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I.  INTRODUCTION

The present need for more food and fibre entails reclamation and development of new
land reaocurces apart from an increase in the agricultural imputs necessary for greater
production, Irrigated agriculture plays, and will contirme to play, a major role in
increasing the food supply — especially in arid and semi-arid regions, At present, heavy
investments are being made in the development of irrigated farming in countries where the
quality of either the soil or the water, or sometimes both, is not good enough to yield an
sconomic return without the addition of reclamation measures or spacial management practices.
Moreover, the deterioration of agricultural preoduction on previocusly productive lands in the
arid and semi-arid gonea can be directly attributed to the avolution of salinity and

alkalinity (sodicity).

There is no doubt that the early prediction of these haszards helps the timely setting
up of land protection programmes, Unfortunately this concept has not been given the same
attention as diagnosis and improvement. It is high time to voice clearly that protection
is better than cure and tc invesiigate the methodology of prognosis and momitoring of salt
affected soils,.

Thia Exmpert Consultation was held as a joint venture between FAOD and the ISSS Sub-
Commission on Salt Affected Soils. The meeting took place at FAQ in Rome from 3-4 June
1975 and was chaired by Dr. I, Szaboles, Chairman of the Sub—Commission on Salt Affected
Joile; Prof, Dr. V. 4. Kovda, past President, Dr. R. Dudal, Secretary-General and Dr. J.
van Schilfgaarde, Vice-Fresideni of Commission VI on Soil Technology alseo participated,
The Technical 3ecretary was Dr. Fathy I. Massoud of the FAO Soil Resources Development and
Conservation Service. Thirteen experts from nine countries, a repressntative from Unesco
and FAQ gtaff aleo took part.

The purpose of the Consultation was to obtain expert advice on scientific and applisd
research activities in the prognosis of salinity and alkalinity with the objective of pre—
paring a guideline for predicting salinity and alkalinity and to make recommendations on the
meagures needed for the implementation of the prognosis concept.

The following subjects were presemted for discussion:

- extent and evolution of salt affected aoils and economic land classification,
— factors to be conmsidered for prognosis,

methods of prognosis and monitoring,

tentative guidelines.

|

During the Expert Consultation there was a short special session following the
decision by the Administrative Committes on Coordination of the United Nations to entrust
FAD with "the preparation of a world map of areas affected and areas likely to be affected
by the process of desertification."” The meeting considered the purposs of the map, having
taken into consideration the constraints, and then outlined the scope of the map which, it
ie intended, shall be published by the end of 1376; to this end the master oopy of the map
ghould be ready by mid 1976,
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1T, SUMMARY OF DISCUSSIONS

The Consultation considering the high investment involved in land reclamastion
and irrigation projects and the ssriousness of possible failure of such projects and,
recognizing that protection is better than cure, felt that proper plamming should be
based on:

a, osound economic and social justifications, not only on a short term basis but
alao on a long term one;

be investigations on soils, hvdrology, hydrogeology, topography, vegetation,
climate, groundwater depth and quality, artesian water, irrigation water quality
and quantity and crops; ‘

Se EBurveys that are carried ocut regarding the land properties related to salt and
water movemert ;

ds  smaitability of the land for development, not only within the project boundaries
but as part of the surrounding land characteristica or the watershed area;

e, efficient management that is formilated in terms of specific ernvirommental
conditions.

The Consultation recogrnized the importance of prognosis of salinity and
alkalinity which should be based on knowledge of processes imvolved, and realising
the neceapity of achieving and maintaining favourable salt balance and the value
of early prediction of potential haszards, considered that meazsures should be taken
to monitor regularly salinity and alkalinity changes by testing:

salt concentration and compoeition of the soil, irrigation and
groundwater quality, depts to goundwater, water transmitting
properties of the scil, envirommemntal factors affecting evapo—
transpiration, crop performance and yield.

Alzc consideration should be given to using proper water managament practices
to push =alts below the active rcol sone, to adequate drainage systems being provided
and to deaalination of the groundwater being maintained, especislly where conditions
become favourable for upward water movement and avaporation. Cares must be taken in
land levellinez and other cultivation techmiques, including mmiching and fallowing,

It wag siressed that crop rotations should be considered not only in terms of their
seconomic return, but also in terms of the suitability of crops in connection with
501l and water qualities and their effect on the malt balance,

The Consultation tock note of the new developmerts in the field of methodo—
logy, such as remote mensing, modelling and scil resistance measurements that
facilitate the process of prognosis and monitoring, They also felt that related
equipment and procedure. for wverificatiocn neaded to be developed further., The use
of the soll conductivity measurement techniqus was considered to be of particular
intersst,

It appeared to the Consultation that a considerable gap still exiots betwean
the basic principles available in the fields of soil and water sciences and their
application to solve problems of salt affected soila, This gap was recognized to
he due to inefficient application of erxisting sound practices or to the delay in
dissemination of available knowledge. It was felt, therefore, that extension
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services in soil and water managememt should be strengthened and that training, at
various levels from planners to farmers, be stressed in the theoretical and practical
aspects of causes, diagnosis, monitoring and remedies of salinity and alkalinity.

The discussion during the Consultation reflected the general agreement on
the main factors and processes affecting ealinity and alkalinity but tnere was a
difference in views on the relative welght of some of those factors and in the
methodology of prognoeis., These differences in approach were due to differemt types
of management systems. In order to make specific recommendations, avoiding rieks of
over gensraligation, it was suggested that research atations and institutes contime
or initiate investigations on mantification of the wvarious parameters of the salt
balance appropriate to a regional condition., It was also felt that new methodology,
such as remote sensing, should be evaluated for prognosis and monitoring of salinity
and alkalinity and that modelling could serve as & tool in securing better manage—
memt’ of irrigated lands and, therefore, its practical application shoufd be verified
under field conditions, The discussion on the methods of assessment of water quality
for irrigation stressed that water quality orditeria should be adapted to specific
conditions.



1a

Za

3.

4e

III. HECOMMENTDA TIONS

The following recommendations were formulated by the Consultation on the
basis of the presentation and discussion of the papers, with special refersnce to
those dealing with methodology.

The Consultation, aware of the seriocusness of the potential hazards of
salinization and alkalization of existing and newly irrigated lands and on their
enviromnment, realizing the necessity of the early prediction of the unfavourable
changes in the salt balance, recognizes the importance and need of guidelines for
prognosis and monitoring of salinity and alkalinity and recommends that FAQ, in
cooperation with the IS33 BubLommission on 3alt Affected Soils, comtirue the work
in this field,

The Consultation recogniszing that prognosis and monitoring of salinity and
alkalinity needs to be based on an analysis of the processes involved and on care-
Pully selected and quantified parameters, recommends that FAQ make full use of
research data avallable in institutions desaling with problems of salt affected soils,.
Furthermore, it is recommended that FPAO promotes sciemtific and applied research,
exchange of ideas, training and demopstration especially in daveloping countries in
order to ensure experience on effective soll, crop and water mamagement at the
planning, engineering and cperational levels and also on diagnosis and monitoring
of salinity and alkalinity.

The Consultation was infommed of the FAO/UREP Project on "A World Assessmert
of So0il Degradation," This assessment would include salinity and alkalinity hazards
besidea other forma of seil degradation. The Consultation recommends that the work
to be carried out on p aip of salinity and alkalinity be closely linked and
coordinated with the FE%EP project on soll degradation and serves as a basis for
promoting the development of monitoring activities in irrigated areas,

The Consultation being informed that the ISS3 Sub—Commission on 3alt Affected
Soils would hold an in-between Congress meeting: International Congress on Managing
Saline Water for Irrigatiom: Planning for the Future, in Texas USA in August 1976,
recommends that a drdft of the guideline, to be prepared by the FAQ Secretariat, on
rrognosis and monitoring of salinity and alkalinity be ready prior to that date and
be presented for commeris to the meeting of the Sub~Commission.



Paper 1
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iv. WORKING PAPERS

A, Ewvolution, Extent and Economic Land Classification
of Salt Affected Seoils

EVOLUTION OF SALIRITY, ALKALTHNITY AND WATERLOGGING ‘I‘/

b

Ve A, Kovda
Dirsctor, Institute of Agrechemistry & Soil Science
of the Asademy of Sciernces of the USSR

Why are the basie principles of land reclamation and develapment,; which have
been known for a long time, not put into practice in the same way as the new know—
ledge we have gained? Some factors effecting this lack of application of tha
principles are:

i. the need for simplified presentation of the scientific material to farmars,
gurveyors, engineers and planners;

ii, dissemination of what is already known is lagging far behind;

iii. there is a "demimation" of ignorance — almost a determination to resist
change in some sectors;

iv, the lack of ireining and extension services;

Va the lack of infrestructures and organirational set—up;

Vi social problems.

It ia the *aszk of intermational organizations (FAO, Unesco, etc.) to promote
waya and means to overcome these problems. They know how and have the basic infor-
mation. For instance, in arid countries they should heln create imternal auriliary
services in topography, hydrelogy, soil imterpretation, management and irrigation.

It 18 true that there are natural difficulties beyond the influense of man to
delay and retard the reclamation of ealine, alkali and saline-alkali soils, Exam-
plez are found in USSR as well as in Texas and other places, In the past ages great
differences have been created by nature in the humid, sub-humid, arid and extra—
arid ereas and all these can be affected by salinization., Today we have marshalled
much information on factors sffecting the soils: on their fer'tilita.r, their physical
destruction ( some of the best chernoszems in USSR have suffered), saliniiy, secondary
salinisation, micro—structure, pH, soluble salt content, crusting - particularly

1/ Notes taken during Prof, Kovda's spesch,



after watering, and what could be called "vertisolization" below the arable horizon
which i1s not due to heavy machinery.

During this work of desalinization and reclamation, the great benefit of
leaching, what we call in some cases "capital leacking", was recognized. Leaching
under good managemert conditions not only decreases salinity, but stabilizes it for
future control, reduces the groundwater livel and also the salindty of the ground-
watear,

Even when salinity has been stabilized, extensive drainage is neceseary to
maintain the condition of the soil, In many cases vertical drainage alone iz not
cufficiert but met be accompanied by deep horizonmtal drainage (e.g. the cemtral
lowlands of Armenia), Tubewell drainage can also be of use.

Care must always be taken to desalinize goundwater and not only in the soil
roat gone, It has taken too long to realize the important role played by groundwater
in salinization and it is about time to agree on the importance of desalinisation of
the groundwater. Nowadays, we know the critical concentration in groundwater and
that the salt cormtent must be kept below certain levels. It depends on the chemistry
of the soil, the climate, capillary action, etc. And we also know that in reclama-
tion work and to prevent secondary salinization the water table level must be
reduced.

For mamy years work hao been done in Tajikistan and in the heavy soils near
the Caogpian Sea to reclaim soils and to prevent salinization and alkalization. In
these arsas the reduction of the groundwater level, even to a depth of 4 m, played
a major part in reclaiming them. In USSR a minimum depth of 5 m to groundwater is
favoured.

Wae recently discovered the importance of artesian effect and as a result, in
some extreme cases, it may be neceseary to investigate the poasibilities of reducing
groundwater depthes to 100 m, but this of course will be a very expensive procedura,

In the diecuesion it became clear that working on diesemination of available
data does not mean that comtimuing collection of basic information for technology
should stop, Rather that one must follow the other; there is much information
already available, now organizations like FAO and Unesco can help to ensure that
it is passed through the national infrestructures right down to the farmer and
peasant who must apply it.

In thie regard a puggestion was made to recommend the eptablishmemnt of re-
giooal cermtres for land reclamation with sub-regional or national applied research
institutes, Field demonstrations and experimental farme are essemtial in speeding
up the delivery of results to farmers, plamners and other users, The aim is to have
& network according to the economic possibilities of the country and the variablility
of local conditions,



Paper 2

PREZENT AND POTENTIAL 3ALT AFFECTED 30ILS

An Introduction

oy

I. Szabolca
Research Institute for Soil Science
and Agricultural Chemistry
of the Hurgarian Academy of Sciences
Budapest

The global demand for feod and raw materiala produced by agriculture makes
the further study and optimal utilization of soil resources of the earth imperative
and urgert., In science and politics the opinion prevails that the soils of dif-
feremt continemte can supply not only the recent demands of mankind, but may fulfil
all future food and egricultural product requirements of the ever—growing population.
In order to meet the requirements, the further study of soil resources must be given
paramourt importance, with particular regard to soils and soil forming processes
that are associated with unfavourable fertility.

Salt affected soile belong %o thome types of socils that have low fertility.
They ococur to such an extent in mamy countries that they hinder or prevent agricul-
tural production.

The distribution of soila affected by salt at present is closely related to
enviromnerntal factors such as arid or semi-arid climate, accumulation of prodmcts
of weathering in groundwater near the surface, stc. On a world-wide scale there is
a considerable amount of data, maps and other materials, showing the extent of salt
affected soils. Among these, the FA.'D'}‘UnBEcu Soil Map of the World (scale 1:5 000 000)
should be mentioned particularly, because it is the first to give a world-wide
inventory of these soile and their distribution, 3alt affected soile cover such an
area in many countries in arid and semi-arid regions of Asia, Africa and South
America that they cause considerable problems regarding not only the natural emvi-
romment of these areas, but also the national economy.

However, we do not have yet a World Soil Charter of these soils, although the
approximate size of the earth's oruat covered by salt affected soils is well known.
Obviously, the follow-up of the resclutions adopted during the World Food Conference
held in Bome in November 1974, to prepare an assesment of the land capability will
help & lot in obtaining eract data on the distribution of presemtly salt affected
aoil e,

In many coumtries the frequency of salt affected soils makes their utilization
necessary, mainly by irrigation and application of chemical amendments, In other



places thouzh, where salt affected soils are not so exrtensive, or the country has
large areas of non-salt affected lands, agriculture could be developed, apart from
the salt affected areas; but not much practical attention has been paid to the
reclamation of these soils, The utilization of present salt affected soils is
hindered mainly by practical economic problems.

Besides soils affected by salt at present, we have to distinguish potential
galt affected soils. Soils considered potentially salt affected are those which
are not, or only to a very low degres, saline and/or alkaline at present but
human intervention, especially irrigation, could cause their considerable saliniza~
tion andfur alkalization,

Theoretically, +ihere are many factors effecting salt affected soils, however,
practically it is irrigation which leads to the formation of mamy millions of
nectares of saline and/or alkali soils in different parts of the world, Paradoxical
situations can often happen in irrigation systems estavlished even after thorough
work and expensive planning and construction, the seoils, instead of increasing in
fertility, transform into poor saline land, This process is known as asecondary
salinization and/or alkalization, which is as old as irrigated agriculture,

' Many thousands of km? of fertile irrigated lands were transformed imto saline
and alkali deserts during the history of mankind by the influence of improper
irrigation. Urnfortunately, this has happened not only in the past, but secondary
salinization and/or alkaligation i= showing a disastrous increase, parallel with
the coneiruction of new irrigation systems in many countries all over the world,
particularly in arid and semi-arid regiens, or in regions with mineralirsd ground-
water near the soil surface,

The extent of irrigation - influenced by the demand for an increase in food
production — makea it imperative to pay attention to potential salinization and{or
alkalization in order to study and characterize this process, as well as to predioct
and prevert it everywoere if possible,

It is well known that the majority of irrigated territories in the world are
expoused to the hazard of secondary salimization, alkalization and waterlogging.
According to estimates by the UN and affiliated agencies (PAO, Unesco, etc.) more
than 500 of all irrigated lands of the world have been damaged by secondary
salinization, alkalization and wateriogging, In the same estimation, many millions
of productive hectares in irrigation systems have to be abandoned yearly owing to
these causes,

While existing salt affected soils can be recognized on the basie of a few
morphological, chemical and physicochemical observations and determinations, the
recognition of potentially salt affected solls an wall as datermination-cf the



long—term hasard of salinity or alkalinity on any given territory necessitates
special survey and methods.

