.117 (2nd par., lst sent.) Reads ...The fork was surveyed in 1958
(Mattson, 1958; Axelsson, 1967).
Should read ...The fork was surveyed in 1958 (Mattson, 1959;
Axelsson, 1967).
p. 122 (lst par., 3rd sent.) Reads ...The junction was surveyed in 1958
(Mattson, 1958; Axelsson, 1967).
Change Mattson, 1958 to Matsson 1959.
p. 125 (Fig. 4.33, text, last sent.) Change 494.5 to 494.4
p. 126 (3rd par., 2nd sent.)Change: 20 m2 to 30 m2.
p. 132 (Figure 4.38 above) areas above the 0-contour should have a greytone similarly to the rest of the figure.
p. 158 (6th par., last sent.) 50 % should be replaced by 59 %.
p. 171 (2nd par., 3rd sent.) Reads ...The yearly deposition at the delta front
(i.e within the boundary of the 1958 map, Fig. 4.38) is estimated to be
about 60000 tonnes on the average, of which about 25000 tonnes are
assumed to be bed load (cf. Section 4.5.3).
Should read ...The yearly deposition at the delta front is estimated to
be about 60000 tonnes on the average, of which about 25000 tonnes
are assumed to be bed load (cf. Section 4.5.3).
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1.

INTRODUCTION

1.1.

Background

The Laitaure delta is located 40 km northeast of Kvikkjokk and approximately 100 km north of the Arctic circle at the eastern border of the
Scandinavian mountain range in Swedish Lappland at N 67°10', E 18°10'
(Fig. 1.1). The delta is formed in the Lake Laitaure by Rapaiilven, which is
a tributary to Lilla Luleiilven (Sw. iilven: the river). The delta is the most
rapidly growing delta in Sweden, owing to a large number of glaciers, few
lakes, high precipitation, and great relief within the drainage basin.
Rapaiilven drains the main part of the Sarek national park, which
contains the largest high mountain area in Sweden with approximately 30
peaks higher than 1800 m a.s.l. The highest peak in the area is
Sarektjakko, 2089 m a.sJ.
Fredrik Svenonius was probably first to conduct scientific investigations, both geological and glaciological, in Sarek. He commenced
geological studies in the region in 1877, which resulted in several publications (e.g. 1880; 1900). Axel Hamberg then started extensive scientific
investigations within the Sarek region in 1895, and he spent practically
every summer until 1931 in Sarek. Hamberg was a pioneer in photogrammetry and his collection of photographs from the Sarek region is
quite remarkable. Older photographs of the Laitaure delta presented in
this essay are have been selected from this collection. Hamberg's interests
were, however, mostly directed towards geology, glaciology, topographic
mapping, and meteorology.
The delta itself was studied later by Valter Axelsson (1967). His comprehensive studies concern deltaic morphology, hydrology, and processes.
Axelsson's work has largely acted as a basis for the present study, and it
must be emphasized that it has been most valuable to work in an area that
has been so well studied and described in an earlier work such as that by
Axelsson. In connection with Axelsson's work, a number of students
wrote reports on, for example, water and sediment discharge at the outlet
of Lake Laitaure (Zackrisson, 1957), the delta front (Widersten, 1959),
hydrology and sediment transport (Lund, 1959), and development at forks
and junctions (Mattson, 1959).
Tengvall (1920; 1925) studied the vegetation in Sarek, and a part of the
latter study focused on the succession of the vegetation in the Laitaure
delta. Waldemarson Jensen (1979), also studied the vegetation of the delta,
especially the successions in relation to the development of the delta lakes.
Besides the initial glaciological studies by Svenonius and especially
Hamberg, a number of studies have been made on glaciers in Sarek.
Stenborg studied Mikkaglaciiiren and especially its drainage (1965; 1968;
1969; 1970). Holmlund (1986) investigated the response of Mikkaglaciaren
to 20th century climate change, and Holmlund (1994) compiled data from
27 glaciers in Sweden including Mikkaglaciiiren and Parteglaciiiren.
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Introduction

The designation of the delta used here is "the Laitaure delta", and not
"Rapadeltat" which is sometimes found in Swedish literature. The
common way of designating deltas is to use the name of the river that
builds the delta. However, because upstream of the delta, within the valley
Rapadalen, another delta formation named Rapaselet, has totally filled
the original lake basin. Rapaselet is also sometimes called Rapadeltat.
Consequently, in order to minimize misunderstanding, the designation
"the Laitaure delta", is used. Also, both Axelsson (1967), and
Waldemarson Jensen (1979) used the name Laitaure, and the delta is
therefore known under that name in the international literature.

1.2.

Aims of the study

This study is divided into two main themes. Firstly it is focused on the
general morphological development of the delta (aims 1 and 2), and is then
largely comparative, based on earlier works of the Laitaure delta,
especially that by Axelsson (1967), but partly also that by Waldemarson
Jensen (1979). The second theme concerns the distributaries, and includes, hydraulic geometry, morphological development, and distribution
of water (aims 3 and 4).
The aims of the study are to:
1. Analyse and quantify the development and advance of the delta front,
especially since 1958.
2. Analyse the development of the distributary network, and the
morphology of the delta plain, including changes in the area of delta
lakes, vegetation types, and distributaries.
3. Utilize and test the hydraulic geometry concept for delta distributaries.
4. Describe the distribution of water through different distributaries, and
analyse changes of this distribution with time.
The delta front was surveyed in the summer of 1985 (Andren, 1986), and
the main distributary mouth area has since then been re-surveyed, as a
data base for aim 1 above. The basis for aim 2 is achieved by air-photo
interpretation of the entire delta and comparison with older maps. In
addition, two bifurcations and one confluence are mapped in the field.
Measurements of water discharge and transections in ten different distributaries provide the basis for aims 3 and 4.
The aims are interrelated so the results and discussion of, for example,
aims 3 and 4 depend on the results of aims 1 and 2. In discussing aims 3
and 4, the following questions are asked:
- Is it possible to distinguish channels that experience increased flows
from channels that experience reduced flows, based on the at-a-station
hydraulic geometry.
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- Is there some sort of "delta" hydraulic geometry, analogous to
downstream hydraulic geometry for an ordinary river?
- Will the hydraulic geometry concept help us to understand the
processes of pendulum mechanism in the activity of delta distributaries
whereby the water is distributed through different channels, and
variations in this distribution.
As a deltaic distributary channel lengthens into the receiving basin, the
gradient decreases. At a delta with several distributaries, the water then
might find a shorter route through some other distributary with a steeper
gradient. The old main distributary will then experience decreasing
flows, whilst the "new" main distributary will experience increased flows.
The distributary that experiences increase in flows is initially too small
for these flows, whilst the channel that experiences decreasing flows will
be too large. The changes in flow regime for these distributaries will
therefore cause changes in their geometry, i.e. changes in width and
depth, and changes in mean velocity. This should therefore be reflected in
the hydraulic geometry of these channels, both in the case of at-a-station
hydraulic geometry for the individual channels, and as regards the
"delta" hydraulic geometry.
Besides the aims outlined above, some bottom sediment cores were
taken in Laitaure for a brief analyses of the sediment that will form the
future bottomset beds of the Laitaure delta. According to Axelsson (1967, p.
96), only 10 % of the sediment input to the delta (cf. Section 1.6) by-passes
the lake, with most of the deposition probably within the delta front area.
The following main questions were then raised: (1) how are the sediments
distributed within the lake?; (2) is the sediment annually laminated? In
order to look closer into these problems, the sediments in the lake were
studied by sediment coring, and by using the technique of X-ray radiography of sediment cores (cf. Section 3.5.1).

1.3.

Drainage basin

The drainage area of Rapaiilven is 662 km2 upstream of the Litnok hydrometeorogr~ph (Fig. 1.1, see also Section 1.6), and 677 km2 at the proximal
part of the delta. These figures are based on area measurements of the
topographic map: Sareks nationalpark BD 10 (Lantmateriverket, 1992).
The Sarek range, mainly drained by Rapaalven, is the largest continuous high mountain (alpine) region in Sweden. There are 53 glaciers in the
drainage basin covering an area of about 75 km2, or about 11% of the total
drainage area. The largest glacier is Parteglaciiiren with an area of 14.1
km2 (Schytt, 1959, p. 214), and according to Holmlund (1994) 11.1 km2 in
1980. The best known of the glaciers is Mikkaglaciiiren with an area of 7 .9
km2 in 1960 (Stenborg, 1970 p. 8), and 7.1 km2 in 1980 (Holmlund, 1986, p.
291). In 1915 the area of Mikkaglaciaren was 8.8 km2 or 98% of its
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Holocene maximum, whereas it in 1980 was 80% (Holmlund, 1986).
During the period 1960-1980 the total mass loss for Mikkaglaciaren was
30 . 106 m3 (Holmlund, 1986 p. 301).
The geology of the Sarek mountains was studied in the late 1800's by
Svenonius (e.g. 1880, 1900) and later also by Hamberg (e.g. 1901; 1910 a; b;
1915). More recently, a geological map with a description has been compiled for the region (Kulling, 1982). The following description is principally based on this latter work. The drainage basin is located within the
Caledonian mountain range, which consists mainly of overthrust rock
masses. The greater part of the high mountain area consists of the
uppermost and upper thrust rocks, mostly amphibolite, but also including
quartzites and garnet-mica schists. In the middle part of the drainage
basin, i.e. the larger valleys, large areas are built up of Precambrian
rocks belonging to the middle and lower thrust rocks. These are mostly
acid igneous rocks, principally granite and syenite. The lowest parts of the
Rapadalen valley belong, however, to the Precambrian basement, principally consisting of granite and syenite. On this basement rests a sequence
of autochtonous sediments, the Hyolithus series, mainly consisting of
shales and sandstones (named after the fossil Hyolithus sp. of lower
Cambrian age).
Sarek was probably totally covered by ice during parts of the last
glaciation. Findings of erratics on the highest peaks in Sarek give evidence of this (Hamberg, 1901; Markgren 1973). Melander (1982) summarized the last glaciation in the following phases:
- The glaciers within the Sarek region grew during the initiation of the
glaciation and spread over the lower eastern and western mountain
areas.
- When the ice mass had grown in area and height, the ice flowed from
east to west over the high mountain areas, resulting in till deposits
even on the highest peaks.
- When the deglaciation began, the ice divide was displaced towards the
west, where the precipitation was higher.
- During the deglaciation the highest peaks appeared as nunataks. Sarek
acted as a glaciation centre from where ice flowed, at least towards the
west-north-west and east-south-east.
- During the last phase of the deglaciation the activity of the ice was
largely reduced. In larger valleys, terraces were formed by melt-water
from higher areas against remaining ice-bodies.
In the lower part of Rapadalen the direction of glacial striae is from
west to east, following the main direction of the valley. Here, lateral meltwater channels were formed between an ice-body in the valley and the
mountains to the north of Laitaure (Elofsson and Jansson, 1961). The area
was released from the ice about 9000 (C14) years ago (Melander, 1982).
Von Sydow (1983 a; b) has compiled vegetation maps of the area.
Following von Sydow's classification, the major vegetation types within
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the drainage basin are: birch forests, meadows, heaths (grass, dry, fresh,
wet, etc), blocky areas and bed-rock outcrops. The birches reach levels of
700-740 m a.s.l in Rapadalen, whilst heaths cover the ground up to about
1100 m, except for the steeper parts. The largest part of the drainage area,
approximately above 1100 m a.s.l. comprises the class "blocky areas and
bed-rock outcrops". Coniferous forests are only found along Lake Laitaure,
outside the drainage basin of the delta.

1.4.

Climat.e

The climate of the drainage basin changes gradually from a maritime
climate in the northwestern part to a more continental type towards the
southeast (cf. Atlas over Sverige, 1953; 1965). However, as Axelsson
pointed out, the climatic elements vary considerably with altitude and
exposure, so the drainage basin is characterized by a great variety of
climates. The northwestern part has probably the highest precipitation in
Sweden, in the order of 2000 mm/year. In the southeastern part, at Aktse,
the average annual precipitation is only 600 mm (Axelsson, 1967, p. 59).
Meteorological observations started in the Sarek region in 1895 by Axel
Hamberg. Continuous meteorological records for some periods are available for three localities, namely Litnok, Aktse and Partetjakko (Fig. 1.1).
At Aktse (530 m a. s. 1.), measurements of precipitation and depth of
snow cover were started in 1937, and temperature measurements in 1957.
These measurements continued to 1981 or -82. At Litnok (505 m a.s.1.) the
measurements of meteorological elements, and the water level in
Rapaalven started in 1915. The meteorological records, however, are still
only partly worked out. In the summer of 1990 new measuring equipment
was installed at Litnok by Vattenfall (Swedish State Power Corporation),
for continuous recording of water level, air temperature, humidity, and
precipitation. At the Partetjakko observatory (1830 m a.s.l., described by
Hamberg, 1931) continuous observations were carried out during the
period 1J7 1914-15/9 1918 (Hamberg, 1932).
Fig. 1.2 shows the monthly mean temperature at Aktse for the period
1957-1980. January is usually the coldest month and July the warmest.
The mean annual temperature was -1.2°C for the period 1957-1980
(Eriksson, 1982). Waldemarson Jensen (1979) pointed out that the mean
annual temperature in the delta might be lower than at Aktse due to more
frequent nightly inversions in the bottom of the valley, and due to the low
temperature of the lake water in summertime.
At Partetjakko the mean annual temperature was -8.2°C during the
period 117 1914-30/8 1918 (Hamberg, 1932, p. 104). According to Axelsson
(1967); this was probably somewhat colder than the standard periods 19011930 and 1931-1960. The temperature conditions at Partetjakko and Aktse
may be regarded as fairly representative for the highest and lowest parts
of the drainage basin (Axelsson).
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At Aktse, the mean annual precipitation was 599 mm during the period
1938-1960 (Axelsson, 1967, according to data published by SMHI (Swedish
Meteorological and Hydrological Institute) 1939-1962). The monthly mean
precipitation at Aktse during that period is given in Fig. 1.3. More recent
data on the precipitation at Aktse have not been evaluated (the
meteorological station was run until 1981). Data on the precipitation from
Partetjakko are available only for the period 1/7 1914-1/7 1916. However, the
mean annual precipitation at Partetjakko for the period 1931-1960, was
roughly estimated by Axelsson (1967) to be about 1100 mm. The average
annual precipitation within the catchment area upstream of the delta was
calculated by Axelsson to be 1330 mm (calculation based on figures for
run-off and evaporation (Melin, 1942; 1954; and storage changes (Norling,
1957)).
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1.5.

General description of the delta

1.5.1. The delta plain
The Laitaure delta is the fastest-growing delta in Sweden, owing to conditions mentioned in Section 1.1. Following the scheme by Smith (1991),
described in Section 2.1.3, the Laitaure delta should be classified as a
"Stable-channel mouth bar delta". Because of the form of the original lake
basin, a narrow U-shaped valley with parallel valley sides, the delta has a
rectangular configuration with a quite straight delta front (Fig. 1.4, and
map in cover pocket).
The subaerial part of the delta is about 7 km long and has a maximum
width of approximately 2.5 km, and a total area is approximately 10 km2.
At the most proximal part of the delta, partly outside the map (cover
pocket), Rapaalven is divided into three branches which then rejoin into a
single main channel. This main channel has a length of 1.1 km, before its
first bifurcation into a middle and southern distributary. After another 1.1
km the next larger bifurcation is located, where a distributary diverges
from the main stream to the north. So, the three main distributaries of the
Laitaure delta are, Arjeliatno (Lappish for "south river") to the south,
Kuoutatno ("middle river") in the centre, and Nuortatno ("north river") to
the north. These three distributaries will, from now on, be designated
Southern, Central, and Northern. Besides these largest distributaries
there are numerous minor distributaries, and also abandoned channels.
All distributaries are bordered by natural levees, and the interdistributary
areas consist of delta lakes and grass- and sedge-swamps. In addition,
there are some till "islands" within the the delta. In the proximal part, the
annual variation in river stage is normally about 2-2.5 m.
Grain-size of the bed material decreases in a downstream direction.
Gravel bars are common in the most proximal part of the delta, upstream
the single main channel (see map in cover pocket). Migrating bars in the
middle part of the delta consist of well-sorted sands (Axelsson, 1967). The
channels are generally shallow in the middle part of the delta, in the
order of 1-2 m at mean and bankfull stage respectively. The greatest
channel depths are found where turbulence is heightened, i.e. at channel
bends, channel forks, and channel junctions. In winter most of the
channels freeze to the bottom (Axelsson). The longitudinal slope of the
water surface in the distributaries varies with the river discharge and
with the water stage in Lake Laitaure. Axelsson showed that the slope of
the water surface, as well as the flow velocity, is greater during rising
than during falling river discharge, especially in the lower parts of the
distributaries. The average slope of the water surface along the distributaries is between 0.1and0.3 per mille (Axelsson, 1967, p. 69). The characteristics of the distributaries are further described and discussed in Section
4.1.
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Fig. 1.4. The Laitaure delta. Air photo taken by Lantmateriverket July 15,
1979 (originally a colour Infra-Red air photo). Approximate scale: 1:35000.
Water stage and discharge comparatively high.
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The delta lakes are of two main types: 1) those lakes that have one or
two connections with distributaries, and 2) those lakes that have no
connecting channels with the distributaries. In an air photo these lakes
are easily distinguished, especially at normal to rather high water
discharges since lakes with connections then contain turbid water, whilst
lakes without connections usually have clear-water (except for periods
shortly after flood events). The water level in delta lakes without connecting channels may differ considerably from the water level in the distributaries. Water stages in the delta lakes may be more than 1 m higher or
lower than in distributaries. The delta lakes are generally very shallow
and freeze to the bottom in the winter. The origin of the lakes is usually
enclosed bays of Laitaure due to bifurcation and rejoining of distributaries. Some of the lakes were formed in connection with moraine topography (till "islands") within the delta and also in the lee of such moraines
along the very irregular southern shore of the delta (Axelsson, 1955).
Axelsson (1967) gave an example how the grain size of suspended
sediment deposited by flood-waters decreases with increasing distances
from the distributaries. At the levee crest the median grain size was about
0.1 mm, whilst in a closed delta lake (Tjappesjauratj, see map in cover
pocket) it was about 0.04 mm. In addition, it was shown that a deposition
of 1 mm in the lake during a flood, corresponded to a simultaneous deposition of 2 cm on the adjoining levee crest. The levee crests are flooded in 2
out of 3 years, according to Axelsson (1967).
The relief is very low on the delta plain. The highest parts of the delta
are about 3 m above the average delta plain level. However, there are also
numerous till islands, which reach up to 6 m above the delta plain. The
lowest parts are found where distributaries join and depths of 3-4 m have
been measured within channel junctions (Axelsson, 1967). The highest
parts besides till islands are the natural levees, of which the highest,
approximately 2 m above mean summer water stage, are found in the
proximal part of the delta. Some of the levees are heightened by aeolian
sediments, deposited especially at low water and stormy periods in early
autumn. The levees usually have steep sides towards the channels and
more gently sloping sides towards interlevee basins. The levees decrease
in height towards the delta front, and the average slope of the levee crests
is about 0.2 per mille in the middle part of the delta, and about 0.3 per
mille in the proximal part (Axelsson, 1967 p. 106). The material within the
levees consists of layers of fine sand and coarse silt.

1.5.2. Thedeltafront
The delta front, constricted by the original valley, has a width of 2.3 km.
There are six distributary mouths, one from the Southern distributary,
two from the Central distributary, and three from the Northern distributary. The delta front was surveyed by Widersten (1959) in the summer of
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1958. In that survey the northern part of the delta front was excluded, i.e.
north of the small till island (cf. Fig. 3.1). A resurvey was made in the
summer of 1985 (Andren, 1986).
In front of some of the outlets, especially the most active ones, frontal
bars are formed by deposition of mainly bed load sediments. The energy of
the waves is low at the delta front, and thus shore processes on the whole
are rather insignificant. The frontal bars are built up by sands and silts
and are easily eroded, which results in a large variation in channel
pattern with time (Axelsson, 1967). The highest parts of the frontal bars or
levees reach heights of about 0.4-0.6 m above the selected zero level (494.3
m a.s.l., i.e. the water level that prevailed in Laitaure in 1954 when air
photos were taken, that acted as a base for Axelsson's compilation of a
map over the delta). The levees close to the delta front are low and poorly
developed. Areas between the distributary mouths are not influenced by
bed load deposition and therefore these areas form interdistributary bays
and later on probably delta lakes. The median grain diameter along the
delta front varies between about 0.07 mm in an interdistributary bay and
0.30 mm in active distributaries (Axelsson, 1967, p. 114).
The channels are poorly developed, except for the largest, and deposits
of active and abandoned channels merge laterally, forming large lobes.
The vegetation boundary varies along the front. Active mouth bars are not
vegetated although they reach the heights mentioned above, whereas
lower areas usually found in the bays between the mouths contain swamp
vegetation.
The depth of Laitaure varies along the delta front, with 4-8 m in the
middle and southern parts and generally about 1-2 m in the northern
part. It is only at the southern part of the delta front that steeply inclined
delta-front slopes are found. This is because it is only here that the lake is
deep enough to permit the formation of real foreset slopes, i.e. "frontal
slopes of aggradational origin steeper than 10°" (Axelsson, 1967, p. 118).
The dip angle of the steeper parts of the foreset slopes here reaches values
of up to 25°.
Density currents of the underflow type are often formed at the delta
front at times when the sediment discharge is high (Axelsson, 1967).
These density currents result in a boundary, often marked by floating
debris, where the river water flows below the lake water. Axelsson
measured the density contrast between the inflowing river water and the
lake water at the plunge point. He then found density contrasts up to
0.0008 between the inflowing turbid river water and the relatively clearer
lake water, and that underflows were formed when the density contrast
was as low as 0.0003.
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1.5.3. Vegetation
The vegetation of the Laitaure delta has been studied by Tengvall (1925),
and Waldemarson Jensen (1979). The following description of the vegetation derives from the work by Waldemarson Jensen (1979) unless
otherwise stated. The Laitaure delta is situated just at the western (upper)
border of the prealpine coniferous woodland subzone. Spruce vegetation is
sparse on the delta. Birch vegetation is found on till islands, and on the
levee crests all over the delta except at the distal parts. Dense willow
thickets are found on the lower parts of the levees (facing interlevee
basins). Levees within the distal parts are mostly occupied by sparse
willow vegetation. Low-lying areas are dominated by willow and swamp
vegetation. In the interlevee basins the vegetation is mostly sedge fens and
grasses.
Waldemarson Jensen divided the vegetation into three main types 1)
swamp, 2) willow thicket, and 3) birch vegetation. These types were then
classified according to their place in the zonation from delta lake to levee
crest, and according to their occurrence in open or closed delta lakes. The
most common species of the swamp vegetation are: Carex aquatilis,
Equisetum fluviatile, and Carex rostrata. The most common species of the
willow vegetation are: Salix phylicifolia, S. lanata, S. glandulifera, S.
lapponum, and S. glauca. The highest and seemingly most tolerant of
these is the Salix phylicifolia. The willow zone is either initiated in (1)
pioneer vegetation, or in (2) swamp vegetation. The pioneer vegetation in
the distal parts consists of, in order of appearance: Deschampsia alpina,
Equisetum arvense, Calamagrostis neglecta, Carex aquatilis, Juncus
arcticus and Eriophorum Scheuchzeri (Tengvall, 1925).
The pioneer vegetation on sandy, rapidly growing land, is dominated by
Calamagrostis neglecta. On the levees in the younger parts of the delta,
the willow succession starts as a low willow shrub vegetation, followed by
a 0.4-0.6 m high shrub with scattered herbs.
The vegetation period, defined as the part of the year with a daily
temperature above +3°C, amounts to 140 days (Atlas over Sverige, 1953)
beginning in late May and ending in early October. The true growing
season is, however, much shorter, due to late snow melting and severe
frosts in early autumn.

1.6.

Water discharge and sediment transport

Hamberg (1901) started observations of water-stage, and measurements of
water discharge in Rapaalven at the proximal part of the delta in 1897.
These measurements were, however, too few to give satisfactory information on water discharge (Axelsson, 1967). Hamberg then built a permanent gauge station at Litnok, including a hydro-meteorograph, described
by Melin (1954). Continuous water stage (oil stage) data have been corn-

12

Introduction

piled by SMHI (Swedish Meteorological and Hydrological Institute) for the
period 1915-1945, and by Axelsson for the period 1946-1960. The gauge at
Litnok was run until the early 1970's, but the records after 1960 have not
been published. During the summers of 1987-1990 the gauge was run in
connection with the present study. In 1990, Vattenfall (Swedish State
Power Corporation), installed new equipment for water stage measurements at Litnok, so continuous data on water stage and discharge are
available since then (cf. Section 1.4).
The figures on water discharge presented here derive from Axelsson
(1967, p. 66; pp. 73-81). The annual variation of the water level in
Rapaiilven at Litnok is normally of the order of 2. 7 m. There is a rapid
variation in water level related to changes in precipitation and temperature, due to the absence of large lakes, large relief, and thin soil cover
within the drainage basin. During dry periods in the summer, daily
variations in air temperature result in daily variation in water level, with
a time lag of about 12 hours between daily maximum in air temperature
and water stage.
Some interesting data on the water discharge presented by Axelsson
are:
- Mean water discharge for the period 1916-1960: 27.4 m3/s.
Highest recorded water stage (July 3, 1939) corresponds to a discharge
of452m3/s.
Highest estimated discharge (August 13, 1954): 475 m3/s.
Lowest recorded water stage (February 17, 1926) corresponds to a
discharge of 0.1 m3/s.
The mean monthly water discharge is normally highest in July and
lowest in March or April (Fig. 1.5).
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Fig. 1.5. Monthly mean water discharge in Rapaalven at Litnok 1916-1960
(after Axelsson, 196f)).
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- The run-off during June-August normally amounts to more than 70 %
of the total annual run-off.
- Flows higher than the mean flow have a total duration of about 31 % or
112 days a year, on average.
- The bankfull discharge in the proximal delta section(= the Rapaalven
section in Fig. 3.1) is about 280 m3/s, (now 264 m3/s, cf. Section 4.1) and
has a recurrence interval of 1.5-2 years.
- Flows higher than the bankfull discharge in the proximal delta section
have a total duration of only 0.1 % and contribute to only 1 % of the total
flow volume.
Axelsson pointed out that the sediment transport in Rapaalven is very
high in comparison with most Swedish rivers. The figures presented
below are from the work by Axelsson (pp. 85-98). For the period 1953-1960
the following relationship between water discharge and sediment transport was obtained:
Ls= 217 . 10-s Qr3.37

(1.1)

where Ls is the suspended sediment discharge in kg/s and Qr is the water
discharge at Litnok (equivalent to the discharge at the proximal delta
section). Hamberg's (1901) few measurements of the sediment discharge
in the 1890's correspond well with the relationship above. Axelsson therefore assumed that there were no greater differences in this relationship
between the two time periods.
The mean suspended sediment transport amounts to 160000
tonnes/year, whilst the mean bed-load transport is estimated to about
25000 tonnes/year. Some other interesting results of Axelsson's work, as
regards the sediment transport, are:
- Extremely great variation in suspended sediment transport, with mean
annual extreme values lower than 0.01 tonne/day and higher than
20000 tonnes/day.
- About 95 % of the total annual transport is discharged during the three
summer months of June-August.
- Half of the total annual dischdrge takes place, on an average, during a
total period of about 5 days.
- About 90 % of the sediment transported to the Laitaure delta is deposited upstream of the outlet section of Laitaure, most of it probably at the
proximal part of the delta front.
- In one vertical in the proximal delta section (cf. Fig. 3.1), the highest
measured mean sediment concentration was 1260 mg/l, and near the
water surface 1014 mg/l. The lowest measured sediment concentrations
were less than 1 mg/l (during the winter). At bankfull discharge, the
sediment concentration near the water surface was calculated to be
about 950 mg/l, on an average.
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- The median grain diameter of the total suspended-sediment load in the
proximal delta section is about 0.05 mm. About 8 % (by weight) is
coarser than 0.2 mm, about 80 % is coarser than 0.02 mm, and only
about 2 % is finer than 0.002 mm.

1.7.

LakeLaitaure

Lake Laitaure is situated in a quite narrow U-formed valley. Three steep
mountains, Skerfe (1179 m a.s.l.) to the north, Tjakkeli (1214 m) to the
south and Nammatj (823 m) to the west, surround the basin. The lake
basin extends in a west-easterly direction for 15 km and has a maximum
width of 3 km. The original lake is now half filled with delta deposits. The
bottom of the basin consists mostly of till which, in places, rises above the
lake or delta level as islands. The till is furthermore covered by sediments,
probably up to several metres in the central deepest part of the lake.
According to a classification of ice-lakes by Lundqvist (1972), Lake
Laitaure is a "deep marginal ice-lake" type. Lundqvist (p. 32) described
this type as follows: "These lakes are marked by comparatively welldeveloped shore-lines. Deep-bottom sediments are mostly lacking but
scattered deposits of thick sediments occur. They form hummocks, the
stratification and morphology of which clearly indicate that they were
formed between ice blocks remaining in the ice-lake basins. Thick sediments also occur in tributary valleys to the main ice-lake basins. Evidently
ice lakes of this type were formed around thick, more or less coherent
dead-ice bodies remaining in large depressions".
The area of Laitaure was, excluding the islands, 10.0 km2 in 1959
(Axelsson, 1967, p. 63). Because of the delta formation, this area has now
decreased by about 0.3 km2. The lake consists of a large rectangular
western part and a smaller outlet bay in the east. The deepest part is
found in the central western lake basin. The maximum depth, 17 .8 m, is
located approximately 1.6 km from the delta front, whilst the mean depth
is 4.1 m (Axelsson, p. 63). The bottom configuration is very irregular,
probably because of moraines. The eastern outlet bay, which forms a
transition between the main lake and the outlet river, has a maximum
depth of about 8 m. This outlet bay is quite narrow and also rich in
boulders. The bottom material is mainly silty with a low percentage of clay
(cf. Section 4.6), and the near-shore areas are usually boulder-rich.
The normal annual variation in water level has been estimated to about
1.6 m (Axelsson, 1967, p. 68). In the early part of the winter the water level
is normally dammed up by ice. During the summer, the variation in
water level can be very fast. A rise in water level of about 50 cm in 36 hours
was observed in August 1990, followed by a drop in water level of the same
magnitude in another 36 hours.
In summer, the surface water in the central part of Lake Laitaure is
often 3°C to 4°C warmer than the inflowing river water, while the bottom
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water is about l 0C warmer than the unmixed river water (Axelsson, 1967,
p. 83). The thermocline is usually shallow and poorly developed
(Axelsson). Lake Laitaure is normally covered by ice from late October to
early June (Lennart Lantha, pers. comm.).
The local inflow to the lake is relatively small compared with the mainriver inflow. Therefore, variations in water discharge at the outlet reflect
variations in water discharge in Rapaalven upstream of the lake
(Axelsson). Variations are, however, smaller and less rapid downstream
than upstream of Laitaure due to storage effects.
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SCIENTIFIC BACKGROUND

2.1.

Deltaic morphology and processes, general

River deltas have played an enormous role for civilization, as environments foremost for agriculture, but also as sources of water, and as economical means of communication. In more recent times subsurface delta
facies have been important as source beds and reservoirs for fossil fuels.
The term delta was first applied by Herodotus in 450 B.C., when he
observed that the alluvial plain at the mouth of the Nile was similar, in
plan-view, to the Greek letter A Credner's monograph "Die Deltas" (1878)
is a review of the earlier literature on deltas and also an extensive discussion of delta-forming processes. Gilbert (1885) made one of the first scientific investigations of lacustrine deltas. He outlined three units of delta
structure, i.e. bottomset, foreset and topset beds, which form a delta often
referred to as the classic 'Gilbert-type' (Fig. 2.1). After Gilbert's work the
studies of deltas increased in number during this century and the greater
part were concerned with marine deltas and especially the Mississippi
delta.
Foreset Bottomset

A

B
. ....."t:":!!'

::·····:··· Topset - essentially
flat-lying gravels

;:,-.~

Fig. 2.1. (A) The classic Gilbert type delta. Section through a Pleistocene
delta in Lake Bonneville. (B) Vertical facies sequence produced by delta
progradation. (From Elliot, 1978, after Gilbert, 1885; Barrell 1912.)
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As studies and descriptions of modern deltas increased, it was observed
that their characteristics varied enormously, and that many of the deltas
were not "delta" shaped at all. Thus, as Nemec (1990a) points out, the term
has lost its original geometric meaning and has become essentially a
genetic one.
The history of deltaic studies has been well reviewed by, for example,
Morgan (1970a), Le Blanc (1975), Elliot (1978), and Kelletat (1984). A somewhat different but interesting overview of some of the world's largest
deltas is made by Coleman et al. (1986) in the volume: "Geomorphology
from Space" (edited by Short and Blair).

2.1.1. Factors influencing deltaic sedimentation
Prerequisite for a deltaic accumulation is the existence of a river system
that carries substantial quantities of elastic sediments (Coleman, 1976).
The forming of a delta represents a continuing ability of a river to supply
and deposit sediments more rapidly than the sea can remove them
(Scruton, 1960). The most important of the factors that control delta
building are: climate, water and sediment discharge and its variability,
river mouth processes, nearshore wave power, tides and tidal regime,
winds, nearshore currents, shelf slope, tectonics of the receiving basin,
and receiving basin geometry (Morgan, 1970b; Coleman and Wright, 1971;
Coleman 1976). It is the interaction of these spatially and temporally
variable factors that leads to the conclusion that there is no single typical
delta and no typical stage for even a particular delta (Ramsayer, 1974).
The most favourable conditions for extensive delta growth are found in
lakes because of the absence of tides, large waves and currents. However,
the larger deltas are built in the sea where the largest rivers discharge. In
addition, most of the largest deltas e.g. Mississippi, Volga, Danube, are
found in inland seas and along coasts with insignificant tidal ranges and
weak wave energy. However, there are exceptions, such as the Colorado
(Thakur and MacKay, 1973), and Irrawaddy (Volker, 1966a) deltas, where
the tidal ranges are 7.5 and 5.7 m., respectively, but where, on the other
hand, the sediment supply is considerable.
The most obvious variable is the river regime at the delta site (Morgan,
1970a). Seasonal variations in water volumes, velocities, and turbulence
influence the sediment load and the transport capacity of the river. Since
these variations are periodic, depending upon river stage, the resulting
deltaic deposits will also show seasonal, cyclical variations in sedimentary properties (see Section 2.4).
The basic factors that affect the size, shape and composition of a delta,
and that should be considered in model building are (Bonham-Carter and
Sutherland, 1967):
1. Density differences between inflow and basin water.
2. Water discharge from the river.

\
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3.
4.
5.
6.

Nature and amount of sediment load.
Geometry of the basin.
Tectonics of the basin.
Offshore energy conditions.

2.1.2. Definition

The term 'delta' has been defined in several ways, e.g. as:
- "a deposit partly subaerial built by a river into or against a body of permanent water'' (Barrell, 1912, p. 381).
- "a sedimentary deposit built by jet flow into or within a permanent body
of water'' (Bates, 1953, p. 2125). Bates then wanted to include the cones of
sediment which are formed at the foot of submarine canyons, by turbidity currents.
- "coastal deposits, both subaqueous and subaerial, derived from riverborne deposits" (Coleman, 1976, p. 1).
- "a deposit built by a terrestrial feeder system, typically alluvial, into or
against a body of standing water, either a lake or a sea" (Nemec, 1990a,
p. 3).
Discussions on the definition of a delta have been numerous. Van
Straaten (1960), for example, was critical of Bates' definition because an
essential part of river delta deposits is formed by other processes than jet
flow. Axelsson (1967) proposed that the word delta without an attribute
should only be used for subaquatic-subaerial types of deltas (otherwise it
should be preceded by attributes, e.g. supraaquatic, subaquatic, submarine, submerged, or tidal).

