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PREFACE 

The International Institute for Land Reclamation and Improvement was founded in 
Wageningen in 1956 and charged with the task of collecting and disseminating know­
ledge in the fields mentioned in its name. 
During its first few years of existence, the Institute received a steadily increasing 
stream of visitors from abroad, who asked a wide variety of questions about matters 
of agro-hydrology in which the Dutch are known to have considerable experience : 
problems of waterlogging and the process of draining off excess water. It soon became 
clear that the guidance and training of these individual visitors took up a dispropor­
tionate amount of the Institute's time, and this fact forced us to consider how - aside 
from our publication programme - we could best satisfy the vigorous interest that was 
being shown. 
And so the idea was born to organize a course that could systematically handle the 
subject of 'land drainage', and the basic knowledge relevant to it. Initial plans were 
drawn up in 1960. A Board, consisting of representatives from allied Dutch institu­
tions, was appointed to supervise the scientific and practical programming. Prof. Dr. 
F. Hellinga served as the first Chairman of this Board. 
To handle the administrative, financial, and social matters connected with the course, 
cooperation was sought - and obtained - from the International Agricultural Centre 
at Wageningen. In 1962 the first 'International Course on Land Drainage' was launch­
ed. Its language was English ; it lasted three months ; its participants numbered twenty-
five. 
What was originally regarded as an incidental event - one that might be repeated at 
some future date if need be - proved a 'hit' that demanded repetition, and the course 
became an annual event. The tenth course in 1971 brought the total number of partici-



pants to 281, who came from a total of 62 different countries. 
The Institute is grateful for the vast measure of cooperation it has always received 
from other Dutch institutions, which made their research and field experts available 
to lecture in the course, along with the Institute's own team of lecturers. 

From the outset, participants were provided with lecture notes to lend support to the 
spoken word. Many non-participants, however, were also interested in obtaining these 
notes, but we were unable to comply with requests for their supply because we felt 
that, in general, the text was not sufficiently 'balanced', not adequately 'crystallized', 
to be read independent of the lectures. Editing was often crude, although most texts 
have improved over the years. With the gradual refinement in the balance of the sub­
ject-matter - tested against the needs of our students - and the ever-increasing pressure 
to make the notes available to a wider public, the Board of the Course decided in 1969 
to have the entire lecture notes re-edited, and then to have them issued by the Institute 
in a simple four-volume publication. 
An Editorial Committee consisting of members of the Institute's staff was set up to 
undertake the work. The Committee comprised: 

Mr. P. J. Dieleman, Chairman (1969-71) 
Mr. J. G. van Alphen (1969) 
Mr. G. P. Kruseman (1969-70) 
Mr. R. J. Oosterbaan (1970-71) 
Mr. S. J. de Raad (1970-71) 

By the middle of 1971, after two years of hard work, the Committee unfortunately 
broke up as, one by one, its members left for assignments in other parts of the world. 
During the last half of 1971, only one staff member, Mr. J. H. M. Aalders, continued 
the work of preparing the manuscript for publication. After his temporary appoint­
ment came to an end, a Working Group of other staff was formed, whose aim was to 
finish the job within the framework designed by the original Editorial Committee. The 
members of this group were : 

Mr. J. Kessler, Chairman, 
Mr. T. Beekman, 
Mr. M. G. Bos, 
Mr. R. H. Messemaeckers van de Graaff, 
Mr. N. A. de Ridder, 
Mr. J. Stransky 
Mr. Ch. A. P. Takes, 
Mrs. M. F. L. Wiersma-Roche. 

Having served as Director of the Institute during the period when the International 
Course on Land Drainage came into being and when the decision to publish the lec­
ture notes was made, I would like to express the satisfaction I feel with the issue of the 
first volume in the series. Over the last three years, a large proportion of the people 
employed at the Institute have given much of their time and energy, even their 
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leisure hours, to completing this work. I want to thank everyone involved, and I 
include not only the authors, the lecturers and the staff members already mentioned, 
but others too who worked so splendidly on the drawings, layout, and the produc­
tion. It is my fervent hope that their communal effort will truly help in the proper 
implementation of land drainage throughout the world. 

Agadir (Morocco) 
May, 1972 

J. M. van Staveren 
Director (1956-1971) 
International Institute for 
Land Reclamation and 
Improvement. 
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INTRODUCTION 

Land drainage is the removal, by artificial means, of excess water from the soil or 
from the land surface, its objective being to make the land more suitable for use by 
man. In agriculture, its aims are to increase production, to sustain yields, or to reduce 
production costs - all helping the farming enterprise to maximize its net profit. As 
such, land drainage is an age-old practice. 
In The Netherlands, with much of its flat land lying below the water level of the sea 
or that of the rivers, drainage has always been a vital necessity. It developed from 
the building of simple sluices in natural channels through which the excess water could 
be discharged by gravity when the sea or river levels were low, into the present-day 
sophisticated system of parallel pipe drains, collector drains, main drains, and pump­
ing stations. This development was paralleled by an increased understanding of the 
principles of drainage, upgrading it from a practice based on experience and skill into 
a science based on the complex interrelations between the hydrological, pedological, 
and agronomical conditions. 
In the nineteenth century the French hydrologists, Darcy and Dupuit, were the first 
to formulate the basic equations for groundwater flow through porous media and to 
apply them to flow to wells. At the beginning of the twentieth century, Rothe applied 
these equations to groundwater flow to drains, and he was to derive the first drainage 
formula. But it was Hooghoudt who, in the thirties, gave the real stimulus to a rational 
analysis of the drainage problem, by studying it in the context of the plant-soil-water 
system. Since then, great contributions towards a further refinement of this rational 
analysis have been made by scientists all over the world : Childs in England, Donnan, 
Luthin, and Kirkham in the United States, and Ernst and Wesseling in The Nether­
lands. 
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But when drainage theories are applied in practice, we still face a number of limita­
tions. These limitations are a consequence of the wide variability we encounter in 
nature when dealing with soils and plants. We are faced with such questions as : how 
to characterize a soil profile consisting of a large number of different layers changing 
in position and magnitude from one place to another; how to measure the physical 
soil 'constants' ; how to formulate the agronomical requirements in respect to 'excess' 
water? 
All these factors contribute to an inevitable inaccuracy which we have to accept when 
working in land drainage. Therefore, the statement made by Clyde Houston in 1961 
in still valid: 
'Although excellent progress has been made in recent years in developing drainage 
criteria and investigational tools, it still takes good judgement, local experience, and 
trial and error - along with a thorough understanding of the basic principles - to design 
a successful drainage system.' 