Tnie to the paramount importance of irrigation and the close relationship
exieting between irrigation, drainare and the salinity andfur alkalinity of seils,
it was deemed necessary to delineate on the maps of salt affected soils, whenever
poesible on the basis of available data, those areas which are exposed to the
hagard of salinity or alkalinity owing to the introduction, the present practice,
or the further extension of irrigation. The Map of 5alt Affected Soils in Europe
{ sponsored by Unesco, FAQ and IS8S) shows the areas where potemtial salt affected
soils are developing. This map demonstrates that even in Europe, where the extemnt
of salt affected soils is smaller than in some other continents, the surface covered
by potentislly salt affected soils is equal or more than the territories where soils
at presant affected by salt occur. Evidently, in continents with more arid condi-
tions this rate is ruch higher,

Jecondary salinization and alkalization take place mainly in one or mora of

the following situations:

i. accumilation of salta from poeor quality irrigation water;
ii. increase in the level of groundwaters
B the salt content of the groundwater accumulates in the deeper

301l layers;
. the rizing groundwater transports the =alts from the deeper
801l layera %o the esurface or surface layers, or
Ce the rising water table limite matural drainage and hinders the
leaching of aalts.
iii. lack or low effectiveness of drainage systems in irrigated soils.
4 possible hazard from salinization and/or alkalization in irrigated areas
o1 areas to be irrigated can be influenced by the following Tactora:
Ay climatic, such as: temperature, rainfall, humidity, vapour
pressure and evaporation and their fluctuations and dynamice;
b geclogical, geomorphologlcal, geochemical, hydrological,
hydrogeslogical and hydrochemical, such as: natural drainage,
depth and fluctuaticon of water {able, direction and velocity
of horizontal groundwater flow, salt content and composition
of the groundwater, etc.;
Ca soil, such ast soil profile, texture, structurs, saturated
and unsaturated water conductivity, soluble salt content, =alt
composition and salt profiles, exchangeable cations, pH, etc.;



d. agrotechnics, such ast land use, orops, cultivation methods,
atc,.

e irrigation practices, such as: +the amount of irrigation water:
method, frequency and intensity of irrigation, salt comtent
and composition of irrigation water, natural and artificial
drainage, etc.

The above—mentioned factors determine the aims and methods of the preliminary
soils survey in order to define the degree or the existence of potemtial salinity
and/or alkalinity. But it is also evident that the enrivonmental conditions on one
hand, and the methods of utilization of the territory in gquestion on the other hand
should be taken into consideration when an area is evaluvated in this respect. Iue
to this fact differemt limit values and different methods, based on uniform princi-
ples, should be selected in the course of this procedure, For example, in arid
regions, in deserts and semi-deserts practically all irrigated areas are potentially
palt affected owing to the arid climate as well as to the high accumulation of salis
in the soils and waters of these aresas.

The basic aims of the survey and etudy of potemtially saline or alkaline
soils are to predict the harmful processes and to elaborate, whenever poseible,
methods suitable to prevent the occurrence of secondary salinization and alkaliza~
tion. In order to develop a reliable method of predicting salinization and alkali-
zation the following problems have to be solved:

1) the main sources of water soluble salts (irrigation water, groundwater,
surface waters, salty deep soll layers, etc,) must be identified;
2) the main features of the salt regime must be characterized (salt

balances); and the whole range of natural factors influencing the
galt regime must be analysed;

1) the effect of irrigation and dreinage on the water and salt regimes
of the s0il must be predicted and determined.

Consequently, an exact salinity and/or alkalinity prognosis must be based
on an evaluation of many naturel and human factors and a knowledge of the exdisting

s0il prooesses, as well as the pattern of planned soil utilization,

In the books on salinization, alkalization and waterlogging widely used in
soil science, some contain valuable data and information on the methods of
studying the former two procesges, For instancet Diagnosis and improvement of
saline and alkaline solla, Handbook Mo. &0. US Department of Agriculture,
Washington, 1954. The most recent and up—to-date spproach and methods concerning
the problem are condensed in Irrigation, Irainage and Salinity. An International
Source Book, FAO/Unesco, Hutchinson/PAO/Unesco. 1973. (Ed. V.A. Kovda, C, van
den Berg and R,M, Hagan),



In technical literature mmerous publications describe general and local
methods for the prediction and prevention of the above processes., For instances,
based on these principles (see details in: Symposium on the Reclamation of Sodic
and Soda-Saline Soils. Agrokémia §s Talajtan., 18. Suppl. ppe. 351=376,, 1969.),

a gpecial survey was made in the sastern part of the Hungarian Lowland in order 1o
predict the influence of existing and projected irrigation schemes on moil salinity
end alkalinity. In spite of the many achievements in thie field, we atill lack a
coordinated internatiomal guideline and practical handbook describing the necessary
methods of assessment in order to fulfil the growing demand by soil science for
preliminary survey of irrigated territories.

During the preliminary study of irrigated areas, or areas to be irrigated,
in order to elaborate the proper prognosis and possible prevention methods, besides
the natural factors, the projected pattern of farming—systems should be taken into
congideration mainly in respect to such factors as methods of irrigation, possi-
bility of drainage, economical aspects, etc,

Following the preliminary survey of irrigated areas and their smviromment,

a special survey ias necessary parallel with the construction of irrigation systems,
In this survey the thorough study and determination of all easertial soil and water
properties should be included, checking the data and conclusions of the preliminary
survey. During the exploitation of irrigation syetems, the regular monitoring of
factors influencing salinization and alkalization processes is indispensible, All
these are pre-conditions for effective prognosis and for the poseibility of prevent-
ing secondary formation of salt affected soils in irrigated aresas,
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William B, Feters
Head, Land Utilization Section, Hesource Analysis Branch
Divigion of Planning Coordination, Engineering and Research Center
UsSe Department of the Interior, Bureau of Heclamation, Derver, Colorado

e INTROIICTION

The prevention and reclamation of salt affected lands are of parsmount
importance in meeting the food crisis and helping man. The opportunities and ways
and means for accomplishment are great despite the multitude of diverse and complax
factors and interactions. Further, responsibilities in providing for social well-—
being and obligations to aspure favourable environmental interactions can be
accomplished., The investigations for exploration and amalyses integrate the
activities of the several disciplines including water gquality, plant science,
drainage, ermvirommentalism, engineering, socioclogy, geology, =oil science, economics,
and land and water use and management. Important to these atudies is coordination
of their independent activities into a meaningful framework of analysias. From the
evaluations, alternative plans are developed to indicate required programming,
operation and reclamation procedures conforming to area needs and policies. Analysie
ie made of land use problems and opportunities associated with alternative plans,
recognizing the natural and modified resource base; existing and potential land use
patterns; goming regulations; and general relationship to envirommental, social and
economic aspects and bemefits. In thie regard, economic land classification is a
tocl for identifying needs, establishing opportunities and selecting lands for water
and salinity control.

Trhe procesa is somewhat analogous to eating at a large cafeteria or shopping
at a large supermarket. The choice of items and combinations are mmerous but
moméwhere along the line, someone has to pick up the "tab", Choices are influenced
by the funda available and financing capability. The cost of investigations for
planning is also very important,

Most of the developing countries are not in a position to go "carte blanche",
The exception would be some of the oil producing countries where, in addition to
having ample and ready finances, the govermments, in order to meet goals to become
self-sufficient in food production, are more likely to subsidize on-farm devel opment
and operations in addition to project features,
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The claseification system described in this paper can be adapted to aserve
needs for wvarious goales, land characterietics and conditions, farm enterprises
and financing arrangements irrespective of water mupply or control methods; i.e., it
is applicable to both rainfed and irrigated lowland or upland agriculture under

either private or government ownership and management.

LAND SELECTION

The provention and reclamation of salt affected lands largely involve providing
for control of water movement including soil-water and groundwater. This is accom-
plished through installation and operation of facilities and implementation of
measurea; i.e., water supply and distribution, water and land use, management and
drainage. PFormulation of plans can be efficiently guided by an effective syatem of
economic land classification which avoids a rigid or fixed procedure. The general
principles followed in the Bureau of Reclamation are applied to fit land classifica~
tion to the specific envirommental situation including economic, social physical and
legal patterns existing in the area,

The physical, soil, topographic, drainage, climatic and water quality factors
and their interrelationships influence the needed contrel facilities and measures
related to crop production impute and yield cutputs., These are, in turn, controlled
by technological levels, economic conditions, social organization, resourcefulness
and motivation of people, the goals of developmert, and means and availability of
financing., FPlanning is accomplished by using the land claseification survey as a
systematic, integrating process for the determining elements in the plan (Maletic,
1967; and Maletic and Hutchins, 1967).

Principles

The claasification should conform to modern claseificatory prineciplea and
practice (Sokal, 1974; Tversky and Kahneman, 1974). The system should be based on
a single factor or set of factors, and the factors to be classified should be
selected and adhered to for the emtire classification., This principle is basic and
extremoly impuftant. It is preferable that the chosen factor or factors be unifying.
This principle and the unifying aspect are logically and conveniently met by melecting
economic factors to reflect goals. For this purpose, unifying factors such as
benefite, net income, or payment capacity to be generated by means in accomplishing
goals are generally used,

In addition, four other basic principles are followed in structuring the
classification to needs and goals for specific areas (Maletic, 1962), These are the
principlesa of prediction, economic correlation, permanent-changeable factors, and

arable area — service area amalysis.



?¢1+1 Prediction principle

Under the prediction principle, the classes in the system express the land-
water-crop and economic interactions appraised to prevail after resource and
management modification. This involves identifying and evaluating the changes

anticipated to result from development or reclamation and management.,

Examples of changes that can be brought about by modifying water control
measures and management are variation in depths to water tables and associated
zoil moisture, salinity and aeration conditions affecting tillage and crop
growth; modification of slope and microrelief by landforming; and alteration
of so0il profile characteristics by deep ploughing, chigelling or addition of
amendments., Soil texture may be modified by sediment in water entering the

801l .

The manner and magnitude of water control can effectively serve to repulate
salt effect on lands, crops, social and economic conditions, and the environ—
ment, The concentration and composition of salts in the soil solution and
agsociated exchangeable ion status on soile can be influenced by numerous
factors, including the composition of water applied, the rate of water
application and leaching, dissolution and precipitation of soil solution

constituents, and the rate and amount of drainage.

Flooding of soil, as practised under rice cultivation, sets in motion a
series of physical, microbiological and chemical processes which influence
crop growth (Ponnamperuma, 1965). These include retardation of gaseous
exchange between soil and air, reduction of the =soil, and the electrochemical
and chemical changes accompanying the reduction, There ia a decreasse in
redox potential, increase in pH under acid conditions and decrease under
alkaline condition, and an increase in specific conductance, Also, the
flooding causes dentrification, accumulation of ammonia, reduction of
manganese, iron, and sulfates, accumulation of the products of anaerobic
organisme and other secondary effects of reduction., Cate and Sukhai (1964)
have attributed the decrease in soil acidity upon flooding to the precipita-
tion of aluminium hydroxide, the reduction of ferric iron and the absorption

of ferrous iron by the clay.

Water supply and control and related ealinity control are determinants of
mucceasful agriculture with respect to either diversifioed upland cropping or
wetland rice production, Hegulation of water inflow and outflow largely
controls salinity, sodicity, acidity, reduction products and aeration. Thus,
the prediction principle should be concerned with the quality of water, the

soil, subsoil and substrata characteristics and conditions, drainage, and



land use and management = all under specific plans. In prediction, the
clasaification also deals with water requirementa, soil productivity

following landforming and expected soil profile modification practices,
flood hagard, soil erosion, quality or return flow and crop production

inputs and ocutputs.

212 Econa@;c correlation principle

The economic correlation principle involves relating, within a given setting,
the physical factors of soil, topography and drainage with an associated
economic value., The economic basis for the land classification is usually
chosen to contribuie toward determining the feasibility of water control
planning for increasing net farm income, to achieve benefita and {0 evaluate

the interrelationships of investment feasibility and the water use,

More specifically, the économic values chosen to define land c¢lase depend
upon the purposes to be served by the land clazsification. As applied to
the United States, the economic value is defined in terme of net farm in-
come and payment capacity., Net farm income measures the benefits directly
acceruing to the farmer, while payment capaciiy after making allowances for
farm returns represents the residual available to defray the cost of water
{USDI Bureau of Reclamation Marmal, 1953). For initial plamning studies

in the developing countries, it has zenerally been the policy te use direct
benefite {(net farm income), as the economic parameier in land classifica-
tion rather than payment capacity (USDI Bureau of Reclamation, 1967). This
iz done to eliminate the need for immediate reaclution of the repayment
policies and the axtent of irrigation subsidies that might be applicable.
With newly developing countries, it can be expected that in the early period
of project investigation, the development of a repayment capacity is net
sufficiently firm to base confidently the land classification on repayment

criteria.

With land classes defined as economic entities, a set of relevant and mappable
land characteristics ia chosen Tor the time and place to provide a physical
definition of the land specifications. The land class determining range of
these characteristics varies with the economic, ecnlogi&al, technological

and institutional factors expected to prevail in the area. As a consagquence,
land classes express, in terms of economics,the local ranking of land for
modified use; e.g., best suited moderately suited, poorly suited and unsuited

for irrigation development.



2«1+ Permanent—changeable factora principle

The permanent-changeable factors principle recognizes that changes in land
arising from water and land development impose a need to identify character—
istice that will remain without major change and also to identify those
which will be significantly altered, This identification permits construo-
tion of a consistent set of land class determinig factors assuring uniform
apéraisal of land conditions by the various disciplines engaged in making
the land classification surveyed, Most land factors, including soil depth,
are changeable at a cost. Typical changeable factors include salinity,
sodicity, titratable acidity and exchargeable aluminium, depths to water
table, relief, brush and tree cover, rock cover, drainage and flood hazard.
Particle-size distribution of subsoils and substrata occcuring at depths

not disturbed by tillage and landforming is about the only factor that may

net be altered,

Whether given characteristics will be changed usually depends upon economic
considerations. The land classification survey thus deals with two aspects
af this prineiple. Can the change be accomplished, and what degres of
change is economically feasible? This is largely dependent on the climatic
and economic setting of the projest., For example, a large investment may be
made to reclaim a salire, sodic or acid soil which after improvement will
yield a net farm income of USES00 per hectare. In ancther setting, whers
net income sfter improvement would ordly e USSTS per hectare, the aoil
having similar conditions would be regarded as noo-reclaimable, In the

iatter canme, it may DLe infeasible to make the change.