2.1.3. Classification
River deltas can be classified in a number of different ways, e.g. based on
the form of the delta, type of receiving basin, whether it is a lake or sea,
with or without tidal influences, etc. A classification may be either descriptive or genetic (e.g. Volker, 1966b). The former is based on features,
whereas the latter explains relationships and shows how various processes will develop under a given set of natural factors. A brief review of
some of the classifications that have been presented in the literature is
given below.
Earlier delta classifications of interest are, for example, those of
Samojlov (1956) who proposed a classification mainly based on the number
of branches of a delta, and Volker (1966b) who presented a genetic morphologic and causal hydrologic classification of deltaic areas in different
climatic regions.
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Fisher et al. (1969) classified modern deltas on the basis of a qualitative
comparison, according to their plan-view geometry as either "highdestructive" or "high-constructive" deltas. High-destructive deltas are
dominated by removal of debris by wave and tidal currents, which results
in no blocking and a tendency of stability in position of distributaries.
Wave-dominated and tide-dominated deltas are distinguished in the highdestructive class (e.g. Sao Francisco delta of Brazil, Niger, Mekong).
High-constructive deltas are dominated by a large supply of debris from
the river, and birdfoot and lobate types are recognized in this class (e.g.
Mississippi, Nile). Elliot (1978) was critical of this classification on the
basis that it concentrates on end-members of what is, in reality, a continuous spectrum. In addition, the term "high-destructive" confuses a class
of deltas with a distinct phase of delta history which follows channel
switching and delta abandonment - the so-called destructive phase
(Scruton, 1960).
Wright and Coleman (1973) differentiated seven deltas into a spectrum
of delta types reflecting process regimes ranging from fluvial-dominated
low-wave-energy to wave-dominated low-fluvial-influence deltas. Coleman
and Wright (1975) further classified modern deltas into six types based on
isopach maps indicating the sedimentary architecture, i.e. thickness
distribution patterns, considered to reflect the combined effect of major
controlling factors such as sediment-yield conditions and basinal regime.
Galloway (1975) proposed a classification (often quoted) based on the
forces and processes determining delta morphology. A ternary diagram
defines general fields of (Fig. 2.2): (1) fluvial-dominated deltas with elongate to lobate geometry, and straight to sinuous distributaries, e.g. the
modern birdfoot delta of Mississippi delta system, and the Po and Danube
deltas; (2) wave-dominated deltas with arcuate geometry, and meandering
distributaries, e.g. the Rhone and Sao Francisco deltas; (3) tide-dominated
deltas with estuarine to irregular geometry, and straight to sinuous distributaries, e.g. the Ganges-Brahmaputra and Colorado deltas. Between
these, there is a range of intermediate, mixed-type varieties. This processbased classification refers to the delta-front regime, and apparently stems
from the classification by Fisher et al. (1969). Elliot (1989) argued that the
classification requires additional information on, for example, the sediment load of the system, its position in the basin and the extent of synsedimentary deformation in order to be a meaningful characterization of a
delta. This classification has been extended by Orton (1988) to account for
the dominant grain size delivered to the delta front, due to the reason that
only deltas of similar grain sizes should be compared.
Ethridge and Wescott (1984) introduced a classification for alluvial-fan
deltas with three categories: shelf-type, slope-type (shelf-margin), and
Gilbert-type deltas, to reflect different tectono-physiographic coastal settings. Nemec (1990a, p. 7), however, concludes that "The categories are too
broad and pay too little attention to the actual delta sediments (e.g. shelftype deltas alone vary enormously as sedimentary deposits)."
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Fig. 2.2. Ternary diagram of delta types, based on the regime of the delta
front area. (From ElUot, 1978, modified after Galloway, 1975.)
· McPherson et al. (1987) distinguished three types of deltas based mainly
on the character of the feeding system: (1) fan-deltas, i.e. gravel-rich
deltas formed where an alluvial fan is deposited directly into a standing
body of water from an adjacent highland; (2) braid deltas, i.e. gravel-rich
deltas that form where a braided fluvial system, for example an outwash
fan, progrades into a standing body of water; (3) common deltas, i.e. finergrained deltas created by straight or meandering rivers with mixed-load
or suspended load. Apparently this is a very broad classification, assigning most of the world's larger deltas into one group, more or less referring
only to their grain size. However, the classification was probably more
intended to separate fan-deltas and braid deltas, and especially the definitions of these. Fan-deltas and braid deltas have been discussed in two
recent volumes, namely, "Fan deltas: Sedimentology and Tectonic settings" edited by Nemec and Steel (1988), and "Coarse-Grained Deltas"
edited by Colella and Prior (1990).
Among the more recent classifications, Comer's, presented by Nemec,
(1990a) and Postma's (1990a) can be mentioned. These classifications are
more descriptive and pay attention especially to internal delta characteristics (Nemec, 1990a). Corner suggests that alluvial deltas can be classified
on the basis of the dominant grain size of sediment transported to the delta
front and the gradient of the delta-face slope. The classification yields all
alluvial deltas, from steep-face 'Gilbert-type' and related, totally subaqueous deltas, to gentle-face shoal-water deltas; and from muddy lacustrine
deltas to very coarse-grained gravelly deltas.
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Postma (1990a; b) distinguished 12 prototype deltas (dominated by fluvial processes) based on the analyses of the character of the feeder (distributary) system, the basinal water depth, and river mouth (diffusion) processes.
A somewhat different approach to classify deltas has been proposed by
Smart and Moruzzi (1972). They developed a procedure for studying the
topologic and geometric properties of delta distributary systems. The study
is based on the fact that a delta channel network has three kinds of
vertices (forks, junctions, and outlets) and six kinds of links, each corresponding to one of the six possible combinations of upstream and downstream vertices. Various functions of the vertex and link numbers are
then used to specify the topologic properties of the network, and the
recombination factor, or ratio of number of junctions to number of forks,
was found to be a particularly useful function. This ratio varies from zero
for networks with no recombination to unity for braided streams.
Classifications of lacustrine deltas have been very sparse until recently
when Smith (1991) proposed a scheme based on sediment characteristics
and lithofacies architecture (Fig. 2.3). This scheme is a modified version
of some of the above-mentioned classifications, i.e. Galloway (1975), Fisher
et al. (1969), and Coleman and Wright (1975). The classification includes
four delta types namely: (1) Braid deltas, i.e. laterally extensive, sheet-like
sand bodies dominated by trough and planar, tabular cross-bedding,
underlain by lacustrine mud. The trough and planar cross bedding are
associated with braided river deposition; (2) Fan-foreset deltas, also
referred to as 'Gilbert-type deltas', high energy deltas (because of steep
river gradients) or 'fan deltas', which often contain thick foresets
(McPherson et al., 1987; Nemec and Steel, 1988). Because of the great
thickness of the foresets, the term 'foreset' is incorporated in the classification. Most sediment is stored in these foresets due to the often deep
water conditions, and the dominance of foreset facies implies that
subaqueous mass movements must dominate depositional processes. Fanforeset deltas are most common in deep mountain lakes and are deposited
by streams with small watersheds, resulting in small deltas; (3) Stableehannel mouth bar deltas, which correspond to the 'fluvial deltas' of
Galloway (1975), and 'common deltas' of McPherson et al. (1978). Smith
(1991) concludes that a term more specific than 'fluvial' is necessary since
'braid' and 'fan-foreset' delta types are also distinguished by fluvial
processes. Smith therefore uses the term 'stable channel-mouth bar
deltas'. Surface morphology, delta front slopes, and depths of receiving
basins indicate that most modern large Canadian lacustrine deltas, e.g.
Peace, Athabasca, Saskatchewan, and St. Clair, are of this type; (4) Wave
deltas, which are, as the term indicates, wave-influenced deltas, consisting of well-sorted, laterally continuous sand bodies, 7 to 15 m thick,
dominated by sedimentary structures formed by wave processes
(Vanderburgh and Smith, 1988). Naturally, these deltas can only one form
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Fig. 2.3. Lacustrine delta classification based on sedimentologic characteristics and architecture of sand and I or gravel bodies, black areas
indicate lacustrine and overbank mud. (After Smith, 1991.)

where wave energy is sufficient, so wave deltas are rare and the only
documented in Canada is the Slave delta (Vanderburgh and Smith, 1988).
All these classifications have advantages and disadvantages and, as
Nemec (1990a) suggests, they can be used for different purposes.

2.2.

The delta front

2.2.1. River mouth processes

In natural river mouths, the flow velocity, sediment, load and grain size
distribution vary both in the vertical and lateral planes as well as with
time (Sundborg, 1967). At the mouth, sediment-laden fluvial currents
which have previously been confined between channel banks suddenly
expand and decelerate on entering the standing water body. As a result
the sediment load is dispersed and deposited, with coarse-grained bedload
sediments tending to accumulate near the mouth, whilst finer-grained
sediments are transported offshore and, to a great extent, deposited in
deeper marine, or lacustrine waters beyond the influence of coastal
processes. The depositional site may be within the influence of waves,
tides, and currents. So, coastal processes play significant roles both for
sediment deposition and subsequent reworking of the deltaic deposits (see
Section 2.2.2).
The phase of progradation of a delta has been termed the constructional
phase by Scruton (1960). Once the river abandons its constructed delta, the
unconsolidated sediments are subjected to processes associated with
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marine reworking and subsidence, all leading to what Scruton termed the
destructional phase (cf. Section 2.4.2).
There are numerous theoretical, laboratory, and field studies of rivermouth processes, e.g., Albertson et al. (1950), Bates (1953), Bates and
Freeman, (1953), Samojlov (1956), Scruton (1960), Jopling (1963; 1964a; b;
1965), Allen (1965; 1968), Borichansky and Mikhailov (1966), Axelsson
(1967), Bonham-Carter and Sutherland (1967), Wright and Coleman (1971;
1974), Ramsayer (1974), and Bogen (1983; 1988). Wright and Coleman
(1974) made a thorough review of studies of river-mouth processes, and
they state (p. 751) that "Comprehensive review of these studies suggests
that river-mouth flow, deceleration, and consequent deposition patterns
reflect varying contributions from outflow inertia and associated turbulence, bottom friction, buoyancy induced by density contrast, and the
winds, tides, and currents of the receiving basin." Studies of river mouth
processes have also been reviewed by Wright (1977).
When a river discharges into a lake or a sea, the flow separates from
the diverging boundaries of the mouth and the flow pattern simulates that
of expanding turbulent jets. Generally, two basic types of turbulent jets are
recognized, (1) the plane jet, where mixing is two-dimensional e.g. along
a horizontal plane and (2) the axial jet where mixing is threedimensional. In turbulent jets, turbulent eddies cause exchange and mixing between efiluent and ambient fluids, leading to progressive deconcentration of the discharging momentum and fluid. The jet consists of two
regions (Albertson et al., 1950), (Fig. 2.4): (1) a zone of flow establishment
characterized by a seaward-diminishing core of constant velocity and (2) a
zone of established flow within which turbulent eddies dominate the entire
width of the efiluent, and centreline flow decelerates progressively basinwards. Jopling (1963; 1964b) described a simplified hydraulic geometry
and zonal terminology for the rapidly varied flow over a two-dimensional
front with foreset beds (Fig. 2.5). The zone of no diffusion extends as a
wedge-shaped salient for a limited distance beyond the lip of the delta. The
zone of mixing is characterized by strong macro-turbulence and by a
rapidly changing distribution of longitudinal velocity. The separation of
the flow from the foreset boundary results in a reverse circulation, which
is directed towards the toe of the delta and up the foreset slope. The coarsegrained bedload is dumped on the upper foresets, while suspended
particles are dispersed in the downstream direction by differential settling
velocities, and result in bottomset deposition (Jopling, 1963).
. Bates (1953) used the jet theory in discussing delta formation. Whether
there is a plane or an axial jet depends on the density difference between
the inflowing water and basin water. The inflow can be divided into three
basic types, namely hyper-, homo, or hypopycnal depending on whether
the inflow is more, equal, or less dense than the basin water (Bates and
Freeman, 1953, described by Bates, 1953). The flow pattern of hyperpycnal
inflow is that of a plane jet, because the vertical mixing is inhibited and
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Fig. 2.5. Zonal terminology for rapidly varied flow over the foreset slope of
a small delta. Dotted lines represent idealized path lines of settling particles. (From Jopling, 1963, modified after Jopling, 1961.)

the flow seeks to remain at the lowest level, as a density or turbidity
current. Hyperpycnal inflow is found when the river water is carrying
large proportions of fine suspended sediment, especially into a fresh water
basin, or when the river water is colder than the basin water (common in
tropical regions). Homopycnal inflow naturally occurs where rivers flow
into freshwater lakes. Mixing then takes place in three dimensions and
the flow pattern is that of an axial jet. One type of delta that may be formed
is the classical 'Gilbert-type' with top-, fore- and bottomset beds (Fig. 2.1).
Hypopycnal inflow is found where the river water enters a basin, e.g. a
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sea, with water of higher density. If the magnitude of discharge is low, a
lunate bar forms off the mouth and if the discharge is moderate to high a
cuspate, arcuate, or 'birdfoot delta' will form (e.g. the modern Mississippi
delta), The flow pattern is that of a plane jet.
The jet theory has, however, often been criticized, mainly because natural flows are more complicated than free jets (see Axelsson, 1967; Thakur
and MacKay, 1973). Axelsson pointed out that flow expansion in a lateral
direction often begins upstream of the foreset slope, and that flow expansion in vertical direction is restricted beyond the foreset slope. The expansion may therefore be two-dimensional upstream of, three-dimensional
over, and two-dimensional beyond the foreset slope (Axelsson, 1967). He
concludes that although jet theory gives a reasonable explanation of the
flow pattern and pattern of deposition at the delta front, it is important to
pay attention to other factors such as geometry of the river mouths, the
depth conditions, the frontal shape, the grain size of the transported and
deposited material, density differences, macro-turbulence, waves and
water-level variations.
Wright and Coleman (1974) concluded that sediment dispersal and
accumulation patterns at river mouths are determined by three basic
effluent forces and by tide- or wave-induced processes. So, the effluent
behaviour and resulting depositional patterns depend on (neglecting
modifications by tides and waves), the relative dominance of (1) the inertia
of issuing river water and associated turbulent diffusion, (2) friction
between the effluent and the bed immediately seaward of the mouth, and
(3) buoyancy resulting from density contrasts between issuing and
ambient fluids (Coleman, 1976; Wright 1977). All three forces are normally operative to some extent in all river mouths, and the relative significance of each depends on outflow velocity, density stratification and
outlet geometry (Coleman, 1976). The character of an inertia-dominated
effluent is fully turbulent jet diffusion, with low lateral spreading angle
and progressive lateral and longitudinal deceleration. The result of the
low spreading angles is that lateral dispersion of sediments is confined to
a narrow zone at least immediately seaward of the outlet (Wright, 1977). If
the depths are shallow close to the river mouth the effects of bed friction
are enhanced, leading to more rapid deceleration and lateral expansion.
Under most natural conditions, direct contact between the outflow and the
bottom introduces frictional effects. So, for cases of nonstratified outlets,
effluent spreading and deceleration adjust so as to yield equilibrium
between the forces of friction and inertia (Borichansky and Mikhailov,
1966). Wright (1977) maintained that under most natural conditions,
inertial effects are equaled or exceeded by either turbulent bed friction or
effluent buoyancy. At many river mouths, conditions allow strong vertical
density gradients (fresh river water and salt sea water) to develop within
and seaward of the mouth. The outflow will then spread as a buoyant
plume above the underlying salt water (Wright, 1977).
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Sediment discharged to lakes by underflows created as result of hyperpycnal flow conditions (dense, inflowing sediment/water plume) is a
common process (Bates, 1953; Axelsson, 1967; Tye and Coleman, 1989a).
Bell (1942, p. 514) defined a density current as a "gravity flow of a liquid or
gas through, under, or over a fluid of approximately equal density."
According to Axelsson (1967), a division is made between overflows
(surface flows), interflows, and underflows (bottom flows), on the basis of
the position of the density currents relative to the boundaries of the surrounding fluid. Turbidity currents or suspension currents are those
density currents that that have a higher content of suspended sediment
than the surrounding fluid (Axelsson, 1967). Bagnold, (1963) described the
physics of turbidity currents. According to Tye and Coleman (1989a) high
sediment concentrations in the inflowing water are necessary to trigger
underflows in a nonglacial environment. However, Axelsson (1967, p. 112)
observed underflows in Lake Laitaure when density contrast between the
river water and the lake water was as low as 0.0003. Furthermore,
temperature differences between river and basin water often result in
underflows in tropical regions (Axelsson, pers. comm.). Turbidity
currents are important mechanisms for sediment transport on delta
slopes and have been studied by, e.g. Lambert and Giovanoli (1988) on the
RhOne delta of Lake Geneva, Lambert (1989) on the Rhine delta in Lake
Constance, and Gilbert (1975) in the Lillooet Lake. Komar (1977) summarized the equations that govern the flow of turbidity currents, and discussed how they are employed in the development of models.
At the mouths of many rivers, seawater intrudes into the channels
beneath the fresh river water to create strong vertical stratification.
During low and normal water stages of the Mississippi River, outflow
velocity falls below a critical value and permits seawater to enter the lower
reaches of the distributaries as distinct salt wedges (Wright and Coleman,
1971; 1974). This affects sediment transport within the channel and
effluent dynamics seaward of the mouth. At high river stage, increased
outflow velocities force the salt wedge out of the channels. Variations in
the interfacial depth with tidal phase are associated with downstream and
upstream migrations of the wedge toe (Nelson, 1970; Wright and
Coleman, 1974). The salt wedge intrusion also inhibits seaward transport
of bed load within the distributaries and at low and normal river stages,
sediments are debouched largely as suspended load (Wright and
Coleman, 1974). When sediment-laden river water enters a basin with
water of higher density, the result usually is a sediment body which contains fine-grained sediment at its base and dominantly coarse-grained at
its top. This has been termed a 'regressive sequence' by Oomkens (1967,
1970). The mechanisms and impacts of seawater intrusion into rivers are
presented in the volume "Guidelines on the study of seawater intrusion
into rivers", ed. by van der Tuin (1991).
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Simulation models
A number of simulation models for delta growth have been developed
during the last three decades mainly dealing with sedimentation characteristics at, or near, the river mouth. The Bonham-Carter and Sutherland
(1967, 1968) model simulates the diffusion and settling of suspended
sediment at river mouths. They used a plane jet model for determining
the velocity field and the rates of sediment diffusion for rivers that discharge into a marine basin with salt water.
Komar (1973) developed models for the growth and equilibrium shape of
a river delta in which wave action is the dominant force in redistributing
sands deposited at the river mouth. The models indicate that the deltas
soon reach an equilibrium configuration in which the wave energy flux is
just capable of transporting and redistributing along the shore all the
sand supplied by the river. If the wave energy is low and/or the sediment
supply too high for the existing waves, most of the sand remains near the
mouth, constructing a distributary which, if duplicated, would form a
birdfoot delta.
Ramsayer's (1974) model is divided into two parts; (1) a velocity model
that describes the flow field at the mouth of the channel based on fundamental physical considerations including theories of jet flow and the principle of conservation of momentum, and (2) a determination of the relationship between the flow field and the sediment transporting capacity of
the system. Ramsayer found that the formation of subaqueous levees and
a transverse bar can result from fluvial action alone, independent of
offshore energy factors.
Bogen (1988) developed a model of the same type as that of BonhamCarter and Sutherland. The model (two-dimensional) aimed at an analysis of grain-size distributions and was applied to a glacier-fed delta
(Tunsbergsdal, Norway).
The model proposed by Syvitski et al. (1988) and further developed by
Syvitski and Daughney (1992), simulates four mechanisms for the transfer of sediment from land to the sea: (1) bed load dumping along the delta
front, (2) hemipelagic sedimentation under the seaward flowing river
plume, (3) proximal slope bypassing by turbidity currents, and (4) the
combined effects of both short-term (wave and tidal action) and long-term
(creep and small slides) downslope diffusion of the accreting mass. The
river plume portion of this model can predict sedimentation on time scales
of less than a year and is designed to reflect the dynamics of a free, two
dimensional, buoyant jet that transports a composite size population of
suspended particles.
Models have also been made for forecasting the development of the
Atchafalaya River delta (Letter, 1982; Wells et al., 1984; Wang, 1985;
Thomas et al., 1988).
Moreover, several models have been developed for estimations of the
deposition of suspended material in reservoirs (e.g. Sundborg, 1992 a; b).
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However, such models can also be used in association with deltaic simulation models.

2.2.2. Delta front morphology

The shape of the delta front is dependent on the combined action of fluvialand shore processes, on the amounts of transportation and deposition of
suspended and bed load, and on the geometry of the receiving basin. The
morphology of distributary mouth bars further depends to some extent on
the relative roles of the three primary forces, inertia, friction and buoyancy (Wright, 1977).
The most important conditions for a river to be able to form a delta or
mouth bar with steeply inclined, real foreset beds, are (Axelsson, 1967;
Postma, 1990a): (1) transport of sufficient bedload as far as the river
mouth; (2) sufficiently large water depths immediately seaward of the
mouth. Or, in other words, sufficiently low depth ratio, i.e. ratio of distributary mouth depth to basin depth in front of the distributary (Jopling,
1963); and (3) spreading of the effluent as an axial turbulent jet (inertiadominated effluent expansion). Bogen (1983) also emphasized the importance of a large ratio of bedload to total load, and the initial basin depth, for
the forming of foreset slopes. Coarse-grained deltas are usually characterized by low depth ratios and high dip angles, whilst fine-grained deltas
show high depth ratios and low dip angles (Axelsson, 1967).
According to Wright (1977), the resulting morphology of an inertia
dominated effluent (see previous Section) is the formation of the narrow
lunate-type bar, described by Bates (1953). When the effects of bed friction
are enhanced, due to shallow water depths, the result is a gently inclined
shoal-water profile of commonly less than a few degrees, triangular
"middle-ground" bars, and frequent channel bifurcation (Fig. 2.6). If the
effiuent is buoyancy-dominated the resulting morphology includes, for
example, subaqueous levees.
The formation of mouth bars is a major cause of channel splitting
(Welder, 1959; Axelsson 1967). Multiple channels may also be the result of
crevasse formation (Welder, 1959; van Straaten, 1960; Coleman, 1988), (see
Section 2.3.1). Many authors (see, for example, Axelsson, 1967, p. 35) have
noted that as a channei elongates, its gradient and consequently its transporting capacity decrease. This favours aggradation and increases the
tendency of the flow to divert to a steeper course. The bifurcation may lead
to concentration of flow to one of the branches, and closing of the other,
which in turn may lead to an increase in size of the remaining active
channel (Axelsson, 1967). The process of channel closing is further
discussed in Section 2.3.1.
Bates (1953) concluded that the crest of the bar is most commonly
situated four channel widths seaward of the mouth. Mikhailov (1966)
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Fig. 2. 6. Bifurcating channel and middle-ground bar patterns associated
with friction-dominated river-mouth effluents. (From Wright, 1977.)
maintained that the distance from the outlet to the bar crest will vary
directly with the outflow velocity. Mikhailov (1966) found that streams with
greater width-depth ratios form their mouth bar closer to the mouth than
those with smaller width-depth ratios. Therefore, the shapes of channels
in river mouths are geometrically dissimilar and depend on the size of a
river. Mikhailov showed with laboratory experiments, and by field observations (e.g. the Vistula, Danube and other deltas), that the process of bar
formation is of a periodic nature. It starts with the formation of a bar,
then a widening of the bar, which results in bifurcation of the river flow
and formation of an island, which in turn is replaced by the straightening
and narrowing of the flow. Finally, the island may be washed out, and a
new bar is formed seaward in the same direction. The final phase is,
however, only possible if there is no consolidation of the mouth bar/island.
Stabilization of the mouth bars and also mid-channel bars, is often
enhanced by vegetation (Dahlskog, 1966; Axelsson, 1967; Waldemarson
Jensen, 1979). If the bar/island is not washed out, symmetrical channels
are usually formed, and the subsequent process of delta development
follows the lines of periodic formation of new islands and the growth of a
number of channels (Mikhailov, 1966).
Coleman and Wright (1971) distinguished five major types of river
mouth bars: (1) a radial bar, which is simply a smooth, flat bulge seaward
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of the river mouth, and reflects horizontal flow separation and may be
characteristic of tide-dominated outlets or of mouths in areas of slight
density contrasts; (2) a lunate-shaped bulge or bar seaward of the river
mouth, formed at river mouths with salt wedge intrusion or strong
density stratification, where lateral spreading of the outflow is inhibited;
(3) a triangular shoal or middle ground which separates two deeper
channels. This type is contingent with the incipient stages of channel
bifurcation; (4) is characterized by subaqueous levees flanking a straight
channel directly seaward of the mouth. It is closely related to type 2 and
appears to occur under similar circumstances; (5) is characterized by
large linear tidal ridges immediately seaward of the river mouth. This is
often the result where the rivers debouches into narrow, elongate basins
where high tide ranges create strong bidirectional transport.
Fisk et al. (1954) reported finger-like deposits of bar 'sands' in the
Mississippi delta. These deposits underlie the courses of the principal
distributaries (passes). The passes have lengthened seaward across their
mouth bars, scouring their channels into the sandy deposits. The 'fingers'
reach maximum widths of more than 8 km, comparable with those of the
present mouth bars, and a maximum thickness of more than 75 m (Fisk,
1961).
An important characteristic of many delta fronts and distributary
mouth bars, is the existence of submarine landslides (or slumps), studied
by for example, Shepard (1955), Moore (1961), Dott (1963), Coleman et al.
(1978), Prior and Suhayda (1979), Prior and Coleman (1979), Lindsay et al.
(1984), Nemec (1990b), Hart et al. (1992), Adams and Roberts (1993), and
Hart (1993). Prior and Coleman proposed a nomenclature based upon
analyses of the precise cross-sectional geometry of individual features.
Their classification of subaqueous mass movements distinguishes flows
from slides, that, in turn, are subdivided into shallow rotational and
translational types. The latter type, in which the basal failure surface is
planar and inclined approximately parallel to the surface slope, appears
to be the most common form of submarine instability. The mass movement occurs when the failure threshold is exceeded either by a reduction
in shear strength of the bottom sediments or by stress increases, or by both
operating simultaneously (Prior and Coleman, 1979). The main factors
responsible for submarine landslide initiation are sedimentary loading
and oversteepening, slope erosion and scour, surface wave pertubation of
bottom sediments, crustal warping associated with seismic activity, and
generation of high pore water and methane gas pressures (Prior and
Coleman, 1979). Lindsay et al. (1984) showed that approximately half the
sediment deposited on the mouth bar at South Pass in the Mississippi
delta was moved into deeper water by submarine landslides. The triggering mechanisms include: major storms and hurricanes, mudlump
activity, and possibly, increased pore pressures resulting from generation
of biogenic gas (Lindsay et al., 1984). Subaqueous slope failures at the
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Mississippi delta-front may occur on slopes with as low inclinations as
0.2° (Coleman et al., 1978).

Effects of tides, waves, coastal currents and wind
All deltas are influenced to various degrees by tides, currents and waves.
The effects of these processes are continuous reforming of the delta morphology and especially its shoreline. During high tide and at low and
normal river stages, the seawater intrudes under the river water in the
mouths of a delta (Wright and Coleman, 1974) as described above. The
vertical range of the tide determines how far upstream from the mouth
the tidal influence will extend, and hence how it should affect the relative
area of the lower deltaic plain (Coleman and Wright, 1971). In the Mekong
delta, for example, the tidal range (3.2 m) strongly influences the river
channel, and shifting water-level effects extend as far as 388 km upstream
to Phnom Penh (Coleman et al., 1986). In deltas with strong tidal influence, special morphologic features can be found such as low-tidal flats,
tidal channels, etc. (Coleman et al., 1970). If tidal range is high, tidal
currents may contribute to the maintenance of channels and a complex
multichanneled distributary network may be formed (Coleman and
Wright, 1971). Interdistributary areas of tide-dominated delta plains
include lagoons, minor tidal creeks and intertidal flats (Elliot, 1978).
Wright (1977), described three basic effects of strong tides: (1) tidal mixing obliterates vertical density gradients subduing the effects of buoyancy
(cf. Section 2.1), (2) during at least part of the year, tides account for a
greater fraction of the sediment-transporting energy than does the river,
causing bidirectional sediment transport; and (3) the range of positions of
the land-sea interface and of the zone of marine-riverine interactions is
greatly extended, both vertically and horizontally. The Ganges delta is an
example of a macrotidal delta. Here, the extension of the delta has been
extremely slow, despite the great amount of sediments carried by the
Ganges River (Nagaraja, 1966). The reason for this is mainly the very
strong tides which distribute the sediments over a wide area at the head of
the Bay of Bengal.
The effects of waves upon the river-mouth processes and the resulting
morphology have been described by, for example, Wright and Coleman
(1972), and Wright (1977). Deltaic configurations and coastal landform
combinations depend largely on the wave power adjacent to the shore and
on the river discharge relative to wave forces (Wright and Coleman, 1972).
Waves modify the expansion and deceleration patterns of river-mouth
effluents. The outflow refracts and steepens incident waves in such a
manner as to concentrate power on the effiuent and to cause breaking in
water depths greater than the normally breaking depth (Wright, 1977).
The resultant wave-induced setup opposes the outflow, while wavebreaking enhances the mixing between the effiuent and ambient waters.
This mixing also precludes buoyant effluents. Increased deceleration
causes rapid deposition, and the crest of the crescentic river mouth bar
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forms close to the mouth. Along the lateral flanks of the effluent, steep
velocity gradients cause deposition of bed load, forming pronounced
subaqueous levees. Contemporaneous with initial deposition, shoaling
waves create swash bars which migrate shoreward over the subaqueous
levees. This shoreward return of sediments constricts the river mouth
until outflow becomes sufficiently concentrated to maintain the outlet.
Wright and Coleman (1973) showed that with increasing offshore slope,
and consequently increasing nearshore wave power, coastline irregularities decrease, whereas wave-built features increase in prominence, resulting in an accompanying increase in the lateral continuity of sand
bodies.
High incoming wave energy at the delta front may also produce
'backwater'- and damming effects of the water flow in delta distributaries,
similar to the effects of tides. Ivanov and Kotrekhov (1977) observed that
wind set-up waves caused an elevation of the water surface in the river of
1.3 m, about 150 km upstream of the river mouth, and also a reversal of
the current as far upstream as 114 km from the mouth (Kolyma River
delta, Siberia).
Morgan (1970b) reported reworking by coastal processes of the Mekong
delta front, creating sand beaches that merge laterally to form widespread
sheet sands in the deltaic plain. Also the Niger delta (Allen, 1964; 1970b) is
an example of a delta that builds in a sea of high energy and thus shows
beach-barrier environments. In the case of the Orinocco delta, the beachridges are developed due to strong currents parallel to the shore (Van
Andel, 1967). The sand barriers of the Nile delta are also developed by
strong long-shore currents (Coleman et al., 1981). Examples of other
deltas that display beach ridges are the Danube, Ebro, Sao Francisco and
Senegal deltas (Wright and Coleman, 1973), and the Indus River delta
(Coleman et al., 1986).
Aeolian dune deposits are abundant in many deltas. In the Indus delta,
for example, aeolian dunes are frequent, built by sediments originally
deposited by the river and concentrated by waves at the shoreline
(Coleman et al., 1986). Walker, (1967) studied riverbank dunes in the
Colville Delta Alaska. Dahlskog (1966) and Axelsson (1967) have also
reported aeolian deposits that heighten the natural levees of the Kvikkjokk
and Laitaure deltas of northern Sweden.

2.3.

The delfa plain

Delta plains are extensive lowland areas which comprise active and
abandoned distributary channels, levees, and interdistributary or interlevee basins. The apex of the deltaic plain may be seen as the point at
which the main stream channel branches into multiple distributaries.
Coleman and Wright (1971) recognized six basic physiographic zones of
the deltaic plain, namely: the subaerial, the subaqueous, the upper, the
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lower, the active, and the abandoned. The relative areas of the subaerial
and the subaqueous components of a delta may vary considerably. The
subaerial delta is that portion of the delta plain above the low tide limit or,
in the absence of tides, the portion above, for example, the yearly mean
water level in the receiving basin (Coleman, 1976). This Section will
mainly deal with the subaerial parts of deltas. The main depositional
forms and environments of the delta plain are the natural levees, distributary channels, and the interlevee basins.

2.3.1. Distributari.es
The channels of a delta may, as all natural channels, vary a lot in planar
configuration. In the younger parts of a delta the channels are usually
quite straight, whilst older parts of a delta often contain meandering
reaches. Braided channel patterns are found mainly on coarse-grained
deltas such as fan deltas and braid deltas. Axelsson (1967, p. 29) notes that
"Deltaic channels with cohesive banks often show remarkably straight
courses".
Deposits within the distributaries may be as bars of different types,
including point bar deposits if there are meandering reaches. In general,
the grain-size of the bed material in active channels decreases slowly in a
downstream direction, but may also vary considerably locally (Axelsson,
1967). The most frequent sedimentary structures in the distributary
channel deposits are cross-bedding, current ripple bedding, scour-and-fill
structures and erosional surfaces (Reineck and Singh, 1980). When the
current velocity within the channel decreases the result may be a
channel-fill sequence (Oomkens, 1967; 1970). This process produces a
sediment body with coarse-grained sediment at its base and dominantly
fine-grained sediment at its top. Axelsson (1967) and Baydin (1970) have
observed the occurrence of an annual periodic channel deformation in
depth. During the rising stage of a flood, bed erosion takes place, while at
low flow, bed accretion occurs. Therefore, the cross-sectional area and
depth of the channel increase at the rising stage of flow, due to both rising
water level and bed erosion. Research on the geometry of river channel
cross section is presented in Section 2.5.
Many deltas exhibit a network of channels between bifurcations (also
termed forks), and confluences (junctions). Besides the channel splitting
due to mouth development of bars at the front, some of the dis tributaries of
a delta may have their origin in crevassing, i.e. the process when flood
waters flow into the interdistributary area via small crevasse channels
cut in the levee crest. These breaks occur during the river flood stage,
when there is a flow gradient advantage across the natural levees
(Morgan, 1977). The process has been described especially for the
Mississippi delta, e.g, Russel (1936), Fisk et al. (1954), and Coleman (1976;
1988). Crevassing of small splays off distributaries is a relatively high
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frequency process that is associated with large floods of the Mississippi
River (Coleman, 1988). These crevasse splays are responsible for most of
the sedimentation occurring between the distributaries of the Mississippi
delta (Nummedal, 1982), and also most subaerial land of this delta is built
by crevasse splays (Coleman and Gagliano, 1964). The crevasse splay will
continue building only over a finite amount of time, and seaward progradation will cease once the hydraulic gradient advantage is lost due to
channel extension (Nummedal, 1982), (see further Section 2.4).
Axelsson (1967) found that most of the channel forks are asymmetrical,
with one branch smaller than the other. The smaller branch often diverges at a greater angle than the other. The bank at the point of bifurcation
causes resistance to flow, resulting in damming and flattening of the
water surface upstream and a steepening of it laterally and downstream.
At high discharges strong eddies are formed at and just downstream of
the point of bifurcation, resulting in excavation of deep and narrow pools.
Axelsson (1967) showed that the cross-sectional area of the divided reach,
therefore, is larger than that of the undivided channel. However, the effective areas of the cross sections are reduced by reverse eddies that accelerate the constricted flows at the upstream part of the entrance to the branch
channels.
The process of channel closing has been described by, for example,
Welder (1959), Kolb and Van Lopik (1958; 1966), Axelsson (1967), and
Maldonado (1975). The development of channel closing discussed in detail
by Welder is illustrated in Fig. 2.7, and Axelsson (1967, p. 35) described the
process as follows: "During the closing process the size of the entrance to
the closing channel decreases by deposition of sediment, especially at the
upstream part of the entrance. As previously discussed, deposition of
sediment on the inside of a channel bend favours erosion on the opposite
side and therefore a lateral displacement of a channel. At the head of a
closing channel, however, deposition of sediment at the upstream part of
the entrance .. .'', (at X in Fig. 2.7), "... usually takes place more rapidly
than erosion at the downstream part (at Y) as the efficiency of the channel
decreases. As filling proceeds, the angle of divergence between the closing
channel and the trunk stream usually increases, as pointed out by Welder
(1959), and gradually the closing channel may be completely dammed off
by a natural levee, formed across its head". According to Kolb and Van
Lopik (1958), there are indications that the abandonment of a Mississippi
River course is a gradual process until a critical stage in the diversion
process is reached. This critical stage usually occurs when 30 to 50 percent of the master stream's flow is being diverted through the diversion
arm. After the critical stage is reached, there appears to be a rapid acceleration of the diversion process, during which the former major channel
is plugged with sand just downstream from the point of diversion and the
new channel rapidly enlarges to take the entire flow (Kolb and Van Lopik,
1958). After abandonment of the former course, only high water or flood
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Fig. 2. 7. Schematic development of channel closing. (From Welder, 1959,
in Axelsson, 1967.)
flow is capable of breaching the sandy wedge that forms at the head of the
abandoned course. Sandy materials are distributed for some distance
downstream from this point by these flows, but most of the abandoned
channel receives only the finest materials, which are carried in suspension (Kolb and Van Lopik, 1958). The result of this process is, as has been
mentioned in Section 2.2.1, a channel-fill sequence (Oomkens, 1967, 1970).
The studies of river channel confluences have increased in recent
years, e.g. Mosley (1976), Richards (1980), Ashmore and Parker (1983), Roy
and Woldenberg (1986), Best (1986; 1988), Roy et al. (1988), Roy and
Bergeron (1990), Best and Roy (1991), Ashmore et al. (1992), and Biron et
al. (1993). However, studies of deltaic distributary junctions are fewer.
Richards (1980) stressed that for alluvial streams it is acceptable to treat
downstream changes in stream width, and possibly other measures (i.e.
depth, channel capacity and mean bankfull velocity through each link) as
a step function in which increases occur at tributary junctions, while
within individual links width varies stochastically about a mean in which
little or no trend is apparent. Roy and Woldenberg (1986) developed a
model based on the continuous hydraulic geometry relationships, that
describe average changes in form, especially channel width at a river
junction. The model showed that the behaviour of individual river junctions is highly variable.

36

Scientific Background

Axelsson (1967), in one of few studies on distributary junctions, found
that the cross-sectional area was larger at the site of confluence than for
the divided upstream reach. This is the result of the excavation of a deep
pool in the bed, caused by the increased turbulence where the two currents
merge. Roy et al. (1988) showed that the flow is accelerated through the
confluence as stage rises. The cross-sectional area then decreases in an
downstream direction, reaching a value equivalent to that of the divided
reach. Mosley (1976) found, by flume studies of confluences, that scour
holes developed that were similar to features described at confluences in
the braided North Saskatchewan River. The scour holes were maintained
by turbulence and helicoidal flow cells generated by the converging flows,
and their depths and cross-sectional areas increase as turbulence increases. Further, scour hole depth increases rapidly as the confluence
angle increases from 15° to 90°. Mosley noted that flow from the tributaries
crossed to the centre of the scour at the surface, and then plunged down to
the bed, returning to the surface along the walls of the scour, resulting in
helicoidal cells. The helicoidal flow then explains the steep walls of the
scour. Mosley found that maximum scour depths occur when both
channels have precisely equal discharges. Best (1986) recognized three
distinct elements that characterise channel confluences: avalanche faces
at the mouth of each confluent channel, a deep central scour (discussed
above), and a bar within the separation zone zone formed at the downstream corner. Best (p. 170) concluded that "All these features reflect the
complex flow dynamics and distinctive patterns of sediment transport
within the confluence. These are largely controlled by junction angle and
the ratio of the discharges between the confluent channels." Biron et al.
(1993) stressed that, if the merging channels have unequal depths, there is
a mouth bar with an avalanche face of the smaller channel and that the
marked scour zone is absent (cf Section 4.4.2).
Roy and Bergeron (1990) investigated the flow and particle paths at a
confluence with coarse bed material. Best and Roy (1991) studied the distortion of the mixing-layer at confluences of channels of different depth.
The studies by Ashmore and Parker (1983), and Ashmore et al. (1992) deal
with confluences in braided, gravel-bed streams. The latter study confirmed by field observations the findings by Mosley (1976) and Best (1988),
i.e. that in simple Y-plan confluences, where the two merging flows are of
similar magnitude, the secondary circulation is dominated by double helicoidal cells, which gradually decay downstream.