In the International Course on Land Drainage an effort is being made to cover, as 
completely as possible and within a period of three months, the underlying principles 
and the application of the rational approach to land drainage. 
About 30 lecturers of various disciplines each year contribute their specialized know­
ledge and experience to the course. Even so, not all aspects that may have a bearing 
on successful drainage can be fully discussed or even mentioned within the time limit 
set by a three-month course. A choice has to be made and explicit emphasis is there­
fore given to the agrohydrological aspects, while deliberately less attention is given to 
the hydraulics of open water flow and to engineering aspects which are more exten­
sively treated in handbooks than are the agrohydrological aspects. 
The material presented in the four volumes of this publication is based on the lecture 
notes prepared by the lecturers of the Drainage Course. In many instances a subject 
has been presented by more than one lecturer during the ten years that the course has 
been held. As each lecturer contributed his knowledge of the subject, each chapter 
must be considered the result of their combined input. For this reason a list of their 
names is given with each chapter, apart from that of the actual author(s). 
For practical reasons, it was decided not to publish all the material in one large 
volume, but to make a logical subdivision into four volumes. The subjects have been 
grouped in such a way that each volume can be consulted independent of the others. 
Volume I describes the basic elements, physical laws, and concepts of the plant-soil-
water system in which the processes of land drainage take place. 
Volume II presents the drainage theories and mathematical models for groundwater 
flow and watershed runoff, and formulates the objectives of drainage for salinity con­
trol and the prevention of waterlogging. 
Volume III discusses the various surveys and investigation techniques to determine 
the parameters of the plant-soil-water system which are to be introduced in the drain­
age design computations. 
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Volume IV deals with the design and dimensioning of drainage systems, some of the 
main engineering features, and aspects of operation and maintenance. 
The reader will note that the basic principles of the subject have received the 
main emphasis in this publication. Although due attention has also been given to 
the application of these principles, no ready-made solutions could be presented that 
would fit all the different conditions under which drainage is applied. A thorough 
understanding of the principles, however, should enable the reader to introduce the 
modifications and special techniques adapted to the special conditions he is dealing 
with. 
We hope that the edited lecture notes of the International Course on Land Drainage, 
as presented now in these four Volumes of 'Drainage Principles and Applications', 
will find their way all over the world. Not only to our former participants and to those 
who will join the course in the future, but also to all the others who are dealing actively 
with practical or theoretical aspects of land drainage. Although a number of deficien­
cies, inherent to the fact that the publication consists of edited lecture notes written 
by many authors, may become apparent, we trust that the book will prove its useful­
ness. Any criticism and suggestions which might lead to improved future editions of 
this book will be welcomed. 

The editors 
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Hydrogeology of plains 

1.1 HYDROGEOLOGY AND DRAINAGE 

An area's drainage problems are closely related to its geomorphological and 

geogenetical conditions. The presence or absence of layers with good water-

transmitting properties, of barriers to groundwater flow, of springs, as well 

as the relation between groundwater and surface water (either fresh or salty), 

will directly or indirectly affect the groundwater conditions in or near the 

rootzone. The groundwater conditions of geomorphologically (and climatologic-

ally) similar regions are often comparable. Somewhat oversimplified, it can be 

stated that once the type of landscape is known the principal groundwater 

conditions of that landscape are known too. 

The present discussion will be restricted to flat areas, because it is in such 

areas that agriculture is preferably practised. Flat areas, if large enough, 

are called plains. They may have been formed by such different landforming 

agents as waves, running water, ice, and wind. Each agent leaves its mark by 

typical geomorphological features and typical internal sedimentary structures, 

causing more or less typical groundwater conditions. 

Such typical features, structures, and groundwater conditions will be dealt 

with in more detail below, but first the water-bearing layers will be clas­

sified according to their water-transmitting characteristics. 

1.2 CLASSIFICATION OF WATER-BEARING LAYERS 

All plains referred to in this chapter are made up of unconsolidated or weakly 

consolidated sediments, laid down in horizontal or simply structured, well or 

poorly defined layers. A common feature of these layers is that they are thin 

with respect to their horizontal extension. 

For hydrogeological purposes the layers are classified as: 

- pervious 

- semi-pervious 

- impervious 

A layer is said to be pervious if its water-transmitting properties are 

favourable or, at least, favourable in comparison with those of overlying or 

underlying strata. The resistance to vertical flow within such a layer is small 

and may generally be neglected, so that only those energy losses caused by 



horizontal flow need be taken into account. 

A layer is considered semi-pervious if its water-transmitting properties are 

relatively unfavourable. The horizontal flow rate over a significant distance 

is negligible, but vertical flow cannot be neglected because the hydraulic 

resistance to such a flow is small due to the relatively small thickness of 

the layers. The flow of water in semi-pervious layers will therefore be 

considered essentially vertical. 

A layer is considered impervious if its water-transmitting properties are so 

unfavourable that only negligible amounts of water flow through it - whether 

vertically or horizontally. Completely impervious layers seldom occur near 

the surface but are common at greater depths, where compaction, cementation, 

and other consolidating processes have taken effect. The above classification 

is one of comparison, but the scale of the flow pattern must also be taken into 

account. A certain layer ïnay be considered impervious in a problem of shallow, 

horizontal flow over short distances, whereas it constitutes part of a complex 

semi-pervious layer in a problem of deep horizontal flow over great distances 

in an underlying pervious layer. 