Zaled ATable area — service arsa analysia principls

The arable areaz - ssrvice area analysis principle relates to the selecticn
of lands to Te served and 1vwolves & two-Giep process. 1In the initial gtep,
land areas of sufficient productiviiy to warrant consideration for BeTrVice
are identified, Upon this determination, there is superimposed the seleo—
tion of the lands to be specifically included in the plan of development,
The former may be termed arable lands and the latter service area or lands
selected for service. The selection of arable lands is guided by farm
production economics; i.e., the economic value such as benefits, net income
or payment capacity, as chosen to define the land classes, The service ares
or land selected for service is guided by the economia goals selected to
guide plan formulation, The scope of plans may be influenced by relation-
ships to purposes served other than water supply to lands such as in the
cagse of miltipurpose projects,
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The application of plan formulation criteria to the claseification generally
leads to succesaive elimination of identifiable increments of arable lande
from the plan of development. Typical adjustments include (i) elimination
of non—economic increments such as thoee that are too costly to serve, drain
or manage; (ii) ronformance of land area to utilizability, serviceability
and manageability; (iii} exclusion of isolated segments, odd-shaped tracts
and severed areas that canneot be efficiently itted into the farm unit
pattern; (iv) deletion of proposed public righte—of—way; and (v) elimination
of areas unable t0o meet minimal criteria for economic returne under the plan,

Of these factors, items (i) and (v) are goal-dependent.

Hater Suitability

HWater quality evaluations are approached by analysis of the environmental
setting in the context of predicted water use (USDI Bureau of Reclamation, updated
1975). The determination of the suitability of water involves integrating land and
water factors. In this process, land classification surveys are utilized to delineate
land classes that would favourably respeond to a water supply of a given gquality. This
selection of land as a potential part of a water development is then tested asz to
feasibility by application of plan formulation criteria,

Water quality standards per se are not applied in appraising the usability
of water for irrigation. As has been stated by Fireman (1960): "Its usability
depends on what can be done with the water if applied to a given soil under a parti-
cular set of circumstances., The successful long—term use of amy irrigation water
depends more on rainfall, leaching, irrigation water management, salt tolerance of

crops and soil management practices than upon water guality itself.”

Application of Methodolomy
The application of procedures for planning regquires thorouch study to assure

fitting resource developmenta to the goals and social, economic and physical settings,
Methodology should be developed for application to local needs using the principles
previously discussed. In several countries, there has been a tendency to adopt rather
than adapt, i.e. to attempt iransfer of procedures rather than develop systems based
on the principles. Usually, the transfer approach will not work satisfactorily, thus
il is essential to go throuzh the rigours embodied in applying the principles.

The system is also applicable to either state or privately owned or operated
farm enterprises irrespective of aubsidies involved. This is accomplished by defin-
ing the land clasees in terms of relevant economic parameters., Therefore, it is
necessary to explore fully and consider the controlling policies in structuring and

implementing the land classification for local application,



The system is applicable to either diversified cropping and wetland rice
production for all situations and ranges in water supply and control including rainfed
agriculture, irrigated asriculture, water regulations in flood plains and reclamation
of marshlands and tidelands, The principal differences in requirements are the source,
quality and comtrol of waters, All the principles and componernta, particularly econo—
mics with respect to productivity, land development, flooding and drainage are highly
rel evart,

The major basis for physically, chemically and economically differentiating
diversified croplands from wetland ricelands is the ability of the soil teo attain
optimum soil submergence, susceptibility to soil puddling and control of water iable
(Grant, 1964). Therefore, the differentiating characteristics of wetland rice
classes are primarily predicated on water conmtrol as related to soil characteristics
and conditions of adeguate drainage and differentiating soil characteristics that
have a strong influence on the yield and cost of producing diversified crops.

Many of the soil parasmeters, especially with respect to prediction and produc—
tivity, are different in classifying lands for the two types of irrigated cropping.
In comtrast to upland agriculture, the classification of soils for paddy rice produc—
tion imwvolves the prediction of ultimate soil conditions that will occur from flooding.
Some of the convertional =6il tests used in surveying soils for diversified crop
production are not applicable to the characterization of soils for paddy rice produc—
tion becanse of the drastic changes in soil properties, their dynamic atate and the
wide differsnces among acils produced by flooding (Pomnamperuma, 1965).

In regard to productivity, the ability to attain optimum =zoil submergence or
saturation and comtrol of water tables would be requisite for rainfed wetland rice
production on soile high in neuiral salt exchange acidity (in cases where the ex-
changeable aluminium and other acidity cen be sufficiently neutralized by processes
associated with reduction)., Income from rice grown under upland conditions on such
goiles could be affected by reduction in yields of variations sensitive to the pre—
vailing acidity or the cost of neutralizing the acidity with amendments. Acid
sulphate soils could require amendments for flooded rice culture. The predictive and
permanent—changeable factors, along with land development costs, are very important
in land levelling and terracing operations exposing subsoils., Flooding and inadequate
drainage are major factors affecting cultural practices and production of paddy rice
in vast areas of Monsoon Asia, These can be highly significant economically from the
standpoint of either living with the situation or providing measures for water conirol

measures, Humerous other facets could be cited.



In the case of non-irrigpated diversified or upland crop production in arid or
hamid areas, the land class determining features would include soil, topography,
drainage and associated management factors influencing rangesa in productivity with
available moisture plus arny land development measure to be taken to modify producti-
vity or ease production., In appraising land potential of ewamps, land developmernt
costs for dradmage and tree removal would enter irmto the classification as well as
productivity of the lands after reclamation. The structuring of the land claasifi-
cation depends on the purpose of the survey, constraints and conditions,

Economic studies and consultations with internatiocnal agencies, govermments
invoelved and other amthorities assist in determining economic and financial criteria
to be used in project vlanning and developing land classification specifications.
Thesa include pericd of analysis, interest and discount rates, repayment capacity
and means of finmancing. It iz also necessary to estimate the approximate project
cogl, operation and maintenance cost, and farm coates and returns. These elements
provide the information needed to establish the minimum lewvel of land quality which
ghould provide bhenefite sufficient to meet project costs. Az a product of this
determination, also provided are the maximum permissible land develooment costs,
After this cubtoff point is established, it is pozsible to finalize the land clasgi-
fication inte ranges of net income,

Before the land classification iz started, the matter of handling land develop—
ment costs is determined. Methodology between countries may vary according to whether
the government expecis the farmer or landowner to pay for all development costs or
the goverrment does all of the on-farm development with no direct cost 4o the farmer.
The land classification is varied to show a reduced payment capacity in net farm ine
come and lower land class where land deﬁélupment casts are borne by the farmer, When
development c¢osts are handled as a govermment expense, they do not influence the land
class except when the maximum permissible expenditure would be exceedsd,

After ildemtifying with the policies to prevail, the classification is guided
by a series of somewhat interrelated stages, These may be identified as the pPre=

survey, survey and post-survey stages.

2s3s1 Pre—survey atage

The pre—survey stage involves study of the land resources, associated produc—
tivity and drainage capability experiences in a fully developed area having
phyeical and climatic conditions aimilar to the area of investigatiom, In
developing, fitting and tesiing the land classification specifications to
project conditiona, farm enterprise studies ara made to determine the net
farm income for the various classes (Seldon and Walker, 1968), Establishing

these standards for classifying land for net farm income, involves the



projection of representative farm anterprise and representative levels

of farm management. Theee, of course, maet stewm from information of the
pragent day situation and trends in the development and applicaticn of
technology in asriculture. In the latter regard, it 1s recommended that
adaptive research programmes be undertaken to help guide the land classifi-
cation work by providing answers to questions pertasining to management

gvatema, fertility, amendments, water management practices and other factors,

The characteristics and mualities of lands which determine suitebility for
warranting modification in water supply, comirel, management and use vary
with each project, The land class determining factors represent selected
and correlated ranges for such characteristics as texture, depth to bedrock,
hardpan, sand, gravel, caliche or other root-limiting influences, struciure,
consistence, colour, and mottling, kinds and amounts of coarase fragments,
and kind, thickness and sequence of horizon, In addition, the prediction
aspect of selecting arable lands requires many laboratory measurements.
Performance qualities are alao either measured or inferred., These wounld
include factors such as fertility, productivity, erodibility and drainability,
as well Bas such measurable factors as infiliration rate, hydraulic conducti-

vity, moisture characterisiics and molsture-holding capacity.

In imvestigating lands conaisting of highly leached and weathered soils, a
etrong soil characterization programme should be conducted. The chemical
status of mach soils needc to be carefully evaluated along with obaservable
characteristics in making sound selections of irrigable land, The problemp
met with these soile are umually Tertility related chemical characteristics
requiring epecial appraisal., They include atatus of weathering of the clay
manerals, soil acidity, charge status, socluble and exchangeable ircn,
aluminium and manganese, bass saturation, and mutrient status of the acile.
Juch characterizatione identify infertile soils having limited ouitability
foar contimous crop production because of high irpute of both monay and
managemernt, On other soile they indicate the type and level of production
irmpute required to attain specified yield levels of particular crops. Orf
course, other soil characteristics such aa terture, structure, depth, water—
holding capacity, infiltration rate, permeability and claypans are evaluated
as are water gquality, climate, topography and drainage conditions. BSalinity
reclamation and comtrol can be a factor in high rainfall areas including
the tropice.

In considering low bame status scile, Sanchez- and Buol (1975) recommend
thatt "related imputs should be optimized by (1) selecting crop varieties



and species more tolerant to mutritional deficiencies or toxricities, (ii)
applying fertilizers at lower rates than those recommended by classic
marginal analysis, and (iii) increasing the efficiency of applied fertili-
zere in such soils." Should such criteria be adopted, the analyges need
to be made in relation to the economics of water comtrol for specific
settings. The ranges in soil properties comprising land classes can vary
among and within countries,

Topographic characteristics considered consist of the degree of slope,
relief and position. These factors are evaluated as they influence land
development needs and costs, method of water distribution, design of on-
farm conveyance systems, erosion hazards, crop adaptability, drainage
requirements, water use practices and selection of management systems. It
is necesmary to make decisions regarding the extermt to which slope and
relief will be modified by landforming, and to make estimates regarding the
amount, type and cost of land development,

24342 Survey stage

In the survey stage, appropriate land classification specifications are
applied in the performance of the arable clasmification. This involves
field traverse, svil and substrata observation and sampling, laboratory
analysis of soil samples, delineation of the land classes, subclasses,
informative appraisals and the related procedures necessary to accomplish
the field survey work. Performance of the fisldwork is guided by the type
of investigation being performed. These may be aof appraisal, feasibility,
pre=construction, post-construction or pcst_dévelopmant grade, If the
appraisal studies show promise of achieving the development goals, then
more detailed studies are subsequently performed,

The requirement for investigative detail is set not only by the type of
investigation being formed but also by the complexity of the landscape
being investigated, In accomplishing the field survey, the Bursau of
Heclamation generally uses not more than five land classes defined on the
basis of their range in payment, capacity or net income., In short growing
Season areas, fewer land classes are sufficienmt, Class | lands have the
highest lewvel of suitability. Claes 2 lands have inmtermediate suitability.
Class 3 lands have the lowest suitability for general farming., Clasa 5 is
used as a temporary designation for lands requiring special studies before
a final land class designation can be made, and class 6 is land not
suitable for development,



Subclasses are used 1o indicate the reasons why land is placed in classes
lower than class 1. This is sghown by appending the letter 8 for moil
deficiency, i for topographic defiociency amd d for drainage deficiency to
the land class designation, Subclasses of the land classes 2, 3, 4, and
6t are s, £, d, st, td and std. The mapping unit symbol also provides for
showing the present land use productivity level development cost, water
requirement, drainage requirement and, as needed, special appraisalas 1o

indicate specific deficisncies.

For drainage evaluation purposes, the fieldwork imvolves rmumerous observa—
tione and measuremermts of conditions of the substrata as well as the true
solum and superficial parent materials. Ubservations to a depth of 3 metras
or less in case of & barrier are used in all investigations for irrigated
diversified cropping, and to greater depth as needed depending upon the
particular type of landform encounterad.

2+3+3 Pogtegurvey stage
In the post-survey stage, the arable land classification may be modified as
additional pertinent physical, engineering, hydrelogic and economic irnforma—
tion is obtained. Arable classification adjustmernts are needed if the
final project plan and coste for water and dralnage are significantly dif-
ferent from original estimates. During the post—survey atage, application
is made of tests for enginsering feasibility and project formulation criteria
of benefite and coste, repayment, and the cperation, maintenance and replace—
ment costs as needed to select the plan and related service area under the

development goals,

Results of the land clessification are applied to (i) selection of service
area, (ii) determination of water management requirements, (iii) selection
of land use and size of farm, {iv) determination of project payment capacity,
(v) determination of water control benefite, and (vi) development of layouts
for water supply and drainage myatem.

2+4 Laboratory Support

In addition to field measurenents for water movement and mtlen'tion in soils,
& certain amount of characterization by laboratory methods is required to support
the land classification. DBecause laboratory studies should serve to substantiate
field appraisals, it is essemtial that laboratory work be clogely coordinated with
fieldwork. The rumber and type of studies are determined by the cootrolling project
or area gpecifications and needs, There should be a jolmt plan between fleld and
laboratory investigations before taking samples if maximum use is to be mads of data.

obtained. Problems should be studied rather than standard or routine tests made.



Tnis testing can be very expensive, Unfortunately, the results are frequermtly
misleading, In many areas, there has bean a tendency to "overtest," i.e., perform
too mamy or unnecessary tests on certain soils at the expense of not performing
esgential or critical testing on particular soils. Also, there have heen shortcomings
in proper interpretationsa.

In submitiing scil samples for laboratory characterizations, the laboratory
should be furnianed with pertinent field appraisals including soil textural class
along with the tentative land oclass designation. The soil samples should represent
genetic horizons with no more than 60 em depth per sample,

Zadal angrﬂach

The first priority in laboratory characterization should be directed toward
direct and indirect measurements that evaluate soil structure and its stability,
affective so0il cation exchange capacity and soil reaction. After this is
accomplished then consideration should be given to testing that confirms,
explaina the causes of phenomena previously observed or predicted, reveals

the presence of toxic elements (salinity level, boron content, sodicity,
acidity, reduction products, etc.), and indicates what and how much is re-
nuired to cope with the soil deficiency under evemtual field conditlons with

water control and management.