2.3.2. Natural levees and interlevee basins
Natural levees are normally found along deltaic channels with cohesive,
vegetated banks and with rather coarse-grained suspended load
(Axelsson, 1967). The levees are formed due to the deposition of sediment
by flood-waters along the banks of the channels. However, flood inunda-
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tion is not continuous along all portions of the river and in many
instances during a single flood crevasse splays will form the small lobes
emanating along low points of the natural levee (Coleman, 1976). Tye and
Coleman (1989b) found that the building of natural levees during floods
account for most of the aggradation on the Atchafalaya lacustrine deltas.
An essential principle of delta morphology is that natural levees do not
terminate at the shore, but rather that they extend seaward as submarine
features (Russel, 1967). Levees may therefore originate from longitudinal
bars, often formed in areas with lateral flow separations (cf Section 2.2),
for example at channel mouths, at the inside of channel bends and at the
head of channel forks (Axelsson, 1967).
In association with lateral displacement of a channel, there may be a
gradual retreat of the levees on the erosion side, and formation of parallel
levee ridges on the accumulation side. Levees are asymmetrical in cross
section with the crest close to the channel, due to the greater deposition
near the channel and decreasing deposition in a lateral direction
(Axelsson, 1967). Undercutting of the levees is a common process, leading
to very steep levee-banks, especially at the outside of channel bends.
Slower mass movements (e.g. creep) and the formation of crevasses may
also modify the shape of natural levees (Axelsson, 1967).
The levees are usually highest in the upstream parts of a delta and
slope towards the mouths. In the Mississippi delta, for example, the gradient is about 0.1 per mille (Coleman, 1976). The younger, lower levees are
flooded more frequently and during longer periods than older, higher
levees. In the Laitaure delta, the average slope of the levee crest is about
0.2 per mille in the middle part of the delta and about 0.3 in the proximal
part, and the older levees are flooded in about 2 out of 3 years on the average (Axelsson, 1967).
Typical levee deposits are characterized by a wide variety of sedimentary structures such as climbing current ripples, and intense root-andworm burrowed bioturbations on the upper surface of bedding planes
(Coleman, 1976). Levee facies usually fine away from the channels, and
lateral displacement of the levees associated with channel migration or
alluvial ridge build-up may therefore give a coarsening-upward sequence
characterized by increasing thickness of the sand beds upward (Elliot,
1978).
In most cases the interdistributary zones comprise the greater fraction
of the deltaic surface area (Axelsson, 1967; Coleman and Wright, 1971).
Interlevee basins are formed due to splitting and extension of channels,
accompanied by the development of new, more or less divergent and convergent levee systems (Axelsson, 1967). As the levees grow higher and
advance, interlevee areas are embayed and later cut off from the frontal
basin. These basins consist of flat areas with or without lakes, and may
vary considerably in form. Coleman and Wright (1971) distinguished 10
types of interdistributary landforms including: enclosed bays, open bays,
interdistributary lakes, evaporite flats, tidal channels, beach-dune ridge
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and swale complex, beach ridge plain, eolian dunes, interdistributary
highs, and cultivated plain.
The sediment deposited within the interdistributary basins is often very
fine-grained, usually with a high organic content compared with sediment deposited in the channels (Axelsson,1967). In delta lakes with
connections to distributaries, miniature deltas may be formed at the
mouths of inflowing channels, as reported by Axelsson for the Laitaure
delta.

2.3.3. Characteristics of high-latitude deltas
Besides the factors that affect delta morphology discussed earlier (Sections
2.1.1, and 2.2), the effects of different "cold climate" factors can be mentioned. Long periods of ice and snow cover, continuous permafrost, a thin
active layer and extreme variation in discharge are among some of the
more important factors that affect arctic deltas, but which do not normally
operate in other deltas (Walker, 1970). Walker, Arnborg, and Peippo (1987)
examined the bank erosion of the Colville River delta. They found that the
development of thermoerosional niches in the riverbanks causes block
collapses and almost instantaneous bank retreat of as much as 12 m, but
long-term rates of bank retreat rarely exceed 3 m.
MacKay (1970) described the ice regime of the Mackenzie delta. Here
ice-jams, blockages and high discharge during spring break-up often
cause floods. Also, in the proximal part of the Laitaure delta, ice jams are
often formed below small rapids, causing overtopping of the levees in
some years (Axelsson, 1967).
Naidu and Mowatt (1975) discussed the special features for polar deltas,
typified by those on Alaska's north slope. They found that, in the Arctic,
features classically related to delta-front platform and slope facies are not
well defined. This was interpreted as a result of sediment bypassing
because of overflow of fluvial discharge initially on offshore fast-ice, and
subsequent transport farther offshore by ice-drafting. In addition, the natural levees and flood plains are often very poorly developed, because of the
lack of bankfull discharge.

2.4.

Cyclic sedimentation and associated processes

A well-known and important characteristic of many deltas is the cyclic
repetition of depositional events. Discussions on cyclic sedimentation are
focus mainly on the Mississippi delta systems, e.g., Fisk et al. (1954),
Scruton (1960), Coleman and Gagliano (1964), Kolb and Van Lopik (1958;
1966), J.P. Morgan (1970a), and D.J. Morgan (1977). Other deltas for which
cyclic sedimentation has been studied are the Niger delta (Allen, 1964),
Han River delta of south China (Zong, 1989; 1992), Danube (Petrescu,
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1957), Ganges (Chowdhury, 1966), Po (Nelson, 1970; Boldrin et al., 1988),
Rh6ne (Oomkens, 1967, 1970), Colorado (in Texas) (Wadsworth, Jr., 1966),
Guadalupe delta at the Texas Gulf coast (Donaldson et al., 1970), and the
Terek and Sulak deltas in southern Russia (Baydin, 1970).
Cyclic sedimentation can be recognized in different scales, both in time
and dimension. For the Mississippi delta there are firstly the seven large
overlapping lobes, which have been built during the past 7000 years
(Coleman, 1976), and secondly the smaller subdeltas within the modern
birdfoot delta. The total area of the Mississippi delta is about 28600 km2
(Coleman, 1976), and each lobe has areal extents of up to 6500 km2
(Coleman and Gagliano, 1964). The lobes switch sites of deposition on an
average of every 1500 yr (Coleman, 1988). Penland et al. (1987), however,
recognized only six delta complexes. Their new stratigraphic model
depicts the Mississippi delta plain as actually two individual, imbricated
shelf-phase delta plains deposited at different periods of unchanged sea
level. In this interpretation, shallow-water shelf-phase deltas are seen to
be the primary depositional constituents of the Mississippi delta plains,
which defer from the traditionally deep-water Mississippi delta model.
The abandonment of an active delta and the initiation of a new cycle
occurs when there is a shift in the point of sediment supply (Coleman and
Gagliano, 1964). This shift occurs when the major distributary has lost its
gradient advantage and the site of maximum deposition is switched to
another delta lobe. This may be through an older abandoned channel or
through a crevasse in the levee (e.g. Baydin, 1970).
The Atchafalaya River and its delta is an example of the initial stages of
a new delta cycle (DeLaune et al., 1987). This delta has resulted from the
capture of Mississippi River flow by the hydraulically more efficient
Atchafalaya River (Van Heerden and Roberts, 1980). The flow in the
Atchafalya River is now artificially maintained at 30 percent of the total
Mississippi discharge. Tye and Coleman (1989a; b) have studied the development of lacustrine deltas. within the Atchafalaya delta. These lacustrine
deltas prograde over a subsided backswamp surface and grow by downslope progradation, lateral overbank deposition, and vertical accretion.
The subdeltas of the modern Mississippi delta have been built during
quite short time periods. These subdeltas are formed due to breaks in the
levees, crevasses, which occur during river flood stage, when there is a
flow gradient advantage across the levees (Coleman and Gagliano, 1964;
Morgan, 1977). Welder (1959) described in detail the development of the
Cubits Gap Crevasse. Some of the crevasses remain open during lower
river stages and the result is extensive land-building. In time, the crevasse wanes and becomes inactive and as a result of subsidence the dead
crevasse system is inundated, reverting to a bay environment. and so
completing its sedimentary cycle (Coleman and Gagliano, 1964). Wells
and Coleman (1987) found that each Mississippi subdelta (1) lasted for
approximately 115-175 years, (2) included both periods of growth and
deterioration, (3) was initiated by a crevasse or break in the natural levee,
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(4) showed a linear advancement and volumetric growth during subaerial
deterioration, and (5) displayed a new pulse of subaerial growth during
the high discharge decade of the 1970's. Thus a crevasse system is a
scaled-down version of the major deltaic system (Coleman and Gagliano,
1964).

2.4.1. Discharge distribution through different distribut.aries
An interesting problem in the study of a delta is the distribution of the
water flow through different distributaries, and its variation with time.
The distribution may be seen as an important controlling factor for delta
formation. Baydin (1970) considered the formation of the hydrographic
network of non-tidal deltas with large sediment discharge to be of a cyclic
nature. Therefore, the variation in flow distribution is associated with
cyclic sedimentation, and it may be looked upon in two somewhat different
aspects. Firstly, as the total discharge at the proximal part of the delta
varies, the proportion of this discharge in different distributaries also may
vary. This was studied by Arnborg et al. (1966) for the Colville River delta.
They showed how the proportional discharge in the distributaries varied
between high, moderate and low stages. However, for most channels the
variations were rather small, or between 2-5 % with a maximum of 8 %.
Secondly, in a longer time perspective, the proportional discharge in a distributary may vary due to upstream alterations in flow characteristics. As
a distributary lengthens, the gradient decreases and the water finds a
shorter way to the receiving basin through some other existing channel.
This leads to a decreasing percentage of the total flow in one channel and
a corresponding increase in one or more other channels, e.g. the case of
the Atchafalaya and Mississippi Rivers, as previously described.
Diaconu and Stanescu (1970) studied the discharge distribution through
the main channels of the Danube delta. They found that the percentage of
the total discharge for different channels varied with the amount of the
total discharge. If the percentage increases for a certain channel in lowwater periods, it indicates that the flow is not prevented by sand banks or
bars. If, on the other hand, the percentage of the total discharge decreases
in low-water periods, the flow conditions are generally unfavourable, due
to blocking of flow by sand banks and bars. The· proportion may, however,
vary with time due to lengthening of channels and an associated decrease
in gradient and effectiveness to transport sediments. Examples from the
Danube delta show that the discharge through the Chilia channel has
decreased as a result of the increase in discharge through the Sulina
channel (Diaconu and Stanescu, 1970).
Nelson (1970) compared the water surface slopes of the Pila, Maistra
and Tolle distributaries of the Po delta. He showed that the gradient is
least for the Tolle, which explains the general loss in efficiency with time
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for this distributary, and the decrease in flow from 28 percent in 1900 to
about 12 percent in the late 60's.
Mikhailov (1970) showed in studies of the Volga and Danube deltas that
the distribution of the discharge in different distributaries is characterized by the following relations:
Qi = Qi (Qo, HM)
Qo =LQi±AQ

(2.1)
(2.2)

where Qi, is the water discharge in the i'th distributary; Qo, the water
discharge at the head of the delta; HM, is the mean sea/lake level (free
from short-term oscillations), and AQ, the value of losses or of water discharge increment in the delta.

2.4.2. Delta subsidenre
Delta subsidence and associated wetland loss have been reported in
several studies, e.g., Russel (1936), Samojlov (1956), Scruton (1960), Van
Straaten (1960), Coleman and Gagliano (1964), Gould (1970), J.P. Morgan
(1970a; b), Nelson (1970), D.J. Morgan (1977), Wells and Coleman (1987),
Walker, Coleman et al. (1987), Coleman (1988), Coleman and Roberts
(1989), and Britsch and Dunbar (1993). Waldemarson Jensen (1976) made
a brief review of studies on compaction of deltaic sediments and subsidence in association with her vegetation studies on the Laitaure delta.
When the fluvial supply of sediment stops for one reason or another a
tendency of subaerial parts of a delta to drown below the sea can be
observed. It is usually difficult to separate the various components that
contribute to subsidence. The relative change in level is caused by (1) an
absolute rise of the sea and (2) a true sinking of the land (Van Straaten,
1960). The most important factor is the latter of these. The subsidence in
the Mississippi delta is due to the combined effect of: (1) lowering of the
baseme11t, (2) consolidation (and downwarp by faulting) of pre-Holocene
deposits and (3) compaction of recent sediments (Van Straaten, 1960). Of
these processes at least compaction is evident for most recent deltas.
Accumulation of large amounts of sediments in major deltas causes a
local overloading of the earth's crust. This may result in isostatic lowering of the basement of the deltas. Most of the relative subsidence in the
Mississippi delta is caused by compaction of the youngest deposits (Van
Straaten, 1960). Tye and Coleman (1989b) found that compactional subsidence in the Atchafalaya delta is a continuous process that strongly influences the cyclic deposition of lacustrine deltas.
The deterioration of the Mississippi subdeltas mentioned above is
primarily a result of a decrease and fining of sediment transported downstream into the subdelta systems that no longer have a delivery network
for efficiently dispersing these sediments (Wells and Coleman, 1987).
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In deltas experiencing rapid subsidence, basin water will immediately
encroach over the regressive sequence of deltaic sediments. The marine
processes such as waves, tides, and currents will only have a minimum
amount of time to rework the sediments of the regressive phase (Coleman,
1976). The following transgressive sequence of deposits over the abandoned
delta will consist primarily of shallow marine and bay sediments and the
regressive phase is preserved in its entirety. If subsidence is not extremely
rapid, waves, tides and currents will begin to erode, transport and redistribute the sediments of the uppermost portions of the regressive phase.
The fine-grained material will be resuspended and carried away from the
delta proper, and there will be a concentration of sands along the seaward
margins of the abandoned delta (Coleman, 1976). Oomkens (1967, 1970)
also reported, in a study of the Rhone delta, transgressive sequences due
to a process whereby the rate of subsidence exceeded that of sedimentary
buildup. This process results in deposition of a sediment body in which
coastal plain deposits are overlain by coarse-grained coastal barrier
deposits that are, in turn, overlain by marine deposits.
Besides the natural causes of delta deterioration there are some maninduced factors. During the last few decades, wetland loss in Louisiana
has increased drastically due to human factors (Walker, Coleman et al.,
1987; Coleman and Roberts, 1989). These include construction of dams and
levees, canal dredging and fluid withdrawal that all affect sediment
distribution. As an example, the intensified erosion of the Nile delta
shoreline is shown to be a result of the construction of the Aswan dam in
1964, that caused a strong decrease in sediment supply to the delta (Frihy,
1988; Smith and Abdel-Kader, 1988). Kesel (1989) also considers the
decrease in suspended load, caused by dam constructions in the
Mississippi drainage basin, and the elimination of overbank flow by the
construction of artificial levees, to be the major causes of wetland loss in
southeastem Louisiana. The same is true for the North Santee River Delta
where damming and rediversion altered the delta from an active progradational stage to a destructional stage (Stephens et al., 1976).
Walker, Coleman et al. (1987) proposed that the causes of wetland loss
in Louisiana, in order of decreasing importance, are:
1. Change in the depositional site and stage in the delta cycle.
2. Compaction and localized differential subsidence.
3. Sea-level change and long-term climatic change.
4. Human modification of the Mississippi River system.
5. Canal dredging.
6. Biological degradation.
7. Short-term catastrophic events.
R Fluid e~traction.
9. Regionaf geosynclinal downwarping.
DeLaune et al. (1987) reported an estimated combined subsidence (local
compaction) and eustatic rates of sea-level rise for the Atchafalya delta of
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1.61 cm/year. Coastal wetland loss in Louisiana is considered to amount
to more than 100 km2/year (Walker, Coleman et al., 1987). Britsch and
Dunbar (1993) found that the land loss rate has decreased since 1974.

2.5.

Hydraulic geometry

2.5.1.l:ntrodu.cti.oll
The geometry of a natural river channel is controlled by the independent
variables of discharge and sediment load. In detail, the morphology at
each reach is a result of the interaction of the hydraulics of flow (velocity,
discharge, roughness and shear), the channel configuration (width,
depth, shape, slope and pattern), sediment load entering. the reach
(calibre and amount), and bed and bank material. In 1953, Leopold and
Maddock described the way in which the characteristics of natural stream
channels vary with discharge by the term 'hydraulic geometry'.
Hydraulic geometry relates water discharge Q, to the hydraulic characteristics of the channels, e.g., width w, mean depth d, and mean velocity v.
When discharge varies, the adjustment of the hydraulic variables are
described by power functions of the form:
w=a·Qb
d =c-Qf
v =k·Qm

(2.3)
(2.4)

(2.5)

and because Q = w ·d. v, it follows that:
b+f+m=l
a·C·k=l

(2.6)
(2.7)

When plotted on log-log graphs the exponents represent the slopes of the
straight lines. The coefficients are scale factors that define the magnitudes of w, d, and v when Q = 1. This can be extended with similar relations for other variables such as slope s, suspended sediment load L,
Manning's n, the Darcy-Weisbach friction factor ff and bed shear stress 't,
(Richards, 1982).
Hydraulic geometry relations can be defined for both specific cross
sections, then termed "at-a-station" hydraulic geometry, or for different
cross sections along a river at a constant frequency of discharge, "downstream" hydraulic geometry (Fig. 2.8). Since Leopold and Maddock's work
there have been numerous studies on hydraulic geometry and the main
task has been trying to establish general relationships that apply to a
variety of channels in different climates and geologic and geomorphologic
environments. In detail, most investigations of hydraulic geometry have
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Fig. 2.8. Average hydraulic geometry of river channels expressed by
relations of width, depth, velocity, suspended-sediment load, roughness,
and slope to discharge at-a-station and downstream. (From Leopold and
Maddock, 1953.)
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been directed at one or more of the following problems (Wahl, 1984):
- Determining the significance (such as the recurrence interval) of bankfull discharge.
- Determining the exponents in the hydraulic-geometry equations either
theoretically or empirically for a specific region or channel type.
- Application of the concept to solve practical problems.
As a result of the difficulty in collecting sediment regime data, most
hydraulic geometry models have focused on discharge as an explanatory
factor (Miller, 1984). However, Schumm (1960) analyzed the role of sediment in stream channel development. He found that discharge is the most
significant in explaining variation in channel width, whereas sediment
characteristics are most significant in the case of maximum channel
depth.
Richards (1977) and Ferguson (1986) provide excellent reviews of empirical and theoretical interpretations of hydraulic geometry. Rhodes (1977,
1987) discussed hydraulic explanations of interrelationships among values of exponents, and Rhoads (1992a) examined methodological issues
associated with empirical analyses of hydraulic geometry, and the same
author (1992b) made a review on recent research in fluvial geomorphology, including studies of hydraulic geometry.

2.5.2. Assumptions and sources of error
The concept of hydraulic geometry is based on assumptions, which may
include the following (Thomes; 1977; Knighton; 1977a; Eschner; 1983):
- Discharge can be regarded as the dominant independent variable to
which the dependent variables adjust.
A direct causal relationship operating in a system under equilibrium.
That the changes are continuous and reversible.
The above-mentioned simple log-linear relationships accurately describe the observed changes.
That a given set of relations represent the mean condition of stream
behaviour at a particular cross section.
Reported values of the hydraulic exponents frequently do not sum to
unity and in general the reasons for this may be grouped as: (1) data
error; (2) method of fitting the regression line; (3) validity of the power
function relationship; (3) absence of physical adjustment to some discharges (Rhodes, 1977).
Wolman (1955) showed that measurement of cross sections even at
short distances from each other may indicate great scatter of values of the
parameters. According to Thomes (1970) the scatter about ijie regression
lines may be due to error in discharge and velocity measurements, variations in bank material affecting width-depth ratios, variations in bed
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material, and channel instability. Knighton (1977a) analyzed in detail the
causes of scatter of the data points in the study of the Bolloin-Dean River.
He classified the main sources of scatter into four groups:
1. Measurement error, resulting from failure in measuring precisely the
same cross section each time and from inaccuracy of measurement.
2. Analytical error, resulting from the fact that some of the hydraulic
variables may not be calculated by simple power functions, as has been
assumed. Richards (1973), suggested that log-quadratic equations
might more accurately express hydraulic geometry relations.
3. Random variation. Sources of variation that can be associated with
certain physical conditions whose effect on the dependent hydraulic
parameters varies over a short period of time. For example, parameters
that describe hysteresis loops during floods, will give quite large scatter
on the resultant graphs. Other sources of random variation in the
hydraulic parameters may be temporary scour and fill, temporary
channel widening, and changes in the relative influence of other
factors such as local resistance elements may produce.
4. Systematic variation, due to progressive change in channel condition.
This is the case when the stream develops an alternative state which
precludes the possibility of a return to initial conditions, at least in the
short-term.
Knighton (1977a) concludes that the most important physical causes of
scatter on at-a-station graphs are random variation about some mean
state with partial or complete return to initial conditions and systematic
variation related to changes in channel form. Phillips (1990) noticed that a
change or perturbation in one or more system components (hydraulic
radius, velocity, slope, resistance) will result in a new equilibrium, rather
than restoration of the pre-disturbance condition.

2.5.3. At-a-station hydraulic geometry
The at-a-station hydraulic geometry deals with temporal variations in
flow variables as discharge fluctuates at a cross section (Fig. 2.8), usually
for a range of discharges up to bankfull (Knighton, 1984). The values of the
exponents (b, f, m) for at-a-station hydraulic geometry reported in literature show a wide range and Rhodes (1978, p. 195) concluded that the result
of these wide ranges is "that rivers adapt to variable bed and bank materials, sediment load and flow regimen by nearly every possible combination
of the hydraulic geometry factors." Eschner (1983) reported large ranges of
the exponents for the Platte River, both between different reaches of the
river, and among different sections within a given reach of the river. The
validity of and usefulness of average hydraulic geometry exponents have
been questioned (e.g., Knighton, 1975; Rhodes, 1977; Park 1978).
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Knighton (1974) distinguished straight reach sections from meander
and braided sections principally by their lower rate of change of width, the
mean values of b being 0.03 for straight reaches and 0.24 for meander and
braided reaches. Knighton (1975) also noticed that the rate of change of
velocity was generally less at meander and braided sections than at
straight reach sections. This was partly a result of the difference in width
adjustment and the effect it had on resistance variation, and partly
because of a difference in the nature of resistance elements. Grain roughness had a dominant influence in straight reaches. In meander and
braided reaches, on the other hand, channel curvature and the form
roughness associated with gravel bars caused additional energy loss.
In a channel with cohesive banks and no marked variation in bank
erodibility along the stream, discharge exerts the dominant influence on
the downstream rate of width increase while its at-a-station rate of change
is largely determined by bank material characteristics (Knighton, 197 4).
In channels with stable, cohesive silty bank sediments the cross sections
usually are rectangular or trapezoidal with low width exponents (b = 0.05;
Wolman, 1955). As the silt-clay content of the bank material decreases, the
rate of change of width increases (Knighton, 1974). Leopold et al. (1964)
concluded that ephemeral streams in semiarid areas tend to increase
more rapidly in width as discharge increases than streams in more
humid areas. In homogeneous non-cohesive sand the shape of the cross
section is parabolic, with concave banks steepening to the angle of repose
at bankfull water level. The resulting exponent set approximates to b =f =
m = 0.33 (Richards, 1982).
Studies of the hydraulic geometry show that the mean bed elevation at a
river cross section depends not only on water discharge but is related to
changes in width, depth, velocity, and sediment load during a passage of a
flood (Leopold et al., 1964). Concerning the influence of load, at-a-station
suspended sediment load increases more rapidly than discharge (Leopold
and Maddock, 1953). A narrow deep channel is most efficient for carrying
a high suspended load. That is, at a given discharge, velocity and width, a
deeper channel is required to increase suspended sediment capacity. Or,
as velocity decreases at-a-station, the channel must become comparatively
narrow and deep to maintain the suspended sediment load already in
transport (Morisawa, 1985). Leopold and Maddock (1953) suggested that
the velocity-depth relationship is influenced by suspended sediment load,
whereby a higher rate of suspended load increase requires a more rapid
increase of velocity relative to depth. Measurement data indicate that the
higher the m/f ratio, the more rapid the increase of measured sediment
load with increase of discharge (Leopold et al., 1964).
Rhodes (1977) developed the so-called b-f-m diagram, where the exponents are plotted on a triaxial coordinate system (Fig. 2.9). This diagram
is a graphical representation of at-a-station hydraulic geometry exponents, which allows responses of width, depth and velocity to changing
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Fig. 2.9. Divided b-f-m diagram showing numbered areas that delineate
channel types. (From Rhodes 1977.)

discharge to be interpreted from physical considerations. Rhodes (1977)
proposed a series of subdivisions of the diagram providing additional
information about similarities and relationships between the various
data. The five criteria employed by Rhodes are based on the relative rates
of change of width and depth (b = f), velocity and depth (m = f) and velocity
and cross-sectional area (m = b + f), on the direction of change of the
Froude number (F =v/.../gd), which increases with discharge if m > f/2 (g is
the gravity constant), and the roughness coefficient, n, which decreases
with discharge at constant slope, according to the Manning equation (v =
(R213 . sl/2) I n), if m/f > 213 (R is the hydraulic radius approximated by the
mean depth, and s is the slope of the energy gradient).
Rhodes (1977) showed that straight, meandering and braided rivers
could be discriminated in the b-f-m diagram, for example, braided
reaches have generally a b/f ratio greater than 1. At the same time, Park
(1977) also developed tri-axial b-f-m diagrams. His approach, however,
differed from Rhodes in that he chose to interpret data on the basis of
gross climatic differences, but he concluded (p. 141) that the climatic
grouping gave "relatively little explanation" of the variability of the data.
Rhodes (1978) concluded that the divided b-f-m diagram is a tool for the
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interpretation of hydraulic geometry rather than simply a means of presenting the data graphically.
Earlier studies (i.e. Leopold and Maddock, 1953; Leopold et al., 1964;
Langbein and Leopold, 1964) indicate that slope changes little with discharge and it is therefore assumed that roughness is the parameter that
experiences greatest change. Rhodes (1977) summarized the causes of
roughness changes as:
- In relatively small channels with large bed elements (cobbles, boulders,
dunes) there will be a decrease in roughness when these elements are
submerged when discharge increases (Wolman, 1955).
- When discharge increases, the flow might be better aligned with the
channel, which results in decreased roughness (Leopold et al., 1964).
- Increased suspended sediment concentration, results in increased
effective viscosity which reduces turbulence and hence decreases
roughness (e.g. Leopold and Maddock, 1953).
- Growth of bed elements as discharge increases causes increased
roughness (Leopold et al., 1964)
- At higher stages the channel geometry or vegetation along the banks
causes greater turbulence and increased roughness.
Rhodes concluded that it is difficult to know which of the causes that
contribute to the changes in roughness, and it is even more difficult to
evaluate the relative contribution of each of the factors to the observed
changes. Knighton (1975) found that considering the low values of the f
exponent for his stations, relatively small increases in depth were capable
of causing large reductions in frictional loss by submerging the effect of
the bed sediment. The rate of change of resistance depends largely on the
type of roughness, its degree of influence at various flow depths, and the
characteristics of adjustment, particularly that of stream width
(Knighton, 1975).
As Bates (1990) points out, several authors have questioned the ability of
the log linear model to adequately represent hydraulic geometry data for
discharges less than channel capacity (i.e. bankfull). Therefore, simple
power functions may not be the best way of describing the at-a-station
hydraulic geometry, and instead complex at-a-station relations may be
used. For example, Wolman (1955), Thornes (1970), Richards (1973),
Williams (1978a), Eschner (1983) and Knighton (1984) have noticed breaks
in the slopes of the relations. Ferguson (1986) discussed analytically the
the origin of these breaks and s,howed that they are caused by the crosssectional shapes and frictional characteristics of natural river channels.
Richards (1973) questioned the log-linear hydraulic geometry relations
on the basis that since resistance variation is not necessarily linear,
neither depth nor velocity can be expected to vary linearly with discharge.
He suggested higher order equations i.e. log-quadratic. Richards (1976)
and Rhodes (1977) have pointed out that the transition from ripples to
dunes in sand bed channels causes an increase in flow resistance leading
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to a reduction in the rate of change of velocity with increasing discharge.
Surface and form resistance are considered the important resistances in
analyses of at-a-station changes, and Knighton (1979, p. 208) concludes
that "Certainly in sand-bed streams the variation in resistance and in
related variables such as depth and velocity appears to be more complex
than the log-linear form of hydraulic geometry would first suggest." Also,
channel shape may preclude constant rates of increase in water width
and depth with increasing discharge (Thornes, 1970; Richards, 1976).
Bates (1990) developed a log piecewise linear model which identifies points
at which there are breaks in the slopes of width-, mean depth-, and mean
velocity-discharge relations. Knighton and Cryer (1990) compared loglinear and log-quadratic relationships between velocity and discharge for
a number of sections and reaches. They found that the traditional loglinear relationship applied to more than half the cases, whereas the logquadratic relationship was only moderately successful.
The dominant controls on cross-sectional form are discharge, the absolute and relative amounts of bed-load transport, and the composition of the
channel boundary, particularly as it relates to bank stability (Knighton,
1984). Wolman (1959) observed high erosion of cohesive river banks, primarily during the winter, caused by bankfull discharge attacking banks
which had previously been thoroughly wetted. The erosion was most
severe at the water surface. Wolman further noticed that the second most
effective form of erosion in this particular river were frost action combined
with low rises in stage, during cold periods with wet banks. Wolman
suggests that the cumulative effect of more moderate climatic conditions
on the bank erosion exceeds the effect of rarer events of much greater
magnitude (Watts Branch, Maryland). Wolman further found a crude
correlation between precipitation and erosion during selected intervals of
time. There are two main processes of bank erosion. Firstly, when grains
or assemblages of grains are removed from the bank by flow, with two
distinct events: detachment and entrainment. Secondly, the first process
usually leads to undercutting of the bank, which in turn results in failure
under gravity. This second phase is a more rapid process when blocks of
bank material fall or slide into the channel. The type of failure depends on
the geometry of the bank, the geotechnical properties of the bank material
and the stratigraphy within the bank and the presence or absence of cohesion is particularly important (Thorne, 1990). Lawler (1993) made a thorough and detailed review of the various techniques used for the measurement of river bank erosion.
Schumm (1960, 1971) investigated the influence of particle size in the
materials of the bed and banks of alluvial channels. He found that a high
proportion of silt and clay produces a low width/depth ratio, whereas a low
proportion of silt and clay is associated with great width in relation to
depth. He found a close relationship between the shape of a channel and
the percentage of silt and clay in the sediments forming the perimeter of
the channel. Schumm concluded that the type of load is the main control
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on channel shape and that suspended load and bed-load channels are
respectively, narrow and deep, and wide and shallow. The implications
for downstream hydraulic geometry (see next Section) are (Knighton,
1984):
- Well-defined width and depth-discharge relationships are expected if
bank material remains constant.
- If banks become more cohesive, width will increase more slowly and
depth more rapidly downstream to give a more boxlike cross section.
The bank vegetation plays an important role for bank stability and associated erosion, and therefore the hydraulic geometry of natural channels.
It is especially the width adjustment that depends on the age, type, density
and health of the vegetation. Vegetation increases bank resistance, resulting in channel narrowing (Knighton, 1984). Thorne et al. (1988) also found
that channels with strongly vegetated banks are narrower and deeper
than channels with weak bank vegetation. Andrews (1984) showed that in
the rivers with thick bank vegetation the dimensionless widths were 25 %
less than in the rivers with thin bank vegetation (dimensionless width, w*
= W/Dso, where D50 is the median grain diameter). Nanson and Hickin
(1986) found that vegetation in the outer bank of a meander bend had little
significant effect in controlling channel migration, especially when the
erosion takes place belo,w the root zone. Instead, they found that grain size
of sediment at the base of the outer bank is more important in controlling
the erosion. According to Thorne (1990), vegetation usually stabilizes
channel banks by reducing near-bank velocities, promoting deposition and
bank accretion, increasing cohesion, enhancing internal drainage,
adding tensile strength, and buttressing the toe of the bank slope.

2.5.4. Downstream hydraulic geometry
The concept of 'downstream hydraulic geometry' (Fig. 2.8) uses the power
function relationships of eqs. 2.3-5 to describe trends in the dependent
variables with some reference discharge (Leopold and Maddock, 1953).
The reference discharge most commonly used is the bankfull discharge
(cf Section 2.5.5).
Simiiar to at-a-station hydraulic geometry, the exponents of the power
functions in downstream hydraulic geometry are highly variable. Park
(1977) concluded that the general tendency for downstream exponents is,
thus, for channel width to increase more rapidly than depth, whilst velocity increases little in the downstream direction. Park remarked that confusion in the literature is attributed to five basic observations:
1. The fact that downstream relationships have been related to different
flow levels.
2. Differences might be expected between gauging station and field data.
3. Several methods of fitting lines to the relationships have been applied.
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4. The question whether simple power functions are the best way of
empirically describing the relationships in some cases. Richards (1973)
proposed log-quadratic relationships for at-a-station hydraulic geometry (cf. Section 2.5.3). For the downstream case, Thornes (1970) has
illustrated nonlinearity of headwater streams in the Matto Grosso of
Brazil which was thought to represent threshold characteristics of
bank resistance due to vegetation.
5. The debate on whether or not velocity decreases downstream at constant flow frequency remains largely unsolved.
Leopold and Maddock (1953, p. 16) concluded that, for mean annual
discharge, the average value of the exponents for the rivers in their study
was b = 0.5, f = 0.4 and m = 0.1. The lines for each parameter in Leopold
and Maddock's study were fitted by eye. Matalas and Gilroy (1969) showed
that the least square regression can be used, and that the conditions of b +
f + m = 1.0 and a. c. k = 1.0 will hold. Carlston (1969) reanalyzed the data
by Leopold and Maddock (1953, appendix A) by the use ofleast square solution in the fitting procedure, and computed the mean values of the exponents to be somewhat different, that is b = 0.461, f = 0.383 and m = 0.155.
Carlston also found the exponents for 46 stations in the Yellowstone River
basin to be close to the average values given above.
Downstream hydraulic geometry makes two important simplifying
assumptions about the behaviour of rivers (Rhodes, 1987). First, discharge
is the only independent variable in the equations and is therefore assumed
to be the most important control on channel morphology. This assumption
ignores the very important effects of local variations in bed and bank
materials, bank vegetation, channel pattern, recent flooding history, poolrifile sequences, and changes in sediment load and particle size. This
may result in the, sometimes, large scatter around the regression lines
(cf. Section 2.5.2). Thus, exactly how and why any subset of the cross sections used in determining the downstream hydraulic geometry of a river
will differ cannot be predicted or inferred, unless the other variables
remain essentially constant (Rhodes, 1987). Second, the change in
channel characteristics is assumed to be progressive and continuous.
This ignores the discontinuous changes at tributary junctions and
regional variations in structure and lithology (Rhodes, 1987). For these
reasons, serious questions concerning the geomorphic significance of the
downstream hydraulic geometry have been raised. However, Rhodes concludes that the power functions address only the "average" change along a
river which is the result of increasing discharge. He further states (p. 159)
that "The consistency of the downstream changes, in spite of all the
unconsidered variables, indicates the importance of increasing discharge
as a determinant of channel form."
The b-f-m diagram (Fig. 2.9) used for at-a-station hydraulic geometry
discussed in Section 2.5.3, can also be used to interpret downstream hydraulic geometry (Rhodes, 1987). A plot of the hydraulic geometries in this
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diagram shows the similarities or differences among river systems by
illustrating simultaneously the value of all three exponents. The lines in
the diagram represent thresholds between different directions of adjustment, which allows further interpretations of the data. The original b-f-m
diagram has been modified by the addition of a field below the line m = 0.00
to plot streams that decrease in velocity downstream. All rivers that plot
within a particular area of the diagram have the same directions of
response to increasing discharge, even though the exact rates may vary
considerably (Rhodes, 1987). Rhodes found some surprising results in his
interpretation of the b-f-m diagram. For example, rivers that carry large
bedloads of coarse material are plotted with streams that flow on sand
beds with large suspended loads. Rivers from very different environments, such as tropical and proglacial, may also fall within one area.
However, ephemeral streams appear to be distinctly different from others
because of their commonly large m values. No relation seems to exist
between river size and hydraulic geometry.