The layers containing ground water combine into aquifer systems. For a 

mathematical treatment of groundwater flow problems, an aquifer system should 

be relatively simple and belong to one of the following types (Fig.1): 

- unconfined 

- confined 

- semi-confined. 

impervious 

I semi pervious 

I pervious 

semi confined 
C 
unconfined 

K ^ k 

piezometric surface 

phreatic surface (water table) 

k hydraulic conductivity 
Fig.1. Aquifer types. 

An unconfined aquifer, also called a phreatic or watertable aquifer, consists 

of the saturated part of a pervious layer which is underlain by an impervious 
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layer (Fig.lC). The upper boundary is formed by a free water table (phreatic 

surface). The water in an unconfined aquifer is called unconfined or phreatic 

water. 

A confined aquifer consists of a completely saturated pervious layer whose 

upper and lower boundaries are impervious layers (Fig.lA). Since completely 

impervious layers seldom occur near the surface, confined aquifers are rare 

in drainage problems. The water in wells tapping such aquifers stands above 

the top of the pervious layers. The water in a confined aquifer is called 

confined water. 

A semi-confined (or leaky) aquifer consists of a completely saturated pervious 

layer (Fig.IB). In the covering layer a water table is present, often differing 

in height from the piezometric head (Chap.6, Vol.1) of the water confined 

within the pervious layer. Because of this difference in hydraulic head, there 

will be a vertical flow component tending to raise or to lower the water table. 

The latter, for example, occurs when the aquifer is pumped. The water in a semi-

confined aquifer is called semi-confined water. 

The term artesian water is ill-defined. Originally it was used for water in 

aquifers whose piezometric level was above ground surface. Thus, a well tapping 

such an aquifer is free-flowing (Fig.2). In literature one may find the term 

used for water in any confined or semi-confined aquifer, regardless of the 

elevation of the piezometric head above the phreatic level, 

recharge 

Uil 
watertable 
obs. well 

perched water 

Fig.2 . Cross-section of aquifer system. 



Since, by definition, the covering layer of a confined aquifer does not 

transmit water, such aquifers are of little importance in drainage problems. 

In this and the following chapters, therefore, the aquifers considered are 

unconfined or semi-confined unless otherwise stated. 

1.3 STREAM-FORMED PLAINS 

Streams are one of the chief agents by which sediment is transported and 

deposited. When the stream's energy increases with increasing discharge, the 

water erodes and enlarges its channel and carries away the increased load 

until the load is in balance with the stream's transport capacity. When the 

stream's energy decreases, some of the load is dropped and the channel becomes 

shallower. The stream decreases its load by dropping those particles that 

require the most transport energy, and increases its load by picking up those 

particles that require the least energy. Thus due to the varying transport 

capacity of a stream, the available particles are sorted according to weight 

and size. Consequently stream deposits show a stratification of generally well-

sorted sediments. 

The stream's energy is at its lowest during base flow, i.e. when the river is 

fed by groundwater discharge only, and at its highest when the river is swollen 

due to large amounts of surface runoff (peak discharge). The energy, however, 

does not depend only on the volume of water but also on the gradient of the 

stream. A stream has a concave longitudinal section, i.e. the gradient 

decreases from headwaters to mouth (Fig.3). 

ul t imate base level = T? • Ä n T ' *. i ' i 

s e 0 ,evel F i g . 3 . Longitudinal section 
equilibrium pro"tÜ'è~-^5s^Sa!2 / . _ _ . ° f * r i v e r . 

\ ^ sea 

Obviously upon discharging into a large body of standing water (sea, lake) the 

stream's energy quickly reduces to zero. Hence a stream cannot cause any 

significant erosion below sea level. Consequently, near its mouth, the river's 

profile is tangential to sea level. Sea level is therefore called the ultimate 

base level of erosion, or simply the base level. The levels of lakes and other 
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upstream bodies of standing water form local base levels. They disappear when 

the lake has been silted up completely or has otherwise vanished. 

In equilibrium state the longitudinal section of a stream forms a smooth curve 

(Fig.3). The gradient of the curve decreases towards the sea and a condition of 

low energy is reached in which the elevation of the land is low, the slopes are 

gentle, and the stream load is reduced. However, the sea level, taken over long 

time spans, does not remain stable owing to such natural causes as climatic 

changes (e.g. glaciations) or tectonic movements of the ocean floors. Such 

events greatly influence the processes of erosion and sedimentation of a stream 

(Fig.4). 

ßgggbedrock [^Sx^j alluvium 
•frS&S:! young 
••;•»•:'>••« a l l u v i u m 

Fig.4. Aggraded 

valley plain. 

Along a stream, from its source high in the mountains down to its mouth where 

it enters the sea, the following land forms are found: 

- valleys and flood plains, 

- alluvial fans, 

- deltas, 

which will be discussed separately in the following. 

1.3.1 VALLEYS AND FLOOD PLAINS 

In mountainous regions the valleys of streams are narrow and V-shaped in cross 

section. The stream occupies the entire valley floor and there is no space for 

large scale agricultural activity. The stream is still in its phase of down-

cutting. In the middle and lower parts, where the longitudinal section of the 

river has already acquired a near equilibrium form, the erosion pattern changes 
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from vertical to horizontal and broad valleys may develop. Depending on the 

hydrological regime, the stream may be classed as either a meandering river or 

a braided river (Fig.5). 

oxbow lake 

A area of vertical 
erosion 

B area of horizontal 
erosion 

meandering river braided r iver 

Fig .5 . River types. 

meandering river 

When the difference between base flow and peak discharge of the stream is not 

too great and when the bed is approaching its equilibrium profile, the stream 

will develop a sinusoidal form, made up of a large number of bends which are 

called meanders. The outer sides of the bends are eroded and the eroded 

material is deposited on the inner sides, forming point bars. As a result, the 

meanders move slowly outward and downstream, developing a flat valley floor. 