The laboratory testing might include determinations for soil structure stabi-
1ity oy measurements of floc wolume and hydraulic conductivity of fragmented
samples; moisture retentivity at 15 bars pressure; soil reaction by messure—
ment of pH in 0.01M caleium chloride (1:2) and pH in water (1:1) or (1:5);
soil salinity by measursment of specific electrical conductance of soil-water
extracta; soil ansidity by measurement of exchange acidity including exchange—
able aluminium {that portion of soil acidity that can be replaced with a
neutral-unbuffered salt); titratable acidity (amount of acid neutralized at

a selected pH); soluble aluminiumj soil solution concentrate and composition
including sodium and calelum plus magnesium; exchangeable cation status;
organic matter; available phosphorus; and othera,

Laboratory operations and characterizations for moisture retemtivity at
preggures lower than 15 bars are not recommended unless suitable correlations
with field conditions are developed and then only in relation to diversified
cropping. In genersl, the nonroot zcone depth goll samples need not be
characterized for acidity hazards, Soils of near neutral or basic reaction
nead not be characterized for sxchange acidity. In the initial soreening of
samples for screepable characterization, soll-water suspension of 111 ratie
mey he mubstituted for the time—consuming saturated soil pastes, The blanket

laboratory analysis for soil textural class is neither required nor desired.



Farticle sige anslysis snould be limited to master size chnaracteriza—
tion, the ccecasional confirmation of fleld textural appraisals and the

training of new employees,

2eds2 Screenable testing
After establishing interrelationships that exist for various properties, it
is usually desirable to implement scresnable testing, Depending on the
relationships and degree of correlation, a procedure for sequence of testing
and screening of samples might encompass the following phases, Under phase I
of the scheme, all samples would be characterized for soil structure stability
through meaguraement of hydraulic conductivity on a fragmented sample basis
during an initial and elapeed time interval and volume of wet settled
flocculaes,

In the second phase of testing, all samples from the root zone depth, l.e.,
those depths that would prevail after land levelling, would be characterized
for moisture retemtivity at 15 bars pressure; electrioal conductivity of

1t1 soil-water ratio extracts; and soil pH in water (1:1) or (1:5), and
CaCl, (1:2). Samplings of greater depths in the case of barrier situations

should be appraised on salinity levels.

In the tnird phase, selected root zone samples suspected through the testing
results of phases I and II o be highly acid, low in base saturation, or low
in cation exchange capacity, should be further characterized for neutral
ealt exchangeable acidity, aluminium, eodium and calcium plus magnesium.
Also, in the third phase, selected root zone soil saasples suspected through
the testing resulte of phases I and II to be salt affected should be
characterized for electrical conductivity of the ssturation ertract and
sodium sbeorption ratio and residual gypeum,

In phase IV, selected samples having been characterized during phaces I, I
and III to be saline—acid would be characterized for soluble aluminium, Alaso
selected soil samples coming from potential ricelands and found to be acid
in phase I1] testing would be characterized for active iron and manganese
and organic matter content,

Concurrently with the screenable testing, the master site samples should be
characterized on a complete amalysis basis, i.e,, all samples from all
depths should be characterized for the items previcusly mentionsd,

The field and laboratory soil sciemtists should study the results of
field and laboratory charscterisations for possible correlation, especially
with respect to soil genesis, s0il morphology and olay minerslogy.



USING HATURAL STHTEMS

Many workers trained in mapping natural bodies have great difficulty in
initial attampts to adopt and adapt to economic land classification, The difficulty
seens 1o be in conceptualizing the landscape under the conditions expected to prevail
under the new land use regime through economic reasoning and installation of contrel
structures. Another difficulty concerns notions that boundaries of natural bedies
will coincide with clasa boundaries, ranking land for use suitability. This rarely
occurs because kinds of soil having nmatural boundaries are commonly found in con-
tragting economic envircmments or vice versas, The location, size of trmct and other
economic characteristics of land are highly eignificamt in land eclassification.

. It can be very difficult to rely upon natural budy mapping, &s commonly
made, for classifying a given area particularly on complex and problem lands con-
aisting of soils and substrata requiring exiensive and intsnsive field and labora—
tory characterization, Although logical procedures can be advanced for accomplishing
the required integretion, experience has shown that the procedures necessary for a
land classifier to establish class houndaries related to natural body mapping units
can be .nurlr as time consuming ab thé ¢conduct of o basic land classification without
honir_.it of a s9il survey., This is not to imply that scil surveys are not useful,
Hatural soil bodies, bacause of their information contani, can provide mich essential
informetion, including bases for deriving predictiors,

The 30il RHesources Development and Conesrvation Service of the Food and
Agriculture Organization of the United Nations, Rome, Italy, under the leadership of
Ir, R. Dudal, is to be commended for recognizing needs and implementing revised soil

survey procedures tc serve water resource planning better,
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Soluble salta form a formidable mepace to irrigated farming and so their
occurrence and movemente degerve a careful and intensive study. Among the various
factors imvolved in soil salinization, the natural factors were clearly put forward
geveral years age by Kovdas. He obmerved that salinity is not a phenomenon ocourring
at random, but is encountered in definite locations only, and that it is closely
connected with the geomorphology of the ares.

Thig iz indeed what is to be expectied, as soluble salts are sasily moving
substances, 3alt movement, therefore, may be considered as the fundamental pro—
cess behind all phenomena of salt accurulation and leaching, in nature as well as

under conditiorns controlled by man.

MOVEMENT OF SALTS

Chviously solable salts will move with the water in which they are disEclwveds
So we might use az a firsi approximation the principle that dissolved wubusfances
are carried along with soil meisture flows and groundwater curremts, We might also
uge this principle in reverse: measuring the movement of dissolvad substances
allows an estimation of the dlqplacemett of eoil moisture and groundwater. The
latter hypeotheais forma the backsround of most work corncerning the application of
tracers for measuring s0il moiature flowe or grouwadwater currents; in many cases
these techniques yield excellent recults.

Bawever, there are many examples where soluble salts and water do not travel
together, or at least not at the same wvelocity. The most obvious casze ia evapora-
tion, where water ias lost, but salts remain. 3Saltes, therefore, tend to concentrate
in places where water evaporates, a simple fact that im behind most of our con
giderations about salinity and salinization.

Leas conspicucus is diffusion, by which salts may move whereas the wnter
does not. Also dispersion has s tendensy to uncouple the transport of water and
salte, s¢ that they may move at different rates,

The compemition of saltis is influenced by ion exchange, by precipitation

of salts and perhaps also by osmoiic phenomena, Morsover, large differences in
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palimity between different waters may cause density currents or layers of freah
water to float on top of saline water, as is often the case in coastal aquifers.

411 these processes cause salt diatributions which are often hard to explain.

TRANSPORT

Transport versus M epersion and Diffusion

Dispersion and diffusion tend to blurr any sharp boundaries between waters
of different quality. The vague transition zones produced by these processes will
aleo be moved by groundwater currents. In mary cases the times of residence can be
estimated by considering traneport only: this is especially true for tramsport in
groundwater systems.

If transport only ia active, a sudden breakthrough of "new" water at the end
of a column will be observed. In reality this breakthrough is a more gradual process,
but the time at which the outflow is composed of 50% "old" and 50 "new" water is
gtill corract, This adds to the usefulness of calculations based on pure transport

only. Pure tranaport ie often dencted as "piston flow"”.

Times of Residence in 3imple Transport Syetems

a. In a steady-state system, the time of residence is defined as:

T - volume of system
flux through syatem

. For & column of aoil:

T - 5% - i—-—L T: time of residence 8

£i wvolume fraction of water -

where v can be found A: crose mection m

from Darcy's Law: L: length of column mm
Q: flow through column e Hal
v = —cbh v = @fA: flux density ma !
ki permeability m 3#1

h: hydraunlic head m

¢ In porous media the wvelocity of transort V is larger than the
flux density:

1

1

Ve vfg Vi average velocity of flow m &
vi flux deneity ms

g1 volume fraction of water



de For a well in the centre of a circular island, with yield Q

ftakan oceitive):
F

2
T= i‘% R: radius of isgland m
H: thickness of agquifer m
Q: yield of well m‘!'a-1

es If the "old"and the "new" fluid are of different viscosity,
complications arise. If a more viscous liguid is replaced by &
leas viscous one, instability ("fingering") occurs., With waters
of different salinity, wvariations in viacoeity may be neglected;
in oil-water syetems, they are wvery important.

1.3 Times of Residence in More Complicated Transport Syatems

In many systems T varies, even when diffusion and dispersion are neglected,
If a well W near a canal is pumped, the shortest stream—lines {like AW) nawve by

far the shortest times of residence; the travel time along DW is much longer.

Fig, 1 TIMES OF RESIDENCE IN STREAM-LINES

A simple method of solution ia the following: from models or from caloula—
tions we derive the pattern of stream-lines and the corresponding siream functions
(eegs from O to 100% of the total flow), If CW and BW are two stream-lines of
which the stream function differs 1%, % of the total flow towards the well occurs

betwean CW and BW, For this area therefore:

OH
I= Ej‘iﬂ@ T+ time of residance g
¢4 volume fraction of water -
01 area BOW (in reality!) e
Et thickness of aquifer m

Qt yield of well (positive} m s

The area O can be found by using & planimeter and the scale of the model.
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Exampla: scale of model 1:1000

0 {meamured in model 15 1':m:E

1 em in model = 1000 om = 10 m in reality

1om = {0 x 1% m= 100 e in reality
o= 15 em® o = 1500 mﬁ in reaiity

If g = 005 m33'1 i He 10 cm ;3 e 0,29 we have Deiween BW and 0F;

0485 x 1500 x 10 _pins o 5
0.05/100 =7500 000 s or 83 days.

4 B

A more direct method is the use of hydraulic models with roloured solutions
(e.iz. a Hele—=Shaw model) or electrical modela with col-ured ions like Eu{HHd:Jd'H'.
For simple cases analytical solutions are available,

Example: flow through agquifer towards a drain D

D

m

X
b = = =
4}

—
H

12 1=
Fig, 2 FLOW THROUGH AQUIFER TOWARDS A DRAIN, D

@: total flow towards drain
(positive, from both sides)
H: thickness of aguifer

x: horizontal distance from drain.

N =

E.lﬂ'l’% Al T - FL-_;,E: 'PN' cagh _S_E
Z2 X

o o=

along ED - —;-H (1% cosh H

Kiong BED no flow will ever reach the drain, btecause © is a " stegnation
poirt', Far from C flow occurs along BC, but the water particles will deviate

trom BC towards the drain and conplete stagnation occurs in the dead cormer C,



Between two distances x1 and x? (x1 },xg} we have:

2r h T

A1 1 L

] L. — L 4
along AD T e L f= cogh o0 tm coazh S
=D :-\'E'HE o T"x'] fo-_" .
t = ﬁ— | an  cosh T - pn oosh T
n BO A H2 i 2 o ; "o ]
Tu;*aﬂ_- Hlnﬂ.EH -Er'Slnhﬁ_

3.4 Times of Residence in a Syatem with Recharge {approxjmate}
Ixample: recharge, due to percolation of excess irrigation water is drained

towards parallel canals (fully penetrating). We take x = 0 midway between
twe canals and suppose all flow to be horizontal.
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Fig, 3 TIMES OF RESIIENCE IN RECHARGE 5Y5TEM

Xz diatance from divide

(m)
L: distance of canals (m)
H: thickneas of agquifer {wconstant) (m)
el volume fraction of water (=)
H:  recharge rate (m 5 or Jday)
Tx: time of residence between {8 or days)

x and canal
Q¢ flow at distance x from {mjs_'-l or mi'fdﬂ.y}l
divide

The flow at point x is Qx = H.x
The flow from the left towards the canal at x = L/2 is RL/?
Total flow towards the canal (from beth sides) is RL,



Between = and x + dx we havel

3
valume of aystem cH dx m
flow through system Q‘x
i cH dx eH dx
time of residence dT = _Q._:__ =5 "=

T™me of recidence between points X, and x, {xi..:xz}

b '_'H Jlx' E ﬂ [ —l-Equ
af‘-ﬁ-x 2 = et e Jc2 e 11 : B fm ::efx,l

1

If x, =9 {midway between canals), the time of residence is infinite and
STATAT1on sccurs,

Hetween & point at distance =x from the divide and the canal, the time of
residence is:

m _ﬂ r= I_"-_
' R 2x

Example: 1nﬂ.nirrigatadareaﬂ-1mu;’day;L-EDCI-mu;H-ﬁm;

e = Ua25a

x = 1 10 50 30 m
T om0 57156 2878 B8é 132 days
Tx - 16 9.9 L | Dad years

From the example, we mee that within about 10 years nearly all the "eldn
groundwater 1ip thia shallow agquifer has been replaced by "new" water derived from
irrigation. This is quite common, at least in well-drained soils and just below
the root zone. Therefore the initial composition of the groundwater will not
affect the development of salinity after irrigation; this procese will be dependent
wpon the gquality of the irrigation water.

DIFFUSION

dmall particles are constantly moving. In liquids and gases, where particles
are rather free, these random movements result in diffusion, If there is a differ—
ence in concentration, more particles will move from places of high concentration
towards places of low concentration tnan in the reverse sense, because the probabil-

ity of such a movement is greater.



Macroscopically diffusion is described by Fick'a Law:

J = T wC
: : -2 =1 -2 =1

Jd 3 flux density kg m 8 or kg m yr

i y v 7 =1 B =]
D ¢ diffusion coefficient m B or m-yr
o ¢ concentration kg m -
Vo ¢ concentration gradient kg ﬁ_q

1 distance m

t : time A or Year

The mirms sign indicates that the lux iz opposite to the direction in whi
the concentration increasea,
Fick's Law is equivalent to the Lawa of Onm Lelec:ricity} and Daroy

{ proundwater flow).

If the movement is in the x—direction only:

Jaragy B
E\K

For WaCl in water: D = 1.52 x 1077 m?s!

For NaCl in soils: D = 0,57 x 1072 a°g ' = 0,018 mayr !

In soile D is lower, because the pathways (pores) are tortucus., For diffe o+
soils (clay, silt, sand) the mutual differences are small, because D is not depenc: *
on the size of the pores (unless they become of molecular dimensions), but on thei-
tortuesity, which is not very different in differsnt aoilas,

d41 Diffusion in 3eilse, Flooded with Fresh Water

We assume & saline soil which is suddenly brought under a layer of freah
water. By renewing the water, its salinity is kept low and the soil contimes to
looee salt by diffusion. No movement of watsr through the scil is supposed to oocour.

Thie situation arises in rice cultiwvation on saline woils and also at the

bottom of salty lakes, which suddenly turned fresh by human interference.

For the salt concentration in the soil, we have:

2.
ak . p ﬂ_; where x ia depth velow surface
at 3x° '

In the cases mentioned, the solution appears to be:

c=c, erf u with u = x/2,0t
1
: 2
arf u = a J s - da
Vo ©

If t is expressed in years, D = 0,018 mzfyear, r in metres we find o
at amy depth and time, Diffusion appears t> be a alow process {ses Figure 4).
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Rice growing on saline soile is poesible if a contirmious stream of fresh
water is maintained across +the fields to remove the salts entering the water by
diffusion. The topmost centimetres of the noil soon become fresh emough for root
growth. The desalinization of deeper layers, however, is extremely slow; therefore
rice growing is not a good measure for reclaiming saline soils.

An example is the Guadalquivir marshes in Spain, where rice on highly saline
clay soils yielded 5 000 kgfha if a contimious stream of fresh water was available.
The salt content of deeper layers, however, was hardly changed.