2.5.5 Channel forming discharge
The formation of river channels is a result of the constantly changing
discharge. When studying changes in channel form in a downstream
direction it is important that the comparison of cross sections is made for
a discharge of a given recurrence interval. Wolman and Miller (1960)
emphasized that, given near steady-state conditions over moderate timescales, the most significant discharge influencing alluvial channel capacity through morphological adjustment was that which transported most
bed sediment for its given frequency of occurrence. Nixon (1959) suggested
that despite flow variability, rivers adjust to a single 'dominant discharge'. This dominant discharge might be held responsible for determining river channel capacity (Carling, 1988). Leopold et al. (1964) stressed
that the most meaningful discharge is the one, that forms or maintains
the channel and it is convenient to approximate this by the bankfull
discharge. This bankfull discharge is usually used as the channel-forming discharge for studies of downstream changes in channel geometry
(Chang, 1988).
The bankfull discharge is the flow which just fills the channel to the
tops of the banks. The reason for the use of bankfo.11 discharge as the
channel forming discharge rests mainly on the fact that lower discharges, which move less sediment, contribute less to the channel formation, and higher discharges area largely absorbed by the flood plain,
resulting in less effect on the channel shape. In addition, it is at bankfull
stage that water is in contact with and acting on, the whole perimeter of
the channel (Dury, 1969). Furthermore, it is the bankfull discharge that is
responsible for the transport of the greatest volume of sediment through a
section (Hey and Thorne, 1984). Carling (1988) showed the dominant dis-
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charge concept to be applicable to an alluvial gravel-bed stream close to
steady state, in that, of a range of in-channel flows capable of transporting
the bed material, one flow is the most effective in terms of the total mass
transported and this corresponds closely to the bankfull value. Hey (1978,
p. 881) concluded that "For channels that experience a range of flows, the
discharge and input sediment load are the bankfull values because they
define the flow that transports most sediment, when stable, and the flow
that does most erosion or deposition, when unstable."
The bankfull elevation has been defined in at least 10 ways in earlier
studies (Williams, 1978b). According to Wolman (1955) the bankfull cross
section may be defined as the elevation at which the width/depth ratio
becomes a minimum. Andrews (1980) defined this effective discharge as
the increment of discharge that transports the largest fraction of the
annual total sediment load over a period of years. Leopold and Skibitzke
(1967) pointed out that, when a well-developed flood plain is present its
surface can be considered as the level ofbankfull stage. Ferguson (1981, p.
100) concluded that "Different objective definitions of the bankfull stage
exist (for reviews, see: Richards 1977; Williams 1978b) but commonly it is
taken as that at which the width/depth ratio is least, which typically
means the top of the steepest part of the steeper bank."
In many rivers, the bankfull discharge is one with a recurrence interval of about 1.5 years (Leopold et al., 1964) or 1.58 years (e.g. Dury, 1969;
1973). In addition, the flow with a recurrence interval of 1.58 years is the
most probable annual flood (Dury, 1969; 1976). Bankfull discharge is however not necessarily of constant frequency or the most effective flow
(Knighton, 1984). Knighton (1975) reported a recurrence interval of 0.5
years for bankfull discharge in the Bollin-Dean River. Pickup and Warner
(1976) on the other hand, reported bankfull recurrence interval within the
range 4-10 years for Cumberland basin streams in New South Wales.
Here they found the most effective discharge to have a return period of
1.15-1.40 years. From data for 36 stations, Williams (1978b) found that the
recurrence interval of bankfull discharge averaged 1.5 years, as Leopold et
al. (1964) maintained, but that the range was very wide, from 1.01 to 32
years. Williams further obtained the following regression equation for 233
sets of data:
Qb

=4.0 Abl.21 . s0.28

(2.8)

where Qb is the bankfull discharge, Ah the bankfull cross-sectional area
and s the water surface slope.
Besides the dominant flow, the flow variability is important in determining the amount of work effected by different discharges in transporting the sediment load (Pickup and Warner, 1976). Yu and Wolman (1987)
showed that for a given mean discharge and the more variable the flow,
the narrower the channel is in the mean. In addition, the more variable
the flow is, the more important the higher discharges become (Wolman
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and Miller, 1960; Pickup and Warner, 1976). Furthermore, the resistance
to erosion of the material in the perimeter plays an important role. If its
resistance is low, small and moderate flows may play an important part
in channel development, while if the resistance is high, only short-lived,
high discharges are important (Pickup and Warner, 1976).
In conclusion, channel form is the product of a range of discharges,
which may include bankfull, and of the temporal sequence of flow events.
However, Knighton, 1984, p. 96) stated "the bankfull channel is the one
reference level which can reasonably be defined and it remains intuitively
appealing to attach morphologic significance to bankfull flow." Hey (1978,
p. 881) concluded that "Channel adjustment takes place due to an inbalance between sediment input and output. During periods of instability the
hydraulic geometry will respond to changes in the input load and this, in
turn, will affect the sediment output."

2.5.6. Determining hydraulic geometry

Hey (1978) remarked that natural channels possess nine degrees-offreedom because they have the ability to adjust their cross-sectional shape,
i.e. wetted perimeter P, hydraulic radius R, maximum flow depth dmax;
plan shape, i.e. sinuosity p, meander arc length z; velocity v, and bed
forms, i.e. bankfull dune height A and bankfull dune wavelength A..
Accordingly, nine equations are needed, derived from formulas for flow
continuity, flow resistance and bedload transport, but which are not
defined precisely. Hey (1978, p. 881) concludes that "Until detailed knowledge of all channel processes is available, empirical methods will have to
be used for channel design purposes."
However, several attempts have been made in trying to find a general
model for hydraulic geometry. Langbein (1964; 1965; 1966), developed a
statistical method, the minimum variance theory, for predicting the mean
values of the at-a-station exponents under a variety of initial constraints.
Given a special set of such constraints and constants, the theory is used to
predict the most probable channel morphology. This means that the most
probable channel form being will be the one minimum total variability
(Richards, 1982). According to Langbein (1964), the variance of a dependent variable is equal to the square of the corresponding hydraulic exponent. Thus the variance of width is b2, that of depth is £2, and that of velocity is m2. With respect to the simple case in which width, depth, and velocity are the only variable factors at a cross section, a minimum variance
adjustment would be characterized by:
b2 + f2 + m2 => minimum

(2.9)

The theory was intended to give the average hydraulic exponents for a
group of cross sections in approximately comparable environments
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(Williams, 1978a). For a cross section, the theory suggests that the variables adjust by equal percentages of their former values, when exposed to
any imposed change, subject to the restrictions of the situation. An example of a restriction is steep cohesive banks that prevent changing width as
discharge increases. The minimum variance theory provides a relatively
simple means of deriving a quantitative expression of quasi-equilibrium
in terms of parameters that also can be obtained empirically, thereby
enabling comparisons of theoretical and actual conditions of stream
behaviour (Knighton, 1977b). However, the theory has been much criticized (e.g. Richards, 1976; Kirkby, 1977; Rhodes, 1977; Ferguson, 1986) and
direct tests of its validity as a criterion for stream equilibrium are
certainly difficult to achieve (Knighton, 1984). The problem in using this
approach is caused by the fact that equations relating the dependent and
independent variables need to be determined in order to define the variances (Morisawa, 1985). Both Hey (1978) and Williams (1978a) arrive at the
conclusion that, at the time, the most accurate way of determining the
hydraulic geometry exponents is by empirical methods.
However, Williams (1978a) tested the theory and found that it did, in
fact, predict average exponents quite accurately. On the other hand, an
attempt to forecast the exponents at any selected cross section was not so
successful, and it was found that ~mpirical equations were more reliable
than the minimum variance.
The use of average hydraulic geometry exponents even for rivers within
one basin, has led to the theory that rivers have similar geometries despite
different physiographic and climatic settings. However, the validity and
usefulness of average hydraulic geometry exponents have been questioned
(Knighton, 1975; Rhodes, 1978; Park, 1978; Eschner, 1983). Eschner argued
that, depending on the large range of all three exponent values, the mean
geometry may be an attractive but more or less meaningless concept.
If the minimum variance theory is a statistical method, there are several physically based hypotheses that employ some extremal (minimization or maximization) principle a9\f basis for theory development. Five
extremal hypotheses for at-a-station hydraulic geometry that have been
used are as follows (Phillips, 1991):
1. Minimum unit stream power (Yang, 1976). The channel adjusts its
width, depth, slope, velocity and roughness so as to minimize the
stream power per unit weight of water required to transport a given
sediment and water discharge. Unit stream power is given by: (pgQs) I
(pgA) = vs, (pg =y, specific weight of the water in kg/m2s2) where p is
water density, g is the gravity constant, A is the cross sectional area, v
is mean velocity and s is the slope.
2. Minimum stream power (Chang, 1980). With given water and sediment
discharge the river adjusts its width, depth, slope and velocity such that
yQs (total stream power) is a minimum.
3. Minimum energy dissipation rate (Brebner and Wilson, 1967; Yang et
al., 1981; Yang and Molinas, 1988). The equilibrium channel adjusts so
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that its rate of energy dissipation (Qy + Q 5 y8 )s is minimized, where y
and 'Ys are the specific weights of water and sediment respectively and
Q5 is the sediment discharge.
4. Maximum sediment transport rate (Kirkby, 1977; White et al., 1982).
For a given discharge and slope, the channel width adjusts to maximize sediment transport rates.
5. Maximum friction factor (Davies and Sutherland, 1983). Channels are
stable when the shape and dimensions correspond to a local maximum
of the friction factor, i.e. the Darcy-Weisbach friction factor:
ff= (8·g·R-s) I v2

(2.10)

where R is the hydraulic radius.
Several authors (e.g. Phillips, 1991) have shown that these extremal
hypotheses are equivalent in terms of their implied responses of the fundamental hydraulic variables to changing discharge. Davies and
Sutherland (1983) showed the equivalence and shortcomings of the three
first hypotheses above, suggesting that they are special cases of the maximum friction factor hypothesis. Phillips maintained that the latter
hypothesis best represents the other hypotheses, but that there are an
infinite number of combinations of width, depth, hydraulic radius, slope,
and velocity which can produce a given maximum ff. Phillips (p. 48) concluded that "... hydraulic geometry is predictable only when the relative
rates and intensities of response of velocity, slope, width, depth, and friction factor are known."

2.5.7. Hydraulic geometry of delta channeJs
Very few studies have been perf~med on hydraulic geometry of delta distributaries. However, Mikhailov (1970) conducted some studies on the
Volga and Danube deltas. He pointed out that the main factors that
determine the variability of the hydraulic geometry of delta channels are:
- Hydrological conditions at the upper and lower boundaries of the delta
(water discharge and sea level).
- Channel processes in the distributaries (erosion and accretion).
- Specific river mouth processes, connected with the interaction between
sea (lake) and river waters and the development of the delta.
- Local conditions such as hydrology, structure, man-made constructions, etc.
The hydraulic characteristics of branches at a delta vary both in time
and in space (Mikhailov). The variation in time of these characteristics
may be: (1) Long-term variations connected with oscillations in water and
sediment discharges and variations of base level. This results in nonreversible channel processes such as erosion and accretion, and non-
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reversible mouth processes such as lengthening or shortening of distributaries; (2) Seasonal variations in discharge and sea/lake level resulting in
reversi])le channel processes. (3) Short-term variations caused by for
example floods, flushes of water into lower pools or by changes in sea/lake
level because of tides, surges or seiches.
The changes in space may be, for example, (one branched river): (1) the
relation between form of the channel and the level of the receiving reservoir; (2) changes of channel processes, i.e. changes from braiding to
meandering and then to straight towards the mouth with corresponding
shapes of the channels; (3) local conditions of geology and other factors,
changing the natural channel shape. Mikhailov pointed out that the
hydraulic geometry of delta distributaries also depends on the distribution
of the discharge in different distributaries (cf. Section 2.4.1).
The discharges that were used for the calculations of the exponents in
Mikhailov's study, was the mean maximum flood at the head of the delta,
and corresponding discharges in the distributaries. Calculations were
also made for the mean annual discharge and mean minimum discharge
but it was found that the highest correlation was for discharges close to
bankfull. Mikhailov also noticed regular dependence of the coefficients, a,
c, and k (in eqs. 2.3-5) on sediment concentration, i.e. as concentration
increases, a and c decrease and k increases.
When dealing with delta distributaries it is important to take into
account the effects of time lag in the adjustment in the cross-sectional
area to different discharges. Deltaic distributaries may increase or
decrease in size due to channel splitting or channel closing. If, for
example, one of the channels at a bifurcation is closing there will be a continuous siltation in the channel with decreasing depth and/or width. This
will be going on for a certain time when the hydraulic geometry of the
channel is adjusting to decreasing discharges. The other channel will, on
the other hand, increase in size to adjust for the increasing discharge.
Dury (1969, p. 153) stated that large channels are "... more efficient than
small channels. If therefore a single channel subdivides in the downstream direction into two or more lesser channels the subdivision may
well be accompanied by an increase of slope." This can be compared with
the situation at distributary forks, where the bank at the point of bifurcation causes resistance to flow, resulting in damming and flattening of
the water surface upstream and a steepening of it laterally and downstream (Axelsson, 1967), (c/: Section 2.3.1).

3.

METHODS

3.1.

General

A variety of methods has been applied in this study. Principally all of the
field methods can be classified as "standard" methods. The methods are
described in four Sections: 3.2. which deals with water discharge measurements and profiling of cross sections; 3.3. which deals with mapping
of five different parts of the delta; 3.4. which describes air photo analysis
and associated mapping of the whole delta, and application of Geographical Information Systems (GIS); and 3.5. which describes coring and analyses of lake sediments.
Besides the different field methods, the following methods and techniques have been used: stereoautograph mapping from air photos; polar
coordinatograph map drawing; digitizing and computer analysis of maps;
and X-ray radiography of lake sediment cores.

3.2.

Wat.er discharge measurements

Water discharge was measured repeatedly at 10 sections in different distributaries during the summers of 1987 to 1991 (Fig. 3.1). These measurements act as a base for studies of hydraulic geometry of the distributaries
(Section 4.1), and for analyses of the variations in flow distribution
through these distributaries (Section 4.2).
The demands on the sections were that they should be located in a
straight course of the channel reach, without any islands or mid-channel
bars. An OTT C-31 current meter was used for all measurements. The
measurements were performed from a boat or, at low water occasions, by
wading. A wire was stretched between two trees on the levees or, in the
absence of trees, between two iron rods mounted on the levee crests. In
channels with maximum depths larger than 1.5 m the measurements
were done with the current meter suspended by a cable. At lesser depths
the current meter was attached to a wading rod. Generally the distances
between the verticals were about 8-10 % of the total width of the cross
section. The velocity was measured at 3 to 5 depths at each vertical,
depending somewhat on the total depth. In connection with the velocity
measurements, the total depth of each vertical was measured. Totally 76
water discharge measurements were performed during the period (19871991), apportioned on the 10 distributaries.
The measured point velocities were plotted versus corresponding depth
for each vertical, and velocity profiles were then drawn by hand. The
velocity-areas (m2/s) were determined with an Altec digitizer. The values
of these areas were then plotted versus the distances of the verticals from
the left bank of the channel. The resulting profiles were drawn by hand,
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and the discharge was determined with the digitizer, as the area of the
profile.
The profiles of the sections above the water line and over the levee-crests
were levelled with a levelling instrument (Kern GKO-A), in order to
determine the bankfull cross-sectional area. This was performed in
connection with the discharge measurements. The areas of wet crosssection and bankfull cross section, as well as the length of the wetted
perimeter were determined with the digitizer.
Water stages were measured as the height differences between the
water surface and bench marks on the levees. This means that no continuous water stage measurements were made in the distributaries, but only
in connection with the discharge measurements.
The water stage in Rapaalven at Litnok was continuously recorded
during field survey periods with the hydro-meteorograph, installed by A.
Hamberg in 1915. This instrument has been described by Melin (1954) and
Axelsson (1967), (cf. Section 1.6). The rating curve for Rapaalven at Litnok,
compiled by Axelsson (p. 74), has been used for calculating water
discharges in the present study (discharge at Litnok = discharge in
Rapaalven at the proximal delta section Qr, cf Fig. 3.1, and Sections 4.12). In 1990 Vattenfall (Swedish State Power Corporation) installed modern
equipment at Litnok for water stage measurements. Data on water stage
for the summers of 1990 and -91 were then provided by Vattenfall.

3.3.

Mapping

3.3.1. Field surveys
For analyses of the growth and development of the delta, the following five
areas were selected (Fig. 3.1):
A. The delta front.
B. A distributary mouth bar at the main outlet.
C. A channel fork in the distal part of the delta.
D. A channel fork in the middle part.
E. A channel junction, also located in the middle part of the delta.
Area A was surveyed in 1958 (Widersten, 1959), and areas D, and E,
were surveyed in 1958 (Mattson, 1959), both studies in connection with
Axelsson's work. These areas were therefore considered suitable for comparative analyses. The delta front (A) was resur\reyed in 1985 (Andren,
1986) and the distributary mouth bar (B), a part of the delta front, was
resurveyed in 1990 for analysis of its growth since 1985. Area C was surveyed in 1987, -88 and -90 for analysis of its development during a period
when the flow was increasingly directed into one of the branches (right) at
the expense of the other. Areas D and E were surveyed in 1988 for
comparative analyses with the 1958 studies.
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Stations:

/

1.

2.
3.
4.
5.
6.

7.
8.
9.
10.

Rapaalven
Southern distributary
Northern d.
Central d.
Little d.
Southern mouth
channel
Central right m.
Central left m.
Northern right m.
Northern left m.

Mapped areas:
A. The delta front
B. Distributary
mouth bar
C. Distal fork
(Central distrib.)
D. Fork (Northern d.)
E. Junction
(Northern d.)

LAITAURE
0

lkm

Fig. 3.1. Discharge measurement stations (1-10), and mapped areas (A-E).
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The levelling instrument used during all field surveys was a Kern
GKO-A. This instrument is self-horizoning and therefore easy and fast to
handle. Disadvantages with this type of instrument are: that it is magnetic, causing problems when using a compass for orientation, and its
relatively low angle resolution (0.5 gon). The advantage of having an
instrument that was fast and easy to handle was, however, considered to
be preferable for this study.
In each area a baseline was established. Measurements were then
made by radial mapping from station-points along the baseline as well as
from station-points "outside" the baseline. Point positions were stated by
the means of: angle, distance, and level. Bench marks from the survey by
Mattson (1959) in areas D and E were never found, which implied principally qualitative analyses of the development of these areas. In the case of
the delta front (area A), the old baseline bench marks from the survey by
Widersten (1959) were not found at the time of survey (July 1985). Therefore a new baseline was drawn in the most probable direction according to
descriptions by Widersten and Axelsson. The bench marks of the old baseline were, however, found in 1990. The new baseline was found to be 2 m
closer to the lake than the old baseline at the northern end, and 11 m
closer to the lake at the southern end. This has been considered in the
calculations of the advance of the delta front in the present study.
Mapping of the near-shore (delta front) areas within the lake was made
by echo-sounding (Lowrance echo sounder).
The reference (zero) level was set to 494.3 m a.s.l. (cf. Section 1.5.2),
which is the same level as Widersten used for the delta front map
(Axelsson, 1967, p. 112), and which represents low water in summer
(Axelsso.µ, p. 60). The reference levels for areas D and E were 494.5 and
494.4 m a:-sJ. respectively, which corresponded in 1958 to a water discharge (Qr = total discharge in Rapaalven) of 40 m3/s (Axelsson, Figs. 76
and80).
Water stage measurements in Laitaure were carried out at a gauge
station located at a landing-stage on the northwestern shore of Laitaure.
This is the same station as used in previous studies (Zackrisson, 1957;
Widersten, 1959; Axelsson, 1967).

3.3.2. Drawing of maps

A Haag-Streit Polar Coordinatograph was used for plotting mapped points
on drawing-paper. With this instrument, firstly the angle is set with a
possible accuracy of 0.05 gon, which is a higher accuracy than that given
by the levelling instrument used. Secondly, the distance is set with an
accuracy of 0.1 m (for the used scale), which is the same accuracy as that
given by the levelling instrument. Then a point is plotted on the paper by a
needle in the instrument, and the level of the point is noted. This resulted
in a sketch with a number of points, each with a value of its level. There-
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after, contours were drawn by interpolation, with a contour interval of 0.2
m (and 2 m below the -2 m contour), which is the same as used by
Widersten (1959). During the field surveys, notes were made regarding the
position of the measured points, such as on top of a levee, close to the river
bank, etc. The map-drawing was therefore "subjective" in a sense, which
is why drawing by hand was preferred instead of the use of a computer
map-drawing program. The delta front map (area A) and the map by
Widersten (see Section 4.5.1) were digitized so they could be used for
quantitative analyses.

3.4.

Air photo analyses

3.4.1. General
The subaerial part of a delta usually has a very low relief, and it is often
difficult to get a proper overview. Therefore air photo analysis is a very
good tool in studying deltas, and it has been used in a great number of
delta studies around the world.
The oldest air photos of the Laitaure delta are from 1948. Since then, the
delta has been more or less continuously photographed from the air by
Lantmateriverket, i.e. 1954, -60, -62, -63, -66, -79, and -80. Axelsson (1967)
used the 1954 air photos in interpreting the morphology of the delta and
compiling a map.
A new map (in cover pocket) was found prerequisite for analysis of the
development of the delta since 1954. The Swedish Air Force in Lulea was
then asked to photograph the delta from the air, and this was performed
on the 4th of September 1990. The scale in these photos is approximately 1:
15700. During the summer of 1990, eleven ground control points (white
board plates 0.5 m2), were placed over the delta plain in order to make air
photo rectification possible. The relative distances and positions of these
ground control points were measured with a geodimeter (AGA,
Geodimeter 12A), mounted on a theodolite (Zeiss, Theo 020 A).
In the 1954 photos, the water stage in Laitaure corresponded to an
elevation of 494.3 m a.s.I. The water stage in the air photos from 1990 was
about 15 cm higher than in 1954. This implies a slight under-estimation of
areas close to the lake, especially areas of unvegetated sand bars. The
water discharge in Rapaalven, on the other hand, was lower in the 1990
photos than in those from 1954, 31 m3/s and 38 m3/s, respectively.
On August 18, 1990, the water discharge in Rapaalven was high, about
280 m3/s. This indicates that large parts of the delta were flooded. The
water level variation in the delta lakes is rather rapid, according to
Waldemarson Jensen (1979). The normal water level is therefore usually
reached within a week after a flood. Thus, the period between the flood in
1990, and the time for air photography (16 days), was sufficiently long for
the water level in the delta lakes to sink below the height of the swamp
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vegetation. This means that no swamp vegetation is flooded in the 1990 air
photos.

3.4.2. Mapping

The stereo photographs (five pairs) were installed in a Wild Stereoautograph B8 at the Department of Physical Geography, Stockholm University,
and a map of the delta was drawn by the author in a scale of approximately 1: 10000. Unfortunately, data on inclination, and the exact height of
the aircraft were missing in these photos, causing problems in installing
them in the autograph. Therefore no full rectification was possible, but the
new map was instead transformed (read rectified) later by the computer
program ARCINFO (see below).
Axelsson (1967) concluded that because of the very low relief of the delta
plain it was not possible to illustrate height differences by contour lines of
desirable accuracy on the basis of photogrammetric surveying. Height
differences in Axelsson's map were therefore illustrated by a subdivision
of the delta plain into areas with trees and bushes, indicating higher
ground (levees), and areas without trees and bushes, showing lower
ground (swamps). Delta basins were subdivided into areas where the prevailing water surface was lower or higher than the vegetation. These concepts were also followed in the compilation of the new map. Further, for
facilitating the comparison of the two maps, the delta was divided into 25
well-defined sub-regions.
Both maps were then digitized with an Altek digitizer (resolution 0.1
mm) and stored in the computer program Roots. Classing of different
physiographic regions was also done in Roots. These physiographic regions are:
1. Distributaries.
2. Natural levees (i.e. areas with bushes (Salix) or trees (Betula).
3. Swamps (i.e. areas with grasses and/or sedges).
4. Delta lakes.
5. Unvegetated areas (sand bars).
6. Till.
The program ARCINFO was used for transformation of the new map,
giving it the same scale and orientation as the old one. Five control points
distributed over the delta, were selected in the 1954 map, and used for the
transformation. The control points in the new map were then "told" to
adopt the same coordinates as in the old map. ARCINFO was also used
for calculation of the areas of about 800 polygons in each map, divided
among the different physiographic regions. These area figures were
stored and processed in the program EXCEL.
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3.5.

Lake sediment studies

3.5.1. Sampling technique and equipment
The sediment sampling was carried out with a gravity corer constructed
at the Geomorphology Laboratory, Uppsala University (Axelsson and
Hakanson, 1972; 1978; Axelsson, 1979; 1992a; b).The corer consists of rectangular, transparent coring tubes, which are screwed into a corer head,
fitted with a valve system. The coring tubes are made of acrylic glass and
are especially made for X-ray radiography scanning of the cores. The inside section of the coring tubes used is 30 x 60 mm, and the wall thickness
is 4 mm. Lead weights are added to a movable brass frame mounted on
the coring tube.
The valve system allows the water to flow unrestricted through the
coring tube during both the descent and the penetration into the sediment,
thereby diminishing disturbances of the water-rich uppermost sediments.
The valve closes as soon as the corer starts to be pulled up. This creates a
vacuum in the coring tube which prevents the sediment core from sliding
out. The tubes may be fitted with different types of cutting heads and core
retainers.
Sediment sampling was carried out in 1990 and 1991 from a boat. A
total number of 8 cores were taken in two different parts of the lake, near
the outlet and in the central basin. After sampling, the coring tubes with
bottom water on top of the sediment cores were transported and stored in
an upright position. The cores were irradiated (X-rayed) together with a 7stepped aluminium wedge for density calibration.

3.5.2. Ana1ysi.s of physical properties
By use of X-ray radiography of sediment cores, it is possible to obtain
information on the vertical bulk density variation and the structures of
sediment layers. The X-ray radiography was performed with a Philips
K140 X-ray apparatus. The method has been well described in a number of
papers by Axelsson (e.g. 1979; 1983; 1992a; b) and by Bodbacka Faltman
(1993). It is a fast and non-destructive scanning and recording technique.
Absorption of the X-rays is dependent upon the wavelength of the radiation, the density and thickness of the sample, and the atomic number of
the absorbing material (Axelsson, 1983). Inhomogeneities in the sediments will cause variable darkening of the X-ray film. Layers of high density, implying high minerogenic content, appear as bright bands on the Xray negatives. Layers even thinner than 1 mm will be detected as well as
single particles of that size.
The variations in the fiim density along the centreline of the radiation
images and along the aluminium wedge were recorded automatically by a
Joyce-Loebl 3CS microdensitometer. The density values were used in the
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computer program "XRAY.FOR" (Axelsson and Harden, 1987) to calculate, print out, and plot the vertical variations in wet and dry bulk density,
water content, porosity, void ratio, effective overburden pressure, the
increase of solids with increasing sediment depth, and in the plotting of
sedimentation compression curves. The selected resolution in the vertical
direction was 1or10 mm. The wet bulk density (y) at a level z is given by
(e.g. Axelsson, 1992b):
Yz = a+ (x - b) I c

(3.1)

where a is the density of the pore water, x the thickness in mm of the
aluminium wedge, which gives the same film density as the sediment
core at level z, b the thickness in mm of the aluminium wedge, which
gives the same film density as the bottom water in the coring tubes, and c
a factor which varies with the composition of the solids and with the
energy of radiation (Axelsson, 1979).
After X-raying, the sediment cores were dissected in order to get information on the water and organic content. The dissection of the cores was
done by pushing out the sediment from the bottom upwards when the
cores were fastened in a vertical position. Layers between 1 and 5 cm were
then cut from the top. These subsamples were placed in crucibles and
weighed. The water content was then determined after drying for 48 hours
at 75°C. The loss on ignition was determined after burning the dry sample
for 2 hours at 550°C. The loss on ignition is used here as a measure of
organic content, without paying any attention to the carbonate content or
type of clay mineral. Grain size analyses were performed by wet-sieving
and sedigraph (Micromeritics) analyses for grain sizes finer than 3.5 cl>
units (equivalent to 0.088 mm).
The radiographically calculated bulk density of the sediment cores was
compared with the value obtained by measuring the volume and weight of
the cores, still within the tubes. Also the radiographically calculated
amount of solids was compared with the amount given by drying and
weighing the sediments. The difference between the radiographic and
gravimetric values may be used for the determination of the c value (in eq.
3.1), which acts as a correction factor (Axelsson, 1992b).

4.

RESULTS

Since this study is largely focused on the distributaries it is appropriate to
elucidate some important designations made in the text. When references
are made to the left and right banks of the channels it is always when the
observer is looking in the downstream direction. This is also the case
when references are made to the left and right channels at distributary
forks and junctions. Total discharge, Qr, is the discharge of the undivided
Rapaiilven at the proximal delta section. The surveyed distributaries are
(see Fig. 3.1, p. 63):
1.
2.
3.
4.
5.

Rapaiilven, Qr
Southern distributary, Qs
Northern distributary, Qn
Central distributary, Qc
Little distributary, QI

6.
7.
8.
9.
10.

Southern mouth channel, Qsm
Central right mouth eh., Qcr
Central left mouth eh., Qcl
Northern right mouth eh., Qnr
Northern left mouth eh., Qnl

Channels no. 7 and 8 are the outlets or mouth channels of distributary
no. 4 1 and channels 9 and 10 are the mouth channels of distributary no. 3.
Mouth channel no. 6 receives water mainly from no. 2 but at higher discharges also from no. 5. Channels no. 6 - 9 are true mouth channels,
whilst the section in channel no. 10 is located about 1 km upstream of the
mouth and splits and rejoins further downstream. Therefore, the station
for discharge measurements in this channel might be regarded as an
ordinary distributary station, less affected by lake damming effects as
compared with the other mouth channels.
When a distributary is referred to as the main one, the meaning is that
the distributary carries most water as compared the others. As concern
the mouth channels, a channel may also be the main one as compared to
another within the same system (Central and Northern).
The deltaic terminology is sometimes confusing because of the great
variation in the physiography of deltas. In this study the deltaic plain is
defined as the part of the delta upstream of the lake margin at a water
stage which corresponds to low water in the summer (i.e. 494.3 m a.s.l.).
This is also the water stage of Laitaure as presented in the map (in cover
pocket) and in the maps in Section 4.5. The delta front is the most distal
part of the delta plain, including distributary mouth bars and foreset
slopes where present (foreset slopes with the meaning: "frontal slopes of
aggradational origin steeper than 10°" (Axelsson, 1967, p. 118)). The proximal part of the delta is here defined as the upper part of the delta, upstream of the first bifurcation, i.e. upstream of the head of the Southern
distributary. The distal part of the delta is the lower delta plain including
the delta front (i.e. the part of the delta front above 494.3 m a.s.l.).
Bankfull discharges presented are calculated by an individual rating
curve for each station in the different channels. The rating curve for each
station was extrapolated to the value of the height of the lowest levee-crest
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for determination of the bankfull discharge. Close to bankfull discharges
have been measured at the: Central, Southern, Central right, and
Northern left stations.

4.1.

Hydraulic geometry of distribuUuies

4.1.1. General
The concept of hydraulic geometry has been used for the study of the
distributaries. The questions were whether (1) it is possible to, according
to their state of activity, distinguish between the distributaries based on
their at-a-station hydraulic geometry, and if (2) there is some sort of
"delta" hydraulic geometry analogous to the downstream hydraulic geometry concept. The former question means, in other words, whether a particular channel is increasing or decreasing in activity. There is a pendulum mechanism in the grade of activity for different distributary systems
of a delta (see Section 4.2). At one time one distributary is the most active
one, and at another time some other distributary is the main one, depending on, above all, the length and associated stream gradient of the
channels. Therefore, a channel that has decreased in activity is assumed
to be proportionally wider and/or shallower in comparison with other
channels. At-a-station, as well as downstream, hydraulic geometry has
here been used as a tool in the analyses of distributary forms and processes. This Section will firstly deal with the at-a-station hydraulic geometry and secondly with the downstream, here termed "delta", hydraulic
geometry.

4.1.2. At-a-station hydraulic geometry
The at-a-station hydraulic geometry has been studied for ten stations in
different distributaries of the delta. Locations of the stations on the delta
are presented in Fig. 3.1 (p. 63), and the cross-sectional profiles are shown
in Fig. 4.1. A common feature of the upstream sections (Rapaalven,
Southern, Northern, Little, and Central) are the generally steep banks.
The steepness is controlled by the bank material and the vegetation. The
material in the levee-banks is mostly alternating layers of fine sand and
coarse silt with a medium grain size of about 0.09 mm, and a silt content
of about 22 % (Axelsson, 1967, p. 103), strengthened by herb and especially
willow roots. Bank erosion occurs especially at the outside bank in
channel bends and along channels that are exposed to increased discharges with time. The erosion is mainly by undercutting and subsequent
failure of earth blocks (Fig. 4.2). The banks of the mouth channels are
generally less steep, because they are not yet stabilized by vegetation.
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Fig. 4.1. Cross section profiles of all stations. Hatched line represents the
bankfull stage, Ab = cross-sectional area at bankfull.
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Fig. 4.2. Vertical levee bank after undercutting and mass failure. Observe
the layering of the sediments.
The grain-size of the bed material decreases in a downstream direction
and migrating bars consist of well-sorted sands (Axelsson, 1967). Gravel
bars are found in the most proximal part of the delta. The grain size
varies also across the distributaries, and normally the coarsest material
is found in the deepest parts of the channels. The bed material has not
been studied in detail for this study, but samples taken in the different distributaries show that the median grain size for the upstream sections is
about the same (0.3 mm) for Southern, Northern, and Central, and about
0.45 for the Rapaalven section. Medium grain sizes for the mouth channels are generally finer, about 0.2 mm, except for the Central right mouth
channel which had a medium bed material grain size of about 0.3 mm.
Observe that these samples are only representative for the discharge at
time of sampling. Axelsson (1967, p. 100) showed that the medium grain
size in the deepest part of the Rapaalven section varied between 0.6 and 1
mm during the passage of a flood.
The requirement on the sections for the discharge measurements was
to select the straightest possible reach of the distributary. The Rapaalven
station is the same as Axelsson used for his studies, whilst the other
stations are "new". 'rhe southern station is located about 150 m downstream of the bifurcation fro~ Rapaiilven. This is the only reach along the
Southern distributary which is straight and that carries all water dis-
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tributed into the channel. Further downstream the distributary is curved
and bifurcates. The Northern section is located in a straight reach about
200 m downstream of the bifurcation. This channel also curves and bifurcates further downstream, which is why this reach is the most appropriate for discharge measurements. The Central distributary section was the
most difficult to locate at a proper site. The location of the section was,
however, made for minimizing the effects of mid-channel bars, islands
and curvature. Further, the station had to be located downstream of the
fork between the Central and Little distributaries. The mouth channel
stations are all located in straight courses. The station in the Northern left
mouth channel is not a true mouth station, but rather a distributary
station because of the distance, about 1 km, to the mouth. The representativity of the Southern, Northern, Central, and Southern mouth stations is
discussed in Section 4.1.3.
Here it may be suitable to recall the power functions that describe the
hydraulic geometry relationships for width, mean depth, and mean velocity (i.e. eqs. 2.3-5 presented in Section 2.5.1):
w=a·Qb
d =c. Qf
v =k·Qm

where b+f+m = 1 and a·C·k

= 1, since w·d·v =Q

The number of measurements at each station ranges from 4 to 12. Since
only 4 measurements, all at rather low discharges, were made at the
station in the Little distributary, this channel has been excluded in the
analyses. Further, at the station in the Northern right mouth channel,
the discharge range for the measurements is so small that the accuracy of
the plots is very limited. Table 4.1 presents the parameters of the cross
sections at bankfull stage.
The at-a-station hydraulic geometry relationships (eq. 2.3-5) for the
sections are presented in Fig. 4.3, (grouping of the sections in these plots
is done bearing maximal utilization of space in mind). The regression
correlations are generally quite good for the upstream distributary sections, but poorer for the mouth channel sections. For the mouth channels,
there are two main reasons for the scatter: (1) the instability of these
channels due to variations in activity; (2) lake damming effects, causing
variations in especially the width and depth parameters under a constant
discharge. The former cause is especially evident for the Central right
and left mouth channels. Central right, for example, has enlarged considerably, whilst Central left has diminished during the five years of measurements (cf. Figs. 4.5-6).
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Table 4.1. Cross-sectional parameters at bankfull stage
Station

Rapaiilven
Southern
Northern

Central
Little
Southern mouth
Central right m.
Central left m.
Northern right m.
Northern left m.
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discharge

area

width

(m3/s)

(m2)

(m)

264
39
46
150
10
27
115

296.0
57.5
81.7

130.2
34.4
70.0
63.2
15.0
30.1
39.5
47.3
38.3
23.6

11

14
25

lAA A

=·~

14.1
49.7
126.0
25.0
40.7
37.2

mean
depth
(m)

mean
velocity
(m/s)

width/depth

2.27
1.67
l.16

0.90
0.68
0.56
1.04
0.75
0.54
0.91
0.44
0.34
0.67

57.4
20.6
60.4
27.7
16.0
18.2
12.4
89.2
36.1
14.9

2.28

0.94
1.65
3.19
0.53
1.06
1.58
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The b, f, and m values for nine stations (Little excluded) are shown in
Table 4.2. Although the scatter in some of the graphs is rather high, there
are no or very small deviations from unity of the b+f+m sum, or the a·c·k
product (eqs. 2.6-7). The triangular b-f-m diagram developed by Rhodes
(1977), and described in Section 2.5.3 has been regarded as a good tool for
interpretation of the exponents in this study. The exponents are plotted in
such a diagram in Fig. 4.4.
Firstly, all channels except the Central left mouth channel show low b
values, indicating very low increase in width with increasing discharge.
This is obviously because of the rather steep banks of the channels. The
Central left channel differs from the rest in this sense, with a relatively
large b value. This is the former main outlet channel (cf. Section 4.5.2)
now largely silted up, with a cross-sectional profile with a very gently
sloping right bank (Fig. 4.1). Moreover, the correlation of the dischargedepth regression for this section is very poor.
Secondly, the mouth channels plot above the m = b + f line, and to the
right of the b = f line, indicating rather high m values or high velocity
increase with discharge. This condition also indicates that the mean
velocity is increasing faster than the cross-sectional area of the channel,
which means that resistance must decrease rapidly with increasing discharge. Rhodes (1977) pointed out that, in order for velocity to increase
faster than the cross-sectional area of the channel, it seems likely that the
channel must be quite stable, i.e. neither the bed nor the banks are subject
to significant erosion by the velocities attained. However, it is difficult to
regard some of the outlet channels as stable. This is especially true for the
main mouth channel, the Central right, which, has the highest m value.
Fig. 4.5 shows the development of the cross section in this channel during
the 4 years when measurements were made. During this period the crosssectional bankfull area has enlarged by some 17 %, mostly by bed erosion.
The cause for high m values for the mouth channels is further discussed
in Section 5.1.

Table 4.2. At-a-station hydraulic geometry coefficients and exponents for
Laitaure delta distributaries. *denotes very low correlation(r2 = 0.00-0.55)
Station
No
Rapaiilven
1
Southern
2
Northern
3
Central
4
Southern mouth
6
Central right m. 7
Central left m.
8
Northern right m. 9
Northern left m. 10

a
118.68
25.86
60.44
57.86
20.95
33.05
17.27
27.38
19.66

c
0.080
0.226
0.074
0.208
0.866
1.256
0.498
0.530
0.651

k
0.105
0.171
0.221
0.083
0.055
0.024
0.117
O.o70
0.078

f
b
a·c·k
0.014
0.997
0.589
0.520
0.999
0.083
0.024
0.988
0.713
0.999
0.015
0.475
0.102
0.201
0.998
0.996 *0.029 *0.173
0.434 *0.005
1.006
0.112 *0.256
1.016
0.272
0.998
0.059

m
0.397
0.398
0.265
0.510
0.696
0.798
0.561
0.627
0.670

b+f+m
1.000
1.001
1.002
1.000
0.999
1.000
1.000
0.995
1.001
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m

.50

Fig. 4.4. Divided b-f-m diagram showing the plotting position of the
hydraulic geometry exponents for individual sections (cf Table 4.2).