During periods of peak discharge the water will overflow its banks and inundate 

all of the valley floor, which is therefore called a flood plain. When this 

happens the velocity and turbulence of the water decreases rapidly. The 

coarsest part of the suspended load (gravel and sand) settles down close to the 

stream channel, forming a natural levee. The finer particles come to rest 

farther away from the stream and the clay particles are deposited in shallow 

depressions known as backswamps. During the history of a valley, new stream 

channels develop regularly. The abandoned river beds (ox-bow lakes) fill up 

and, together with the levees, form a river ridge. Since these ridges are 

elevated and usually contain sandy material, they are well drained. The lower-

lying basins are usually made up of poorly permeable clays. As a result, swamps 
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are formed in which conditions are favourable for peat formation. 

Consequently flood plain deposits are characterized by extended, relatively 

thick and rather heterogeneous, predominantly fine-grained deposits, with 

intercalations of peat and buried stream-ridge deposits (Fig.6A). 

•V—agr sand HHH silt and clay 

A. meandering river. 
Fig.6. Cross-sections 

of river valleys. 

B. Braided river. 

braided rivers 

If there is a great difference between base flow and peak flow and the stream 

is loaded during peak discharge with coarse material, no meanders will be 

formed. Such conditions prevailed, for example, at the end of the Pleistocene 

glaciations when huge amount of debris were transported by the meltwater of the 

receding glaciers and ice sheets. Similar conditions occur in regions with a 

semi-arid climate where rivers with a highly variable discharge are found. 

During floods the river will erode the valley walls along more or less parallel 

lines and when the flood subsides the coarse-grained bed load will be left 

behind as bars and islands, obliging the stream to divide into a number of 

minor channels. Such a stream is said to be braided. The channels shift 

frequently, with the result that the deposits show characteristic scour and 

fill structures. Due to the varying transport capacity of each flood, the sedi­

ment as a whole is very heterogeneous but is predominantly coarse-grained 



(Fig.6B). Hence, braided river sediments generally represent excellent aquifers. 

groundwater conditions 

Due to the climatic changes that took place at the end of the Pleistocene, many 

young flood plains are underlain by sediments of the braided river type. 

Consequently the river deposits of such a plain often show an upward grading 

from coarse to fine material. The upper finer-grained sediments, deposited by 

a meandering river, frequently form a poorly pervious layer, confining the water 

in the underlying pervious braided-river deposits (semi-confined aquifer). The 

latter are generally in hydraulic contact with the river, whose minimum level 

is often above the top of the coarse strata. Hence the water in these strata is 

under pressure. In humid areas the water table will usually be found at shallow 

depth and corresponds to the mean river level. 

During the high stage of the river the piezometric surface (Chap.6, Vol.1) of 

the water in the underlying aquifer will rise above the water table and there 

will be upward groundwater flow from the sand and gravel layers into the over­

lying clayey deposits (Fig.7A). This upward flow contributes to the high water 

table, resulting in waterlogging in the backswamps and other local depressions 

of the flood plain. Near large meandering rivers like the Rhine, Po, Danube, 

Hwang Ho, and many others, these seepage phenomena can clearly be seen through­

out most of the year. 

A HIGH STAGE 

• phreatic surface 
• piezometric surface 

B LOW STAGE 

Fig.7. The influence of a river on the 

groundwater regime of a flood plain. 

10 



Hydrogeology of plains 

During low stages of the river the piezometric surface will drop below the 

water table and a natural drainage flow will occur from the semi-pervious 

layer through the underlying coarse layers towards the river (Fig.7B). This 

natural drainage, however, is often insufficient to cope with the excess water 

from seepage and precipitation. 

In arid regions the water table is sometimes found at greater depth. However, 

the stream losses (influent seepage, Chap.10, Vol.11) may build up a ground­

water mound (Chap.21, Vol.IÏI). When the groundwater level rises to close to 

the soil surface, salinization may occur, which renders leaching and drainage 

necessary. 

1.3.2 ALLUVIAL FANS 

Sometimes the transition between the mountainous area and the area of much 

smoother topography is gradual; sometimes it is abrupt: for example, when 

caused by faults. At such a sharp transition the transport capacity of the 

river decreases suddenly because it diverges in numerous channels over the 

plain at the foot of the mountains. The resulting deposition of alluvium is 

chiefly concentrated at the foot of the mountains in the form of a fan (Fig.8). 

Fig.8. Structure of 

an alluvial fan. 

steeply dipping contact 
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The sorting of the deposited material is relatively poor, but there is a 

tendency for the coarsest material (often up to boulder size) to settle near 

the top (or apex) of the fan, while silt and clay are deposited at its base. 

In major discharge channels, however, coarse-grained material may be carried 

far downstream. Alluvial fans vary considerably in size. Their radius may be 

up to 50 kilometers. The angle of dip of the fan surface rarely exceeds 10 and 

there are many alluvial fans with an angle of less than 5 or 6 . 

Alluvial fans are found near areas of bold relief, and their development is 

most conspicuous under moderately arid to semi-arid conditions. Characteristic 

of such climatic conditions are brief and infrequent periods of heavy rainfall. 

Alluvial fans also develop under humid conditions: for example, along the Alps 

and the Himalayas. They are flatter than the fans of arid regions owing to the 

abundance of running water which favours the development of gentler gradients. 

When a large number of rivers discharge along a steep mountain front, the fans 

of the individual streams often coalesce into a piedmont plain (or bahada). 

After heavy rainfall a river emerging from deep mountain valleys is loaded 

with detrital material. This material fills up the existing channels and causes 

the formation of new channels in another lower-lying section of the fan. This 

process is repeated again and again until the mountain stream and the alluvial 

fan have reached a stage of equilibrium. Three depositing agents can be 

distinguished on alluvial fans: 

- sheet floods 

- stream floods 

- streams. 