Fig, 4 THEORETICAL RELATIONS BETWEEN
DEPTH ARD SALINITY IN THE
BOTTM OF A LAKE WHICH TURNED
FRESH AT t e 0

cm

The diffusion process in the bottom of Lake Ijssel closely followed the
laws mentioned above. This lake was separated from the sea in 1932 and turned

fresh soon afterwards,

Diffusion from a Thick Clay Layer fowards a Thin Sandy Aquifer

We may suppose a thick clay layer underlying a thin sandy aquifer. In the
aquifer water is circulating, tut the clay is considered impermeabla, Both the
sand and the clay are of marine origin.

Initially both the sand and the clay are filled with connate salt water of
concentration o but at a time, t = O, fresh water begins to enter the sand with
e flux density v. Due to this recharge, the salt water in the sand is replaced by
fresh water, but at the same time diffusion from the clay starts, DIue to thie
process, the aquifer will contimie to yield brackish water for a long time.



The water in the aruifer is supposed to te completely mixed over its crose—
gection, tut no dispersion occurs in longitudinal direction. This ig a good approxi-
metion for thin aquifers extending over large distances, tut for aguifers of great
thickness dispersion processes {transversal as well as longitudiral} rust be taken

inte acoount.
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Fig, 5 DISPERSION IN AQUIFERS

The salt concentration in the aguifer ias:

8 T
. g erf 5o Hl/ B t-x/0

The salt concentration in the clay is:

¢ =c_ erf :—%x o
o WD t—=/U)
p. : s=alt concentration sand kg o
: n n clay "
CQ H H it imitial "
x : distance m
z 1 depth in clay b
1 : time a or yr
B3 poroaity clay -
e 1 i BANG -
H : thickness sand l’! m
t diffusion coeff. clay mga_ ar mefy'r'
t true velocity mog
v = gl flux density m 31_1

lf See alao point following
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Fig, & DESALINIZATION OF AN AQUIFER IN CONTACT WITH SALINE CLAY OF GREAT THICKNESS
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If the agquifer iz confined between two initially saline clay layers of great
thickness, H must be taker s half the thickness of the aquifer,

The theory explains the increasing salinity along the path of flow, as
encountered iln many agquifers, A similar theory has been developed in heat flow

{Caralaw and Jaeger, Da. 295}.

DISPFERSION

Machanism of THspersion

In porous media, like the soil, water moves through a complicated network of
tortuous channels., In soils, the grains cause a frequent separation of water fila—
ments which ro-unite later on. The movement is very irregular on & microscopic
scale, but on & macroscopic scale it shows a distinet direction and veloelty of flow.

In places, where two or more pores unite to form a cavity, the water coming
from different directions is mixed by molecular diffusion, It can be shown that in
soils this process ie rap. enough to reduce any existing differences in concentra—
tion to less that 1% of their original value during the time that the water is
present in such & cavity., Therefore, the entire movement can be considered as flow
through a series of interconnected, emall but well-mixed reserveirs with dimensions
of the same order as the soil particles. From each reservoir smaller pores lead
into different directions; a water particle from such a reservoir chooses one of
these pathways, in the general direction of the macroscopic flow.

Another cause for dispersion is the irregular flow withir the pores, In
a capillary tube, water flows faster in the middle than near the walls, this leads
to longitudinal dispersion.

In soils, the pores are of different size, and water flows faster through
the larger pores. Later on, such fast filsments re-unite with slower ones and
molecular diffusion again causes exchange., Also this mechanism is mainly operative
in the direction of the macroscopic "estream lines", Therefore longitudinal dis-
persion is larger {often -8 times as large) as transversal. This is in contrast
with diffusion, which is equally active in all directions.

Elaborate models for dispersion have been worked out by Scheidegger, Bear,
and others.

Digpereion ie characterized by a dispersion coefficient Dx {m2 §‘1 or
mzfyr}, which plays the same part as the coefficient for molecular diffusion D.

Ap dispersion is different in longitudinal and transversal direotion, we must
distinguish betwean:
Dy (m g1 or m/yr) for longitudinal dispersion

Dep (m s 1 or m/yr) for transversal dispersiomn.



Both are approximately proportionai to the average velocity of flow in the pores, V;
they are often written as
DL = (H‘EH} v

Vo= vie
.= W

T

aepp : constants (lengths), of the same order as the

irremularities in the soil m

v t average velocity in the pores in direction of flow m ek or mf;rr
-1
v t flux density {"filtra.tion velar:i:y“:l L ar "“f&ff
& : porosity (volume fraction)
From
D = (M2) V and V= v/e We have:
A . i 5 h
DL = kv wlere K _:-Hu i again a constant, the

“characteristic length".

52 One—dimensional Dispersion

If all changes occur in the direction of flow (x-direction), longitudinal
dispersion only is operative, Thig is the case in the desalinization of a soil by

rainfall or irrigation, where the direction of flow is wvertical.

This leads to the differential equation

2
?&c noe
a'r—',r‘f axz“ﬁ

For desalinization of a semi-infinite soil column, the conditions are:

x >0 t = 0 c = ¢ (initial salt content)
r =20 t > 0O c = 0 (boundary condition)
X 5 00 t finite c = 0 (infinite depth)

x finite t > o c = 0 (infinite time)

The soclution conforming to these conditions can be found by using the
Laplace-transformation. It is:

c(x,t) = :2 |- erfc -—Hq'r'-v-t—-— o ¥ gy Aitex .,f

whare

erfcz-1nr‘£ du



v : flux density Lo sd1}

t time )
c{x,t): asalt concentration (kg_m-3 of soil moistura)
¢, : inmitial szalt corcentration [kg m_3 af &oil mnigture)
€ : pore fraction filled with
solution ]
k : characteristic length {m)
¥ :  depth {m)

T™is solution was proposed by Flueckau! for laborstory columns; with
k= 0,05 m it gives m fair description of the desalinization of silt-loam soils
under the influence af rainfall, Recently Friseel and Reiniger (1974} found
ke 0,032,207 m for moile leached by sprinkling.

The soluticn mentioned applies only to substances which remsin in sclution:
the Cl'=ion ie a good example. For substances entering in ion exchange or preci-
pitation reactions soluticne have been worked cut by Reiniger and Bolt (1972).

4 zilmpler model consisting of a series of completely mixed reservoirs, each
with a thickness 2k gives almcat the mame results; for practical cases this model

iz extremely usesul {aee section £,

Two—dimensional Diepersion

If salte enter an amquifer, dispersion occcurs in longitudinal as well as
transversal directions. If an amquifer, overlying s salty ~lay layer (cf. 442)
is thick, this dispersion cannot be neglected.

For certaln casss, especially when a constant salinity is maintained at
the clay surface, the problem of dispersion has been solved (Verruijt, 1973). For
a combination of diffusion (from clay towards aquifer) and dispersion (within the
aquifer) no exact solution has yet been founds Preliminary caleulations, comparsd
with cbmervations in the thick Fleistocens amuifer of the Netherlands onow that the
irregularities (which govern the wvalues of 3 and [ ) are of the order of 1-7 metres.
Obvicusly dispersion is governed by irresularities in the aquifer rather than by
zand grain effects, which would cause values of » and j of the order of cne

millimetre (Meinardi, 1973).

MIXED REZERVOIRS IN SERLES

deries of Aeservoiru ar & Modol for Aquifer Bshavionr

A simpler model in obtained by considering aquifers or scils as composed
of & series of well-mized compariments. Diffusion and dispersion act as mixdrg
procesges, wherean the dimensions of the campartments are a maasure for their
activity; with small compartments transport dominates, with larger ones mixding
processes gain importance,



With ecompartments or reservoirs of egqual size, originally saline and

loging their =alt by leaching, we have:

For the first compartmerdt s é_tfm
" " gegcnd M C1p = Cge /T (1+ %} 5
" M third ® errr = cu.é_th (1+ %-+ E—;E}
"W Reth " o = co.e-th (1 + -% teus e )

(§-1). 7

where T ia the time of residence in each compartment.
The resultis are almost the same as for the dispersion theory treated in
542, if the thickness of eaclt compariment ie {aken equal to 2 k.

ba2 Regervoirs with Bypass

In irrigated soils, leaching ir often not fully efficient. Such soile
usually have cracks, root holes, stca., through which part of the water passea
almost unchanged, The model for such cases is a mixed reservoir, provided with a
bypass, tarough which past of the water flows unaltered towards the next compartment.

The leaching efficiency in irrigated moils is represented by the relative
importance of such a bypass. It raanges from zero (all water passing through the
bynass) to one (&ll water passing through the reservoir),

In practice, this leaching efficiency is lower for heavy soils than for
light—textured onest under mprirkling it is higher than under surface irrigation

Ay atamsa,
Te ORTGIN OF 3ALTS
Tal Scurces of Salis

The primary source of salt is the weathering of rocks. Rocks contain Na,
K, Mg and Ca in the form of silicstes. Chlorides are rare; sulphur is mainly
present as inscluble smulphides, which may be transformed into soluble malphates
after oxridation,

Weathering ocours under the influence of GGE from the air and especially
GGE produced by decay of organic matter. This process gives rise to soluble car-
bonates of Na, K, Mg and Ca, Also Cl and 5ﬂ4 are removed by leaching and in the
humid tropice dissclution of eilicates is an important process.

The Lydrological cycle transporta the dissclved salt to the ocean, which
ie enriched witk Na, K, Mg, Cl and Sﬂq. In the sea, Ca is precipitated by

organisme as shells ani limestones; therefore tha sea water has a low Oa content.



%]

The Salt Cycle

The amcunt of soluble malta, carried by the rivers, is sufficient to give
tha ocean itr present selt contert within a geologically short <iime. A8 the ovean
is much older, a salt cycle mast eriat, comparable to the hydrological cyele, btut
proceeding at a zlower rata,

Fain and =alt spray from the waves bring salt towards the continernts. The
amowrts are considerable near the coast, but rapidly diminish further inland, a=s
phown in the following table.

SALT CONTENT OF HAINW WATER IN GERMANT n
(RIZEM and QUELIMALZ, 1953)

Location Digtanca from coast ol ¥a

e me,/1 mg/1

Westerland 02 | 3746 18.5

Schleswig "0 I 445 Zad
Braunschweis 450 1.9 De B |
Augustenberg E00 el 2.5 r
Retz 1250 0u3 041 i
i

All marine sedimerts ave by origin saline, In the case of pore water
{connate water) also the salts are trapped in the sediments, In dry climates the
salt concentration may become far higner by evapcration, Along the Culf of Canmbay
(India) large tidal flats are only flooded at apring tide. Betweon two irunds-
tionz the salts become concentrated by evaporation and consemuartly the =alt
concentration of the aoil moisture ia seveilal ¢imes hizher than in esea water., 3By
uplift of marire sedinents, considerable amounts of salt are ramoved from the sea,

Under special circumatances (baye in a dry =limate, separated from the zea
by & narrow and shallow emtrance) evaporites are formed: gypsum, holite (Nall),
Tinally K and Mg salts, 3Juch evaporites may reach a great thiockness: in the
Lecheteln iPer'ma-injl hundreds of metres of evaporites were formed in N.W, Europe and
similar formations of different geclogical nge ocour elsowhare,

Undsr high pressures (overburden of more than 1 000 m thicknsss) sall becomes
plagtic and starts to flow, Thick szalt layers I:-::f more than 300 m ip th:l.a'smesa) form
domes, which often rise another 1 0 m over ths original position, forming slender
pillars or walle, 3ometimes such salt diapirs reach the murface, where they may
form "salt glaciers" in a dry olimate (Iran), In other cases the surface is mot
reached but the salt diapirs may become exposed by later erosion, ZErosxlon of salt
domes is a major source of salinization or rivers in mourntainous arsas (Earpathirns
and N, Africa, whers Triassic salts influence the quality of wary rivers).



If the salt diapirs remain buried, part of their salts will dissolve in the
groundwaters The impurities in the aalt are left behind as a "caprock" of clay or
arhydrite (GaSG4}, which is nearly watertight. Ime to such caprocks, the salt domes
of the northern Netherlands do not influence the recent groundwater, but in other
areas (e.g. across the German bor'der'} highly =maline groundwater is fourd near diapirs.
Where such groundwaters rise to the surface, saline soils occur, characterized by a
vegetation of halophytes.

0ld marine sediments may still contain saline waters. The water pumped from
coal mines in the Wetherlands and Germarny is often brackish: this is perhaps due
either to marine transgressions during the Carboniferous or ioc later transgressions
of the sea.

Permeable marine formations on the continents (sands, sandstones, limestones)
often become. fresh due to leaching by rainwater. Water from such formatians may be
used for domestic purposes or for irrigation water,

Exompies:

1« The Tilburg water supply draws water from a layer of marine shells dating
from the Pliocene, In later periods this ancient "beach sand" has become
fresh.

2. Many limestones of marine origin are excellent sources for irrigation

water,

However, if such permeable formations are in contact with marine clays, which
are still =alty, diffusion of salt from the clays often influences the water quality
in the aquifer, a process which may contirmie for geclogical periocds. As a conse—
quence, the water in the agquifer becomes increasingly brackish in a downstream
direction, In the long run the entire formation will become fresh, tut this process
may require geological time.

| IlnTﬂkE areg
'

salt spring

Fig, 7 INFLUENCE OF DIFFUSICN OF SALT
FRM MARTNE CLAYS ON WATER QUALITY
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Kinds of Salts

The chemical composition of the salts depends on the geochemistry of the
region, In coastal areas, 0l usually dominates, due to cyclic salte carried with
the rainfall and due to former marine transpgressions.

In limestones and calearecus sands (mamy coastal dunes) Ca and HCO, dominate,

3

due to dissclution of Caﬂ{!5 in water containing GOQ. Such waters are "hard"; they
are useful for irrigation, but vresent problems in domestic use and especially in
industry. Ion exchargze may cause natural softening of such waters, converting them
inta waters of NaHOO, type, which are less favourable for irrigation.

In zome RreE-sJH is present, Thiz element forms soluble borates, which may
concentrate in torax lakes [Hae HJGT . 1DHEG}. Boron is a minor element in plant
mitrition, but excess leads to damage, especially in fruit trees. Such B toxicity
is probably confined to areas of velcanic influence,

Dther voleoaric recka are rich in Na [ some basalts contain Na zeolites, some
igneous rocks contain Na silicates) and give rise to waters high in Fa, with a high
AR wvalue.

In the centres of the continents ions other than Cl usually dominater either

4
but the total concentration of the waters is extremely low, The few cations preszent

50, or HCD3 = salinization ccours. In tropical regions HCD3 and silicates dominate,

in +he soil are taken up by the tropical rain forest and return via falling leaves
and dead wood. This cyele is almost closed and few cations escape by leaching, If
the Torest 1s out, the elemants are rapidly lsached., Therefore, in regions with
ghifting cultivation the concemtration of the river water is markedly higher than
under natural conditions, where total dissolwved solids are about 50 g ﬁ_3 (mgfi].