Thirdly, all channels, except the Central left, also plot to the right of the
b = f line, showing that their width-to-depth ratio (w/d) decreases with
increasing discharge. If f > b the bed is more readily eroded than the
banks. This is once again supported by the development of the Central
right channel, with its decreasing width-to-depth ratio during the period.
So, if a channel is stable under normal water discharge conditions, then
the situation where f > b indicates a tendency for the water cross section to
become proportionally deeper with respect to increasing discharge. It is
the rectangular and parabolic cross sections that will show decreasing
width-to-depth ratios. Observe that the b-to-f ratio indicates dischargeinduced changes in the width-depth relationship and is not a ratio of the
absolute values of the parameters. A cross section may have a relatively
large width-to-depth ratio at all stages even though f > b.
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Fig. 4.5. Development of the Central right cross section between 1988-1991.

Bankfull width-to-depth ratios for the distributaries are presented in
Table 4.1, and the discharge to w/d ratio relationship is included in Fig.
4.3. There are quite good correlations between the w/d ratio and discharge
for distributaries within the older parts of the delta, i.e. the Rapaalven,
Southern, Northern, and Central distributaries. The Southern and
Central distributaries have similar width-to-depth ratios ranging between
20 a..."ld 60. In the Northern distributary however, the width-to-depth ratios
are between 60 and 250 for actual discharges. This shows that the channel
is too wide for its depth, which is associated with the reduction in flow
during the last two decades, and which is also reflected in the formation of
parallel levees along the channel (cf Fig. 4.15). An increasing width-todepth ratio with discharge, implies that the width is increasing at a
higher rate than the depth. This is the case for the Central left mouth
channel, because of its cross-sectional form with a very gently sloping left
bank.
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Fig. 4.6. Development of the Central left cross section between 1988-1991.

Therefore, channels that experience reduced flow for a period, might be
identified by relatively higher width-to-depth ratios. On the other hand,
according to Table 4.1, the width to depth ratio for the Rapaalven section is
also relatively high. The morphological changes of this channel have been
very small since the 50's, which might show that the relatively high
width-to-depth ratio reflects some state of dynamic equilibrium for the
Laitaure delta distributaries, or at least for this channei. This relatively
high w/d ratio is further discussed in Section 5.1. Comparisons of measurements made at this section in 1954-1958 and 1987-1991 are shown in
Fig. 4.7, as plots of the discharge-area and discharge-velocity relationships. The plots show a slightly lower cross-sectional area and slightly
larger velocities in the later period for discharges up to about 200 m3/s.
The water surface slope has not been measured in association with the
water discharge measurements. However, the average slope between the
Rapaalven section and the three upstream distributary sections has been
calculated and related to discharge in Fig. 4.8A. The discharge-slope rela82
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tionship may be described by a power function (Leopold and Maddock,
1953). This cannot be tested because of the generally poor correlation.
Neither has it been possible to detect any differences in this relationship as
regards the dependence on whether the total discharge is increasing or
decreasing. However, the f values (Table 4.2) show that the water level
(depth) is increasing at a higher rate in the Northern distributary than at
the other upstream stations, including Rapaalven. This implies a reduction in slope with an increase in discharge for the Northern station,
which in turn is reflected in the lower m-value (velocity increase with discharge) as compared with the other upstream stations. Rhodes (1977) emphasized that channels plotting below the m = f/2 line and to the right of
the b = f line in the b-f-m diagram should be the least competent for the
transport of sediment. The only distributary plotting within this area is
the Northern distributary, and this might be reflected in the aggradation
of this channel during the last 2-3 decades.
Since the Southern distributary is longer (5150 m) than the Rapaalven Central distributary (5000 m) as measured from the bifurcation, it is evident that the gradient is slightly lower for the former distributary than for
the latter. The same must apply to the Central-Northern bifurcation,
where the length of the Northern distributary is about 4300 m, whilst the
Central is 3800 m long. However, the slopes are not even as both the
Northern and especially the Southern distributaries are somewhat
restricted by the till basement along parts of their courses. Also the
Central distributary has a till threshold at low water discharges about
1500 m upstream of the mouth.
Flow resistance has not been studied in detail, but estimations of the
Darcy-Weisbach friction factor ff ( = 8-g·R-s/v2, eq. 2.10), do not show any
relationships between discharge and resistance for the three upstream
distributaries. Nor have any differences in resistance between the different distributaries been noticed. The friction factor is plotted versus discharge for the three main distributaries in Fig. 4.8B and for the Southern,
Central right and Northern left mouth channels in Fig. 4.9. The slope for
the latter stations has been calculated based on the difference between the
water stage at the station and the water stage in the lake. The relationship
between discharge and ff is poor for the distributaries, because of the poor
relationship between discharge and slope. This is, in turn, due to various
rates in changes of water stage in the distributaries. Although rather poor
correlations, the Figures show trends of decreasing resistance with
increasing discharge. The relationship is better for the Southern mouth
and the Northern left mouth channels. This is further discussed in
Section 5.1. Various factors controlling the resistance are discussed in
Section 2.5.3.
It is here assumed that the suspended sediment concentration does not
vary between the sections in three main distributaries. The cross sections
of the Southern, and Northern distributaries are located at rather short
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distances from their respective bifurcations, therefore the suspended sediment concentration is probably unchanged as compared with the main
stream. For the downstream sections, however, this is not true because of
the larger distance from the upstream bifurcation to the station, and
therefore larger possibilities of changes in concentration due to either
erosion or deposition along the channel reaches or deposition in interdistributary areas. The bed load, on the other hand, may differ more between
the cross sections. The bed load transport ought to be largest for the main
distributary in which both water depth and velocities are higher than for
other distributaries.

4.1.3. "Delta'' hydraulic goometry

In Section 4.2 the bankfull discharges for the distributaries and corresponding total discharges are studied. It is there shown that the bankfull
discharge is reached at a lower total discharge the closer to the mouth the
section is located. This is mainly due to lower levees, as well as lake
damming effects in the delta front area. Therefore, the bankfull discharges have different recurrence intervals. Axelsson (1967, p. 81) showed
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that the recurrence interval for the bankfull discharge (then 280 m3/s) at
the Rapaa.J.ven section is about 1.5-2 years according to the annual-flood
series. The mouth channels, on the other hand, are flooded at least once a
year
The downstream hydraulic geometry deals with the changes in the
dependent variables (e.g., width, mean depth, and mean velocity) for
different sections along a river at a constant frequency of discharge. This
is based on the implication that the river enlarges in a downstream
section due to the additional flow from tributaries.
At a delta of the Laitaure type, however, the channels do not enlarge
downstream, but diminish due to bifurcations. Therefore, is it necessary
to convert the downstream concept into some sort of "delta" hydraulic
geometry concept. Graphs showing the downstream hydraulic geometry
including all sections are presented in Fig. 4.10. As can be seen in these
plots, the scatter is quite large, especially as concerns the discharge to
width, and discharge to depth relation. The poor correlations are due to
the instability of the mouth channels, and probably also, to the use ofbankfull discharges of different recurrence intervals.
By limiting the channels included in the regressions to those that can
be assumed to be quite stable, the scatter is reduced in the plots (Fig. 4.11).
These channels included in the analysis have not experienced net erosion
nor aggradation during the five years of surveys. This approach excludes
the Central right, Central left and Northern right mouth channels.
However, depending on which of the other channels that are chosen,
different equations are produced as can be seen in Table 4.3 and Figs. 4.1112. In Fig. 4.11 the six "stable" stations are included in the regressions. As
is shown below, the cross section in the Central distributary is narrower
and deeper than the mean of this distributary. Further, in the dischargewidth plot as well as discharge-depth plot (Fig. 4.11) one section is recognised as an "outlier". This is the Northern distributary section, which
plots well above the discharge-width regression line, and under the
discharge-depth line. This shows that this channel is proportionally wider
and shallower than some sort of mean state. An improved regression
correlation was attained by excluding the Northern distributary, and by
the use of average values of the cross-sectional parameters for the Central
distributary (Fig. 4.12).
Hydraulic geometry of delta distributaries has, as mentioned in Section
2.5.7, been reported for the Volga and Danube deltas (Mikhailov, 1970).
The hydraulic geometry of the Laitaure delta is compared with the Volga
and Danube deltas in Table 4.3. The figures for the six stable Laitaure
delta distributaries do not differ too much from those of the two larger
deltas.
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Table 4.3. Hydraulic geometry coefficients and exponents for the Laitaure,
Volga, and Danube deltas. KA = the constant for the discharge-area relation. eA = the exponent in the discharge-area relation. Values for Volga
and Danube from Mikhailov, 1970, p. 154. *denotes very poor correlation.
(1) all 9 channels, (2) six "stable" channels, (3) Rapaalven, Southern,
Central mean, Southern mouth and Northern right mouth; (4)
Rapaiilven, Southern, Northern, and Central at a total discharge (Qr) of
230m3/s
Delta
Laitaure (1)
(2)
(3)
(4)
Volga
Danube

Q
Qb 11-264
Qb 25-264
Qb 25-264
230
Qr
24800

10140

KA
4.837
3.456
3.046
3.332
3.979
3.605

a
14.16
4.387
2.966
6.991
6.873
6.080

c
0.342
0.789
1.022
0.480
0.579
0.593

k
0.207
0.289
0.328
0.297
0.251
0.277

f
eA
b
0.704 *0.311 *0.392
0.781 0.589 0.190
0.806 0.671 0.137
0.780 0.503 0.275
0.832 0.516 0.316
0.834 0.487 0.347

m

0.296
0.219
0.194
0.222
0.168
0.166

The discharges used by Mikhailov in the equations were discharges in
the distributaries corresponding to a mean maximum discharge at the
head of the delta. Mikhailov compared the correlations in relations of
mean maximum discharge (close to bankfull), mean annual discharge
and mean minimum discharge. This comparison showed that the best
correlation was obtained for the mean maximum discharges. For the
Laitaure delta this concept is impossible to follow since the distributaries
are flooded before the mean maximum or bankfull discharge is reached in
the Rapaalven section. The highest total discharge for which none of the
three main distributary sections is flooded is about 230 m3/s (cf. Table 4.5,
in Section 4.2). Fig. 4.13 presents regressions made for this total discharge
and the corresponding discharges in the three distributaries as calculated
by eqs. 4.4-6 (Section 4.2). The exponent values attained by these regressions are generally closer to the Volga and Danube exponents, than those
attained for bankfull discharges (cf. Table 4.3). The lower rate of increase
in the cross-sectional area (eA) for the Laitaure delta (because of lower
rate of increase in depth), is associated with the higher rate of increase in
velocity with discharge (m).
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A question that arises when studying a single cross section is, naturally, if this cross section is representative for the distributary or not,
since the cross-sectional form varies along a channel reach. This has
been analysed for the three main distributaries, and for the Southern
mouth channel. Cross sections were then chosen at different distances
along the channel reach. The profiles of these sections for each
distributary are compared in Figs. 4.14-17, and Table 4.4 CQ-section =
where discharge measurements have been made for this study). The
comparisons show, firstly, quite large variations in width and depth along
a channel reach whilst the variations in area are less. Secondly, it is
obvious that the form of cross sections along a channel reach varies
considerably.
The Q-section in the Southern distributary is relatively representative.
This Q-section and the downstream no. 1 section are located in a relatively
straight part of the channel reach, whilst no. 2 is close to a downstream
bend, and no. 3 is located upstream close to the bifurcation (Fig. 4.14). The
Q-section in the Northern distributary is located in a relatively straight
part of the channel reach. Sections 1 and 2 are located downstream from
the Q-section where the channel is slightly curved. It is notable that the
profile of Northern 1 shows interesting parallel levee ridges along both
banks, indicating its reduction in area due to decreasing discharges in the
channel during the last two decades (Fig. 4.15). The Q-section in the
Central distributary (Fig. 4.16) is narrower than the average. Section no. 1
is located about 200 m downstream of the Q-section, where the channel
widens due to an island another 50 m downstream. The no. 2 section
crosses the island whilst the no. 3 section is located another 500 m downstream in a bend of the channel. The ridges of the left bank in this latter
profile are not levee-crests but instead point-bars. The sections of the
Southern mouth channel are located in an upstream bend (1) and in a
downstream straight reach (2). Here, the cross section located in a bend is
larger than the other two. Further, Fig. 4.17 shows that the Q-section is
narrower and deeper than the other two.
It is evident that cross-sectional form and parameters vary along a
channel with similar hydrologic conditions. The difficulty in choosing a
proper section for measurements is also evident. Since the cross section in
the Central distributary is clearly narrower than the mean, the average;
width, mean depth, and mean velocity have been calculated and introduced in the delta hydraulic geometry in Fig. 4.12.
A conclusion that might be drawn from the above is that the hydraulic
geometry relations presented are representative at least for rather
straight reaches of the Laitaure delta distributaries. The cross-sectional
area seems to vary only little with channel form, whilst width and mean
depth vary considerably. This is also confirmed by the correlation coefficient for the discharge-area plots presented previously.
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Fig. 4.14. Cross sections along the Southern distributary. Dotted line =
bankfull stage, Ab = bankfull area.
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Fig. 4.17. Cross sections along the Southern mouth channel. Dotted line =
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Table 4.4. Comparison of cross-sectional parameters between the section
where discharge measurements were made (Q-section) and cross sections
along the same distributary

Section
Southern Q-section
1 (straight)
2(bend)
3(bend)

4.2.

Qb

Ab

wb

db

v

39

57
64
73
57

3i
39
52
3i

1.7
1.6
1.4
1.7

0.68
0.61
0.53
0.68

'.fl
ID

82
88
78

70
82

1.2
1.1
1.1

0.61
0.52
0.58

58
75
62

28
47

Northern Q-section
1 (straight)
2 (curved)

46

Central Q-section
1 (straight)
2 (with island)
3 (bend)

150

South mouth Q-section
1 (bend)
2 (straight)

Z7

68

wb/db
ID
24

144
171
151
153

E9
7l
00

2.3
1.9
2.0
1.6

1.04
0.89
0.99
0.98

38
58

50
68
51

00
44
41

1.7
1.5
1.2

0.54
0.40
0.53

29
M

63

18

Flow distribution

Within a delta there are variations in the flow distribution both in the
short- and long-term perspectives. In the long term, here decades, the
distributaries elongate into the receiving basin at different rates resulting
in varying stream gradients. This leads to shifts in activity of the different
distributaries, which means that one distributary is the main channel at
one time and another distributary is the main channel at another time (cf.
Section 2.4). In a shorter time perspective, the discharge in a single
distributary changes with total discharge, and so does :i,ts proportion of the
total discharge. This Section mainly concerns the flow distribution in the
short-term, but also somewhat the long-term.
The distributaries in this study are the same as in the previous Section,
i.e. (see Fig. 3.1, p. 63): Rapaalven (the proximal delta section), the three
largest distributaries: Southern, Gentral, and Northern, and the five
mouth channels: South, Central right and left, and Northern right and
left. The small channel "Little", which diverges from the Central distributary, is not included since only four measurements have been made at the
station. The total discharge used in the analysis has been calculated from
the water stage records from the Litnok hydro-meteorograph, by using the
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rating curve established by Axelsson (1967). For the summers of 1990-91
water stage at Litnok was provided by Vattenfall (cf. Section 3.2).
Discharges measured especially for this study in Rapaalven were found to
be, on the average, 3 % higher (i.e. between -3.5-8.9 %) than the calculated
discharges at Litnok. The discharges attained from Litnok have therefore
been multiplied by 1.03. This is, however, a small difference indicating
that the control section at Litnok has been quite stable since the 30's. The
difference might be due to oil leakage in the gauge at Litnok, where the
gauging-tube has ten litres of oil above the water, thus minimizing the
risk of ice-formation in winter-time. At very low water stage in the river
the oil might leak out, resulting in underestimation of water stages.
To begin with, the relationship between the total discharge in
Rapaalven (Qr) and the discharges in the individual distributaries is examined. Then, the relationship between the total discharge and the proportional (or percentual) discharge in the channels is discussed. Fig. 4.18
shows the relationship of total discharge to distributary discharge for the
main distributaries. Linear equations were used for the determination of
threshold discharges. The regressions in Fig. 4.18 give the following equations:
Southern:
Northern:
Central:

Qs = 0.178 ·Qr -4.40
Qn = 0.243 · Qr - 10.2
Qc = 0.508 · Qr + 20.8

r2=0.986
r2= 0.974
r2 = 0.988

(4.1)
(4.2)
(4.3)

where Qr is the discharge in Rapaalven (i.e. the total discharge at the
proximal section).
A threshold discharge may be described as the total discharge when
water enters a distributary that diverges from the main channel. The
Southern and Northern distributaries are examples of such "secondary"
channels, whilst the Central distributary is the "primary", or largest,
channel. Hence, there are thresholds at the inlet of the secondary distributaries below which they do not carry any water, but instead all the water is
conducted through the main distributary. The threshold discharge is
defined as the intercept of the regression line with the x-axis. These
threshold discharges are then 25 m3/s for the Southern and 42 m3/s for the
Northern distributary. Since the Central distributary is the main or
largest, its discharge is equal to the discharge in Rapaalven at lower discharges. This is because at discharges of less than 25 m3/s (the threshold
discharge for the Southern distributary), all water is carried by the
Central channel. A true relation would thus end at origo in that case, as
is indicated by the broken line in Fig. 4.18.
It should thus be mentioned that a power function regression is slightly
better than a linear regression for the Central distributary. However, the
difference is insignificant for the measured interval and the linear
regression has been chosen for the sake of simplicity.
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Fig. 4.18. Relationship between total discharge in Rapai:ilven and the
corresponding discharges in the three largest distributaries. Broken lines
are extrapolated for showing threshold discharges for the Southern and
Northern distributaries (see text for further explanation).

The threshold values (Qt) are shown in Table 4.5, which further present: the bankfull discharge (Qb) for the distributaries; the total discharge
in Rapaalven that corresponds to these bankfull discharges (Qrb); and the
proportion of bankfull discharge to the corresponding total discharge (% =
lOO·(Qb /Qr)).

As is shown in Fig. 4.18, the discharge increases at a higher rate in the
Northern distributary than in the Southern, indicating that the flow is
more easily distributed into the Northern channel than into the Southern.
This is probably the case since the bifurcation angle between the Central
and Northern channels is less than between Rapaalven and the Southern
distributary. At the Rapaalven-Southern fork the morphology is similar to
the 1958 fork presented in Section 4.4.1, (Fig. 4.28), that is, with a vertical
bank and a pool at the point of bifurcation. At the Central-Northern fork
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the morphology is quite different, without a vertical bank or a pool, but
instead with an upstream gently sloping bar between the two distributaries. Further, the highest rate of increase in discharge with total
discharge is naturally found for the main distributary, i.e. the Central.
The relations of total discharge to distributary discharge for four of the
five mouth channels are shown in Fig. 4.19. The corresponding regression equations are:
Southern mouth:
Central right:
Central left:
Northern right:
Northern left:

Qsm
Qcr
Qcl
Qnr
Qnl

=
=
=

=
=

0.18 · Qr - 3.4
0.38 · Qr+ 29.0
0.11 ·Qr - 5.7
0.07 · Qr+ 0.4
0.14 ·Qr - 3.5

r2 =0.95
r2 =0.98
r2 = 0.97
r2 =0.30
r2 = 0.98

(4.4)
(4.5)
(4.6)
(4.7)
(4.8)

The correlations are good for all these equations except for the Northern
right mouth channel. The reason for the very low correlation for this
channel is twofold. Firstly, it may be due to the large number of bifurcations and confluences of the channels upstream of this channel. All of
these bifurcations have different flow thresholds. Secondly, and probably
more important, is the very large delta lake with connection to the distributary about 600 m upstream of the discharge station. Portions of the
flow enter this lake at rising water stages, whilst the opposite is true when
the stage is sinking.
The equations (4.4-8) have been used for calculating the threshold
discharges for the mouth channels presented in Table 4.5. However, the
threshold discharges for the Southern mouth and Northern left, have been
set to the same values as for the upstream sections (Southern and
Northern). This is done since the threshold values for the two mouth
channels given by eqs. 4.4, and 4.8 (19 m3/s and 25 m3/s) are lower than
the threshold values of Southern and Northern respectively. Lower
threshold values in the mouth sections than in upstream sections of the
same channel would mean that water is discharged out from delta lakes
along the channel reach. No threshold value has been given to the
Northern right mouth channel, for which the correlation is very poor. due
to reasons presented above.
The high positive value of the regression intercept with the y-axis for
the Central right channel (eq. 4.5) distinguishes this channel from the
other mouth channels for which the intercepts are lower, i.e. negative
(except for the Northern right). This indicates which channel is the main
one and which channels that have threshold discharges. However,
observe that the regression line for the Central right channel (main
mouth channel) should end nt origo (cf Fig. 4.18). That means that below
a total discharge equivalent to the threshold discharge in the Central left
mouth channel (54 m3/s), all flow in the Central distributary is through
the Central right, and below 25 m3/s (Qt in the Southern distributary) the
discharge in this channel is equivalent to the total discharge.
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Fig. 4.19. Relationship between total discharge and the corresponding
discharges in four mouth channels. Broken lines are extrapolated.
Table 4.5. Flow distribution between the distributaries (see text for further
explanation)
Section
South
North
Central
South mouth
Central right m.
Central left m.
Northern right m.
Northern left m.

Qb
m3/s

Qrb
m3/s

lOO·(Qb /Qrb)
%

ro

244

16

46
150

231

20

254

59

27

169

115

226

11

14

152
194

16
51
7
7

25

204

12

Qt
m3/s
25
42
25

54

?
42

Development of the Laitaure Delta

Values from Table 4.5 can be used for tests against some of the numerical relationships presented above. Since the sum of the discharges in the
mouth channels should be equivalent to the discharge in the upstream
distributary the following relationships should be valid:
Qs =
Qn =
Qc =

Qsm - QI + &Q
Qnlm + Qnrm + &Q
Qclm + Qcrm + &Q

(4.9)
(4.10)
(4.11)

where AQ is the flow loss or increment along the distributary reach (cf.
Mikhailov, 1970). The flow loss may, in this case, be into delta lakes at
increasing discharges whereas flow increment may be due to water outflow from the lakes during decreasing discharges.
Assume a total discharge Qr of 150 m3/s. This corresponds to a discharge of 23 m3/s in the Southern distributary and 24 m3/s at the Southern
mouth. However, the Southern mouth also receives water from the Little
distributary for which the discharge is unknown, although low. In the
Northern distributary the discharge is 26 m3/s at a total discharge of 150
m3/s. The corresponding discharges in the mouth channels are then 11
m3/s and 17 m3/s or 28 m.3/s together. The discharge in the Central distributary is 97 m3/s at a total discharge of 150 m3/s. In the mouth channels
the discharges are then 11 m3/s (Qcl) and 86 m3/s (Qcr). The better correlation for the Central system than for the two others is due to the absence of
flow losses or increments along the distributary.
The discharges for the three main distributaries are summed at various total discharges in Table 4.6A. The sum should hereby be equivalent to
the total discharge, i.e.:
Qs + Qn + Qc = Qr + AQ

(4.12)

where &Q is the flow loss or increment between the Rapaalven station and
the three downstream distributaries. The greatest possibility of flow loss is
through the Little channel just upstream of the Central distributary station. Also, both loss and increment are possible through the channels
connecting delta lakes to the north of Rapaiilven. This is especially the
case at increasing discharges when water stage is lower in the delta lakes
than in the channels. At falling water stage the opposite applies, which
might explain the too large sum for Qr= 50 m3/s. However, the AQ is unknown but is regarded as insignificant. Table 4.6A further shows the percentual discharges (%) as calculated by dividing the calculated distributary discharge (Qs, Qn, and Qc) by the total discharge (Qr).
The relationships between total discharge (Qr) and the percentual discharge in the distributaries, are shown in Figs. 4.20 and 4.21. The
Northern right mouth channel is excluded because of very poor correlation. By introducing the threshold values into these regressions it was
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found that log-linear regressions were most appropriate. For the three
upstream channels the following relations were attained (Fig. 4.20):
Southern:
Northern:
Central:

%s
%n
%c

14.5 · log(Qr)- 16.1
28.9 · log(Qr)- 44.4
= -43.8 °log(Qr) + 161.7

=
=

r2 = 0.758
r2 = 0.869
r2 = 0.955

(4.13)
(4.14)
(4.15)

r2 =0.844
r2 =0.980
r2 =0.969
r2 = 0.553

(4.16)
(4.17)
(4.18)
(4.19)

and for the mouth channels (Fig. 4.21):
Southern m: %sm
Central r:
%er
Central 1:
%cl
Northern 1: ".%nl

= 21.1° log(Qr)- 27.3
= -53.3·log(Qr)+175.8
= 15.9 · log(Qr) - 27.1

=

13.1 · log(Qr) - 16.7

As can be seen, the Northern mouth channels show very poor
relationships between total discharge and the percentual discharge (no
relationship at all for the Northern right).
For the Central distributary and the Central right mouth channel there
is a percentage decrease as the total discharge increases. This is natural
for the main distributary system since increasing amounts of water is
distributed to the secondary channels as total discharge increases.
The equations (4.13-15) are tested by summing the percentages for
different total discharges (Table 4.6B), similarly to the test made above for
the Qr - Q relations. However, because of flow losses through delta lake
channels to the north and through the Little distributary the sum should
presumably be slightly lower than 100, especially for the higher discharges. A comparison of the percentage values in Table 4.6B with those
in Table 4.6A, shows that the latter values probably better describe the
actual situation with increasing flow loss with increasing total discharge.
The differences may be due to the fact that linear regression is used for the
total discharge - distributary discharge relationship (eqs. 4.1-8), whereas
logarithmic regression is used for the total discharge-percentual
discharge relationship (eqs. 4.13-19).
The discharge in the Central distributary is equal to the total discharge
when this is lower than approximately 25 m3/s, which is the threshold
discharge for the Southern distributary (Table 4.5). When the total discharge is about 230 m3/s, on the other hand, the proportion in the Central
distributary is only 58 % (eq. 4.15). This distributary splits up into two
mouth channels and the larger channel of these (right) is the other
channel with a similar trend. This mouth channel evidently also carries
all the water (= Qr) at total discharges lower than 25 m3/s, since the
threshold discharge of the Central left mouth channel is 54 m3/s (Table
4.5).
The Central left channel is blocked by a sand bar at low water (cf. Fig.
4.46). So, when the discharge increases, an increasing proportion of the
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Fig. 4.20. Relationship between total discharge and the corresponding
percentual discharges in the three largest distributaries.
flow is distributed to the Central left mouth channel. This left channel
was the main outlet channel until the early 80's. Its activity has since
then decreased, because of decreasing gradient in association with elongation into the lake by approximately 260 m. During the same time, the
right channel has increased in activity (this is further discussed in
Section 4.5.2).
·
As concerns the Southern and the Northern distributaries, both show
increasing proportions of the total discharge as this increases. The southern distributary is, ~s mentioned previously, inactive for total flows lower
than about 25 m3/s. The northern distributary, on the other hand, is inactive for total flows lower than about 42 m3/s. This channel is very shallow
due to sedimentation during the last three decades (cf. Section 4.1).
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Table 4. 6 A) Discharge in the three upstream distributaries, calculated by
eqs. 4.1-3 and the sum of these discharges at varying discharges in
Rapaalven (the percentages in A are based on Qr and not the sum of the
distributary discharges, l: Q), BJ Percentage of total discharge in the same
distributaries, calculated by eqs. 4.13-15, and the sum of these percentages
A
Qr
00

100
150
lm

B
Qs Qn
Qc
I.Q
4.5 1.9 46.2 52.6
13.4 14.1 71.6 99.1
22.3 26.2 97.0 145.5
31.2 38.4 122.4 192.0

%s
9.0
13.4
14.9
15.6

%n
3.8
14.1
17.5
19.2

%c
92.4
71.6
64.7
61.2

I,%

105.2
99.1
97.1
96.0

%s
8.5
12.8
15.4
17.2

%n
4.5
13.2
18.3
21.9

%c
87.3
74.1
66.4
61.0

I,%

100.3
100.1
100.1
100.1
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The total discharge at which bankfull is reached varies for the different
channels. Table 4.5 shows the bankfull discharge for the different distributaries and the corresponding total discharge (Qrb). The bankfull
discharge in the Rapaalven section is 264 m3/s. The values show that
bankfull discharges in the secondary channels are reached at lower total
discharges than in the main distributary, and still lower than in the
undivided river. This might be explained by (1) the higher rate of increase
in area with discharge, and (2) the lower rate of increase in velocity with
discharge (cf Section 4.1) as compared with the Central distributary.
It is expected that the bankfull discharge is reached earlier during rising stage for a section in the mouth channel than for an upstream section
within the same distributary system. The levees of mouth channels are
younger and lower and are flooded more frequently and during longer
periods than the levees of upstream distributaries. The figures in Table 4.5
confirm that all mouth channels reach bankfull discharge at a lower total
discharge than their respective upstream stations.
The changes in distribution with time through decades have not been
studied in detail since discharge measurements in the different distributaries have not been performed previous to this study. Some conclusions
may, however, be drawn from old photos and personal comments
(V. Axelsson, and L. Lantha). Photographs taken by Hamberg in 1899 and
1904 show that the Central system probably was the main system at that
time. A large mouth bar had then been built by the Central distributary
about 1 km upstream the of present mouths. The Southern distributary
was larger (broader) at this time than today. Considering the morphology
at the bifurcation of the Southern distributary from Rapaalven, it seems
likely that this channel became smaller between the 20's and the 50's but
has then enlarged again. This is indicated by: (1) building of parallel levee
ridges (point bars) at the inside bank at the bifurcation between the 20's
and the 50's, in line with a reduction in width, and (2) the existence of a
large bar at the point of bifurcation, and a very narrow inlet to the channel
in 1954. The levee ridges are now vegetated whereas the bar has been
washed away.
During the first decades of this century, the activity shifted towards the
northern system, which until late mid or late 70's was the main system.
Thereafter, another shift has taken place favouring the Central system.
Distribution has also changed as concerns the mouth channels of the
northern distributary system. In the beginning of this century it was the
Northern left channel that was the main mouth channel of this system.
In 1954 and also during the 60's it was the Northern right channel and
another, now abandoned, mouth channel that were the largest mouth
channels. At present, the main mouth channel of this system is the
Northern left.
A controlling factor for the flow distribution is the stream gradients of
the channels. Table 4. 7 presents the lengths and the elongations of the
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Table 4. 7. Elongatwns of the distributaries between 1954 and 1990
Fork
Rapaalven-Southern

Central-Northern

Mouth

Length

Length

Elongation

1990 (m)
5150
4990
5040

(m)

Southern
Central right
Central left

1954 (m)
5050
4790
4790

Northern right
Northern left
Central right
Central left

4050
4070
3640
3640

4300

250
200

4270
3840
3890

100
200
250

200
250

different distributaries as measured in the 1954 delta map (Plate 1 in
Axelsson, 1967) and the 1990 map (in cover pocket). The figures show that
the shortest route to the lake for the water is through the Central distributary. This implies that the average gradient of this channel is higher than
for the rest (cf Section 4.1). However, a factor that affects the changing
importance of distributaries is the appearance of till thresholds at some
places in the delta.
The channels have lengthened at different rates, as is exemplified in
the Table. The Northern right, and the Central left mouth channels, have
experienced the largest elongations, because the former was the main
mouth channel during the 50's and 60's (see above), whilst the latter was
the main mouth channel during the 70's, and early 80's. Since then, the
Central right channel is the main one, which has increased in length by
about 200 m during the last 10-12 years.

4.3.

Delta p1ain development between 1954 and 1990

4.3.1. General
The analyses of the development of the delta plain are mainly based on the
map compiled by Axelsson (1967, plate 1), from air photos taken in 1954,
and the present map (cover pocket) compiled from air photos taken in
1990. Problems and uncertainties associated with these compilations are
discussed in Sections 3.4 and 5.3.
The delta has been divided into a number of interlevee basins (Fig. 4.22).
The basins are numbered 1-24 and within each basin the delta lakes are
also numbered. Reference to a certain lake in the text is made by basin
number:lake number, e.g. 13:16. The numbering of the basins is roughly
in an ascending order from the proximal part of the delta towards the
delta front. Observe that only the lakes discussed in the text are numbered
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Fig. 4.22. Interlevee basins of the Laitaure delta (see text for explanation of
numbers).
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in Fig. 4.22, and that not all of the lakes are shown in the figure (cf. map
in cover pocket). The somewhat peculiar numbering of the lakes is
associated with the computer processing. The basins are well defined
interlevee areas, surrounded by active or abandoned distributaries, or in
some cases by till of the valley sides. The map boundary is not identical for
the 1954 and 1990 maps, which is why merely qualitative analyses have
been made for basins 1, 2, and 24 as regards different vegetation classes.
The basins are divided into the following environments/classes, based
mainly on type of vegetation:
- Levee vegetation, i.e. willows and birches.
- Swamp vegetation, mostly grasses and sedges but without any reference to specific species. Included in this class is also pioneer "swamp"
vegetation, which sometimes is true swamp vegetation but which also
may be vegetation on drier ground such as lateral bars and islands.
- Sand, i.e. areas without vegetation.
- Till.
- Delta lakes.
Changes in areas of distrlbutaries, and of sand bars and islands within
the distributaries, have also been analysed.

4.3.2. Development of in~levee basins
This presentation is mainly based on the changes in areas of the different
classes within each basin. During the analyses, the 1990 map has been
used as an overlay over the 1954 map, for precise detection of major
changes. For some basins, the changes are further compared with the
analyses made by Waldemarson Jensen (1979). The changes in area of the
classes within each basin are presented in Table 4.8. Fig. 4.23 shows the
changes for those basins where the boundary is without doubt the same in
the two maps. Basins 1-2 and 24 have therefore been excluded in the Fig.
4.23, whereas the changes of basin 3 are uncertain. Figs. 4.24-26 show
different parts of the delta in 1990. The changes are summarised for each
basin as follows:
Basins 1 and 2: Both these proximal basins have experienced disintegration of swamp vegetation, resulting in increased lake areas.
Basin 3: No conclusions about the change in total area of this basin can
be drawn because of differences in the boundary between the two maps.
However, lake 5 has increased in area, due to disintegration of swamp
vegetation, especially along the western lake margin. The swamp vegetation has, on the other hand, increased in net area due to disintegration of
levee vegetation, especially in the eastern part of the basin.
Basin 4: Lake 2 (Jujmie) has increased in area, mainly due to disintegration of swamp vegetation, especially along the northern lake margin of
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Table 4.8. Area development in m2 for the period 1954-1990 of different
classes within the basins. - sign denotes reduction in area between 1954
and 1990, *denotes basins for which the map boundary differs between the
two maps. ** The sum of the changes of swamp I levee area and lake area
are not equivalent to the total change for all basins because of changes in
area of small channels within the basins
Basin
*1
*2
*3
4
5
6
7
8
9
10
11
12
13

14
15
16

17
18
19

ID
21
22
23

*24

Swamp

8000
6600
-17200
26400
34700
-1400
12500
-100
97200
75800
120300
8200
53000
-12800
23100
30300
-4800
11100
72800
47400
-2400

Levee

-23100
-25200
31900
-63600
-14 800
1200
-4800
2000
-89600
-65700
55200

-16000
-48300
69000
771K)
67200
27700
2700
425£K)
268(K)
14600
-30908

Swamp
+Levee

-15100
-18500
14600
-37200
19900

Lake
1100
19600
2300
16900
-18500
33600
-7200

-200

7800
1900
7600
10100
175500
-7800
4700
56200
30800
97500

22900
13800
115300
74200
12200

-1100
-4400
-12100
-120200
11900
1600
-12200
400
1500

14200
1100

Di ff.
total**

Change
in%

-1600
-3900
-7000
12100
-200
6700
1900
-2200
-3400
59900
4100
6300
39500
31200
99000
22900
13800
129400
77100
12200

-3.5
-0.3
-2.7
-1.1
2.5
-0.5
4.3
3.9
-0.4
-1.0
3.7
5.4
3.3
6.3
68.9
78.3
58.3
new
new
mostly new
52.6

8200

the western basin. Also the small lake 11 has increased in area. The
reduction in levee area within this basin is higher than the increase in
lake area, resulting in a net increase in swamp area.
Basin 5: A miniature delta has grown in lake 5 (Saiva) during the
period. Willows have successively colonized the levees of the inlet channels as they have elongated. The decrease in swamp area is directly
related to the development of the miniature delta where former swamp
vegetation has been replaced by levee vegetation. Changes in lake areas
are generally small except for Lake Saiva (5), which has decreased in area
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Fig. 4.23. Diagrams showing changes in area of different classes (A and
B) within separate interlevee basins, and changes in total area (C) of the
basins between 1954 and 1990 .

by almost 17000 m2 due to extension of the miniature delta. The slight
reduction in total area may be explained by erosion along the distributaries.
Basin 6: The area of levee vegetation has decreased considerably, whilst
both swamp area and lake area have increased. The enlargement of lake
16, by about 22700 m2, is caused by disintegration of swamp vegetation. A
minor increase in lake area is further recorded for lakes 6 and 7.
Waldemarson Jensen (1979) showed that lake 7 experienced a large
increase in area between 1904 and 1974, due to disintegration of swamp
vegetation. The increase in swamp area is to be seen as a net increase,
which means that it has increased at the expense of levee vegetation, but
also decreased due to disintegration at the swamp-lake boundaries. Decay
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of levee vegetation has occurred mainly in the western part and to the
north oflake 16. However, all around the basin, the levees are narrower in
1990 than they were in 1954. The reduction in total area of the basin is due
to bank erosion along the surrounding distributaries, especially along the
Rapaalven-Central distrlbutary reach.
Basin 7: Swamp area has increased at the expense of both levee and
lake areas. Lake 2 has decreased in area due to the development of a
miniature delta. The changes in lake areas are otherwise insignificant.
Reduction in levee area is probably somewhat lower than the figure
shows, due to differences in interpretation. Incorporation of lateral bars
along the Southern distributary has enlarged the basin somewhat.
Basin 8: Changes within this basin are insignificant.
Basin 9: Area of swamp vegetation has increased, partly due to incorporation of a bar (with pioneer grass vegetation) along the Northern distributary, and partly as a result of disintegration of levee vegetation. Lake
area shows only minor changes. The basin has enlarged as a result of
incorporation of the lateral bar mentioned above.
Basin 10: This basin shows only minor changes, but with a small
increase in total area due to incorporation of bars.
Basin 11: Willow disintegration has resulted in a very large reduction
in levee area and a corresponding large increase in swamp area. The
willow disintegration is especially evident in the northwestern part.
Swamp vegetation has also oxpanded in association with the development
of a miniature delta in lake D. Lake 2 has enlarged somewhat due to disintegration of swamp vegetation in the western part. Most of this swamp
vegetation disappeared betwoen 1970 and 1974 (Waldemarson Jensen). The
area of the channel dividing basins 11 and 12 was 11400 m2 in 1954. This
was an abandoned channel in 1990 with an area of 17800 m2. The difference in area, 6400 m2, explains the reduction in areas of basins 11 and 12,
·
totally 5600 m2.
Basin 12: The willows have disintegrated all around the area, leading to
a narrower levee zone. An overall disintegration of willow shrubs and
birches in this basin was also noted by Waldemarson Jensen (1979).
Striking disintegration has occurred between the two small lakes in the
southe astern part. Waldemarson Jensen found that almost all willows
were dead or dying in this part in the 70's. The western part of lake 1 was
invaded by swamp vegetation between 1922 and 1954, according to
Waldemarson Jensen. This swamp vegetation was disintegrating in 1971,
and in 1990 it was still visible in the air photos, with a quite diffuse boundary between vegetation and open water.
Basin 13: This is the largust of all basins. The figures in Table 4.8 show
large increase in both swump and levee areas, which is due to the
enlargement of the basin at the delta front, and of the miniature delta in
lake 13 (z in Fig. 4.26). Lako area changes are generally small except for
lakes 13 and 16, both of which were semi-enclosed bays in 1954. The
largest reduction is recorded for lake 13 which, in addition, is the largest
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lake on the delta. This lake is very shallow, and thus the volume of the
sediments in the miniature delta is probably quite small. The second
largest lake in this basin is number 2, which was studied in detail by
Waldemarson Jensen (1979). She showed that this lake increased in area
between 1904 and 1974. Between 1954 and 1990 the increase of this lake was
rather insignificant. The channel connecting the lake to the Northern
distributary is closed, and the high water threshold is located close to the
connection with the Northern distributary. The channel was dredged
until 1940, in order to lower the water level in the lake at harvesting time,
or to facilitate the bringing of a boat into the lake (Waldemarson Jensen).
She found only minor changes of swamp and willow vegetation between
1904 and 1974, and the small changes in lake areas (except lakes 13 and
16) indicate that this is the case also for the period 1954-1990 (as concerns
the swamp vegetation). Willow vegetation close to the former inlet channel
from the Central distributary (at x in Figs. 4.25-26) has disintegrated. In
the northeastern part of this basin there are several old point bars (levees),
one of them reaching through lake 2. These were covered by low willow
shrubs in 1904. In 1974 those shrubs were dying and swamp vegetation
prevailed, and the disintegration has continued since then.