Sheet floods occur when large amounts of water and detritus emerge from the 

mountain valley. This viscous material tends to spread out in the form of a 

sheet covering all or parts of the fan. 

Stream floods are confined to definite channels and refer to floods caused by 

a lesser amount of water. Their spasmodic and impetuous character is such that 

the term "stream flood", rather than "stream", is applied. The deposits of 

violent stream floods tend to be identical with those of sheet floods except 

that they lack the lateral extension. 

Streams require a steady, rather than an abundant, supply of water from the 

mountains. Since a steady supply is largely lacking in the arid and semi-arid 

regions, the action of streams in such regions is insignificant. In more humid 
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regions, however, stream deposits are of considerable importance. 

The grain-size distribution of fan deposits varies widely and is a function of: 

- The range in particle size of the original detritus. 

- The type of the transporting and depositing agent. Sheet floods form deposits 

with a very low degree of sorting; stream deposits show fair to good sorting, 

whilst stream flood deposits occupy an intermediate position. 

- The distance the material is transported. Material transported over short 

distances is poorly sorted. Therefore, the deposits near the apex commonly 

have a lower hydraulic conductivity than would be expected from their grain 

size. The deposits in the central parts of the fan, though less coarse than 

in the apex, are better sorted and may have a fairly high hydraulic conduct­

ivity. The best sorted sediments occur near the base of the fan; because of 

their fine texture, the hydraulic conductivity is relatively low. 

Alluvial fan deposits are laid down in beds approximately parallel to the 

surface of the fan. One might therefore expect a fair stratification, but, in 

fact, the fairly complicated development of most alluvial fans causes a complex 

internal structure. Layers of a particular grain size often vary widely in 

thickness as well as in areal extent. Sandy material often represents 

lenticular stream deposits, while mud-flow deposits are laid down in more 

continuous sheets. 

Interfingering of fine and coarse-grained layers is also a common feature, 

layers of coarse sand often wedging out in downstream direction. 

groundwater conditions 

In hydrological terms an alluvial fan can be divided into three zones (Fig.9): 

- the recharge zone 

- the transmission zone 

- the discharge zone. 

The recharge zone comprises the pervious gravel fields at the head of the 

alluvial fan. Because of the generally coarse-grained deposits, the ground 

water in this zone is unconfined. The water table is usually relatively deep 

and rather flat due to the high permeability of the gravels and coarse sands. 

The aquifer is recharged by infiltrating precipitation, runoff from the moun­

tain front, losses from the river channels, percolating flood waters, and by 
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subsurface inflow through the gravel fill of the valley mouth. 

recharge zone 

1 I 1 
transmission zone discharge zone 

piezometric 
surface 

E g g ! ] stones g g g g gravel 

Fig.9. Cross-section of 

an alluvial fan. 

sand h-l~>z-id c'ay 

The transmission zone starts where clay layers are found in the subsoil; as a 

consequence, the deeper pervious layers are semi-confined aquifers. The surface 

layers present a phreatic aquifer that is recharged by flood water, rainfall 

channel losses, etc. Under the influence of the differences in hydraulic head 

between the various pervious layers, water will flow upward and recharge the 

phreatic reservoirs. The topographic slope is generally steeper than the slopes 

of the water table and of the piezometric surface. This means that in down­

stream direction the water table is increasingly closer to the ground surface 

although it is seldom found at dangerously high levels in either the recharge 

or the transmission zone. The piezometric levels become higher and may even 

rise above ground surface, so that deep wells may yield free-flowing water. 

The discharge zone is found in the lower part of the fan where the topographic 

slope is slight and the water table shallow. Here too, the water in the deeper 

layers is under pressure and a vertical upward flow exists. Springs are often 

found at the foot of the fan, yielding water of better quality than that of the 

shallow ground water, which, especially in dry regions, may be quite salty due 

to the high evaporation rates. Drainage problems are generally limited to this 

part of the fan. 
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1.3.3 DELTAS 

A phenomenon comparable to the formation of alluvial fans is that of a stream 

flowing into a body of standing water (a lake or a sea) and forming a delta. 

The flow of the stream is checked by friction as the stream water diffuses into 

the standing water. The stream loses energy and deposits its load. This process 

of sedimentation is enhanced when the standing water is a salt water body. The 

salts dissolved in sea water tend to coagulate or flocculate the suspended fine 

particles into aggregates so large that they promptly settle to the bottom. 

In a typical delta three types of deposits may be recognized (Fig.10): 

- top-set beds 

- fore-set beds 

- bottom-set beds. 

^m clay 

Fig. 10. Cross-section of a delta, showing interface of fresh and salt 

water and outflow face at the coast. 

The bulk of material supplied, which is mostly sandy, is deposited under water 

in regularly stratified, inclined layers (fore-set beds). The mud is carried 

farther forward and settles in more or less horizontal layers (bottom-set 

beds). As a result of the lengthening of its course, the stream channel has to 

raise itself to retain its equilibrium profile. During this process horizontal 

layers (top-set beds) accumulate in the upstream part of the delta and the 

original valley mouth. Consequently, the delta slowly rises above sea level. 
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Many of the characteristics of valley deposits can" be recognized in the top-set 

beds: natural levees of relatively coarse material along the stream channels 

and relatively fine material on the flats between the channels. However, not 

all rivers build up deltas. At the mouth of many rivers the material brought 

into the sea is swept away by marine currents and comes to rest somewhere on 

the sea bottom. 

groundwater conditions 

The top layers of a delta are finer grained than the underlying fore-set beds; 

hence semi-confined aquifer conditions often occur. Owing to the influence of 

the tide on the deep ground water, the piezometric levels near the sea will 

also reflect the tidal movement (Chap.13, Vol.11). 