In other cases Suﬂ iz the dowminant anion, giving rise to sulphate salinization,
In combination with Ca it leads to watera, rich in gypeum, which are of excellent

quality for irrigation.

Follution with Trorganic Compounds

In industrialized and densely populated regions pollution (both organic and
irorganic) often domirmtes the natural water quality. An extreme example is the
Bhine river, with a €l contemt of about 2-0-300 mgfl, whereas the natural content is
about 20 mg/1.

The fellowing are examples of pollution with inorganic compounds:

- mining: the potash mines of the Elzas cause considerable pollution of the

Rhine with Wall, which is a useless by-product from these mines. In
addition, coal mines pump salt water inteo the river.

— irrigation: drainage water of irrigated areas is often salty. If dia-

charged into a river, it may damage other areas further downstream. In
arid reglons, this may become one of the major problems in stream bagin

development, esgpecially in regions far from the sea,



- municipal waste water: contains several kinds of salts, like chlorides,

nitrates and phosphaten. Groundwater under old human settlements contains
more Cl and ¥O, than ratural waters; in dry climates Ham}3 crystallizes
around such nl:i nettl ements,

= industry: -oda industries conwvert Nall into NaEGOB according to the
overall reaction:

2 Hall +C%OE+H1ﬁO\+Cﬂlﬂ
- bl 25

The ealelun chloride 1 a uselecs by—produnet and is discharged,

= drainace of poiders causes seepage currents. In coastal areas the seepage

water im often saline. In the FNetherlands ihis is an importamt cause of
saliniration.

= cocling water, if pumped from great depth, may be saline. In Delfland
district (Netherlands) 2 special pipeline has been constructed to cConvey

saline cooling water Prom industries at Delft towards the sea,

IFFLUENCE OF CROIMATER CURRENTS AND CAPILLARY RISE

Seapase Curvenis

From zhe Porsgoing it will be clear that movement of water causes movement
of salis. BSalts, therefore, are transported from places where water is infiltrating
towards places where it evaporates. They accumilate in places where groundwater
rises to ihe surface, a phenomensn denocted as seepage,

Seepage is common along the foot of a hill or natural terrace and in valleys,
In humid climates, hydromorphic soils (gley soils) are found in such locations, in
arid climates saline =oils occur insteads If semi-permeable (semi-confining) layers
are present in a valley near the surface, extended seepage of low imtensity occurs
over large areas; if they are absent seepape is concentrated near the foot of the
slopes, (Fig. 8 A and B.)

In irrigated areas, leakage of water from unlined canals gives rise to
seepage in their neignbourhood and often causes severe salinization of a atrip
along such a canal., (Fig, 8C.)

Extremely widespread is seepage from irrigated fields towards adjoining dry
fields, Under irrigation, water tends to move dowrwards and there is little danger
of acute salinization, but under non—iirigated fields water moves upward and eve-
porates, mo that salts accumilate., Due to this movement, we often find a rim of
highlx saline soils around small irrigated areas or around villages. (Fig, 8.)
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If moils with different capillary characteristics border each other, sespage
currents may be set up, directed towards soils of higher capillarity. This may
cause nmatural differences in salinity, due to variations in soil texture, Slight

differences in elevation may have similar effects, (Fig. EE,)

Capillary Hise

Seepage currents are rarely so strong that the groundwater reaches the surface,
Usually an unsaturated zone remains present, through which water rises by capillary

action towards the soil surface or towards the root zone af plants. (Fig., 9),

: effective irrigation water

I

P 1 effective precipitation

B ! evapotranspiration

G capillary rise of groundwater into root zone

R' : downward percolation
BR=R'-0 : net dowmward percolation

Dr : drainage

Dn : natural drainage

3 !  oDaeepage

Fig, 9 WATER BALANCE OF AW IRRIGATED S0IL

The nature of capillary rise ig well undsrstood and knoewledge about the soil
characteristice is increasing, Several models have been proposed for this process,
among ihess the model of Hijima-De Laat is useful for practical purposes, In this
modal the nor—steady process iz approached by a succession of steady states.
fircoantly this model was applied to =aline soils by Varallyay (1974). The model
predicte that capillary rise will lead to a lowaring of the groundwater table, This

in turn, will cause a decrease in the upward flow and finally the process will coma



3.

to a otandstill., The depth of the groundwater after a prolowged dry pericd is
a fair indication of the depth over which capillary flow ia active and may be
used as a check on the calculationas, '

The 1Timiting growndwater depth, mentioned above, is only indicative if
neutral groundwater conditions exiet, l.e. i neither natural drainage nor seepage
ocour, L7 matural drainage is present, the groundwater will fall below this lewvel
and capillary rise will stop earlier, If Becpage is present, the groundwater will
be maintained at a nigher level. In this case, an equilibrium is reached in which
the capillary rise becomes egual to the amount of sespage. The amounts of salt
iransported by this process are usually considerable and may lead to sevore salimi-
zation. Tuerefore, attention should e givern to groundwater currents and especially
to measures that prevent ssepage water from reaching the surface, among these

hing rainage are af m i T .
leaching and drainage are 3f most importance

SUMMARY AND CORCLUSIONS

Salts move with the water; thisg transport is modified but usually not
profoundly altered by diffusion and dieperseion,

Ion ezchange, precipitation or scolution may change the proportions of
individual ionz.

The czourrence of salindiy under matural conditions can be explained from
a study of the Feoc—hydrology of the arsa. Such investigations also Torm the base
for prediciireg the charges introduced by irrigation.

Phenomera of seepdage and capillary rise greatly influence sal+ transport and
accumulation. For ithede processes, ueeful modela have been developed; their appli-
cation 1s hempered YWy a lack of knowledge about the soil constants, like saturated
and unsaturated hydraulio conductlviiy, Work should be concentrated on methods
to obtein such constants rather than on further refinement of the models,

The "salt cyzle" concept may be helpful in understanding phenomena of

calinigation and leaching.
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1a INTRODUC TION

Permanent agricultiure under conditions of insufficient precipitation depends
on water management so that exceasive salis do not ascumulate in thne rot zone.
When rainfall is insufficient to satisfy evapoirzngpiration and the plants muet
depend on drawing from a water table for part of their water supply, the only gues—
tion is how soon the s0il will salinize, not whether, When irrigation water is
supplied, there ic a twotold question: whetier sufficient supplemental water is
applied to provide the remquired leaching, ard whether the drainaze network { natural
or mar-made) has the capacity to remove sufficient water with its associated salta.
In other words, to prevent salination, a net downward flvx of water iz mandatory.

In this discussion, I propose to distinguish between maintaining a favourable

agriculture under irrigation and reclaiming exceseiv:ly saline (or sodic) soils,

2a MATWTAINING A FPAVOURABLE ROOT ENVIRCMMENT

One of the criteria that is often applied 4o predict whether a soil will
salinize ia the so—called "eritical water table depth". Aas I understand it, the
basic concept of a critical depth is rather simple, but its application exiremely
complex. As described by Talema (1963), it was first introduced by Polymov 4in 1330
and defined as that maximum height avove the water tabls to whioh the salts contained
in the groundwater can rise under natural oconditionas both by capiilary rise and
diffusion. We understand better now than we did in the 1930s that the level to
which water can rise in scils ie essemtially unlimited as long as we do not specify
the rate of riase, Withir the framework of this concept, however, mumarous cbsarve—
tions have been made, often amsociated with detailed field studies. Thay have led
to eslimates for critical depth varying from 1 to over 3 m, depending on amoil

i/ Contribution from the Agricultural Research Service, USDA, U,S, Salinity
Laboratory, Riverslde, California,



morphology, climate, quality of the groundwater, cropping patterns and cther factors.
Kovda (1961), for example, makes clear and specific distinctions based on salt
comtert of the groundwater. Talaoma (1953) concluded, from his own field studies
and data in the literature, that it was reasonable to specify that the upward flux
should not exceed 0.1 cm/day. If the soil physical properties are known, this
maxrimum flux permite, in theory, the calculation of a minimum depth to water table,
Even though rmumeric standards can be readily found in the literature, the
determination of the critical depth remains a judgement, rather than a rational
derivation, Szabolecs, Darab and Varallyay (1969) took an important step to rectify
this shortcoming and proposed a method for caleulating the critical depth from a
zalt balance model, Whereas their method has merit, it also suffers from a funda—
mental weakness, In effect, these authors assume that there is an influx, x, of
salt to the root zone equal to tle amount in the irrigation water, and an influx, =z,
from the vapillary fringes The sald concentration, DS' in the capillary fringe is
derived from the groundwater, plus amy residual salt. The influx z is determined
by aspuming a constant upward water fluxr at concentration El, independent of water
table depth. 3Since the total salt flux into the root zone Es ageumed constant, it
follows that the calculated concentration in the soil solution increases as the
depth B1 of the root zone is decreased by a rise of the water table., These calaou=
iations completely ignore the dynamica of water flow (aee Figz. 1). Another problem
with the model is the assumption of a "salt regime coefficiert", or a natural,
constant leaching rate erpressed as a percent of moil per year., To the extent that
such a rate oan be estimated, it should be a function of the concentration of the
goil selution near the lower boundary of the root zone and the water flux, rather
than of the salt comtermt of the soil and, thus, the depth I}1. Varallyay (1974),
in recognition of thie problem, carried the work further by determiring, in the
laboratory and by computer, the maximum height to which water could rise at
prescribed rates for different arrangemernts of layere of soil with widely varying
propertien.
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Fig, 1 SCHEMATIC ILLUSTRATING SQME OF THE IMPLICATIONS OF CRITICAL
WATER TABLE DEFTH MODEL BY SZABOLCS et al. (1969)

If we may look back to the concept advanced by Gardner [1953} and further
developed by Haats and Gardner (19?4}, a constant upward flux from a water table
can only be maintained as long as a limiting height is not exceeded. Starting with

the steady state flow equation in the form

g = k(1 - dn/az)}, [1]
wnere 1{emfday) is the flux, k(em/day) the hydraulic conductivity, h(cm of water)
the preasure head, and z the vertical coordinate, with positive direction dowmnward,
we may solve for z:

z = f(1 - ¢/k)"" an, [2]
If the relation between k and h is known, the integration can be performed, be it
nometimes with difficulty. For many soils, the k(h) relation can be adequately

represented by (Raats and Gardner, 1374)
K

{hfhk_’,r‘?}n + 1

' (3]

¥ -

where K represents the condustivity at saturation, hKfZ the pressure head at which
k= KfE and n a constant varying from 1 to around 15. This relationship is equi-
valent to Cardner's (1958}

k = a/(s" + v) [3a]

with S ¥ - o, X = a/b and - hKfE - b1;n. Another relationship, particularly

convendent for amalytical work, has the form



k=K exp (gh). [ 4]

Here a(anT} is a soil property that describes the relative rate of change in

k with respect to the pressure head:
o= (1/k) ax/an. [4a ]

Gardner {1955} and before him Wind I!:f_'ijjf;:l showed that there was a maximum
upward flux from the water table that could Eﬁjﬁustained over a given distance,
This seems to be true wherever the integral |, kih}dh is finite, whatever equa-
tion is used to describe k(h). In Raats and Gardner's (1974) notation, using

Eq[3] , one finds, for I¢<K,

Lo |
-

~Uax = K[Be/(22,)]" [

or, exactly,

_qmax/l( 5 [hcr :In rﬁa]
(1 = F{maxﬂ{}1_n ZE

Here z_ is the elevation at which k = K (water table) and h, = hﬁjg n/nesin(n/n)
represents the critical pressure head introduced by Bouwer (1964).
—n
.= (1/K) L k(h)dh, [6]
Note that, because of our sizm convection, ooy 20d 2=z will be negative.
If Eq [4] is chosen instead of Eq [3] to represent k(i), one can integrate
Eg [1] to obtain

oz = pm [(k -q /(K= q]]- [7]

This, in turn, yields the limiting value (with z = O at h = 0)

Zpax = @ o0 (1 =K/g_ ). [al

For this case (Eqs [4] and [6] ), b, = ~1/aw

Thuz Egs [5] and [5] represent two relations that permit the determina—
tion of the minimum depth of the water table below a sink of given strength in
a uniform aoil.

Table {1 gives some B values for illustrative soil parameters taken from
the literature. Note, that, in the range of g of importance for the present
purpose, the approximate Eq [5] gives essentially the same result as the exact Eq
[58]. Eq[8], on the other hand, matches well only when n has a value close to
245, giving rather different results for n deviating substantially from that value,
This latter point is especially clear in the more general comparison given in
Fig. 2, showing the relationship between the dimensionless ratios 2 hcr and
-qul:ﬁi for various values of n in Eg 58] and for Ea [8].



Table 1 CRITICAL LEFPTH (zmx} CALCULATED FOR FOUR S0ILS BY MEANS
OF THREE EQUATIONS, ASSUMING -g = 0,1 om/day
=M
zn'LE.I
o jl
Soil type K =at -hK,n/E n Eq [3] By '[5a] Eq [8]
em/ day oI cm—T
Banno sand 2/ 2645 .6 145 659 658 85 0.0625
Yolo 1 Y jul) 20 2 93 95 75 0.0318
Pachappa f.s.l.? | 12.3 30 3 180 179 175 | 0.0276
Sand ﬂ'/ 0.0 18 4 89 69 120 0.0500

Ll L

Calculated from —g | = h}{!}gr;‘rn- sin (r/n)

From Talama | sand overlying clay)} {1961)
From Gardner and Fireman {1958)
From Wind {1961}
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Fig. 2 DEFENIENCE OF MAXIMUM HEIGHT OF RISE ABOVE WATER TABLE OF FLOW
RATE FOR A RANGE OF VALUES OF n in Eq [ 5a] and for Eq [£]




For non—uniform soils, thus in mamy field situations, the above approach is
limited. Varallyay's (1974) nuneric approach provides as yet the only available
golution for layered scila, The other requirement of the theory, a given sink
strength, raises two dilemmas: its magnitude and its location. Talsma (1966)
advances several reasons for selecting ™ 0«1 cm/day, including that it seems
to work satisfactorily in practice, that the nature of the k(h} curves often results
in an abrupt change in remquired critical depth around this wvalue, and that the
potential evapotraspiration rate normally is higher. It appears indeed a reascnable
choice, if the critical water table depth is used at all, and if it is kept in mind
that over time any upward rate will salinize a soil. The muecstion of the location
of the sink is another matter., TFor bare soil, the sink is simply the evaporative
flux from the surface,but for cropped so0il, 1t becomes a3 distributed sink due to a
variable root water uptake pattern. 4s a first approximation, one miznt estimate
the depth of the rooting gzone and use that value as the boundary Tor the upward
flux caleculations. This clearly is not a very satisfactory solution, The inter—
action between root uptake patterns and soil water and sclute fluxes is a complicated
subject in which only limited progress has been made to date, at least in the pre-
sent context. One approach to an analytical evaluation will be deferred till later
in this discussion. In any case, no matter lhiow sophisticated the analysis, depth
to water table camnot uniquely predict accumulation of salt in the soil profile.