Fig. 4.24. Proximal parts of the Laitaure delta, with numbers of interlevee
basins. Air photo /Jy the Swedish Air Force September 4, 1990 (Qr = 30
m3 Is, approx. scale 1:18500).
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Fig. 4.25. Northern parts of the Laitaure delta with numbers of interlevee
basins. Air photo by the Swedish Air Force, September 4, 1990 (Qr = 30
m3 Is, approx. scale 1:19700).
Basin 14: The willows have disintegrated, whereby the levees have
become narrower. Lake 1 increased in area by about 11000 m2 as a result
of disintegration of swamp vegetation. This large increase in area seems
remarkable, and a closer look at the air photos shows that the lake area
was probably somewhat underestimated in 1954. The usually clear boundary between water and vegetation is diffuse within this lake. The basin
has enlarged due to incorporation of lateral bars along the Northern
distributary.
Basin 15: The levee vegetation has disintegrated, resulting in increased
swamp area. The total area of the basin has increased as a result of incorporation of lateral bars. The reduction in levee area is especially striking
in the eastern part of the basin. However, the levee area in 1990 has probably been slightly underestimated, due to indistinct boundary between
willow and swamp vegetation. Two small lakes (not shown in Fig. 4.22)
have been formed during the period, due to swamp decay, otherwise the
changes in lake area are quite small.
Basin 16: Large swamp (pioneer vegetation) areas in the delta front
area have become invaded by willows since 1954, resulting in a large
increase in levee area, and a reduction in swamp area. Willows in the
western (older) part have disintegrated. Lake 1 has decreased in area due
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Fig. 4.26. Central and distal parts of the Laitaure delta with numbers of
interlevee basins. Air photo by the Swedish Air Force, September 4, 1990
(Qr= 30 m3 / s, approx. scale 1:19700).

to formation of a miniature delta. This delta building had begun in 1922,
and in 1954 the delta almost divided the lake into two. The smaller lake of
these two (to the east) has since then experienced a progressive swamp
succession, whereby the open water area has been completely replaced by
swamp vegetation. This partly balances the reduction in swamp area at
the distal parts. The basin has experienced a total increase in area of
about 40000 m2, as a result of deltaic growth.
Basin 17: The basin has increased in area due to incorporation of
islands and lateral bars.
Basin 18: A basin located in the distal part of the delta, with large
increases in both swamp and levee areas due to deltaic growth. About
99000 m2 of "new land" have thereby been added to the delta.
Basin 19: Another basin in the distal part which has, by deltaic growth,
enlarged by approximately 28000 m2.
Basin 20: This is a new "basin", which was a small mouth bar of the
Northern distributary in 1954.
Basin 21: This is a new basin, built mainly by deposition by the
Northern right mouth channel, and partly by the Central left mouth
channel. In 1954 this basin was merely unvegetated mouth bars.

113

Development of the Laitaure Delta

Basin 22: This basin has increased in area from only about 3700 m2 to
80800 m2 due to deltaic growth. Some of this new area is still unvegetated,
especially parts close to the Central left mouth channel.
Basin 23: A small basin within the distal part of the delta, which has
increased in area due to deltaic growth. There was no willow vegetation in
the basin in 1954, while about 40% of the area was covered by willows in
1990.
Basin 24: Differences in interpretation of vegetation limit the analysis of
this basin. The cause of this is the resemblance in the air photos between
till and levee vegetation, and between swamp and mire vegetation. However, some general conclusions may be drawn: most lakes have increased
in area, probably also here due to decay of swamp vegetation, whilst a few
lakes have decreased in arna due to formation of miniature deltas; the
total lake area has increased in basin 24. Willow vegetation has disintegrated, which has resulted in increased swamp areas.
4.3.3. Changes of different classes
The discharge in Rapaalven was 38 m3/s in the 1954 photos, and 32 m3/s in
the 1990 photos. These discharges are sufficiently similar as concerns the
interpretation of sand bars. However, the suspended sediment concentration was low in the 1954 photos, facilitating the interpretation of the sandwater boundary. In the 1990 photos the river water was turbid, giving it a
grey tone quite similar to that of the sand bars, therefore complicating the
interpretation. In the separnte distributaries the discharge is unknown in
the old map, but might be estimated in the present map based on the equations in Section 4.2. The discharge may then be approximated to be about 2
m3/s in the Southern distributary, 0 m3/s in the Northern distributary and
30 m3/s in the Central. However, even if there is no flow in a distributary,
it does not mean that the whole channel is empty of water, but instead is
there a water-table in the deeper parts of the channels.
Sand bars (i.e. unvegetated areas within the channels): Changes in
sand bar areas in the largur distributaries are presented in Table 4.9.
Some of the bars in the Northern and Southern distributaries have become
vegetated since 1954, which is reflected in larger island areas in 1990.
Parts of the sand areas in 1954 have further been incorporated as vegetated areas in the interdistributary basins. The changes in sand bar areas
within the Northern and Central distributaries indicate variation in time
of flow characteristics for these two systems, i.e. in 1954 the Northern system was the largest, whilst the Central was largest in 1990 (cf. Sections 4.1
and 4.2).
Islands: Islands are here defined as mid-channel bars with vegetation.
Their changes are naturally dependant on variations in flow characteristics in the distributaries with time. Within the Rapaalven reach to the
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Table 4.9. Changes in areas of bars and islands within the three
distributary systems
Distributary
Southern
Central
Northern

Sand bars
in 1954 (m2)

Sand bars
in 1990 (m2)

64000

56000

90000
70000

28000

150000

Sand bars

Islands

1990-1954 (m2)
-8000
-62000
+80000

1990-1954 (m2)
+4000

-1000
+16000

Northern-Central fork the net change in island area is very small (-1000
m2). In the Central distributary, one island has disappeared about 300 m
downstream of the Central-Northern bifurcation, whilst the next island,
another 800 m downstream, has grown. The net change in island area for
the Central distributary is a slight reduction. Islands within the Northern
distributary have generally enlarged, which is in concordance with the
general reduction in flow through this system during the time period. In
addition, some new islands have been built since 1954. Further, the
islands in the Southern distributary have also grown. It is important to
point out that there were only two islands in the Central distributary in
1954 and one in 1990, whilst both the Northern and Southern distributary
systems contain numerous Islands.
Mouth bars: The changes in distributary mouth bar areas have not
been meaningful to analyse, because of the differences in water level in
Laitaure between the two maps. The water level in the 1954 map is 494.3
m a.s.l., whilst it is about 15 cm higher in the 1990 map. This may be seen
as a rather insignificant difference, although important due to the very
low gradient of the mouth bars, especially along the northern half of the
delta front.
Deltaic growth: The total area of the Laitaure delta was approximately
9.12 km2 in 1954 and 9.50 km2 in 1990 (within the boundary of the 1954
map, mouth bars excluded). Thus, the delta has grown by approximately
0.38 km2. By calculating with an approximate width of the delta of 2.3 km
and a period of 36 years, the deltaic growth would be 4.6 m/year. This
figure corresponds well with the figure given in Section 4.5.3 (i.e. 4.4
m/year) for the advance of the middle and southern parts of the delta. New
land is, however, not only formed at the delta front, but also as miniature
deltas in delta lakes, islands in distributaries, incorporation of lateral
bars from distributaries to interlevee basins, and closing of distributaries.
On the other hand, disintegration of vegetation and also erosion along
distributaries reduce the "land" area. The net change in land area for the
delta plain (growth within Laitaure excluded) may therefore be roughly
estimated to be in the order of+ 145000 m2. The greater part of this is
attributed to the growth of a miniature delta in lake 13:13 (see below).
Lakes: The net change in total lake area is a reduction by some 63000
m2. However, excluding the lakes where miniature deltas have enlarged,
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the lake area has increased by approximately 93000 m2. Miniature deltas
that have enlarged considerably during the period are found in: lake 13:13,
which has decreased in area hy 94000 m2; 5:1-18500; 13:16 -16000; and 24:15
-12000 m2. Lakes that have enlarged considerably are: 6:16 23000 m2, 1:4
11000, 24:20 7000 m2, and 24:23 6000 m2. Further, some new lakes have
been added to the delta in the distal part, e.g. lake 21:1 13000 m2. The
reduction in delta lake area due to miniature delta building was about 7 %
of the 1954 lake area, whilst lake enlargement mainly due to swamp disintegration was about 5 %. Formation of new lakes has increased the total
lake area by about 1 %. It can be mentioned that there are about 150 lakes
within the delta. Some lakes are formed in meander scroll depressions,
and some in closed distributaries. The origin of most of the lakes are,
however, enclosed bays of Laitaure in association with bifurcation and
rejoining of distributaries (cf. Section 1.5.1). About 23 % of the deltaic area
consisted of lakes in 1990. The corresponding figure for 1954 was 25 %.
L<?JJees and swamps: A general disintegration of levee vegetation has
occurred in most basins of the delta except for the distal parts. This vegetation has been replaced by swamp vegetation. Specific values are hard to
calculate, especially for basins in the distal part, since the changes are net
changes, which means that there has been expansion of levee vegetation
in the distal part, whilst disintegration has occurred in the older parts.
The same applies to the swamp vegetation. Exact values of swamp vegetation are also complicated to estimate, due to disintegration at the swamplake border and expansion in area at the swamp-levee boundary. In 1954
and in 1990 the vegetated area (levees + swamps) was about 57 and 62 %
respectively of the total deltaic area. About 28 % of the total area consisted
of swamp vegetation in 1954, and about 34 % in 1990 (i.e. levee vegetation 29
% in 1954, and 28 % in 1990).
Distributaries: The change in total distributary area is small (despite
channel elongations,cf. Section 4.2) and, therefore, its proportion of the
total deltaic area has decreased from about 16 % in 1954 to about 14 % in
1990. This is due to the incorporation of lateral bars to interlevee basins
and because of the closure of some channels, e.g. the distributary between
basins 11 and 12. The bed of this channel is now covered by swamp vegetation. Further, several channels connecting delta lakes to distributaries
have also been closed. The most striking example of this is the closure of
the channel that has built the large miniature delta (at z in Fig. 4.26) in
lake 13:13.
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4.4.

Development of one channel fork and one channel junction
between 1958 and 1988

4.4.1. The channel fork
The channel fork is located in the northern distributary system, area D in
Fig. 3.1, and in Fig. 4.26 (previous chapter). Fig. 4.27 shows the fork from
Skerfe in 1990.
The fork was surveyed in 1958 (Mattson, 1958; Axelsson, 1967). A second
survey was performed in 1988 with the intention to describe the development of the fork since 1958. Reference marks from the 1958 survey were
not found in 1988, and thus it has been difficult to make an exact comparison of the maps. The general morphological development and especially
the development of the channels are, however, analysed. A comparison of
the studied area in the map (cover pocket) with Axelsson's map
(Axelsson, 1967, Plate 1) shows no downstream displacement of the fork.
The birch vegetation on the levees also supports this.
Figs. 4.28 and 4.29 show the fork in 1958 and in 1988, respectively. The
fork is asymmetrical, as are most of the forks of the Laitaure delta. One
branch is smaller than the other, and the smaller branch diverges at a
greater angle from the trunk stream. Here, the right branch is smaller

Fig. 4.27. The surveyed fork from the north (Skerfe), August 4, 1991 (Qr
68m3/s, Qn ""'6m3/s).

=
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Fig. 4.28. Map of the channel fork in 1958 (modified after Axelsson, 1967;
surveyed by M. Mattson). Contour interval 0.2 m, 0-contour = water
surface at 494.5 m a.s.l. For location see Fig 3.1 p. 63.
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Fig. 4.29. Map of the channel fork in 1988. Dark grey tone indicates the
vegetated areas (except for the mid-channel bar). Light grey tone indicates
the present, "active'', channel beds. 0-contour corresponds to 494.5 m a.s.l.
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and diverges at a greater angle. Water discharge measurements indicate
that the discharge is slightly higher in the left channel than in the right
(as was the case also in 1958).
The morphology and the processes at this fork were described by
Axelsson (1967, p. 100) as follows: "The resistance to flow caused by the
bank at the point of bifurcation implies a damming action, flattening the
slope of the water surface upstream and steepening it in a lateral and
downstream direction. At high water discharges the difference in water
surface elevation between the point of bifurcation and the temporary
gauge station at the entrance to the left channel may exceed 0.2 m. At
high water discharges strong eddies are formed at the point of bifurcation.
Deep narrow pools are here excavated in the channel beds. The adjoining
levee-bank is undercut, and slides sometimes occur, but the rate of lateral
erosion seems to be relatively slow." Just upstream of the point of bifurcation is a lobate bar formed having a steep distal slope, as described by
Axelsson. This is a common feature at many of the forks of the Laitaure
delta.
The general plan-form of the fork has changed quite little during the 30
year period. The crest of the lobate bar upstream of the point of bifurcation
has, however, been displaced towards the left channel, and it has become
about 1.3 m higher in 1988 than it was in 1958. The level of the bar crest is
now almost the same as the level of the levee crest at the point of bifurca.tion. This has probably resulted in a weakening of the local damming
effect at the point of bifurcation. The lobate bar reached only about 30 m
upstream in 1958. In 1988 it had grown some 200 m upstream and may
more likely be described as a longitudinal mid-channel bar. The bar-crest
slopes upstream and divides the flow at various distances, depending on
the discharge. The flow is then directed towards the banks of the trunk
stream, as can be seen from the cross section profile (Fig. 4.30A).
The cross-sectional profiles of the trunk stream in 1958 and 1988, are
drawn at corresponding distances (40 m) upstream of the point of bifurcation (Fig. 4.30A). This Figure clearly shows that the channel bed has
experienced a considerable aggradation. The bankfull cross-sectional area
has decreased by about 48 m2, or more than 50 % of the 1958 cross-sectional area (Table 4.10). The bankfull width seems to have increased
slightly, whilst the mean depth has decreased (about 0. 7 m), showing that
the decrease in area is clearly due to aggradation. It is important to recall
that the exact position of the cross section may not be the same for the two
years, but that the distance from the point of bifurcation is the same (40
m).

Cross-sectional profiles of the two downstream branches in 1958 and
1988 are shown in Fig. 4.30B and C. The profiles are drawn at corresponding distances (35 m) from the point of bifurcation. Both channels have
decreased in area, the left branch more than the right.
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Fig. 4.30. Cross section profiles at the fork in 1958 and in 1988 (broken
lines), A) undivided channel 40 m upstream of the point of bifurcation, B)
Left channel 35 m downstream, and C) right channel 35 m downstream of
the point of bifurcation. The 0-level corresponds to 494.5 m a.s.l.
In the left channel both bankfull width and mean depth have
decreased, resulting in a decrease in bankfull cross-sectional area by 39
m2 or about 57 % (Table 4.10). The mean depth of the same section 35 m
downstream of the point of bifurcation, has decreased from 1.7 to 0.9 m.
This is partly due fu infilling by sediments in the more than 2 m deep pool
about 30 m downstream of the point of bifurcation. There has also been a
displacement of this pool towards the point of bifurcation.
The reduction in bankfull area of the right channel 35 m downstream of
the point of bifurcation ('!'able 4.10), is due to a decrease in width by 11 m.
The flow into this channel resembles the flow in a meander bend. A pool is
found along the outer bank, whilst parallel levee-ridges (point bars) are
formed along the inner bank. The formation of such point bars on the
inner bank has obviously exceeded the erosion along the outer bank,
resulting in the decreasing width of the channel. The lateral erosion
seems to be relatively slow, as Axelsson (1967) noted. The levee ridge
closest to the channel (Fig. 4.30C) has grown in height as well as towards
the channel since 1958, and the depression (meander-scroll depression)
between this ridge and the next ridge has been preserved. The mean depth
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is almost unchanged (1 m). The pool is preserved by erosion during high
water occasions, resulting in a negligible aggradation of the channel bed.
Therefore, the channel has decreased in cross-sectional area mainly by a
decrease in width.
Cross-sectional profiles of the channels at various distances from the
point of bifurcation in 1988 are presented in Fig. 4.31 and in Table 4.10.
The widths and mean depths of the channels of the divided reach vary, but
the areas remain almost constant in a downstream direction. A comparison of two cross section profiles along the undivided channel in 1988
shows that the channel becomes wider and shallower towards the bifurcation, inferring an almost unchanged cross-sectional area. Axelsson (1967)
showed that the divided reach has a slightly larger cross-sectional area
than the undivided channel. This is confirmed by the figures in Table 4.10
also for the 1988 channels. The cross-sectional area of the undivided
channel in 1988 was about 44 m2, whilst the combined area of the divided
reach was between 46 and 49 m2. The corresponding figures for 1958 were
90 and 98 m2, respectively.
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Fig. 4.31. Cross section profiles at the fork in 1988 at various distances
from the point of bifurcation, A) undivided reach, BJ left channel, and CJ
right channel. The 0-level corresponds to 494.5 m a.s.l.
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Table 4.10. Bankfull cross-sectional area (A), width (w), and mean depth
(dm) for sections at the surveyed fork in 1958 and 1988. In 1988 also at
various distances from the point of bifurcation
Section
Undivided channel

Left channel

Right channel

Year
-58
-88
-88
-58
-88
-88
-88
-58
-88
-88
-88

Dist.
(rn)

A
(rn2)

40
40
80
35
35
60
80
35
35
60
80

90.5
43.3
44.2
69.7
30.3
28.6
29.4
28.8
19.2
17.8
18.8

w

(rn)
65.0
66.0
60.0
40.3
34.5
32.0

35.5
30.0
19.0
14.2
15.5

drn
(rn)
1.39
0.66
0.74
1.73
0.88
0.91
0.83
0.96
1.01
1.26
1.21

4.4.2. The channeljunction
The surveyed channel junction is situated approximately 900 m SW of the
channel fork (E in Figs. 3.1 and 4.26). The right channel at the junction is
the same as the right channel at the fork. The junction was surveyed in
1958 (Mattson, 1958; Axelsson, 1967). In 1988 the junction was re-surveyed
but, as in the case of the fork, it was impossible to find any reference
marks from the 1958 survey. Figs. 4.32 and 4.33 show the junction in 1958
and 1988, respectively. A comparison of the two maps of the whole delta
(Map in cover pocket, and Plate 1 in Axelsson, 1967) indicates no downstream displacement between 1954 and 1990. The cross-sectional profiles
presented below from the two years, 1958 and 1988, might thus be comparable. The profiles (Fig. 4.34-35) are drawn at the same distances from the
point of confluence. The bankfull width of the studied cross sections is
measured between the lowest levee crest (on either side) and the opposite
vertical bank.
Axelsson pointed out that a deep pool is generally excavated in the bed
at the place where two channels merge or rejoin at a sharp angle, as in
this case. The flow is then accelerated and the turbulence heightened. If,
however, the angle is very low, a longitudinal bar is oft.en built between the
two merging streams at junctions of the Laitaure delta. This is, for example, the case in the proximal part of the delta where distributaries merge
at low angles.
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CHANNEL JUNCTION
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Fig. 4.32. Map of the channel junction in 1958 (modified after Axelsson,
1967, surveyed by M. Mattson). 0-contour = water surface at 494.4 m a.s.l.
Contour interval 0.2 m. For location see Fig 3.1 p.63.
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Fig. 4.33. Map of the channel junction in 1988. Dark grey tone shows
vegetated areas. Light grey tone shows the present, "active", channel beds.
Contour interval 0.2 m, 0-contour corresponds to 494.5 m a.s.l.
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Fig. 4.34A shows a comparison of the cross-sectional profiles from 1958
and 1988, of the undivided channel 50 m downstream of the confluence.
The bankfull cross-sectional area has here decreased by about 50 % or 45
m2 (Table 4.11). The width has, however, increased by about 1.5 m, whilst
the depth has experienced the greatest change, a decrease in maximum
depth by almost 3 m, and mean depth by 1. 7 m. The pool at the confluence
was more elongated (streamlined) in the downstream direction in 1958
than in 1988, so the profile crosses the pool in 1958 but not in 1988. A comparison of the cross-sectional profiles made only 20 m downstream of the
point of confluence (Fig. 4.34B) shows lesser changes for area and mean
depth. The cross-sectional area at bankfull has here decreased by about 22
% or 22 m2. This is due to a decrease in width by about 6 m. The mean
depth, on the other hand, is unchanged, 2.8 m. The maximum depth of
the pool was about 4. 7 m (below the levee crest) in 1958. In 1988, the corresponding depth was about 4.1 m. The reduction in width is associated with
the formation of a levee ridge inside of, and parallel to, the 1958 levee
ridge.
The two channels of the divided reach are quite dissimilar. The left
channel has a higher discharge than the right channel. The left channel
is curved, giving it a cross-sectional profile similar to that in a meander
bend with a pool along the outer bank, and point bars along the inner
bank. The right channel is, on the other hand, straight.
Fig. 4.35A shows the cross-sectional profiles of the left channel in 1958
and 1988, 20 m upstream of the point of confluence. This channel has
experienced a decrease in width as well as in depth, resulting in a
decrease of bankfull area by about 20 m2. The decrease in depth, 1 m, is
especially striking. The width decrease is clearly due to point bar formation in this curved channel.
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Fig. 4.34. Cross section profiles of the undivided channel at the junction in
1958 and 1988 (broken lines). Distances downstream of the point of confiuence are: A) 50 m, and BJ 20 m. The 0-level corresponds to 494.4 m a.s.l.
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Fig. 4.35. Cross section profiles of the channels upstream of the junction
in 1958 and 1988 (broken lines). A) Left channel, 20 m upstream of the
point of confluence. BJ Right channel, 20 m upstream. The 0-level corresponds to 494.4 m a.s.l.

The cross-sectional profiles for the right channel (1958 and 1988) are
presented in Fig. 4.35B. This channel has also decreased in area, in this
case due to decreases in both width and depth. However, the changes for
this channel are not as pronounced as for the left channel.
Cross-sectional profiles for the three channels at various distances
from the point of confluence in 1988 are presented in Fig. 4.36. The undivided channel becomes wider and shallower and decreases in area downstream (see also Table 4.11). Axelsson (1967, p. 108) showed how the area
of the undivided reach decreased at that time in a downstream direction
(downstream of the pool). Fig 4.36A and Table 4.11 confirm this for the
1988 channel. The greatest cross-sectional area is still found where the
pool is located.
The downstream changes of the two divided channels are not as pronounced as for the undivided reach. Axelsson (p. 108) showed that the
area of the left channel decreased towards the junction and this also
applied in 1988 (Table 4.11). As can be seen in Fig. 4.36B, the channel is
narrower and deeper (mean depth) 50 m upstream of the junction than 20
m upstream. This is because the channel is more curved in the upstream
reach, where a pool is excavated along the outer bank. Towards the junction the channel gets straighter and wider. Changes in area along the
right channel are less.
The general aggradation of the channels between 1958 and 1988 is
obvious, especially for the left channel. The mean aggradation of this
channel has been approximately 1 m, or 3.3 cm/year. In the right channel
the aggradation of the bed has been approximately 0.4 m, or about 1.3
cm/year since 1958. The widths of the channels have also decreased during the 30-year period.
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Fig. 4.36. Cross section profiles of the channels at the junction in 1988. AJ
undivided reach, BJ left channel, and CJ right channel, at various distances from the point of confluence. The 0-level corresponds to 494.4 m a.s.l.
Table 4.11. Bankfull cross-sectional area (AJ, width (wJ, and mean depth
(dmJ, for sections at the surveyed junction in 1958 and 1988. In 1988 also at
various distances from the point of confluence.
Dist.
(m)

A
(m2)

(m)

dm
(m)

-58

2f)

98.2

34.5

2.85

-88
-58
-88
-88

2.0
$

75.7

28.2

2.78

88.0

28.5

3.09

50
90

42.9
38.1

30.0
42.5

1.43
0.90

Left channel

-58

2f)

46.2

26.5

1.74

2.0
50

15.6
18.8

21.5
15.8

0.73
1.19

Right channel

-88
-88
-58
-88
-88

2f)

24.0

22.0

1.09

2.0

16.9
17.3

21.0
23.5

0.80
0.74

Section
Undivided channel
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The main morphological changes of the junction area are summarized
as follows:
1. The pool has become less streamlined in the downstream direction.
2. An overall aggradation of the channels beds has taken place.
3. The channels have decreased in width.
4. Levee crests have grown in height by about 0.2 m.
These changes are indicative of higher water discharges through the
junction in 1958 than in 1988.

4.5.

The delta front area

4.5.1. Morphological development
The central and southern parts of the delta front (area A in Fig. 3.1, p. 63)
were surveyed in 1958 by Widersten and Axelsson (see Axelsson, 1967). In
1985 a resurvey was made in order to describe the development and quantify the advance (Andren, 1986). The 1985 map has been revised as regards
the baseline location, so it matches the 1958 baseline (cf. Section 3.3.1). Fig.
4.37 shows the distal parts of the Laitaure delta, from the air, including
the delta front in 1954 and in 1990. The maps of the delta front in 1958 and
1985 are presented in Fig. 4.38. Further, the mouth area of the Central
right channel (area B in Fig. 3.1) was surveyed in 1989. The following
analyses are also based on air photos from 1960, 1963, 1966, and 1980 as
well as photos taken by Axelsson in the 50's and later by the author. The
mouth channels described in the text and the figures are numbered 6-10
(cf. Fig. 3.1) from the southern part towards the northern part of the delta
front. These numbers are also shown in the figures. A general morphological description of the delta front is given in Section 1.5.2.
The analyses commence in the southern part of the delta front, where
channel no. 6 is the mouth of the Southern distributary. The 1958 map and
the photo from 1959 (Fig. 4.39) show a mouth bar which at low water
blocked the flow, which was directed to the north and around the bar. At
higher discharges the water also flowed through two other channels
crossing the bar. So, three channels are seen in Figs. 4.38-39: one to the
south (6a), one straight over the bar (6b), and one to the north (6c). The
straight channel over the bar finally became the main channel, whereas
the northern channel was blocked by sediments, and the southern
remained but became smaller. The main southern mouth channel (6b)
has not developed a new mouth bar, probably because the sediments now
transported to its mouth are washed away by the flow debouched from the
Central right channel (7) at the junction of these two channels.
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Fig. 4.37. The delta front in 1954 above, and in 1990. Air photographs by
Lantmiiteriverket (1954), and the Swedish Air Force (1990). Approximate
scale 1: 21000, water stage June 18, 1954 = 494.3 m a.s.l.; September 4, 1990
= 494.45 m a.s.l. (dark area to the left in the 1990 photo is shadow from
mount Tjakkeli).

130

Results

The next mouth channel is the Central right (7), one of two mouth
channels of the Central distributary system. In 1958, this channel was
very small and not active at low discharges (Figs. 4.37-39). It has since
then enlarged, and is now the largest mouth channel of the delta. The
development of this channel and adjoining mouth bar can be described as
follows. The channel was small until the beginning of the 80's. At that
time the Central left chanrn~l had lengthened so much that the gradient
was considerably lower than for the Central right channel. Increasing
flow proportions were then conveyed through the latter channel. This
process is supposed to be rather fast, initiated during a flood. The increasing flows began to erode the channel, especially by cutting its bed, but also
by bank erosion. Sediments mainly from the channel boundary (bed and
banks), but also from upstream were transported to the mouth where
deposition resulted in the development of a mouth bar (e.g. Figs. 4.37 and 40). In Section 4.1.2 it was shown that the channel increased in the bankfull cross-sectional area by about 17 % between 1988 and 1991. In 1985, the
mouth bar reached some 200 m out into the lake as compared with the
1958 mouth. It is supposed that the bar in 1985 consisted mainly of sediments eroded in, and transported from the Central right channel. The bar
forced the flow to the east at low water (Figs. 4.38 and -41) probably due to
this channel debouching in the same area as the Southern mouth channel
(no. 6), at an angle of about 45°. At the initial stage of this bar-building
(early 80's), the flows from the two channels (6 and 7) were probably
equally large and the bar was formed in-between.
The resulting north-eastward flow enlarged the bank in that direction,
as is shown in Figs. 4.42-44. So, between 1985 and 1989 the bar grew not so
much in length (about 10 m) as in width (about 90 m). Fig. 4.44 shows a
map over the mouth bar area in 1989. There were four channels over the
bar in 1989: a shallow one towards the south (7a); one towards the southeast (7b); the largest towarda the east (7c), and one towards the north-east
(7 d). During a flood in August 1990 the flow enlarged, especially by deepening, the southern channel (7a), which became the largest mouth channel. The other channels silted up, whereas a new small channel (e), (Fig.
4.43) was cut through the mouth bar towards the semi-enclosed bay to the
north. The latter channel (e) diverts more than 90° from the trunk stream.
(Observe that both river discharge and lake level are higher in Fig. 4.43
than in Figs. 4.42 and 4.41.)
Continuing to the north, !.he next mouth channel is the Central left (no.
8), which was the main mouth channel of the Central distributary system
in the 50's, and also the main mouth channel of the whole delta during at
least the 70's. The course of this channel has, however, varied with time.
In 1954 the course was rathor straight towards the east (Fig 4.37), but in
1958 a bar, formed between this channel and the 9a channel, forced the
flow into a more south-easterly direction (Figs. 4.38-39). In 1963 the mouth
bar had enlarged considerably and the flow was divided in two branches,
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Fig. 4.38. Maps of the middle and southern part of the delta front in 1958
above (modified after Axelsson, 1967 surveyed by B. Widersten), and in
1985. 0-contour at 494.3 m a.s.l.
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Fig. 4.39. The delta front from the south (Tjakkeli), August 1, 1959. Water
stage in Laitaure = 494.4 m a.s.l., discharge unknown, but comparatively
low. Photo by V. Axelsson.

Fig. 4.40. The delta front from the south (Tjakkeli), August 12, 1991. Water
stage = 494. 6 m a.s.l., Qr= 53 m3 Is.
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Fig. 4.41. The mouth bar of the Central right channel from the south
(Tjakkeli), August 26, 1988. Water stage = 494.5 m a.s.l., Qr= 34 m3 Is.

Fig. 4.42. Same view as Fig. 4.41, September 10, 1990. Water stage= 494.4
m a.s.l., Qr= 28 m3 Is.

Fig. 4.43. The same view as above, August 12, 1991. Water stage= 494.6 m
a.s.l., Qr = 53 m3 Is.
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Fig. 4.44. Map of the Central right mouth in 1989. The dotted line
represents the 0-contour in 1985. The 0-level corresponds to 494.3 m a.s.l.
Contour interval.
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one towards the east (Ba in Fig. 4.39), and a smaller one towards the south
(Sb). This latter branch was later blocked by sediments and only the
straight channel towards the east now remains. Channel Sb is an example of a branch which diverged at a large angle and which was finally cut
off from the trunk stream (cf. Fig 2. 7, p. 36). The Central left channel (Sa)
has thereafter silted up in connection with the diversion of flow towards
the Central right channel (7). The branch is now very shallow and no new
mouth bar has been formed. The bifurcation of the Central distributary
into this channel and the Central right channel is further discussed in
the next Section.
The next mouth channel, 9a, has its origin in the Northern distributary
system, which was the main system of the delta in the 50's. The channel
was the largest mouth channel, and it debouched in the same area as the
Central left channel (8) at that time. In 1958, a bar was built between these
two channels, and the flow was forced into a more south-easterly direction
than in 1954. Another, very broad mouth bar (x in Figs. 4.37-39) divided
this channel from the present Northern right channel (9b), some 400 m to
the northeast. In 1958, sedimentation at the bifurcation between these
channels had resulted in the shallowing of channel 9a, and in 1960 the
channel was totally cut off. After this final closure, the channel has acted
as an outlet channel from upstream located delta lakes.
The northernmost mouth channel of the surveyed part of the delta front
is the Northern right mouth channel (9b). After the closure of channel 9a,
between 1954 and 1960, the 9b channel enlarged and became the main
mouth channel of the northern system. This accelerated the formation of
a mouth bar, and the 1958 map shows this mouth bar built next to the little
till island. This mouth bar divided the flow into two channels, of which the
left was directed towards the little island and was finally closed, at least
before 1966. Further, about 300 m upstream of the mouth (outside the mapboundary), a mid-channel bar (former mouth bar) divided the flow into
two channels. The 1966 air photo shows that the southern channel of these
two was then closed, which resulted in further enlargement of the 9b
channel. The Northern distributary system has since then lost flow proportion in favour of the Central system (cf. Section 4.2), which is why the
rate of mouth bar development at the Northern right channel mouth has
decreased considerably. This is confirmed by Infra-Red air photos from
1979 (Fig. 1.4, p. 9) and 1980 (not presented), in which the mouth bar has
almost the same extent as in 1991.
The maps in Fig. 4.38 do not show the northernmost parts of the delta
front, where only one distributary debouches, Northern left (10 in Fig.
4.37). This channel follows the shore of the basin, and air photos from 1954
and 1966 do not show any great differences concerning the length of this
channel, thus indicating a slow progradation. This is in accordance with
what was mentioned above, i.e. that the main mouths during this time
were those of the Northern right channel, 9a and b. Later on, during the
70's, along with the Central System being the main system of the delta, the
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Northern left channel became the main channel of the northern system.
New mouth bars have subsequently been developed and the channel has
lengthened by approximately 150 m. The lake is, however, very shallow at
this outlet and thus, the sediment volume in these mouth bars is rather
limited.
The analyses so far concern only the time period from 1954 to 1991. This
can be somewhat extended backwards in time by studying photos taken by
A. Hamberg at the turn of this century and in 1922. Photos from 1899 and
1904 (Fig. 4.45) show that the Central distributary system had then been
the main one for a period. This can be seen in form of a large mouth bar,
and associated bifurcation, some 500 m upstream of the present-day delta
front. This channel fork, was very similar in shape to the fork described in
the next Section. The left channel at this former fork was closed later on,
and cut off from the main stream (at z in Fig 4.37). Further, a photo from
1922 does not show any new bar at the Central distributary mouth, which
might be indicative of decreased activity in this system in favour of the
Northern system. The little till island at the present delta front is marked
with a Tin Fig. 4.45, which can be compared with Fig. 4.37.
The northern distributary system then became the main system
between that time and the 50's, probably as early as in the 20's. This
resulted in a fast progradation at the northern half of the delta front.
During this time, also the Southern distributary system probably carried
larger flows than today, as exemplified by the large mouth bar in Figs.
4.37-39. The northern system was the main one until the 70's, when the
Central system once again became the largest.