Since the bulk of the deltaic sediments has been deposited in a marine 

environment, the ground water in the deeper layers is initially entrapped sea 

water. Under the influence of the flow of fresh ground water from the valley 

towards the sea, the salty ground water will be slowly replaced by fresh water 

(Fig.10). This replacement will be effective throughout the delta except in the 

coastal area, where sea water intrudes, and here a fresh-water layer will be 

floating on salt water. The fresh-water body will be moving seawards because 

its phreatic level is above sea level; it flows out in a narrow zone at the 

coast. The initially sharp interface between the salt and fresh water bodies 

will, owing to diffusion and dispersion, gradually pass into a brackish trans­

ition layer. The rate at which this transition layer develops depends on 

various factors, one of which is the permeability of the aquifer material. 

If the deltaic sediments consist of two coarse-grained layers separated by an 

impervious clay bed at a depth slightly below sea level, the upper aquifer may 

contain fresh water only, whereas the lower aquifer will contain fresh water 

floating on salt water near the coast. The interface of the two water bodies is 

as indicated in Fig.11. 

1.4 COASTAL PLAINS 

A coastal plain is an emerged part of the continental shelf. It may be a very 

narrow or even fragmentary strip of the former sea floor exposed along the 
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unconfined aquifer 

confined aquifer water 
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Fig.11. Cross-section of a delta, showing an upper clay layer intersecting 

the interface of fresh and salt water. The salt water body in the 

confined aquifer has the form of a wedge. 

margin of an old land area, or it may be a vast, almost featureless plain, 

fringing hundreds of kilometers of coastline. 

The sea floor emerges either because it is uplifted by regional crustal move­

ments, or because of a universal drop in sea level, for instance due to 

glaciation. There are young coastal plains which have recently emerged and 

there are others formed in some earlier geological time and now lying far 

inland from the sea. In general, uplift of the sea floor is not a single or 

sudden event, nor is it continuous. Normally it is intermittent and often it is 

interrupted by resubmergence. This phenomenon has a great bearing on the 

internal structure of a coastal plain, i.e. on the horizontal and vertical 

distribution of coarse- and fine-grained materials. The sandy nearshore sedi­

ments usually pass laterally into more clayey offshore sediments (Fig.12). 

When the sea level is rising, the various environments of deposition migrate 

landwards. Sediments of deeper-water zones cover areas of the sea floor where 

formerly only shallow-water sediments accumulated. Thus the alternating beds 

of clay and sand in the subsurface of coastal plains reflect migrating 

environments of deposition due to a changing sea level. 
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^m clay 

A. Sea level is constant. Sandy sediments are inshore 

and clayey sediments offshore in belts parallel to 

the coast. 

B. Rise in sea level to new constant level. Sediments 

are deposited as in A. New sediments overlap the old. 

Fig.12. Deposition 

of sediments 

along the 

coast. 

The sediment material is debris, either transported from the mainland by 

streams or formed by marine erosion of shores near and remote. The sediments 

are distributed in extensive beds and sorted by marine currents. While sedi­

mentation is in progress, the sorting action of the water is remarkably 

delicate. The layers of sediment commonly show a great perfection of strati­

fication. As deposited, the layers of a coastal plain have a gentle slope sea­

ward, corresponding to the slope of the sea floor. The deeper layers often show 

a steeper dip due to downbending of the sea floor as the layers were deposited. 

If the offshore slopes are gentle, waves will not be able to attack a shore­

line vigorously because the larger ones will break farther away from the coast. 

There a submarine sand bar will develop, which in time will emerge as a barrier 
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island or barrier chain with a lagoon behind it. Numerous breaches in the 

barrier chain will be maintained as tidal inlets, particularly opposite the 

mouths of streams. Thus the lower parts of such streams are at times essential­

ly tidal rivers. The lagoons are the sites where fine material is deposited. 

During low tide extensive tidal flats may be exposed in the lagoonal areas 

behind the barrier chains. 

The surface of a newly emerged coastal plain is rather flat and slopes gently 

seaward. It may also be slightly undulating with large depressions containing 

swamps and lakes. The short and small streams which originate on the newly up­

lifted coastal plain are known as consequent streams. Their origin and position 

are determined by the initial slope of the newly formed land. In general they 

take a course at about normal angles to the coastline, running parallel to each 

other. If the streams rise in the old land and extend their courses across the 

plain, they are called extended consequents. 

As time passes, consequent streams may develop natural levees. If, furthermore, 

a barrier bar or a dune ridge is present along the coast, the area between two 

such rivers is a closed basin in which water is standing for a certain period 

of time. In these quiet environments very fine-grained sediments are deposited, 

leading to the formation of swampy areas composed of heavy clay soils with poor 

internal drainage (Chap.2, Vol.1). Such conditions exist, for instance, on some 

of the coastal plains of southern Turkey. 

While the bulk of the coastal plain sediments are deposited in marine environ­

ments, the upper layers may be of fluvial origin, at least in the areas border­

ing the old land. Very often one can distinguish a transition from river sedi­

ments to marine sediments from the old land seaward. Changing sea levels often 

give rise to the formation of terraces. When coastal plains are uplifted well 

above sea level, they become increasingly dissected by stream erosion. A 

typical network of natural drainage courses may develop. This erosion finally 

results in .characteristic landscapes known as cuesta landscapes, an example of 

which is the Paris Basin. The development of such landscapes will not be discus­

sed here. 

Beach formations, sand bars, and dune ridges often comprise the younger 

portions of coastal plains. Splendid examples of coastal plains are found along 
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the Atlantic and the Gulf Coasts of the United States and in south-eastern 

England. 

groundwater conditions 

Groundwater conditions of coastal plains are complex, as will be obvious from 

the above description. In the outer lowlands of a newly emerged coastal plain, 

the groundwater table is shallow and natural drainage is often poor. Dune rid­

ges along the coast and the higher river levees of the consequent streams may 

enclose vast depressions without a visible outlet, thus giving rise to vast 

swamps. The inner lowlands, bordering the old land, have deeper water tables 

and are better drained because the soils are more pervious owing to their 

coarser texture. Here are found the outcrops and recharge areas of the aquifers 

encountered at greater depths in the outer lowlands of the plain (Fig.13). 

recharge area 

swamp 

fbCHxHcl°y mmfsand 

Fig.13. Groundwater conditions in a coastal plain. In the recharge area there 

is unconfined groundwater. Towards the sea, the groundwater in the 

deeper sandy sediments is confined. Behind the dune ridge are swamps: 

shallow water tables and upward seepage flow from the deeper confined 

sandy layers. 