Are there alternatives to the use of a critical water table depth as a
criterion for maintaining a favourable root zone? The objective, aciieved in
whatever way, is to maintain a net dowrward flux sufficient in magnitude to prevent
excessive accunulation of salts in the soil seclution. Ewven with a high water table,
upward flow will only ocour when there is an upward gradient; an appropriate irri-
gation regime, in principle, can prevent such a gradient, Possibly more to the
point, one must ask the question what factora cause the creation of a water table.

In some cases, drainage from surrounding geclogic formations causes a lateral inflow
from matural scurces; in others, excessive irrigation upstream may result in adverse
conditions. Artesian pressure in a semi-confined aguifer may be caused by recharge
hundreds of kilometres away, as is the case in the Red River Valley in North Dakota,
In this valley, efforts at comtrolling salinity through cultural practices, tile
drainage and soil management were only marginally effective because artesian pressure
in a saline aquifer some 100 m deep caused a slow but contimuous upward flow. Doering
and Benz (1972) demonstrated, through theory and field tests, that a simple solution
to the problem consisted of rather widely spaced wells, pumped at & low rate just
sufficient to reverse the nydraulic gradient,

In most cases, however, irrigation excessive to the drainage capacity causes

the rise in water table, To prevent thie riee, one must either increase the drainage



rate by artitficial means, reduce the amount of irrigation water, or a combination of
these, It ie my view that the water table height should be viawed a&as a consequence
of water management, rather than as the independent variable causing water manage—
ment problema.

A clear example is offered by the WelltonMohawk region in Arizona, part
of the Oila River drainage basin. Irrigation has been practised in the Valley since
the 16th century by surface diversion and, later groundwater pumping, GOeoclogically
a closed baein, only severely limited surface drainage is provided naturally. When
upstream development reduced river flow, increased pumping lowered the water table,
restricting drainage even more, and return flow salinized the groundwater. Thias
in turn, led to importation of water from tha Colorado River some twenty yeara ago,
with & concomitant increase in area irrigated, often at excessive rates, Shortly
thersafter, a rising water table caused severe problems, requiring the construction
of over 100 drainage wells and a lined conveyance channel for dispesal., From 1970-
72, the irrigation efficiency {cmp congumptive uﬂﬂ,r‘rwa.tar deliveread to famﬂ] WaH
estimated to be ¢ (Adv. Comm. Irrig. Eff., 1974). Whatever the irrigation
efficiency the vame problems would have cropped up. However, the rate at which the
rroblems developed, and the rate of drainage needed, thus ite cost, depended strongly
on the irrigation efficiency.

In most instances, drainage theory and practical experience are sufficiently
well advanced to design a gystem for a given drainage requirement. This requirement
must be established by consideration of i) the natural drainage rate, ii) the
amount of water to be removed from extraneous sources, and iii) the amount of irri-
gation water in excess of crop needs that must be removed. The latter is strongly
affected by management. Heturning to the Wellton-Mohawk, it has been conservatively
eatimated that 10) of the water diverted for irrigation is lost in transit, an
amount equal to about 24% of the total drainage water pumped. Also, using primarily
current practices of the bettear farm operators as & guide, it was determined that
the farm efficiency could be raised from 58 to 7%, without significamt techno-
logical problems. Thus gpood management can have a substantial impact on reducing
the drainage requirement. Canal lining, use of pressurized delivery systema and
acheduling irrigation water delivery on demand can reduce digstribution system
losses as well as facilitate high on-farmw efficiencies,

An important factor in determining the drainage requirement is the leaching
requirement, or the amount of irrigation water needed in excess of orovp consump—
tive nee to maintain a favourable salt balancs, The most common practice is
probably to determine the leaching requirement (LR) from the relation (USSL Staff,
1954)

N [9]



where Eﬂiw and Ecd_w represent the electrical conductivities of the irrigation and
drainage waters, respectively., Drainage water, in this context, means the water
draining below the root zone, It is customary to select for Ecdy in Eqg [9] the
conductivity, 536_59, of the saturated soil extract at which a 50% reduction in
crop yield was obtained in experiments with uniform salinity throughout the root
zone. This usage results in a safe value that allows for relatively poor urni formity
of water distribution in both time and space and may well be justified when water
and energy are plentiful and drainage easily obtained, Recent findings {van
Sehilfgaarde et al., 1974) however, suggest that far lower LRs may suffice with
precise water management, Based on extensive experiments with alfalfa by Bernsteln
and Francois (1973), it is hypothesized that the older data can be reinterpreted
in the manner shown in Fig., 3. Extrapolating the yield reduction curves to zero
yield leads to a value of EC beyond which roots are not able to extract water
against the osmotic gradient. To convert the values in the figure from Ece to
EGWI { from saturation io field water content) one must multiply Eﬂe by the ratio
Efc'faﬂ? where Ef-:: and Bs are the volumetric water contents at field capacity and
saturation. Tie EC thus obtained can be used in the denominator in Eq [9]. This
interpretation of the data results in permissible salinity levels at the bottom

of the raot zome around 3 to 4 times those previously recommended, Whether or not
the reasoning used here will stand the test of time in detail, there seems no
question that far lower LRs than customarily recommended are entirely ademquate, as

lang as aTopner maragement practices are used.
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The importance of irrigation management, in this comnection, has two aspects.
First, if it is plarmned to operate an irrigation scheme at low leaching, it becomes
egpecially important to obtain uniform water distribution over the field, because
the margin of permiseible error is far smaller; and it becomes desirable to maintain
more nearly uniform conditions over time, because with long intervals between irri-
gation, the water and csmotic stress in the soil aselution will build to excessively
high lewvels, Secondly, in order to be able to apply water in quantities, or at
rates, that are accurately encugh known to assure a definite, but low, leaching
fraction, the irrigation system must permit accurate control. Meeting both of these
requirements iz enhanced by frequent, low rate irrigation applications and, espe-
cially, by means of pressurized systems.

When the rate of water application is less than the infiltrability - the
potential rate of infiltration —= the infiltration rate will be independent of =moil
properties, Even if water is applied periodically but frequently { say once a day},
the fluctuations will be damped out at wvery shallow depth so that an essentially
steady state condition prevailas. Thus with frecquent, low rate water applications,
the control over water distribution in the soil passes from the =oil to the irriga—
tion system.

Raats (1974) has analysed a clasa of steady flows through scil profiles in
the presence of plant roots, He solved the flow equation, Bq M17, for a k (h) die-
tribution as in BEg [4], assuming that the rate of water uptake by the roote 1 could
be described by

- (T/s) exp ( -2/8), r101

where T {cmfdﬂy} represents the total root uptake, or transpiration rate, and & { om)
ig a characterigtic length that corresponds to the depth above which £3% of the
water iz taken wp. From this analysis, Fig. 4 was developed, t illustrates the
point juat made that, over a wide range of leaching fractions, the pressure head
{or matric potential) does not vary much, The soil remains less than saturated and
the presaure remains within the tensiometer range, Haats' analysis can alao be
used to evaluate the effect of a water table. In the limiting case without plant
roota, the results reduce to Ege [ 7] and [87, as they should, With roots present,
his analyais leads to a relationship between k¥ or h and z as a function of depth

of water table, z, and the ratio g/T, representing the fraction of the water uptake
supplied from the water table, This is illustrated in Fig. 5. Figure & further
illustrates Raatse' analyseis by comparing variocus percentages of flow supplied from
the water table, When — g/? = 1, all the plant need is satisfied from below; when
it is zero, all is supplied from the surface, In this example, when the water
table depth z = 108, only 0,2 of the transpiration demand can be swpplied from the
water table. Purthermore, Raats imterprets his analysis in terms of salt



distribution, neglecting effects of precipitation or dissolution and of dispersion

and diffusion. Accounting for these phenomena is a project now underway.

Maotric Potential, cm of water
- 400 -3100 -200 -100 9

Depth, tm

4 MATRIC POTENTIAL AS FUNCTION OF 30IL DEPTH FOR TWO SO0ILS AND

Fig. 4
THREE LEACHING FRACTIONS WITH T = 1 cm/DAY AND 5 = 15 cm
(ise., 91% OF WATER TAKEN UF ABOVE 36 cm)
RECLAMATION

Thus far we have considered maintaining a salt balance, or a gquasi-steady
states, Now consider the situation where a soil needs 4o e reclaimed, or where
excessive salts are to be removed., The only reasonable way to accomplish reclama—
tion seems to be by applying water to the surface for leaching, with or without
chemical amendments, depending on soil chemistry.

The subject of amendments will not be discussed. Two other interrelated
questions remain: the amounts of water to be applied and the manner of water
application., Numerous field teats and detailed theoretical amalyses have been
reported in the literaturs., This experience verifies that leaching does not take
place by simple piston flow dieplacemant. If that were the case, one would need
to apply only an amount equal t2 one pore volume displacement to obitain complete
reclamation., Several factors cause the actual flow to be more complicated than
simple displacement, including diffusiem and variations in the localized flow
velocitiea in the =0il pores; thay tend to reduce the leaching effectiveness. As
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suggested by Biggar and Nielsen (1967), leaching should be more efficient, in terms
of amount of water needed, when it takes place at water contents below saturation.

Comparing the remlts of several investipators, a relatively consistent
picture emerges. Van der Molen {1956}, in an excellent paper, adapted the theory
of ion exchange columns to the removal of salt from scils and compared it to field
observations in Holland after the seawater imundation during World War II. He
showed that he could deseribe the chanren over time of the chloride profiles very
well with the error function relationship he derived, Similarly, Gardner and
Brooks (1957) developed a somewhat different theory and compared it with data frem
laboratory column studies. In both cases quoted, the leaching took place at water
contents less than saturation. Reeve gt al. {1955}. in a field experiment, compared
the effect of different amounts of leaching water ponded on the surface, but since
they applied the water in relatively small increments intermittently, they azain
were dealing with predominantly unsaturated flow,

Reeve st al. concluded that one unit depth of water was required per unit
depth of soil to reduce total salinity by about BOE, [In their field experiments,
adermuate leaching of boron required substantially more water,] Since the volumetric
water content, based on their data, was probably near 50, this amounts to p = 2,
where p is the rumber of pore volume displacements. Van der Molen's relationship
requires that 508 of the choloride iz removed when p = 1; assuming § = 10 in his
expresasion {H = mumber of mixing la,y'ersa}, one obtains p = 1.9 for n:JG‘f» salt removal.
Gardner and Brooks' analysis yields, for 80f% removal, about p = 1,5. Thus, for
practical use, it seems entirely adequate to use Reeve et gl's wvaluep = 2, or
their rale of thumb that one unit depth of water is required for every unit depth
of soil to be reclaimed.

Oster et al. (1972) compared the effectiveness of contiruous ponding, inter—
mittent ponding and intermittent sprinkling for leaching under field conditions,
They found that half as much water was required with intermittent fleooding as with
contimous flooding for the same reduction in salinity, with sprinkling intermediate.
To reduce salinity by 'FCE'.-:-., they applied 0.5 em water per cm depth ¢f soil on the
intermittently flooded fields and 1.2 cm/em on the continuously flooded.

A= pointed out earlier, one reason for the greater effectiveness of inter-
mittent or nonponding methods of leaching is the predominance of unsaturated flow
and the consequent reduced "bypass", or the "microgeometry" of flow. Another can
be the "macrogeometry"’ of the flow pattern. Kirkham (1949) demonstrated that, for
& ponded field with parallel underground draine, the surface infiltration rate near
the draine is very much higher than near the centre between drainz, Thus essentially
no leaching takea place on a large section of the land, even if it is kept ponded
for an extended period. Besides methods such as intermittent ponding or sprinkling,
another possible approach to



increasing the uniformity of infiltration is to modify the field surface geometry
appropriately. Leaching by means of furrows or diked basins, if they are oriented

parallel to the drains, should be highly advantageous.

Earlier reference was made to ithe leaching remquirement. Boumans and van
der Molen (1964) ( see also van der Molen, 1373) have introduced a modification in
determining the LR by considering that part of the water used for leaching bypasses
the root zone without removing =alt, the remainder being effTective. Thus they
introduce a leaching effieciency, T+ When applied to the case of reclamation, or
one-time salt removal, the use of the factor f has the same consequence as the use
of a prescription baged on digplacement, such as p = 2. Although the physical
models that led to the twoe methods may differ, the practical results are equivalent.
I have zerious reservations, however, about the suggestion, as interpreted by
Bouwer {1269), that numeric values can be assigned to f based on soil texture., As
pointed out by van der Molen (1973), [ can be expected to depend significantly on
thie method of water application. More important is the need to distinguish between
leaching for reclamation and leaching by over-irrigaticnh.

When uncropped land is reclaimed by flooding or sprinkling, the theory of
miscible displacement, verified in field and laboratory, predicts an efficiency
well below *.Wﬁ. The presence of root holes, cracks and animal Yurrows in the
gurface soil, combined with continuous large pores, alac would lead one to predict
substeantial bypaes in that superficial regions The use of an efficiency factor
in such cases appears quite adequate Tor many practical situations. Even then, the
example quoted above of the 711 ratio in water requirements for two methods of
application indicates the need 1o take accournt of mors than the 30il texture in
assigning a value to the efficiency.

Or the other hand, when leaching is accomplished by contimuous or inter—
mittent over—irrigation of cropped land, an entirely differeni situation prevails,
The average water sontent will be lower than in the previous case, and the activity
of the roots should lead to substantially lower rates of downward flow. The extreme
of piston displacement, by flooding, may now be comtrasted with the opposite extreme
under contimious trickle irrigation, of a steady state replenishment of the root
zone water supply. While reclamation strives for deep percolation of 300 of the
water applied, leaching for maintenance strives for, say 106, I propose that, under
such circumstances, the use of an efficiency factor is not warranted. Lysimeter,
field plet and Tield-scale experience at our Laboratory tends to support ihis view.

The foregoing discussion han been devoted to physical and engineering
agpects of water management for malt control., Aspects of soil and water chemistry
have rot been touched. The models of van der Molen and Raats, for example, can

only be applied with integrity to aimple gystems with nonreacting salts such as



WaCl., In principle, the concepts presented can also be applied to more complicated
gystems, containing, for example, carbonates. In general, such applications
require numerical solution by computer, Other problems, such as boron removal,
require different approaches. To keep this presentation within bounds, none of
these will be discussed.

Suffice it to reiterate that the primary objective of water management
for salinity control is to maintain a dowmward flux, Frovision of adecuate

drainage together with precise irrigation management is the key to success.
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THECRETICAL AND FEMPIRICAL APPROACHES lf
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1a INTROIOCTION

Mumerous schemes have been proposed For classifying waters with respect to
their suitabilities for irri-ation, These have ranged from general schemes designed
for average use conditions {US3L Staff, 1954; Rhoades and Bernstein, 1571; EF4, 15372)
to specific achemes for reatricted regional conditions [ Thorne and Thorme, 1551 ;
Handa, 1954). While some of these schemeas may be useful for indicating the poten—
tials of arbitrary watersz for irrigation, the actual suitability of a given water for
irrigation depends on the specific conditions of use. These specific conditions
include the crop grown, various aoil properties, irrigation management practices,
gspecially leaching fraction [LF) {+he fraction of infilirated water that passes
beyond the root zone}l and [requency of irrigation, climatic conditions and certain
cultural management practices.