Fig. 4.45. The middle and northern parts of the delta front from the south
(Tjakkeli) in 1904. Compare with the air photo from 1990 (Fig. 4.37), T = till
island, z = old fork. Comparatively high water stage and discharge. Photo
by Axel Ham berg.
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4.5.2. Bifurcation of the Central distribut.ary in the dist.al part of the delta
The bifurcation of the Central distributary into the left and right mouth
channels was surveyed in 1987, 1988, and 1991. See Fig. 3.1 (p. 63) for location of the bifurcation. Detailed mapping was performed in 1988 (Fig.
4.46), whilst the -87, and -91 surveys were more concentrated on the main
forms such as levee-crests, bars etc. The age of the bifurcation is not
known, but it must have been formed as a result of mouth bar splitting
between 1922and1950.
The Central left channel (8 in Figs. 4.46-4 7) was the main outlet of this
system at least during the period between the 50's and early 80's (see
above). During this period, the delta front advanced by approximately 250300 m at the left mouth. This resulted in a decreased gradient and the
water started to run through the, at that time, smaller but shorter right
channel (7 in Figs. 4.46-4 7). The 1954 air photo (Fig. 4.37) shows that the
right channel (7) was very small and that there was a large bar on the
right side of the main channel upstream of the point of bifurcation. A
closer look at the 1979 air photo (Fig. 1.4, p. 9) shows that the right channel
was still rather small in comparison with the left channel, but that the
bar on the right side had become smaller. The enlargement and lengthening of the right channel during the last decade has been substantial. The
vegetation on the adjoining levees consists mostly of grasses and relatively
low willow shrub vegetation. Only a few birches had become established in
1990 in this distal part of the delta. Willow-roots are abundant in the
erosion scars formed by undercutting and slumping at and close to the
point of bifurcation, but are more sparse further downstream.
The morphology of this fork is similar to the morphology of the fork
described in Section 4.4.1. At the point of bifurcation there is a small pool,
and a bar extends in the upstream direction. The entrance to the left
channel is blocked by sediments at low water stages, whereas a pool is cut
at the entrance to the right channel. In Section 4.2 it is shown that flow is
entering the left channel at an approximate total flow in Rapaalven (Qr) of
about 54 m3/s. Between 1987 and 1991, the bar upstream of the point of
bifurcation enlarged towards the entrance of the left channel. During this
time the maximum bank retreat was 6 m (along a 50 metres reach of the
left bank just downstream of the bifurcation point) of the right channel.
The average increase in width of this channel was, at the same time, 4-5
m. It is shown in Section 4.1.2, that the increase in bankfull crosssectional area of the right channel was about 18 m2, or 17 % between 1988
and 1991, at the discharge measurement section. The increase in mean
depth was about 0.4 m and the increase in width about 0. 7 m at this
specific section (Fig. 4.5, p. 80). The decrease in bankfull area of the left
channel is 5 m2, which is also about 17 % (Fig. 4.6, p. 81). This decrease is
only due to aggradation of the bed, whilst the bankfull width is
unchanged.
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Fig. 4.46. Map of the fork in the Central distributary in the distal part of
the delta in 1988. 0-contour corresponds to 494.3 m a.s.l.
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Fig. 4.47. The fork of the Central distributary from the south (Tjakkeli),
August 12, 1991. 7 = Central right mouth channel, Q = 49 m3 Is; 8 = Central
left. Q < 1 m3 Is.

So, when a shift in activity between two channels occurs, the erosional
processes enlarge one channel, whilst aggradation diminishes the other,
at very high rates at least in the distal part of the Laitaure delta. Continuous surveys would show how long these processes last. The future development of this fork will either result in (1) a final closure of the left channel, as has been the case at former forks of this distributary system, or (2)
another shift with increasing activity of the left channel and possible closure of the right channel. The latter is, perhaps, less probable in view of
earlier developments of bifurcation of this Central distributary system.
The shift in activity from the left channel to the right channel is considered to be due to the decreasing gradient of the former. In connection with
the shift the new main channel will experience erosion along the banks
and especially of its bed, resulting in, inter alia, a reduced bifurcation
angle from the upstream undivided channel.
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4.5.3. Rate of advance of the delta front
The Laitaure delta is the fastest-growing delta in Sweden. Andren
(1986) calculated an increase in land-area of 167600 m2 between 1958 and
1985 of the distal part of the delta (above the mean water level 494.3
m a.s.l.). The average advance of the delta front was then calculated (area
increase divided by the length of this part of the delta front, 1500 m) to be
4.1 m/year (calculations based on the maps in Fig. 4.38). It was, however,
later (1990) found that the 1985 baseline did not match the 1958 baseline.
The new data show that the 1985 baseline was established between 2 to 10
m closer to the lake, and that the directions of the baselines differ by 1°.
New calculations give an advance of about 4.4 m/year. This can be compared with the rate of advance of about 4.6 m (for the whole delta front
between 1954 and 1990) calculated in Section 4.3.3.
The rate of advance varies between contours, and the contour that has
experienced the greatest change is the -0.4 m. The area above this contour
has increased by about 214300 m2, which corresponds to an average
advance of 5.2 m/year. This figure corresponds well with the figure of a 5-6
m advance, roughly estimated by Axelsson (1967). It is important to point
out that these figures are averages for the total width of the delta front,
and that the progradation is considerably higher in mouth areas of the
larger outlet channels than, for example, areas such as interdistributary
bays. Further, the progradation naturally varies along the delta front
because of differences in the depth of Laitaure. As already mentioned the
lake is very shallow in the northern part and deeper in the middle and
southern parts along the delta front.
The volume and weight of the deposited sediment are also interesting.
By integrating the area change for different contours over the relative
depth/height of these contours down to a depth of 8 m (the maximum
depth in the 1958 map), the volume was calculated to be in the order of
1.05·106 m3, corresponding to a yearly deposition of about 39000 m3. This
would, in turn, mean a yearly deposition of about 58000 tonnes of solids,
assuming a dry bulk density of the sediments of 1.5 tfm3 (V. Axelsson,
pers. comm.). It should here be remembered that the northernmost area
of the delta is excluded in these calculations. The water discharge in the
Northern left channel is now about 10 % of the total discharge (Qr) at bankfull stage (cf Section 4.2). The sediment discharge in this channel is not
known but is certainly less than 10 % of the total sediment transport. The
progradation of this channel has been rather low during the time period,
and an estimate of the sediment discharge in this channel of about 3% of
the total is probably accurate. The average yearly deposition at the proximal part of the delta front would then be about 60000 tonnes.
The average total sediment discharge in Rapaalven is about 185000
t/year, of which about 25000 t/year is bed-load discharge (Axelsson, 1967 p.
95). Axelsson showed (p. 96) that 90 % of the sediments discharged to the
delta is deposited upstream of the outlet section of the lake. The yearly
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deposition at the proximal part of the delta front has been in the order of
60000 tonnes during the period 1958-1985. If all bed-load (25000 t/year) is
assumed to be transported to the delta front, which seems reasonable for a
longer period, then 35000 tonnes of the suspended load must also be
deposited at the delta front. The rest, about 110000 t/year, is deposited in
interdistributary basins, on the levees, and in Laitaure (Section 4.6), especially in the distal part of the delta front area.

4.6.

Sedimentation in Lake Lait.aure

The deposition of suspended sediment in Laitaure has not been studied
in detail, but a few samples of bottom deposits have been taken by coring
(see Section 3.5). Totally 8 cores were taken, 4 in July 1990 (1361-64) and 4
in August 1991 (1366-69). Core 1361 is not included in this presentation due
to disturbances in the uppermost layers. Fig. 4.48 and Table 4.12 show the
locations of, and water depths at, the coring stations.
As exemplified by the X-ray radiograph of core 1368 (Fig. 4.49), the cores
are laminated with harder (lighter) and softer (darker) layers. The sedimentary sequence has been interpreted as annually laminated, based on
(1) comparisons between the cores taken in 1990 and in 1991, and (2) the
general appearance of the radiographs with darker and lighter layers,
where the latter (harder) indicate a higher sedimentation rate with deposition of coarser grain sizes (summer). The darker tones of the winter
layers are mainly due to a higher content of small grain sizes. The laminations could be interpreted as flood laminae, which means that there
could be more than one lamina per year. However, this is generally not
the case, because of the very short summer, not permitting the formation
of a dark lamina in between the lighter ones. Laminae can be correlated
between cores taken in the middle deepest part of the lake and cores taken
in shallower parts closer to the shores.
Core no. 1368 has been used for identification of different years. Because
this core is taken close to the maximum depth of the lake it is easiest to
identify years in this core both visibly and by densitometric analyses. Fig.
4.49 shows the X-ray radiograph of the upper part of core 1368, and a plot
of the vertical variation in dry bulk density {xlOOO), radiographically calculated from variations in film density along the centreline of the X-ray
radiograph. The interpreted years are also shown in the Figure.
The organic content is generally very low, but differs somewhat
between the deepest part in the main lake basin and the eastern lake
basin. The loss on ignition for core 1368 from the former area ranges
between 0.92 and 1.42 %, with a mean value of 1.1. The cores from the
eastern lake basin have mean values of loss on ignition of 1.73 % (core
1367) and 1.82 % (1366) within the uppermost 20 cm. The water content is
also generally lower for the main basin core than for the eastern basin
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LAKE LAITAURE
0

1 km

Fig. 4. 48. Bottom sediment sampling stations in Laitaure, contour interval
4 m (map modified after Axelsson, 1967, plate 2).
Table 4.12. Year and location of bottom sediment core sampling
Core
number
1361
-62
-63
-64

-66
-67
-68
-69

Year of
sample
1990
-90
-90
-90
1991
-91
-91
-91

Water
depth (m)
8
8
7
8
8
8
15
7

Location
Eastern lake basin
Eastern lake basin
Northern part, main lake basin
Southern part, main lake basin
Same as -61, -62
Same as -61, -62, -66
Central part, main lake basin
Same as -63

cores. Fig. 4.50 shows the accumulated amount of solids with increasing
sediment depth for cores: 1364, 1366, 1368, and 1369. The deposits are
harder in the deepest part of main lake basin (1368), than shorewards
(1364-69), as well as, than in the eastern basin (1366).
The grain size distributions have only been analysed for the 1991 cores.
These analyses show a variation in grain sizes between the cores (Table
4.13). In the uppermost 1 cm, the median grain size is coarsest for core
1368, whilst it is finer for the eastern lake basin cores. The grain size then
decreases towards the outlet of Laitaure as well as towards the shores.
The grain size variation with depth is exemplified in Fig. 4.51 for core
1368. It is assumed that the grain sizes should increase towards the top of
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Fig. 4.49. X-ray radiograph of the
upper part of sediment core 1368. The
curve shows the vertical variation in
dry bulk density, radiographically calculated from variations in film density
along the centreline of the radiograph.
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Fig. 4.50. Variation in accumulated amount of solids with sediment depth
in four sediment cores taken in Lake Laitaure.
Table 4.13. Grain sizes in the uppermost 1 cm in the 1991 cores
Core no.
1366
1367
1368
1369

Median grain
size, µm
4.9
4.9
9.9
6.0

% sand
>µm60
1.6
0.9
1.1
0.8

% silt
2-60µm
81.2
81.7
90.4
85.1

% clay

<2µm
17.2
17.4
8.5
14.1

the core since the distance to the delta front decreases. Although this is
roughly the case, the 4-5 cm layer represents the finest grain sizes. As can
be seen in the radiograph this is a very dark part of the core with rather
thin layers. Therefore the winter layers are proportionally more numerous in this part of the core, associated with the relatively fine sediments.
The thickness of a newly formed sediment layer will decrease with
increasing depth of burial because of gravitational compaction (cf.
Axelsson, 1992b). This may be shown with the relationship between void
ratio and effective overburden pressure. In water-saturated sediments the
void ratio (e) is the ratio of the volume of the water (wv =the volume of
pores) to the volume of sediment particles, 1 - wv (Axelsson, 1992b). Thus:
e =wv/ 1-wv
146
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The effective overburden pressure (= total overburden pressure minus
acting pore pressure) is computed according to the relationship:
(4.21)

Pz = (y- Wd) z

where Pz is the effective overburden pressure at sediment depth z, Wd is
the density of water, and y is the wet bulk density of water-saturated sediments. Fig. 4.52 shows the sedimentation-compression curve of core 1368.
The void ratio decreases with increasing effective overburden pressure,
which means that the thickness of a newly formed sediment layer will
decrease with increasing depth of burial because of gravitational compaction. Therefore, it is important to express the rate of sediment accumulation in terms of thickness per unit of time and in weight per unit of time
(Axelsson, 1992a). Table 4.14 presents vertical variation in measured
water content and loss on ignition, and in some calculated, density-related
parameters.
Grain size, µm
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Fig. 4.51. Grain size distribution at different depths in core 1368.
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Void ratio
1

2

3

Fig. 4.52. Radiographically calculated sedimentation-compression curve for sediment core 1368
down to a depth of 15 cm. The
relatively low void ratio for the
uppermost point (0.2 cm) may be
due to disturbances caused at
transport of the core. E.o.p. is the
effective overburden press-ure, se
text for explanation

A visual correlation between core 1363 and core 1369, taken at the same
place in the northern part of the main lake basin in 1990 and 1991 respectively, shows a sedimentation of approximately 0.3 cm for that year. During the year passing between the sampling of the cores there had been at
least one flood, in August 1990. Correlation across the lake of layers in
core 1364 from the southern part and in core 1363 from the northern part
is also possible. Those two cores were taken at approximately the same
water depth, 7 m. The correlation shows a significantly higher sedimentation rate along the southern shore, as expected since the main distributary system (Central) is debouching in the southern part of the delta front,
and because of the Coriolis effect forcing the water to the right (here
south). At a certain sediment depth the layers appear to have almost the
same thickness, possibly indicating a time when sediments were more
evenly distributed over the width of the lake. The eastern lake basin cores
may also be correlated, but due to low sedimentation rate it is not possible
to determine the deposition for a single year (1990-1991).
The cores from the main lake basin is taken at approximately the same
distan°h 2 km, from the delta front. Sediment core 1368 was easily correlated with 1364, whilst 1364 and 1369 also were easily correlated, and 1369
could be correlated with 1366. The latter correlation indicates a higher
sedimentation rate in 1363 of 1 cm in 12 years. Based on the identification
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Table 4.14. Sediment core 1368. Vertical variation in measured water content and loss on ignition and in some calculated, density-related parameters. E.o.p. = Effective overburden pressure
Sed.
depth
in cm
0-1
1-2
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10
10-11
11-12
12-13
13-15
15-17
17-19
19-21

Water . Loss on Dry bulk
content ignition density
%

%

38.68
34.56
37.62
35.95
37.23
34.10
32.95
31.27
30.44
30.32
30.36
31.60
31.68
28.83
27.80
28.56
29.38

1.42
0.92
1.30
1.01
1.25
1.09
0.92
1.00
0.85
0.96
0.96
1.26
1.12
1.11
0.92
0.97
1.26

1.005
1.121
1.034
1.080
1.045
1.135
1.170
1.222
1.249
1.253
1.251
1.212
1.209
1.302
1.337
1.311
1.283

Solids
cum.
g/cm2

Wet bulk
density

E.o.p.
cum.
g/cm2

Porosity

1.005
2.126
3.160
4.240
5.285
6.420
7.590
8.812
10.061
11.314
12.565
13.777
14.986
17.590
20.264
22.886
25.452

1.639
1.713
1.657
1.687
1.664
1.722
1.744
1.778
1.795
1.798
1.797
1.772
1.770
1.830
1.852
1.836
1.817

0.639
1.352
2.009
2.696
3.360
4.082
4.826
5.604
6.399
7.197
7.994
8.766
9.536
10.366
11.218
12.054
12.871

63.4
59.2
62.3
60.6
62.0
58.7
57.4
55.6
54.6
54.5
54.6
56.0
56.1
52.8
51.4
52.4
53.4

Void
ratio

%

1.73
1.45
1.65
1.54
1.63
1.42
1.35
1.25
1.20
1.20
1.20
1.27
1.28
1.12
1.06
1.10
1.14

of different years in core 1368, a certain year (1975) was identified in all
four cores. The 1975 layer is found at a sediment depth of 9-9.8 cm in core
1368. By core-to-core correlation the same layer is found at the following
depths in the other cores (see Fig. 4.53): 1364, 6.0-6.5 cm; 1369, 4.7-4.9 cm;
1366: about 2.9 cm. Based on these figures, the sedimentation rates during
the period 1975 to 1990-1991 could be roughly estimated to:
- Core 1369: 0.3 cm/year
- Core 1368: 0.6 cm/year
- Core 1366: 0.2 cm/year
- Core 1364: 0.4 cm/year
Since the sediments undergo compaction and consolidation (cf.
Axelsson, 1992a; b), the sedimentation rate in g/{cm2 • year) is a more
interesting parameter. Based on the depth of the 1975 layer presented
above, and the curves of sediment depth versus accumulated amounts of
solids (Fig. 4.50), the following figures on deposition during the period
have been calculated:
- Core 1368: 0.66 g/(cm2 ·year)
- Core 1369: 0.24 g/{cm2 ·year)
- Core 1366: 0.12 g/(cm2 ·year)
- Core 1364: 0.38 g/{cm2 ·year)
According to these figures, the spatial variation in the sedimentation
rate over the lake is considerable. The figures above are however not suffi149
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cient for an accurate calculation of the sediment budget in the lake. More
samples are necessary before such a calculation can be attempted. Moreover, one area in the lake is missing for a complete analysis, and that is
the distal part of the delta front where the largest suspended sediment
deposition occurs.
However, the study shows some interesting results such as: (1) the sediments in Laitaure are annually laminated; (2) sediment cores from
different parts of the lake can be correlated, and therefore is it (3) possible
to determine differences in sedimentation rates between different parts of
the lake. A more thorough study of the lake sediments with cores from
several parts of the lake would certainly facilitate more accurate calculations of the sedimentation.

1368

1369

Fig. 4.53. Core-to-core correlation showing the differences in sediment
thickness above the 1975 year's layer in cores 1369, 1364 and 1368.
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5.

DISCUSSION AND CONCLUSIONS

The discussion follows the Sections in Chapter 4. Discussions of methods
are incorporated where appropriate.

5.1.

Hydraulic geometry of distribut.aries

The studies of channel form are based on water discharge measurements
and profiling of a number of distributary sections on the Laitaure delta. A
problem associated with the discharge measurements was to find appropriate sections. The demands were that the sections should be located in
straight courses of the distributaries without mid-channel bars or islands,
and also at a sufficient distance from forks or junctions, thereby minimizing effects of secondary flows. These requirements were met for all of the
chosen sections. However, the analyses of representativity of the Southern,
Northern, Central, and Southern mouth stations in Section 4.1.3 (Figs.
4.14-17) showed that the Central station was located at a relatively narrow
part of the distributary.
It was also important to measure discharge within as wide a range as
possible, especially close to bankfull discharges which are usually considered to be especially important in channel forming (cf. Section 2.5.6).
Bankfull discharges have long recurrence intervals and are therefore
hard to attain. However, close to bankfull discharges were measured at
the Southern, Central, Central right and Northern left stations. For all
stations, except the Little, the measurements were numerous enough to
determine the probable bankfull discharges by rating curves.
Some of the at-a-station hydraulic geometry plots in Fig. 4.3, show quite
a large scatter. The reasons for scatter in hydraulic geometry graphs have
been discussed by Knighton (1977a), (cf. Section 2.5.2). The main causes
for the scatter in this study are considered to be; (1) measurement errors,
especially as regards the width measurements, since even small errors
may cause scatter; (2) that not exactly the same cross section has been
used for all measurements, since cross sections of the first year were not
marked properly; (3) variations in width and/or depth of some channels
due to erosion or sedimentation, i.e. the two mouth channels of the Central distributary system (Figs. 4.5-6), for which correlation coefficients are
very low for the discharge-width and discharge-depth relations; (4)
variations in lake level causing damming and backwater effects, especially in the mouth channels. The sections in the Southern, Central left
and right, and Northern right mouth channels are all located close to the
lake where damming certainly plays an important role. The Northern left
channel is located about 1 km upstream of the mouth which is why the
damming effect is less than for the other mouth channels; (5) the break in
the slope between the bed and the banks, which are almost vertical in most
sections. This is probably the case for the section in the Southern distribu-
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tary, where discharge measurements were made at water stages both
below and above the break in slope. The discharge-width plot for the
Southern distributary (Fig. 4.3, p. 75) shows that the relationship might be
better described by two graphs, one for low water discharges with a relatively higher b value and another for higher discharges with a lower b
value, or, with a log-quadratic relationship (Richards, 1973), (cf. Section
2.5.3). At the other stations, most discharge measurements were made at
water stages above the break in slope between the bed and the banks.
The effect of damming during a flood cycle is such that, at low water
stage in Laitaure and rising stage in the channels, the slope and thus the
velocity are higher than at high stage in the lake and decreasing stage in
the channels, for an equal discharge (cf. Axelsson, 1967). Therefore, discharges of equal magnitude may result in different widths, depths, velocities, and slopes at a cross section. This is especially significant in early
summer at the first high flow and when the water stage in Laitaure is
very low.
Generally, most scatter is found in the discharge-width relations. The
at-a-station relationships are, as expected, better for the upstream distributaries than for the younger mouth channels.
The steep banks along the distributaries are reflected in the generally
very low b values, i.e. the rate of increase in width with discharge.
Williams (1978a) found an average b-value of 0.08 for channels with cohesive but non-vertical banks. In this study, only one channel differs from
the otherwise low b-values, and that is the Central left mouth channel,
with a b-value of 0.43. This was the former largest mouth channel, now
filled with sediments because of reduced flows. Therefore, the channel
has a very gently sloping bed towards the left bank, and accordingly a high
b-value. The average b-value, except for this channel, is 0.05.
The mouth channels can be distinguished from the upstream distributaries by their generally lower f values (rate of increase in depth with discharge) and higher m values (rate of increase in velocity). The mouth
channels also plot above the m =b + f line in the b-f-m diagram, indicating
that the mean velocity increases faster than the cross-sectional area with
discharge. According to Rhodes (1977), this means that resistance must
decrease rapidly with increasing discharge. The rapid increase of velocity
with discharge (high m value) is probably due to the reduction in
damming effects of the lake as discharge increases. The damming effect
is higher at. low discharge than at high discharge, especially at high rates
of increase in discharge (cf above) when stream power (pgQs, where p is
water density, g the gravity constant, and s is the slope) also is higher.
Thus, the upstream effect of damming is probably reduced during
increasing discharge. This is also exemplified during floods, when the
plunge point (the meeting point at the surface of the lake between the
heavier river water and the lake water, i.e. where the river water flows
down below the lake water) is located further out in the lake than at lower
flows. Since the lake damming effect can be seen as a resistance factor,
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the statement above that resistance must decrease rapidly with increasing
discharge if m values are high, agrees well with the assumption that
reduced damming effect is the cause of the high m values for the mouth
channels. Decreasing resistance with discharge in the mouth channels is
shown in Fig. 4.9 (p. 85).
The width-to-depth ratio (w/d) of the distributaries may show whether
they are aggrading or not. The mean bankfull w/d ratio for the distributaries is 35, the Rapaiilven section excluded. The Northern distributary
and the Central left mouth channel differ from the others with significantly higher w/d ratios, 60 and 89 respectively. This is evidence of the
aggradation of these two channels, which is further reflected in the formation of parallel levees along the channels (Figs. 4.6 and 4.15). The third
channel with a relatively high w/d ratio, 36, is the Northern right, which
is also a channel that has experienced decreasing flows during recent
decades. Therefore, distributaries that experience reductions in activity
might be identified by relatively higher width-to-depth ratios. On the other
hand, the width to depth ratio for the Rapaiilven section is also relatively
high, 57. Changes in hydraulic geometry at this section have been very
small since the 50's (Fig. 4.7, p. 84), showing that the high width-to-depth
ratio for this section is not caused by any changes in flow characteristics
with time. Instead, the high w/d ratio for the Rapaiilven section may have,
at least, 3 possible causes: (1) the upstream conditions since the section is
located only about 200 m downstream of the confluence of three
distributaries; (2) coarser bed and bank material (gravel is found in the
channel during floods; Axelsson, 1967); and (3) the slow aggradation and
decreasing slopes with time, due to delta growth. Furthermore, larger
rivers usually have higher w/d ratios than smaller.
According to the analyses of representativity presented in Section 4.1.3
the bankfull width-to-depth ratio varies along channel reaches. For
example, the largest w/d ratio for the Central distributary is found for the
section in a channel bend. This is because the width of the bend is much
larger than for the rest of the channel. The Northern distributary generally has the largest w/d ratios, caused by the decreased flows through this
system, as mentioned above.
The only channel that shows increasing w/d ratios with discharge is
the Central left mouth channel. Chang and Hill (1977) found that this
condition is associated with distributaries that are aggrading, which
indeed has been the case for this channel during the past decade. The w/d
ratio is also dependant on the riffle - pool sequence (see e.g. Richards,
1977; 1982) of a river, where the riffles have larger w/d ratios than the
pools in a straight reach.
In order for the river to transport the bed-material load introduced from
upstream to the delta front, the total capacity of the distributaries must
equal the capacity of the main river at the head of the delta. In the
Laitaure delta this is best accomplished by the Central (largest) distributary. This is performed primarily by a higher rate of increase in velocity

153

Development of the Laitaure Delta

with discharge (m value), as compared with the other upstream sections.
The suspended-sediment concentration is assumed to be equal at the three
main distributary sections, since these are located quite close to their
heads. In the mouth channels, the concentration of coarser suspended
sediment is not equal because of differences in velocities between the three
distributary systems. For example, the Northern distributary has not been
able to transport all sediments that have been introduced from upstream,
which has resulted in deposition and silting up of the channels within
this system. The wash load (finest suspended sediment) is assumed to be
equal in the distributaries as well as in the mouth channels.
According to Leopold et al. (1964), the ratio rn/f is related to the sediment transport, and that data indicate that the higher this ratio, the more
rapid the increase of measured sediment load with increase of discharge.
Wilcock (1971, p. 2174) concluded that, "Competence will tend to increase
only when the rate of increase in velocity (m) exceeds the rate of increase
in depth (f).'', or in other words, when the rn/f ratio is larger than 1. For
the upstream distributaries of the Laitaure delta the rn/f ratios are:
Rapaalven 0.67, Southern 0.76, Northern 0.37, and Central 1.1 (cf. the b-fm diagram, Fig. 4.4, p. 80). Thus, not only is the velocity higher for the
Central system but also the rate of increase in velocity with discharge, and
the rn/f ratio. Further, Rhodes (1977) emphasized that channels plotting
below the m = f line and to the right of the b =f line in the b-f-m diagram
should be the least competent for sediment transport. The only distributary plotting within this area is the Northern dist,ributary, in which the
aggradation has been considerable during the last 2-3 decades.
Rhodes (1977) showed that discrimination of straight, braided, and
meandering rivers is possible with the b-f-m diagram, i.e. all of the
straight rivers plot to the right of the b = f line and the majority also above
the m =b + f line (i.e. area 2 in Fig. 2.9, p. 49). Thus, straight reaches generally have low b values and high m values, possibly indicating that stable
channel materials favour the formation of straight patterns (Rhodes,
1977). This confirmed also what Knighton (1975) found, that straight reach
sections may be distinguished from meander and braided sections by
lower b and higher m exponent values. The cross sections chosen for this
study are also all located in straight reaches, and the distributaries of the
Laitaure may almost all be termed as straight, although there are bends
where both flow and channel geometry are similar to those of meandering
channels. Rhodes concluded that straight and meandering channels
seem to be similar in their response to increasing discharge, whilst
braided channels appear distinctively different from the other two
patterns.
Different combinations of the sections were tested for determining the
downstream or "delta" hydraulic geometry, i.e. relationships between the
bankfull discharge at different sections and their width, mean depth, and
mean velocity, respectively. If all sections are included, the scatter is
considerable, mainly because of the instability of some of the young mouth
\
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channels (i.e. Central left and right and Northern right). Scatter may also
be due to the use of bankfull discharge, which has different recurrence
intervals for the individual sections (decreasing interval towards the delta
front). Further, scatter is due to the geometry of some of the channels is
not being in phase with the present flow conditions. For example, the
Northern distributary, which has experienced decreasing flow for a
period, is very wide and shallow. Also, the representativity analyses
showed that the section in the Central distributary was narrower and
deeper than the average.
The regression correlations in the "delta" hydraulic geometry relationships are improved (1) by excluding the mouth channels (except the
Northern left), (2) by using average values for the Central distributary, (3)
by excluding the Northern distributary, and (4) by the use of discharges of
equal recurrence interval, instead of bankfull discharges. The latter
implies that the widths, depths, and velocities are calculated for discharges in the distributaries that correspond to a total discharge (Qr) in
Rapaalven. The values of the exponents vary slightly with the combination
of sections included in the graphs.
If b > fin ordinary downstream hydraulic geometry relations, width-todepth ratio increases downstream, and if f > b width-to-depth ratio
decreases. For the Laitaure delta, b is larger than f, and the w/d ratio
increases with increased discharge (larger distributary). When b > f, a
river becomes relatively wider and shallower downstream and, therefore,
presumably should be better able to transport bed load (Leopold and
Maddock 1953; Rhodes, 1987). Therefore, the opposite must be true for a
delta where the discharge decreases in a downstream direction following
a separate distributary system. In order to really transport bed load
towards the delta front there must be one distributary that can manage to
transport the load it receives from upstream. Presently, this is best performed by the Central distributary owing to higher velocities, as compared
with the upstream Rapaalven reach (cf. previous discussion). The
Northern distributary, on the other hand, has not been able to transport
all the load it receives, which has resulted in aggradation of the channel.
However, the grain-size of the bed material decreases in a downstream
direction (Axelsson, 1967), indicating that the competence also decreases
downstream.
After shifts 6f ·the main stream, the channels adjust to the new flow
conditions. The former main channel adjusts (in the short term) especially by silting up resulting in reduced depths. The width is also decreasing, sometimes shown by the development of levee-ridges parallel and
inside the old ones, e.g. the Northern distributary, and the Central left
mouth channel.
A channel that experiences increasing bankfull flows will, on the other
hand, increase its cross-sectional area (e.g. the Central right mouth
channel). When a channel is enlargening, the bed erodes at a higher rate
than the banks. The beds of the studied channels consist of friction mate-
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rial, mostly sand (gravel occurs in the proximal part of the delta), whilst
the banks partly consist of cohesive materials additionally strengthened by
roots. Bank erosion is mainly done by undercutting and the subsequent
collapse of blocks of the vertical bank (Fig. 4.2, p. 72).
Mikhailov (1970) presented hydraulic geometry relationships for the
Volga and Danube deltas analogous to ordinary downstream relationships. He used the distributary discharges that corresponded to the mean
maximum discharge (near bankfull) at the head of the delta. Mikhailov
concluded that the best relation between hydrologic-morphometric characteristics of distributaries is obtained using bankfull (or close to bankfull)
discharges, that is, with maximal flow activity. This concept can not be
followed for the Laitaure delta since all downstream distributaries of the
Laitaure delta are flooded when the bankfull discharge is reached in the
Rapaalven section. The highest total discharge for which no downstream
distributary is flooded (except for the mouth channels) is 230 m3/s
(corresponding to bankfull discharge in the Northern distributary). The
corresponding discharges were calculated by eqs. 4.1-4.3 (p. 96).
In Table 4.3 (p. 90) the "delta" hydraulic geometry of the Laitaure delta
is compared with those of the Volga and Danube deltas presented by
Mikhailov (1970). The three deltas showed large similarities regarding the
exponents. The best agreement with Volga and Danube was achieved by
using discharges with equal recurrence interval (Qr = 230 m3/s; see
above). However, differences between the Laitaure delta and the deltas
studied by Mikhailov may be due to differences in, inter alia, flow regime,
bed and bank material, and suspended-sediment concentration. Rhodes
(1987) did not find any relation between river size and hydraulic geometry,
and accordingly the size of a delta does not seem to be related to hydraulic
geometry.
Carlston (1969) stressed that very large rivers as the Mississippi
accommodate downstream increase in discharge principally through
increase in depth, whereas lesser rivers generally accommodate the
downstream increase in discharge principally through increase in width.
The delta hydraulic geometry relationships for the Laitaure delta show
that the rate of increase in width is higher than the rate of increase in
depth.
Studying hydraulic geometry of distributaries has some advantages as
compared with common river systems, both as concerns the downstream
or "delta" case, and the at-a-station situation, owing to the relative homogeneity in flow regime, stream gradient, bed and bank material, and
suspended-sediment concentration. Variations in these parameters along
a river cause scatter in ordinary downstream hydraulic geometry graphs
(cf. Rhodes 1987). Disadvantages might be the variation of flow with time
in a channel due to the shifts in activity between different distributary
systems.
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Conclusions:
- At-a-station hydraulic geometry relationships show that: (1) most sections have low b values, i.e. low rates of increase in width with discharge,
associated with the steep banks; (2) mouth channels may be distinguished
from upstream distributaries by their generally higher rate of increase in
mean velocity (m value), and lower rate of increase in mean depth (f) with
discharge.
- The higher m value for the mouth channels is considered to be associated with a simultaneous decrease in flow resistance as discharge
increases. This increase in discharge results in an increased stream
power and therefore a reduced lake damming resistance.
- Width/depth ratios are higher for channels that experience, or have
experienced, flow reduction due to alterations in flow distribution at
upstream forks. Such flow reduction results in channel aggradation.
Such channels will plot well above the regression line in the dischargewidth relation, and well below the line in the discharge-depth relation in
the "delta" (downstream) hydraulic geometry graphs.
- Changes in bed elevation (erosion or aggradation) are more rapid
processes than the changes in width, as changes in flow conditions occur.
- Exponents of the "delta" hydraulic geometry relationships as defined for
a total discharge of 230 m3/s and corresponding distributary discharges,
show large similarities with the exponents found by Mikhailov (1970) for
the Danube and Volga deltas.
- In these relationships an aggrading channel plot well above the
discharge-width regression line and well below the discharge-depth line.

5.2.

F1ow distribution

Studies of the flow distribution on deltas are rather few, e.g. Arnborg et
al. (1966), Mikhailov (1970), and Diaconu and Stanescu (1970), (cf. Section
2.4.1). Arnborg et al. and Diaconu and Stanescu in studies of the Colville
River delta and the Danube delta, respectively, found that the proportion of
the total discharge in a distributary varies with the total discharge. If the
proportion decreases with decreasing total discharge, the flow into the distributary is prevented by bed elements, i.e. bars at the entrance.
In the Laitaure delta, where the flow variation is considerable over the
year, some of the distributaries are inactive during low water periods. The
total discharge must exceed certain threshold values (Qt) before water
enters these distributaries.
The relationships between the total discharge (Qr) and distributary
discharge (Qd) were found to be close to linear, i.e.:
Qd =a· Qr+ b

(5.1)
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A negative b value implies that the distributary has a threshold discharge,
whereas a positive b value distinguishes the "main" distributary. The
correlations of these relations are generally high (r2 > 0.94).
A detailed study of the regression for the Central distributary showed
that a power function relationship could have been used instead of the
linear regression. The correlation coefficients are almost equal for the two
types, but F-tests indicate that the power function is slightly better.
However, for the sake of simplicity the linear regression was chosen.
The threshold discharge determined by the intercept on the Qr-axis by
the regression line is 25 m3/s for the Southern distributary and 42 m3/s for
the Northern. The rate of increase of distributary discharge (a in eq. 5.1) is
higher for the Central distributary system than for the two others. Also,
this rate is higher for the Northern distributary than for the Southern.
The rate is probably associated with the angle of diversion at the forks, i.e.
the lower the angle the higher the rate of increase in discharge with total
discharge.
The proportional, or percentage discharge in the distributaries is
defined as:
(5.2)

Plots of the total discharge in relation to percentage discharge (Figs. 4.2021, pp. 102-3) resulted in relationships of the form:
P = k ·log (Qr)+ z

(5.3)

For the secondary distributaries the 0 % value corresponding to the
threshold discharge was included in the plots, whereas a 100 % value was
included for the main distributary (Central) and the main mouth channel
(Central right), at total discharges < 25 m3/s, which is the lowest
threshold discharge.
The correlation coefficients in these regressions were low for the
Southern mouth and especially the Northern mouth channels, probably
caused by several upstream forks where thresholds complicate the conditions downstream. However, the plots show that the proportion of total
discharge in the main distributary (Central) decreases with increasing
discharge. This is also the case for the main mouth channel (Central
right), whilst the opposite is true for all other distributaries. In other
words, increasing proportions of the total flow are directed into the secondary distributaries as total discharge increases. Some figures for the
Central distributary are 100 % (Qr < 25 m3/s), and 50 % (Qr > 220 m3/s),
respectively.
Arnborg et al. (1966) found similar conditions for the Colville River
delta, but with much less variation with total flow. The proportional flow
varies in the main distributary of the Colville delta between 77 % at low
water and 70 % at high water (Arnborg et al., p. 201).
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The main distributary system of a delta may, inter alia, be distinguished from the other systems by its (1) decreasing proportion of total
flow as this increases, (2) higher bankfull discharges, and (3) higher total
discharges for which bankfull discharge is reached. A corresponding
situation also applies to the case for the main channel within a certain
distributary system. At low water, the other distributaries are cut off from
the main stream by thresholds in the form of bars at the bifurcations, or
simply by higher bed levels. At certain total discharges these distributaries become active.
Along any distributary system, the bankfull discharge is lower closer to
the mouth and is then reached earlier as the total discharge increases.
This is simply because the levees are lower (younger) in the delta front
region. There are, however, large dissimilarities between different mouth
channels in this sense, exemplified by the two outlets of the Central distributary. The main mouth channel (Central right) has bankfull
discharge when the total discharge is 226 m3/s, whilst the Central left has
bankfull discharge at a total discharge of only 152 m3/s. It is important to
emphasize the effects of variations in the water stage in Lake Laitaure. At
a high rate of increase in discharge and a low lake level, the damming
effect in the mouth channels is small, whilst the opposite is the case when
the lake level is high after a flood. The bankfull discharge may, therefore,
appear at higher total discharge in the first case than in the second.
In Table 4.6A (p. 103), the relationships above are tested by the relation
(cf. Mikhailov, 1970):
(5.4)
where LiQ is the flow losses (LiQ < O) or increments (LiQ > O) between the
Rapaalven section and the sections in the three downstream distributaries. The figures in Table 4.6A show that LiQ is positive for low discharges and negative for higher discharges. The flow increment at low
discharge may be associated with water flow from delta lakes or the valley
sides, whereas flow loss is through small channels diverging into lakes to
the north and especially into the Little distributary diverging from the
Central.
A similar test for the mouth channels shows that for total discharges
of, for example, 60 and 150 m3/s, the sums of the mouth channel discharges are 62 and 148 m3/s, respectively (eqs. 4.4-4.8). This implies that
for a total discharge of 150 m3/s, the combined discharge of the mouths is
slightly higher than the discharge of the three upstream distributaries
(145.5 m3/s). The difference is due to the flow loss through the Little
distributary which joins the Southern distributary, and thus the Southern
mouth channel. The mouth channels can only be tested for total discharges in the range between 54 m3/s and 152 m3/s, which is the threshold
discharge and the discharge for which the Central left channel becomes
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flooded, respectively. However, it may be concluded from these tests that
equations 4.1-4.8 are accurate.
It must be emphasized that the flow distribution varies with time, i.e.
the main distributary will not always be the same. For example, Nelson
(1970) showed that flow in the Tolle distributary of the Po delta decreased
from 28 percent in 1900 to about 12 percent in the late 60's, caused by the
lower gradient in this distributary as compared with the other distributaries.
The flow distribution is controlled by the pendulum mechanism, i.e. the
changing in main distributary. This is due to different rates of advance,
elongations, of the distributaries. As a channel elongates its gradient
decreases, which results in a reduction of the efficiency of the channel.
The flow might then increase in another channel. This process is rather
rapid at bifurcations close to the delta front, but is slower the greater the
distance from the delta front. Thus, the pendulum mechanism influencing the flow distribution controls the advance at different parts of the delta
front.
For the Laitaure delta, destructive factors like wave action, coastal
currents, subsidence, and compaction are rather insignificant. Therefore,
the destructional phase as described by Scruton (1960) is not an appropriate term for this type of delta. Instead, the distributary systems undergo
phases of more or less activity.
The Northern distributary system is, at present, in a less active phase
which means that the channels within this system are silting up and that
the delta building at the front is comparatively slow. More precisely the
characteristics of a system experiencing decreasing activity (water flow),
are: sedimentation within the channels resulting in decreasing depths;
sedimentation along the channel banks resulting in decreasing widths
and development of parallel levee ridges; decreasing rates of advance at
the delta front. Of course, the opposite is true for distributaries that experience increasing flows. The Central system is thus in a more active
phase of delta formation. As concerns the specific mouth channels, it is
the Central right channel that is especially active and has been so since
the beginning of the 1980's. The Central left channel was the most active
mouth channel in the 60's and 70's. Before that it was the mouth channels
of the northern system that were most active, probably back to the 30's or
40's. Studies of photos from the 20's and earlier indicate that the Central
system was then the most active one. The Southern distributary was
larger in the beginning of this century than at the present, but, this
system seems to be less variable than the other two.