The groundwater in the deeper layers of lower portions of coastal plains is 

usually semi-confined and consequently an upward seepage flow may exist. The 

principal reasons for this are: 

- The aquifers dip seaward and are often bounded below and above by impervious 

or poorly pervious layers. 
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- A feature common to most coastal plains is that the nearer to the sea the 

finer grained and less pervious the aquifer material becomes (offshore 

sediments). 

- Many water-bearing layers, which may initially be very thick, wedge out sea­

ward into impervious or poorly pervious layers. 

Since coastal plain deposits are laid down in different environments, different 

groundwater qualities can be expected. Water of low salt content is generally 

found in the outcrop of the aquifers, both near the surface and at greater 

depth. Near the coast the groundwater becomes brackish, and in the deeper 

layers entrapped sea water may be present. 

1.5 LACUSTRINE PLAINS 

As far as their origin is concerned, there are many different types of lakes: 

glacial, river-made, volcanic, fault-basin, and land-slide lakes. They must all 

be regarded as young landscape features. Most of them disappear in the course 

of time: they either fill up with sediments deposited by inflowing rivers or 

they are drained when an outlet of sufficient depth has developed. When this 

happens the lake floor emerges and can be used for agricultural and other 

activities. 

Lake floors are characterized by: 

- Flatness. The fine-grained sediments, whether of glacial or fluvial origin, 

have smoothed the floor in such a way that it has become entirely flat. 

- "Fossil" coastal features. In huge bodies of standing water the action of 

waves produces such morphological features as beaches, cliffs, and wave-cut 

platforms, while the combined action of waves and currents may produce sand 

bars and spits. Sand bars are sand ridges formed under water and running 

parallel to the shore. Spits resemble sand bars, but are connected at one end 

to a headland. The coarse material required for their formation is provided 

by erosion caused by the waves hammering the rocks surrounding the lake. These 

fossil beaches, cliffs, and terraces, outlining the former extent of the lake, 

are the most significant evidences of a former lake. 

- Delta structures, occurring where streams used to flow into the former lake. 

The sediments are coarse-grained, although the covering sediments may be more 
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finely textured. They are sometimes entirely of fluvial origin and, therefore, 

totally different from the actual lake floor sediments. 

- Sediments generally made up of finely laminated clays. The inflowing streams 

carried large quantities of material into the lake, of which the coarse 

material settled near the river mouth, the finer particles, such as silt and 

clay, being transported further into the lake. Lake-inwards, therefore, sedi­

ments grade from coarse-grained to progressively finer-grained deposits. 

- Poor drainage. If the newly emerged lake floor has no visible outlet, in­

flowing streams may flood large areas, especially during the rainy season. 

The water collects in local depressions, where swamps may form and where 

- in warmer climates - the water will evaporate, leaving behind the suspended 

sediments, mixed with fine salt crystals. Deposits from such ephemeral water 

bodies commonly build up clay-surface plains of extraordinary flatness, 

called playas. 

groundwater conditions 

Since there is such a wide variety of lakes, there is also a variety of the 

groundwater conditions in lake plains. In general, lake plain sediments are 

fine-grained and therefore do not transmit large quantities of groundwater. 

However, there are exceptions, for example at those sites where coarse sedi­

ments, deposited along the rim of the lake have later been covered by fine sedi­

ments. Here deep wells may yield large amounts of water.sometimes even free-

flowing. 

In humid regions, lake plains are often the sites of rich agricultural land, 

although artificial drainage is usually required. Water quality problems do not 

exist as the groundwater is fresh and is not subject to mineralization. In arid 

and semi-arid regions the situation may be quite different. The shallow water 

tables, which are found along the inflowing streams, often cause a strong 

capillary movement, rendering the soils salty. Leaching of these salts by rain 

or river water may cause an increase of the salt content of the groundwater. 

The leaching of buried playa deposits, if present, may add to the mineralization 

of the deeper groundwater. 

In the flat lake plains one might expect the water table to be rather flat as 

well. Locally, however, there may be large water-table gradients. In the re­

charge areas the water table may be very high while in other parts of the plain, 

where rivers are absent, a very deep water table may be found. Despite these 
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large water-table gradients, the low transmissivity of the lake sediments 

prevents a rapid flow of the groundwater to the areas of low groundwater heads. 

1.6 GLACIAL PLAINS 

During the last one to two million years a major part of the northern hemi­

sphere has repeatedly been under the influence of advancing and receding 

glaciers and continental ice-sheets. The erosion caused by these ice masses on 

the underlying hardrocks was very intensive and smoothed the preglacial land 

forms. Because of the low level of the sea during glacial periods, the melt 

waters locally eroded deep valleys and channels in those regions where thick 

sedimentary deposits occurred. 

The transport capacity of glaciers and land-ice sheets is extremely great, but 

their sorting capacity is almost zero. Hence, moraine deposits which result 

directly from the ice (e.g. glacial till or terminal moraines formed at the ice 

front) are unsorted. 

When the ice is advancing, it first penetrates existing valleys, as a result of 

which the discharge of the rivers is hampered and the water is forced to take 

another course to the sea. The slowly moving ice exerts a strong force on the 

valley walls, which are pushed up. Under the influence of the low level of the 

sea, the meltwater from the ice sheets erodes deep gullies and channels 

(During the Saale glaciation, channels as deep as 100 m below the present sea 

level were formed). The course of these channels differs strongly from that of 

the preglacial water courses, as far as their direction is concerned. When the 

ice-sheets recede, these glacial meltwater channels are filled with coarse and 

very coarse fluvioglacial deposits. These channels are even sometimes over­

filled and there are extensive areas in front of the ice-sheets and terminal 

moraines where thick layers of fluvioglacial material are laid down, giving 

rise to broad outwash plains. The finest particles settle in glacial lakes 

where they form the well-known varves (alternating laminae of silt and clay). 