Concluswns:
- The flow distribution between delta branches, and especially the pendulum mechanism controlling it, is an important factor for the development
of distributaries, and thus for deltas.
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- At the Laitaure delta, the total discharge and the discharge in the
distributaries are, on the whole, linearly related, generally with good
regression correlations.
- The percentage discharge in a distributary varies with the total discharge in a logarithmic manner, but with less good correlation.
- "Secondary" distributaries have certain threshold discharges at which
flow enters the channels. These thresholds are due to bed elements, bars,
at the channel forks. The threshold discharge is defined by the intercept
on the total discharge (Qr) axis of the linear equation mentioned above.
- The main distributary system of a delta may, inter alia, be distinguished from the other systems by its: (1) higher rate of increase in
discharge as total discharge increases; (2) decreasing proportional discharge with increasing total discharge, (3) higher bankfull discharges,
and (4) higher total discharges for which bankfull discharge is reached. A
corresponding situation is also found for the main channel within a certain distributary system.
- The flow distribution varies in the long term (here decades), primarily
associated with different rates of delta advance at the mouths. This is a
kind of negative feedback since the largest distributary elongates at the
highest rate, resulting in the highest rate of decrease in gradient as compared with the other distributaries, favouring increasing flow proportions
through some of the others.

5.3.

Delta pJain development between 1954 and 1990

The discharge in Rapaalven (Qr) was 32 m3/s in the 1990 air photos and
38 m3/s in the 1954 air photos, indicating a water level at the Rapaalven
discharge measurement section, about 7 cm higher in 1954 than in 1990.
The channel beds (sandy areas) are therefore slightly more exposed in the
1990 photos (and map). The water level in the distributaries differs considerably between the two maps because of altered flow distribution characteristics, since the Northern distributary was the largest in 1954, whilst
the Central distributary was the largest in 1990. The water level in
Laitaure was lower (494.3 ma. s. 1.) in the 1954 photos than in the 1990
photos (494.45). This higher water level in 1990 results in smaller areas of
sand bars at the delta front in the new map than in the old.
A problem in the air photo interpretation was the diffuse boundary in
some areas between levee vegetation and swamp vegetation. In the 1990
photos, both these vegetation types had similar grey tones in the photos,
especially in places where there is an indistinct transition between willow
and swamp vegetation. The two vegetation types were therefore distinguished mainly by use of differences in texture and in addition with the
help of shadows from the higher levee vegetation. The levee vegetation was
dark in the 1954 photos and therefore easily distinguished from the
swamp vegetation. However, the 1954 photos were taken in early summer,
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before the start of the growth of the swamp vegetation, which has a light
grey tone in the photos similar to that of sandy areas in lakes with low
water level. Probably, this caused problems in. defining the boundary
between these two environments.
Although the instrument used for the mapping (Wild B8) gives an
excellent resolution within the air photos, ordinary photos from the
surrounding mountains were analysed in association with the mapping
for easier interpretation of vegetation boundaries.
The water level in the delta lakes is slightly higher in the 1990 photos
than in the 1954 photos. Two weeks before the 1990 air photography, the
discharge in Rapaalven was above bankfull, about 275 m3/s (Qb = 264
m3/s), and the entire delta was probably flooded. Waldemarson Jensen
(1979, p. 47) claimed that: "At high water the size of old lagoons is usually
not much enlarged but in young lagoons with indistinct borders between
the open water and the swamp vegetation the high water may drown the
vegetation more or less completely, the interpretation then giving the open
lagoon too large a size." The question is, what is the time lag for the water
level in the delta lakes to drop to normal conditions or at least below the
height of the surrounding swamp vegetation? Waldemarson Jensen
showed that the water level in a closed delta lake returned to normal
within a few days aft.er a flood. The same was true for another, but larger,
closed lake (Saivajauratj) where the water level had sunk to normal a
week after an extreme high water in 1973. In the open lakes the process is
even faster. Thus, the high water about two weeks before the air photography in 1990 has not influenced the interpretation and measurements of
open water areas in the lakes. The water-vegetation boundary is clearly
visible in the 1990 air photos for all lakes, and the water level is without
doubt below the height of the swamp vegetation.
Sand areas in the delta lakes were considerably larger in 1954, obviously due to lower water levels. However, the lake areas in both maps
were determined as open water plus sand bars.
The uncertainties as concerns the interpretation of different vegetation
zones limit the accuracy of the precise values for the swamps and levees
given in Table 4.8 (p. 108). However boundaries between open water and
vegetation were easily drawn as well as channel boundaries. The accuracy is therefore higher for the combined swamp/levee vegetation values,
since a large change in lake area is associated with a change in the sum
of levee and swamp area. In some cases, the lake area change is
explained by an associated change only in swamp area.
Dahlskog (1966, p. 98) claimed that: "... old maps, topography, drainage
network, soil conditions - all show that parts of the delta along abandoned
distributaries are slowly sinking (because of soil-creep, compaction and
consolidation)." He continues: "... such subsidence seems to be an inherent
part of delta evolution and is not due to special conditions." Waldemarson
Jensen (1979) investigated, inter alia, the retrogressive successions of
vegetation in the Laitaure delta. She found that the disintegration is asso-
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ciated with drowning of the vegetation in interlevee basins and delta lakes.
The vegetation is disintegrating at a higher rate in closed lakes than in
open, and possible causes for this may be (Waldemarson Jensen, p. 94):
1. Unequal land uplift.
2. Gradual raising of the delta level associated with advance of the front.
3. Compaction of delta sediments.
4. Lower sedimentation rate in closed lakes than in open lakes.
5. Higher low water levels in closed lakes resulting in higher averages
during the vegetation period, and also higher and less long-lasting
minimum levels.
Waldemarson Jensen ruled out causes 1 and 2 since they are too small in
magnitude and too slow, although they might accentuate the drowning
alongside closed lakes. The compaction of delta sediments (3) was also
considered to be a too slow process, although it could explain increased
open water surface and drowned willows but not the unequalness of these
phenomena confined only to lakes having a low water threshold. Lower
sedimentation rate in closed lakes than in open (4) was considered to only
explain the rapid progressive succession in some open lakes and not the
retrogression.
Waldemarson Jensen concluded that the retrogressive development in
closed lakes is a result of the increase in low water-level (5). She found
disintegration of swamp vegetation in all closed lakes on the delta and
states (p. 97) "The water-level variation in a closed lagoon is within a
smaller range and is also slower during the vegetation period than in an
open lagoon, but perhaps the most striking difference is the high waterlevel at freeze-up, when open lagoons have low-water conditions, like the
distributaries." She concludes that raised low water-levels due to the
development of high low-water thresholds in the channels connecting the
interlevee basins to the distributaries is "the most probable cause for the
die-off of swamp vegetation." Such thresholds are usually situated at the
mouth of the channel in the delta lake. She further concluded that the
main reason for disintegration of swamp vegetation outlined above (raised
water level) is also valid for the die-off of willow vegetation (here levee
vegetation).
A large increase in lake area can be established for lake 6:16 (cf. Fig.
4.22, p. 106). Waldemarson Jensen noted that this basin had (in the 70's)
only one in/outflow channel (from lake 6:7), with a very high low-water
threshold. In 1954 there was another channel, connecting lake 6:16 to the
Little distributary (cf. Fig. 3.1, p. 63, and Fig. 4.22). This channel was
apparently closed in the 70's. Thus, the disintegration of swamp vegetation around the lake is probably caused by the higher low-water levels
associated with the closing of the connecting channel. The main
enlargement of lake 6:16 had probably occurred between 1954 and 1974
(Waldemarson Jensen, 1979, Fig. 62). The increase in area oflakes 6:6 and
7 is probably also due to closing of the outflow to the Little distributary
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south of the basin. Disintegration within basins 11 and 12 is probably associated with the closure of channels connected to the distributary between
these two basins. This distributary was abandoned between 1954 and 1990.
Further, disintegration of swamp vegetation around lake 1 in basin 14 is
also a result of the closure of the channel connecting the lake to the
Northern distributary.
Although many lakes have enlarged due to disintegration of swamp
vegetation, the overall change in lake area since 1954 is a net decrease.
This is mainly because of the formation of miniature deltas in several of
the open lakes on the delta. This is further reflected in the change in proportion of total lake area to total deltaic area. In 1954 about 25 % of the
delta consisted of lakes, and in 1990 this figure had decreased to 23 %.
The changes in unvegetated (sand bar) areas within the distributaries
are considerable (Table 4.9, p. 115). These areas are, however, not always
true bars but instead ordinary channel beds, especially in the case of the
Northern distributary which, at the time of air photography (1990), had
zero discharge. However, the values of Table 4.9 indicate that the
Northern distributary was the largest one in 1954, whereas the Central
was the largest in 1990 (and still is). This is further reflected in the
increase in island areas within the Northern distributary system, as well
as incorporation of lateral bars to the basins along this distributary.
Stabilisation by vegetation of islands and lateral bars is enabled by the
reduced flow though a distributary. Changes within the Southern distributary are considered to be of minor importance, and this system seems to
have been quite stable during the period 1954-1990 (cf. previous Section).
The total area of the Laitaure delta was approx. 9.12 km2 in 1954 and
9.50 km2 in 1990 (within the boundary of the 1954 map, mouth bars
excluded). Thus, the delta has grown by approximately 0.38 km2. The
deltaic growth could only be estimated as a growth of vegetated land area
since the water stage in Lake Laitaure differs between the 1954 and the
1990 air photos. This implies that the rate of colonization of mouth bars is,
in the long-term, equivalent to the rate of mouth bar formation. Further, it
is assumed that no disintegration of vegetation occurs in the distal part of
the delta (along the delta front). The deltaic growth, so defined, has been
4.6 m/year along the entire delta front between 1954 and 1990. This could
be compared with the calculated 4.4 m/year along the southern two-thirds
of the delta front between 1958 and 1985 (see Section 4.5.3).

Concluswns:
- Levee vegetation has been reduced in area in all basins except in those
with miniature delta formation and those bordering Lake Laitaure where
delta growth occurs. A reduction in levee vegetation area is usually partly
reflected in an increase in swamp area. Generally this latter increase is
not equal to the reduced area of levee vegetation, because swamp vegetation is, at the same time, disintegrating along the swamp-lake boundary.
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However, decay of levee vegetation seems to have been more prominent
than the decay of swamp vegetation.
- The delta has grown (vegetated ground) by approximately 0.38 km2 or
about 4.6 m/year between 1954 and 1990.
- New ground (vegetated) may also be formed as miniature deltas in the
lakes, as island formation in the distributaries, and as incorporation of
lateral bars to the interlevee basins along the distributaries. This has
resulted in an increase in area of vegetated ground on the delta plain.
- The change in total delta lake area is a reduction of about 63000 m2.
This should be seen as a net change, since the reduction due to miniature
delta formation is about 156000 m2, whilst the total enlargement of other
lakes due to disintegration of swamp vegetation is about 93000 m2.
- The altered flow characteristics between especially the Northern and
the Central distributary systems is reflected in their respective change in
sand bar areas. In the Northern system this is an increase by 62000 m2,
whilst it is a reduction of about 80000 m2 within the Central.
- Lakes for which the connecting channels have been closed during the
period (1954-1990) have increased most in area. This agrees well with the
findings by Waldemarson Jensen (1979).

5.4.

Channel bifurcation and rejoining

5.4.1. Bifurcation
Several authors (e.g. Axelsson, 1967) have noticed that the less efficient
branch usually diverges at a greater angle from the trunk stream than
the more efficient branch. A large bifurcation angle of one of the branches
may originate in an early stage of the development of a fork, i.e. at the
mouth. At several mouths of the Laitaure delta a very small channel can
be seen, which diverts at a large angle from the trunk stream (cf. Section
4.5.1). Such small channels are usually preserved owing to gradient
advantages, because of the shorter route to the lake. Welder (1959)
observed in the Mississippi delta that usually the smaller the distributary,
the greater will be the angle of divergence from the trunk stream, and he
noted (p. 53) that "Such distributaries are short-lived and soon fill up with
sediment." This, however, does not apply to the bifurcation of the Central
distributary in the distal part of the delta (Fig. 4.46, p. 140). The right
branch at this fork diverged at a greater angle than the left as late as in
early 80's when the channel was very small. Since then, its angle of divergence has decreased, whereas the channel has increased in both depth
and width in association with increased discharges (cf. Fig. 4.5, p. 81).
Axelsson (1967) noted that the angle of divergence of a branch channel
may vary considerably with time. The angle tends to increase when the
efficiency of the channel decreases as a result of altered backwater effects.
The angles of divergence of the channels at the surveyed fork in the
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northern system (Figs. 4.28-29, pp. 118-119) have, however, not changed
during the period. The less efficient right branch diverges at an angle of
about 49°, whilst the left branch diverges at an angle of about 21°. This
agrees more with Axelsson's (1967) findings by flume experiments, that
the diversion of bed load at a fork is more dependent on the backwater
characteristics of the branch channels and on the flow conditions in the
trunk stream than on the temporary angle of divergence of the respective
branch channels.
The general plan form of the surveyed channel fork in the Northern
distributary system has not changed much during the period between 1958
and 1988. It is obvious that high water discharges are able to maintain the
pool excavated in front of the lobate bar at the point of bifurcation, and also
the pool at the outer bank of the right channel. The most striking changes
are a general aggradation of the trunk stream and the left channel and
the decreased width of the right channel. The left branch was, according
to old photos, the largest in the beginning 'of this century and still is.
Comparisons of the two maps (Figs. 4.28-29) and the cross section
profiles (Fig. 4.30, p. 121) show average aggradation of the channel beds of
the trunk stream and the left branch of approximately 0.7 and 0.9 m,
respectively. In addition to this aggradation, sedimentation has increased
the height of the surrounding levees. Studying the profiles in Fig. 4.30, it
seems that the whole system has been "lifted" up; the beds, however, being
lifted more than the levees. A rough estimation of the average level of the
levee crests iq 1958 gives 495.5 m a.s.l., and about 496.0 m a.s.l. in 1988,
giving a sedimentation rate of about 1.7 cm per year.
Deposition of sediments on the levees of the nearby Kvikkjokk delta have
been reported in several studies (i.e. Dahlskog, 1964; 1966; Dahlskog et al.,
1972, Damberg, 1977; Harden and Dahlskog, 1979). These studies show
that the sedimentation varies a lot in time, along the distributaries, and
across the levees. The average deposition along a profile over a levee in one
year on the Kvikkjokk delta may be up to several cm, but is usually less.
However, the suspended sediment load of the rivers building the
Kvikkjokk delta is considerably lower than that of Rapaalven. Therefore,
the figure 1. 7 cm/year of deposition at the surveyed fork might be accurate.
What are the reasons for the general decrease in cross-sectional areas
and aggradation of channel beds at the fork in the northern distributary
system? Firstly, this system has experienced a decrease in flow since the
50's. The decreased water discharge is primarily due to a gradual diversion of water from the northern distributary to the Central distributary at
the point of bifurcation of these two. In the 50's the northern distributary
was the main branch of the three larger dis tributaries of the delta. During
the 60's and 70's the efficiency of the Central distributary increased in
relation to that of the Northern branch. So the whole Northern system has
gradually lost in efficiency, resulting in aggradation of the channel beds.
Secondly, about 400 m upstream of the surveyed fork (northern system),
there is another bifurcation which has influenced the morphological pro-
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cesses downstream. At this upstream bifurcation the flow has increased
through the left (northern) channel, whilst the flow in the trunk stream of
the surveyed fork has decreased since the 50's. The combined flow reduction has resulted in altered equilibrium conditions and aggradation of the
channel beds at the surveyed fork.
Axelsson (1967, p. 54) concluded that; "The morphological changes
occurring at a channel fork reflect changes taking place upstream and
downstream of the channel fork." The morphological changes of the fork
in the northern system are most probably due to upstream changes of flow
characteristics. Effects of upstream changes in flow characteristics on the
development of bifurcations were described by Welder (1959) for several
distributaries of the Mississippi delta. On the other hand, the changes of
the morphology at the fork in the Central distributary are clearly due to
downstream changes. Welder (p. 69) argued that; "If one distributary is
considerably larger than the other, it will have a distinct hydraulic advantage in that it can maintain higher current velocity even though the gradients are equal. The greater the difference in size the greater will be the
rate of closing of the smaller channel." However, if the bifurcation is close
to the delta front, this will mean that the more effective channel will
transport more bed load, implying that this distributary will lengthen
faster than the other leading to a decreasing gradient. This may in turn
lead to a redistribution of water through the smaller distributary with a
higher gradient. This seems to have been the case at the distal bifurcation
of the Central distributary. The entrance to the left branch at this fork is
now blocked by a bar reaching upstream from the point of bifurcation
towards the left bank of the trunk stream (Figs. 4.46-47).

Concluswns:
- The development of forks depends on downstream and upstream
changes in flow characteristics.
- Changes at the distal fork in the central distributary system are due to
downstream changes, i.e. elongation and reduced gradient of the Central
left channel have resulted in increased flow through the Central right
channel. The angle of divergence has then decreased for the right channel
whereas the left channel has silted up and is now cut off from the trunk
stream at low and normal summer water discharges.
- Changes at the surveyed fork in the northern distributary system are
obviously due to upstream alterations of flow distribution. The flow
through the fork has decreased since the 50's.
- The plan form of the fork in the northern distributary system has not
changed between 1958 and 1988 (i.e. the angles of divergence of the two
branches are unchanged). However, the reduced flow in the Northern distributary has resulted in a general aggradation of the channel beds, and
decreased cross-sectional areas, whereas the levee crests have increased
in height by about 1. 7 cm/year on the average.
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5.4.2. Rejoining

Axelsson (1967) pointed out that a deep pool is generally excavated in
the bed at the place where two channels merge or rejoin at a sharp angle.
The flow is accelerated and the turbulence heightened. This is the case at
the surveyed channel junction (Figs. 4.32-33, pp. 124-125). If, however, the
angle is very low, a longitudinal bar is often built between the two merging
streams at junctions of the Laitaure delta. This is, for example, the case
in the proximal part of the delta where distributaries merge at low angles
(Fig. 4.24, p. 111).
Several authors after Axelsson (e.g. Best and Reid, 1984; Best, 1986;
1988; Roy et al., 1988; and Biron et al., 1993) have pointed out that the flow
accelerates below a confluence.
Best (1986) recognized three distinct elements of the bed morphology at
channel confluences: avalanche faces at the mouth of each confluent
channel, a deep central scour and a bar within the separation zone
formed at the downstream corner. These elements, also found at the surveyed junction, are controlled predominantly by the angle between the two
merging channels and the ratio of discharges of the tributary and mainstream channels (Best, 1988). Best further found that scour depth
increases systematically at higher junction angles, as well as that it
increases with higher discharge ratios for any one confluence angle.
Biron et al. (1993, p. 127) noted that "The typical morphology of river
channel confluences which is described in the literature, i.e. a scour zone
with two steep avalanche faces, appears only appropriate for junctions
where the depth ratio is near unity." (i.e. equal depth of the two merging
branches). According to Biron et al. the morphology for unequal depth
channel confluences consists of a mouth bar with an avalanche face on
the tributary side and the absence of a marked scour zone. This is not,
however, the case at the studied junction, where the right channel is considerably shallower than the left one. Despite this, there is a marked scour
zone. However, it is obvious that the angle between the two channels at a
confluence is of great importance for bed morphology. The confluences
presented by Biron et al. (1993) have quite different morphology from the
one studied here, in that they meet at lesser angles.
A comparison of the maps in Figs. 4.32-33, shows that the general plan
form of the junction has not changed between 1958 and 1988. However,
reduced flow through the junction has mainly resulted in overall
decreased cross-sectional areas. The most pronounced changes of the
downstream undivided channel are the decreased width at the pool-site,
and the decreased mean depth downstream of the pool. The pool has been
preserved, although it was less streamlined in 1988 than in 1958. This
might be associated with the decreased flow through the system, especially as concerns the bankfull discharges. The upstream channels have
become both narrower and shallower.

168

Discussion and Conclusions

Concluswns:
- The general plan form of the junction has not changed between 1958
and 1988.
- Reductions in cross-sectional areas of the channels are due to reduced
flows for the same reasons as for the surveyed fork in the same distributary system (northern) discussed previously.
- The pool in the downstream undivided channel has been preserved,
although it is less streamlined due to the decreased flow.
- The height increase of the levee crests at the junction is less than at the
upstream fork.
5.5.

Deltaic growth and mouth bar formation

The process of mouth bar formation at the Laitaure delta is largely similar to the process described by Mikhailov (1966), and also to the scheme
proposed by Wright (1977) for friction dominant effluents (cf. Section 2.2).
As the term "friction dominant effluent" denotes, the depositional pattern
is dependant on the friction between the effluent and the receivi,ng basin.
It implies that the basin depth close to the outlet is equal to the depth of the
outlet itself, and that outflow velocities and bed shear stresses are high,
resulting in a dominance of turbulent bed friction. Wright (p. 861)
describes the process in the manner: "The depositional response to planejet diffusion initiates a short lived sequence of positive feedback; shoaling
seaward of the mouth causes an increase in the friction induced deceleration and effluent spreading, which in turn increases the shoaling rate.
Reconcentration of outflow into channels reduces the frictional effects and
minimizes the total work done by the outflow. These channels are separated by a triangular "middle ground" shoal over which bed shear stresses
and turbulent friction are relatively low." Axelsson (1967, p. 112) stated
that: "At the distributary mouth the flow pattern generally simulates that
of expanding jets with complementary zones of reverse flow, often characterized by appreciable circulation and large-scale eddying. The lateral
zones of reverse flow separation and backflow vary with the variation in
water level. Flow expansion is often restricted by density differences. In
summer the inflowing river water is normally denser than the surface
water in Laitaure, and density currents of the underflow type are often
formed at the delta front during the periods when the sediment discharge
is high." Thus, the mouth bar formation as outlined by Wright is considered to be a valid description of mouth bar formation at the main outlets of
the Laitaure delta, although the basin depth in some places is greater
than the depth of the outlet. However, the turbulent bed friction is maintained by the density currents described by Axelsson.
The formation of mouth bars seems to follow a certain pattern at the
Laitaure delta. Firstly, as a channel experiences increased discharges
due to upstream alterations in flow between the distributary systems, the
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banks and especially the bed become eroded. The sediment is transported
to the mouth where reduced flow velocities cause deposition. This results
in the formation of a mouth bar as described above. Colonization of vegetation on the mouth bar enhances its resistance to erosion and also the
deposition of sediments. The bar usually divides the flow into two or sometimes more courses, between which the main flow fluctuates, thus causing growth of the bar in several directions. At this stage, the water depth
at the outflow is considerably larger than that of the channels crossing the
mouth bar (Figs. 4.41-44). Later, a flood may enlarge one of the channels
by erosion, whereas the others may become smaller and sometimes
closed.
Often, one small channel is preserved, diverging at a large angle from
the main direction. It is developed between the mouth bar and the older
boundary of the mouth channel. Those tiny channels can be seen at several places along the delta front. The conservation of these channels
seems peculiar, but must be due to gradient advantages in comparison
with the main channel. Sometimes the smaller channel is not preserved
but instead closed by sediments in the form of longitudinal bars along the
channel banks of the trunk stream. Variations in this mode occur depending on the physiography of the lake basin. Steeply inclined delta-front
slopes of real foreset character (inclination > 10°, cf. Axelsson, 1967, p.
118) are found only in the southern half of the delta front. In the northern
part the lake is rather shallow, preventing the development of steep foreset slopes.
Thus, the mouth bar usually diverts the flow into two channels that
both may be preserved for a quite long time. Upstream "fossil" bifurcations
in the Central distributary show that one of the mouth channels often
becomes finally closed. Following the Central distributary towards the outlet, a series of such closed bifurcation branches can be recognized (cf.
Waldemarsson Jensen, 1979, Fig 4A). This differs somewhat from the
Northern system where bifurcations seem to be preserved to a much
higher degree.
The rate of the mouth-bar formation in the Laitaure delta depends on
water discharge and associated sediment discharge as well as the depth
conditions in Lake Laitaure. High rates of mouth bar formation are found
at the outlet of the main distributary during a limited period. When flow
decreases due to changes in flow distribution at upstream bifurcations,
the rate of mouth bar formation decreases for one distributary system but
increases at another. By air photo analyses it is possible to identify variations in time of rates of mouth bar development for different distributary
mouths. This is, therefore, seen as a tool for analyses of the pendulum
mechanism (cf. Section 5.2) that controls the flow into different distributary systems.
The development of the delta front since the 50's, may be summarized
as follows:
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- A mouth bar in front of the Southern distributary indicates relatively
high discharges in this channel until the late 50's. A channel was then
cut through the mouth bar and no new mouth bar has been formed
since then.
- A very large mouth bar can be seen at the mouths of the northern
distributary system, i.e. Northern right mouth channel, in air photos
from the 50's and in the map of 1958 (Figs. 4.37-39). Evidently this was
the main system at that time, and had probably been so for some
decades. The growth of this northern mouth system has decreased in
rate since the middle of the 60's, firstly because of reductions in discharges due to flow-diversion towards the Central system, and secondly
due to flow-diversion to the Northern left mouth channel.
- The Central left channel was the main mouth channel of this system
during the 50's, 60' and 70's. The rate in elongation of this channel
accelerated during the late 60's and early 70's as the Central system
then became the main system. In the early 80's, the Central right
channel became the main mouth channel. The channel enlarged considerably and a mouth bar was formed in only a few years. In 1985 the
bar extended some 200 m out from the "original" (before 1980) mouth.
The bar grew between 1985 and 1989, not so much in length but more in
width.
The average rate of advance along the southern two-thirds of the delta
front is found to be 4.4 m/year between 1958 and 1985. This could be compared with the 4.6 m/year estimated for the growth of vegetated ground
along the entire front (see Section 5.3). The yearly deposition at the delta
front (i.e within the boundary of the 1958 map, Fig. 4.38) is estimated to be
about 60000 tonnes on the average, of which about 25000 tonnes are
assumed to be bed load (cf Section 4.5.3). The deposition lake-ward of the
delta front in the form of bottomset beds is therefore not included in these
estimations (cf next Section).
The "destructional phase" as described by Scruton (1960) is absent in the
Laitaure delta, although some destructive processes are present. However, the wave energy and the rates of subsidence (i.e. consolidation, compaction), are too low. The distributary systems may, instead, be more or
less active depending on the pendulum mechanisms of the flow distribution.

Conclusions:
- The formation of mouth bars at the Laitaure delta resembles the
pattern described by Wright (1977) for friction dominated effluents, i.e.
formation of a middle-ground bar which bifurcates the flow. This pattern
is valid at the mouth of the main distributary at the present time.
- Flow distribution at distal bifurcations may change several times before
one channel finally is abandoned.
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- The average yearly advance of the southern two-thirds of the delta front
in Laitaure is 4.4 m.
- The yearly deposition at the delta front (i.e. within the map boundaries
in Fig. 4.38) averages 60000 tonnes (the Northern left mouth included) of
which 25000 tonnes are considered to be bed load (cf. Axelsson, 1967) and
the rest suspended load.
- The rate of advance at different mouths is controlled by pendulum
mechanisms which influence the distribution of flow through the three
distributary systems.

5.6.

Sedimentation in Lake Laitaure

X-ray radiographs of sediment cores from four different parts in Laitaure
revealed that these future bottomset beds are clearly laminated. The sedimentary sequences represent seasonal variations in sedimentation rate
and in composition of settled particles. Core-to-core correlations made it
possible to determine annual variations and spatial differences in deposition (cf. Fig. 4.53, p. 150). The sedimentation rate decreases towards the
shores as well as towards the outlet. Further, the median grain size of the
uppermost sediments decreases towards the shores and the outlet.
Due partly to the low organic content the bulk density is high also in the
uppermost part of the bottom deposits. In the uppermost cm of the core
from the deepest part of Laitaure the mean water content is lower than 40
% (vs) and the mean wet and dry bulk densities are higher than 1.6 and
1.0, respectively (see Table 4.14, p. 149).
There are some conspicuous layers in sediment core 1368 that can be
interpreted either as a single year or as two years. 0strem and Olsen
(1987) studied sediments in a glacier lake and found very thin dark horizons within the summer layers. 0strem and Olsen termed these horizons
"pseudo-varves", because they are not true annual varves and they were
interpreted as a result of variations in sediment input (cf. Smith, 1978).
Smith recognized five different orders of inflow variation, and thus sediment input, e.g. diurnal, subseasonal (i.e. short-term weather changes),
seasonal (nival melt vs. glacial melt), annual, and exceptional inflow
events. The diurnal variation may be ruled out in the Laitaure delta case,
because it is assumed to be incapable of producing recognizable laminae
in the cores. Also short-term weather changes are assumed to be less
capable of producing laminae in Laitaure. However, the seasonal variation is of importance since high discharges due to snow melt in early
summer followed by a dry period and then again by a rainy period combined with glacier-ice-melt may produce a sediment layer with a thin dark
laminae between two thicker, lighter layers. However, the question is if
the relatively short time between the two high discharge periods is sufficient for the formation of the dark layer. Exceptional inflow events are
associated with jokulhlaups or extreme flooding caused by unusual
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weather conditions. Even if jokulhlaups are impossible here, extreme
flooding certainly will produce thick layers. Varve-like layers of turbidite
type may also be formed due to slides along the delta front (cf. Axelsson,
1983).
If seasonal variation may produce "pseudo-varves", the interpreted
layer of 1975 in core 1368 (Fig. 4.53) should instead be the layer of 1976 or
1977. The rather thick dark layers must, however, be considered to be true
winter-layers. Knowledge of the variations in water discharge (and sediment discharge) during the period would have increased the accuracy.
The highest sedimentation rate as well as the coarsest sediment was
found for core 1368, that is within the deepest part of Laitaure. This is an
indication of the turbidity currents that develop when the turbid river
water debouches in the relatively lighter lake water, and that these currents follow the deepest parts of the lake. Moreover, sedimentation rate is
higher in the southern part than in the northern part of the lake, because
the mouth of the main distributary is located in the southern half of the
delta front and probably also because of the coriolis effect moving the outflowing river water somewhat to the right (here towards south). Sedimentation rate decreases towards the outlet of Lake Laitaure. The sedimentation rate is more than five times higher in the central lake basin than in
the eastern (distal) lake basin, 0.66 and 0.12 g/(cm2 ·year) respectively.
No samples were taken in the near delta front area where the greatest
deposition occurs (cf. Smith, 1978; Bogen, 1981). However, this study was
only meant to be an introductory one, whilst a complete study of the
sediments in the lake with samples-distributed over the whole lake area
and especially from those parts located close to the delta front, is necessary for a complete determination and understanding of the spatial
variation in sediment deposition in Laitaure. The modern equipment for
continuous discharge measurement installed at Litnok, together with an
increased sampling programme would facilitate the determination of the
sedimentation history of Laitaure.

Concluswns:
- X-ray radiographs of sediment cores sampled in different parts of
Laitaure, reveal annually laminated deposits.
- Core-to-core correlation is possible owing to identification of a specific
layer in all cores. This facilitates calculation of the variation in sedimentation rate in different parts of the lake.
- Sedimentation rates decrease towards the outlet as well as towards the
shore of the lake.
- Median grain size and silt content decrease, whereas clay content
increases in the uppermost part of the bottom deposits, from the central
lake basin towards the outlet and towards the lake shores.
- Due partly to the low organic content, the bulk density is high also in
the uppermost part of the bottom deposits. The mean water content is
lower than 40 % (vs) and the mean wet and dry bulk densities higher than
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1.6 and 1.0, respectively, in the uppermost cm of the core from the deepest
part of Laitaure.
- A more thorough study, with more samples, especially from the near
delta front area, is necessary for a complete analysis of the sedimentation
history of Laitaure.
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6.

SUMMARY

The relative smallness of the Laitaure delta (as compared with more wellknown deltas around the world), makes it suitable for field studies. The
delta is a continuously changing landscape, where the processes are
reasonably fast and they, and their results, can be studied within relatively short time periods.
Previous studies of the delta's morphology and processes by Axelsson
(1967) and of the vegetation by Waldemarson Jensen (1979), have provided
a solid base for the present study.
Chapter 1 gives an introduction to the area and the delta, as well as a
presentation of the aims of this work.
Chapter 2 presents a review of deltaic studies and studies of hydraulic
geometry of river channels. Both these fields of research are very comprehensive, which is why a review in a thesis like this can be only somewhat
superficial.
The methods used in this study, presented in Chapter 3, were considered to be "standard" methods especially concerning mapping in the field,
water discharge measurements, and air photo analyses. A map of the
delta was compiled from air photos taken in 1990 by the Swedish Air Force
in Lulea. This map was digitized together with Axelsson's map and
further comparisons of these maps were made on the computer with the
use of a number of different programs (i.e., Roots, ARCINFO, Excel,
Illustrator and PowerDraw). It may be concluded here that this process
was rather time consuming, because of problems that arose, especially
concerning the transfer of the map between the different programs.
Sampling and analyses of lake bottom sediments were performed with the
techniques of core-sampling developed by Axelsson and Hakanson (1972;
1978), and X-raying of the cores developed by Axelsson (e.g. 1983; 1992a; b).
It is concluded that hydraulic geometry is a meaningful approach for
characterizing the distributaries of the Laitaure delta. Differences in the
hydraulic geometry exponents between the stations enable us to separate
mouth channels from upstream distributaries, and channels which have
experienced increased flow conditions from those for which flow has been
reduced. Furthermore, "delta" hydraulic geometry, as analogous to downstream hydraulic geometry, also distinguishes channels based on their
state of activity. Comparisons of the "delta" hydraulic geometry exponents
for the Laitaure delta with those of the Danube and Volga deltas show
large similarities despite differences in size, conditions in receiving basin,
etc. It is concluded that hydraulic geometry is appropriate for deltas in
which flow regime, bank and bed material, slope, and suspended sediment concentration are similar for all distributaries.
In Section 2.4 the cyclic nature of deltaic processes is described. In the
Laitaure delta this is exemplified by changes in flow distribution between
the distributaries.
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Section 4.2 shows that the relation between distributary discharge and
total discharge is linear. The proportion of total flow decreases in the
main distributary with increasing total discharge, whereas the proportion
increases in all other distributaries. Further, the activities of the different
distributaries vary in the long term. In the Laitaure delta, the main distributary has shifted at least twice during this century. The shifts between
different mouth channels in one and the same system are even faster.
Maps of different parts of the delta were compared with maps from the
50's (Axelsson, 1967), in Sections 4.3 and 4.5. These comparisons also
showed continuous shifts in activity (flow conditions) between the three
distributary systems. The northern system has experienced reduced flows
during the last decades, indicated by aggrading channel beds, and decreased rate of advance of the delta front. In the central system, on the
other hand, the discharges have increased, resulting in bed and bank erosion, and considerable advance of the delta front. It is shown that the
southern two-thirds of the delta front is advancing by about 4.4 m/year.
The development of the delta is studied by comparison of a map based
on air photos from 1954 (Axelsson, 1967) and a new map based on air
photos from 1990. It is shown that different physiographic regions (levees,
swamps, lakes, unvegetated areas, and distributaries) have experienced
changes in areal extent. Vegetation is disintegrating, especially in basins
where distributary connections have been closed. Areal proportions have
changed; the proportional lake area has decreased, and the vegetated area
has increased, due to miniature delta formation and deltaic growth. The
deltaic growth (vegetated ground) as calculated based on the comparison
of the two maps is about 4.6 m/year, which confirms the calculations of
the growth based on the two maps of the delta front presented in Section
4.5.
The brief studies of bottom sediments in Lake Laitaure showed that the
sediments are annually laminated. The temporal and spatial differences
in sedimentation rates can be estimated by core-to-core correlations of Xray radiographs. However, a complete study of the sediments in the lake
with more samples, evenly distributed, is necessary for the complete
determination of sediment deposition in Laitaure.
Thus, finally, all different approaches used in this study for analysing
deltaic processes show the changing conditions in flow distribution
between the delta's distributaries and the different results of these
changes. The temporal variation in flow distribution into different
distributaries of a delta is an important factor to consider in studies of
branching river deltas.
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