Glacial plains left behind after the recession of ice-sheets are usually gently 

undulating, with numerous local depressions in which water is standing (glacial 

lakes). In the following interglacial period, with its warmer climate, peat 

growth even occurs in such depressions. The drainage pattern on an emerged 
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glacial plain is at first undeveloped, but gradually a new system of streams 

and water courses comes into being, which is often different in capacity and 

direction from the underlying, buried glacial channels. 

During glacial periods, periglacial climatic conditions (cold and dry) prevail 

in the regions in front of the ice-sheets. In such regions with permanently 

frozen soils (permafrost) the principal agent of deposition is the wind. It 

transports sand from the barren land and deposits it elsewhere, giving rise to 

more or less thick layers of wind-blown sand, which may cover extensive areas. 

Further away and at the lee-side of hills, the finer silt particles may come 

to rest as thick layers of loess. 

groundwater conditions 

Young glacial plains are often characterized by poor drainage conditions. This 

is mainly due to the low permeability of the unsorted glacial deposits, such as 

boulder clay, till, etc. Broad glacial till plains that are undissected by 

erosion generally have a flat and shallow water table. Precipitation may cause 

flooding and a further rise of the groundwater level (Fig.l4A). 

Where such plains are dissected by streams(Fig.14B) or where a more undulating 

landscape prevails (Fig.l4C), the drainage conditions on the higher ground may 

be better. The excess water (mostly surface runoff) will collect in the depres­

sions and low-lying valley floors, often leading to flooding and high ground­

water tables. 

Eroding ice sheets and melt water sometimes cause the formation of deep fluvio­

glacial channels between ridges of bedrock or till (Fig.l4D). The channels may 

be filled with coarse out-wash (or fluvioglacial) deposits or till. When filled 

with out-wash deposits, the buried glacial channels may serve as good subsur­

face drainage channels. In such a landscape of undulating topography there is 

a groundwater flow from the higher ridges towards the lowlands in between. At 

the foot of these ridges one may find discharge areas, wet soils, and high 

water tables. Often the high ridges are composed of coarse materials in which a 

rapid groundwater flow prevails. In general, no drainage problems are encount­

ered on these high areas. Where coarse-grained out-wash deposits wedge out into 

the less permeable till (Fig.15), the groundwater may be confined or semi-

confined. 
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ti l l on bedrock, land surface flat and not eroded, shallow and flat 
water table 

legend 
. land surface 
-water table 

t i l l on bedrock, land surface eroded 

C 

t i l l on bedrock, land surface controlled by topography of bedrock 

land surface controlled by bedrock and t i l l , lowlands filled with recent 
alluvium, buried glacial channel f i l led with t i l l 

Fig.14. Groundwater conditions in glacial landforms. 
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piez o metric 

surface 
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Fig.15. Outwash deposits wedging out into glacial till. A free water table 

in the outwash on the left side. Confined groundwater in the outwash 

wedge under the till plain on the right side. 
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1 .7 LOESS PLAINS 

In desert regions and on bare agricultural lands in semi-arid regions, deflat­

ion, i.e. the picking up and removal of loose particles by the wind, may cause 

serious erosion. In a few extremely dry years, losses of more than one meter 

of soil were reported in the USA. 

The blown-away particles are carried in two separate layers: 

- The lower layer consists of sand grains, and rises less than a meter above 

the ground surface. The sand is not transported very far and settles as dunes 

or ripples. 

- The upper layer consists of clouds of silt (and some clay) particles, which 

may rise to heights exceeding 3000 meters and may be carried over great 

distances. When deposited it is called loess, which is recognizable - in the 

absence of more conspicuous sedimentary forms - by a uniform grain size 

(10-15 micron). Loess layers of over 30 m thick have been reported; they 

thin out away from the source area. 

The Quaternary loess deposits are of two types: 

- Glacial loess, mostly found in Northern Europe and the northern part of the 

U.S.A. These deposits consist of fine material picked up from barren areas 

in front of the ice-sheets, with a periglacial climate (dry and cold). 

- Desert loess, found, for example, in western China. These deposits, which 

are sometimes more than 60 m thick, consist of material blown from the desert 

basins of central Asia. 

A further type, the so-called "loess-like deposits" are found in certain areas, 

for example in the Great Plain of Hungary. Such sediments are redeposited loess 

that was eroded by rivers and deposited under water elsewhere. These sediments 

differ from true loess by their slightly higher clay content. 

groundwater conditions 

Loess deposits usually have a good permeability. They represent deep unconfined 

aquifers, which, when dissected by rivers, drain easily towards the valleys. 

Local depressions may have a thin veneer of clayey material, which hampers in­

filtration, thus often causing surface drainage problems. Moreover, thin layers 

of rather impervious concretionary limestone may develop, giving rise to 
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perched water tables (Fig.16). 

Fig.16. Groundwater conditions in loess deposits. 

1.8 GROUNDWATER CONDITIONS IN AREAS AFFECTED BY DISSOLUTION 

A process that takes place mostly below the surface is the dissolution of lime­

stone by percolating water, resulting in large holes, caverns, and channels, 

through which water can flow easily. A typical topography (karst topography) 

often forms at the surface, consisting of dry valleys, sinks, disappearing 

streams, and large springs. Drainage problems will not arise when the soluble 

limestone is near the surface and if the surface has a relatively high topograp­

hical position. The dry valleys (Fig.17) carry water only after heavy 

precipitation, and losses to the underground channels in the limestone are then 

extremely high. 

Fig.17. Groundwater 

conditions in a 

karst region. 

27 