The effects of irrigation frequency on water suitability have not been
incorporated in any of the general water assessment schemes, Yet increasing irriga-
tion frequency can markedly affect crop yield (Bernstein and Francois, 1973a;

Mantell and Qoldin, 1964}, and one of the commonly used practical rules of salinity
management is: when irrigating with saline waters, irrigate freguently. Thiz recom—
mendation implies that crop response is related to the sum of osmotic pressure, m,
and matric suction, 1, in the root zone and that this sum, %, can be minimized by
increasing the irrigation frequency. For & given cuantity of salt in the soil, boeth
q and 4 can be minimized by keeping the water content high by irrigating frequently.
Wadleigh and Ayers {1945) and Richards and Wadleigh (1952) demonstrated that the
effects +f salinity and irrigation frequency on bean and "guayule" yield could be
normalizey by relating the crop respongse to the sum of g and ¢ integrated over the
raoot depth and the experimental period under conditions of general salinity wherse
godicity, mmtrition and toxicity were negligible, Taylor {1952u) showed that alfalfa
and sugar buvit yields were signitficantly correlated with average seasonally integrated

lf Contributiol from the Agricultural Research Service, USDA, U.3. Salinity
Laboratory, fiveraide, California.



r with variable irrigation frequency. An increase of 1 atmosphere integrated -
within the range 0.4 to 4 atmospheres reduced established alfalfa and sugar beet
yield between 0,27 and 0.65 and 0.78 to 2.45 t/a/yr respectively, Although salinity
was not included as a variable in this study, Tayler suggested that the integrated
 could be obtained by measurirg the p of the soll water ag a function of time and
depth and water content and that it could be added to 4 before integration. Yaron
et al, (1972), Bresler and Yaron (1972), and Zur and Bresler (1973) have evaluated
the interactions of irrigation regime, level of soil salinity, water and climatic
conditions, absence of leaching and short—term use of variably salinized irrigation
waters on grapefruit and groundmut yields by both statistical and computer simula~
tion techrniques, They concluded that, for non-steady state, short-term conditions
and a given level of climatic stress, g is overwhelmingly dominant on fruit yield
of these crops with condition of short irrigation intervals (3 days). For such

intervals, the irrigated r was only 10 to 15 percent of the integrated @ at longer
irrigation intervals (about 20 to 30 days), They also found that irrigation water

quality and initial level of soil salinity became less important as compared with

Ty on time-integrated @, as the irrigation interval increased becoming nearly
negligible at the longest irrigation intervals. The integrated 5 achieved nearly

a constant value — irrespective of the irrigation interval. From these observations
they concluded that the pre-irrigation salt concentration of the soil water mainly
determines the value of ths time-integrated g under conditions of short—term irri-
gation with saline water without leaching. For this reason, they prescribed using
an extra allotment to pre-leach and reduce the soil salinity level at the beginning
of the crop season, rather than using such water for leaching during the irrigation
SeAE0N.

Under conditions of long-term use of waters for irrigation (steady state
conditions) with leaching, the interaction of salt concentration of the irrigation
water and the leaching fraction determines the level of soil salinity, as well as
the depth-integrated g, of the root zone soil water. This latter conclusion can be
deduced from the equation developed by Bernstein and Francois (19731b) to describe
the mean salinity agsinst which water is absorbed by the plant, C,

dw

L
- iw
Gnvl — J‘v- Cdv-‘I—LFMIVT‘FJ—] r1]
1w

where in, ?d“ are volume of infiltrated and drainage water, respectively, and GiH
is the concentration of the irrigation water. Eguation [1] applies only to the
condition of conservation of mass, i.e., Ciwv' = . V. where de is the concentra-

iw dw dw
tion of drain water. Raats (1974) has shown that C is independent of the water



uptake profile, for conditions of piston displacement, but not where dispersion and
diffusion affects the distribution of malinity in the root zone appreciably. Under
the assumption of piston flow, T is also independent of frequency and time, because
it is only the relation between concentration and volume fduring evapotranspiration
that affects C as the unit volume of applied water passes through the root zone.

The degree of volume reduction and concentration increase during this passage is
determined by the leac ing fraection and is independeni of time or the extent to which
the soil is dried between irrigations., This agrees with the observational and model
findings of Zur and Bresler (1973). 3ince concentration and osmotic potential are
closely related, Eqg r1] can also be ussd to saleoulate g weighted in proportion to
water uptake, Ingvalson et al, {in press) have modified Eq [1] to account for the

effects of salt precivitation and dissclution.
[¥] g

T = a- =i im (LF) + (73] 2]

where a, b, and ¢ are constants of the second-order polynomial emquation describing
the concentration of the water as a funetion of {E%? derived from the chemical model
of Oster and Rhoades (1375). Thus, the water upiake weighted g, ;, may be estimated
az a function of Eiw and LF.

Gince © is more strongly a function of Ciw than of LF, Bernstein and Francois
(1973) concluded that crop mowth iz very sensitive to EGiw and that high salinity
levels in the lower depths of the root zone have little effect on yield. This cone
clusion overlooked the approximate additivity of effect that 1+ and ¢ may have on
crop response, In the case of negligible ¢, like under conditions of high frequency
or trickle irrigation regimes, C is probably a better index of salinity for evalu-
ating expected crop response than under conditions of infrequent irrigation. As
reviewed by Slatyer (1969) and Rawlins and Raats (1575), time of exposure to salinity
or salinity exceeding some "eritical" value may alsc affect crop response. Correla—
tions have been observed between mich total water potential "stress days" and Crﬂp-
yields, Such time of exposure 1o salinity stress is also ignored in Ege [1] or [2].
Bower et al, {1969, 1970) concluded that crop response is primarily to average root
zone salinity. Ingvalson et al. {in press) correlated alfalfa yield obtained under
conditions of noruniform rooct zone salinity to various indices of salinity includ-
ing (i} irrigation water salinities, (ii) space averaged, soil profile salinities,
(iii) soil water salinities weighted in accordance with water uptake Ly the CIrop,
and {iv} time and space integrated soil water salinities. The expressed reason for
the lattier experiment was that "the assessmert of irrigatiosn water cquality and the
adoption of appropriate irrigation management procedures reciire an adequate know—
ledge of how crops respond to nor—uniform soil salinity". In this experiment
alfalfa yield correlated best with lower root zone depth, time—ivtegrated msoil



water EC (r = 0,89, although yield also correlated reasonably well with average
root zone soil salinity (r = 0.78) and C (r = 0.71). The chemistry model used to
determine C in this latter study was previously tested with regspect to its ability
to adequately predict the drainage water composition of these same lyasimeters
resuiting from the use of eight widely varying waters for irrigation and leaching
fractions of 0.1, 0.2 and 0.} (Oster and Rhoades, 1575). The predicted compoBitione
and salt loads agreed very closely with those determined experimentally (Rhoades
et al., 1973, 1974).

The ulimate method of assessing the suitability of waters for irriszation
will remiire the attainment of our capablility to: 1] predict the composition, the
osmotic and matric potentials of the so0il water and the corresponding exchangeable
cation composition of the soil, both in time and space, resulting from the use of
any arbitrary irrigation water under any given soil-crop—water manasgement system and
elimati~ conditions, and 2) interpret such information in terms of effect on crop
response, The need for such an approach to assessing the suitabilities of waters
for irrigation rather than the presently used tables of empirical values assumed to
describe water suitability under hypothetical average—use conditions has been pre—
viously discussed {Rhoades, 19?2}. Obwvicusly such a task would be very complex.
Zven if we could satisfy number 1, we doubt that our present knowledge would enable
ua to accomplish rmumber 2, We especizlly do not understand the mechanisms by which
salinity (as indicated in the preceding discussion), sodicity or toxicity affzct
crop resSponse nor can we accurately predict, on the basis of any developed theory,
the changes in s0il hydraulic conductivity under field conditions, as affected by
water and soil properties. Yet, there seems room for impravement of past comver—
tional schemesz of water assessment based on generalized empirical findings that
have often proven inmufficient in practice.

Because of the reasonably good correlations obtained between alfalfa yield
and average root zone salinity and E: and because of the ability of the chemistry
model to predict either of the latiter two indices of salinity, apparently such a
chemical model could serve as a basis for assesaing the suitabilities of waters for
irrigation. It would be even better if the model could be modified 4o predict soil
water salinity compositions throwshout the root zone and if the effect of + and
irrigation frequency could somehow be incorporated with g to estimate an adequate
total water potential index of the crop root zone with which 4o predict crop
Tesponge,

With the above in mind, a water muality assessment model was developed and
the concepts and utility of this model are discussed here., The chemistry part of
the model will be recommended Tor adoption to0 aid in assessing sodicity hazards of
irrigation waters and in the interim, (until a verified model capable of predicting

the time and space varying total soil water potemtial is developed and information
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pained on how to cuantitatively relate this fo crop responae) to aild in assesaing
gsalinity hazards of irrigation waters, The matric and total atress parts of the
model are crude but do ~cualitatively demonstrate the effects of irrigation Uresuency,
goil water retentivity characteristios, time leaching fraction and irrigation water
zsalinity on time and gpace=integrated soil walter patential. It also gives evidencs
to support our recormended method for assessing the salinity hazards of irrigation
waters.

An improved model of this type, but more capable of caloulating what this
model can orly approximate, is needed te advance our present, Limited abtiliiy to
aagess water suitability for irrigation, For ihese reasons the matric and tolal
potential poarts of this model are included even tnoush these part: of the model are

net rocormmended for adoption in their oresent Torm.

CRITERTA ¥OR ASSESSING IRRICATION WATHR SUITABILITY

Criteria for assessine irrigatior water suitavility must include those chemi-
cal, physical and biological characterictics of soils, waters and crops wnich rust be
quantified and may have to be comtrolled for spesific uses of irrigation waters. The
quitability of waters for irrigation showld be evaluated on ithe banis of criter i
indicative of their poteriials to create s20il conditions hazardous to oron growth or
CTOD USe.

Besides the factors already disoussed, mary additional ractors alfect water

suitability for irrigation. In this treatise we limit ourselves o salinity and
sodicity hazards associated with water use for irrigation. Salinidy is delined a=
the general effects of salts on crop growth thought o ue largely osmotic 1n nature
and related more to total salt conceniration than to specific salt species. Seodicity
is defined as the effect of an ewcessive amounmt of exchargeable sodium in the soil

on soil permeability and siructure deterioration, and a direct ftoxic effect of
exchangeable sodium on plants specifically sensitive to sodium. The wvariables that
affect water suitability for irrigation considered herein are: chemicel composition
of irrigation water, leaching fraction, irrigation {remuency, soil water retentivity
characteristics, crop tolerances to g, 1 and ¢, and allowable limits of EC—S5AR with

regpect to soll permeability.

IESCRIPTIONS AND ASSIMPTIONS 0F THE WATER SUITABILITY MODEL

Fredicting Soil Chemistiry Dietribution

The chemistry model developed by Oster and McNeal (19?1} and medified oy
Oster and Rhoades [ 197%) was used to estimate the distritution of salinity and

sodicity in the moil profile based on an assumed water uptake pattern and a CO,



distribution in the crop root zone as described later, Electrical conductivity of
the soil water, E{:ﬁw' or of the saturation paste extract, EC_, will be used as the
index of salinmity and the sodium—-adsorption-ratio, S:?LR,1 will be used as the index
of sodicity. Briefly, the model calculates the resultanmt equilibrium chemical com-
positions of waters assumed to be concentrated from their initial compositions by
the factor (1;"15‘3:' appropriate for & given fractional interval of the root zone.

The pH of the solution is assumed to be governed by soil carbonate equilibria. Soil
Gaﬂﬂi is assumed to be present in sufficient quantity to saturate the soil solution
before concentration bvegins, The model calculates equilibrium solute activities
using the Debye-Hickel theory, taking into account ionic strength and ion-pair forma—
tion constants, and precipitation of CECDS' ]‘ﬁﬂ:ﬂ{}} and Ca.504 by iteration processes
50 that the final composition meets all the simultaneous equilibrium constants of
the considered solid phases, lor-pairs and carbonate species for an assigned partial
pressure of EOE" Briefly the iterative process involves repeated calculation of:
(1) the ionic strength of the solution; (ii) single ion-activity coefficients; (iii)
the molar concentratiens of all 14 ion pairs and appropriate caleulated ion activi=
ties, and (iv) the molar ion concentration of single ion species by difference between
the analytical concentrations and the sum of their ion-pair concentrations. SAR is
calculated from the total soluble concentrations of Ia, Ca and Mg left in solution,
ineluding those in lor-palr forms, after the equilibrium composition is obtained.
The electrical conductivity (BEC) of the solution is then calculated by the third-
order polynomial fit method { No., 2) of McHeal et al. (1970} .

The irmput requirementis for the model as used here include irrigation water
concentrations of Ca, Mr, Na, K, E:CJa + HGD'::-' Gl and sulphate, and PEG and leaching
Fractions by depih through the profile, LFa.' Leaching fractions at any depth in the
root zone are calculated from kmown or estimated water uptake patterns through the

root zone from

e

v

LF_ = ] - -ﬁﬂ [3]
where f ch iz that part of the total volume of consumptive use taken up above the
depth in guestion. From an examinstion of the water uptake patternso of cropa, we
chose to use the values 40, 30, 20, 10, except as noted, as representative general
percentages of total water uptake by fractional quarters of the root zone for use
in Eq [3]. Such uptake patterns are affected by irrigation frequency and leaching

fraction, as shown by Mantell and Goldin (1964) and Ingvalson et al. (in press).

1/ SAR = Na/ flca + Wg)/2, where the concentrations of Na, Ca and Mz are expressed
in meq/litre,



However, results obtained with the model using reasonable but different water uptake
patterns show that variations in water uptake disiribution do noi appreciably change
the resultant salinity (E0) or sodicity (SAR) profiles. PFurthermore, as discussed

earlier, water uptake pattern does not appreciably influence r ; unlesa dispersion

and diffusion effects are marked, 3Soil air PGOE levels of 1.5, 3.3, 4.6 and 5.3 atm
were used in the model, except as noted, for successively deeper guarterly fractions
of the root zone., Deviations from these PGOE values are not expected to alter

appreciably calculated EC and 3AR values for most water compositional types. 3Soil
water composition was calculated at cuarter points in the root zone.

From the steady state water compositions through the crop root zome we
saleulate: 1) ¢ by the method discussed eartier (Ingvalson et al., in press) using
Eq [2] or by summing the products of water uptake proportion and 5 for each depth
increment and dividing by the sum of the fractional water uptake in the root zone,
using the caleulation procedure described later in Section 3.2, and 2) the various
EC=SAR combinations through the root zone. Comparisons of such latter combinations
with the threshold EC=3AR values of fmirk and Schofield (1955) or Moleal and Coleman
{1965&}, ete,, or preferably from known values established for the seil in question
allow the sodicity hazard of the water to be evaluated for the specific leaching
fraction. While not discussed here, other parametere of chemical composition can
alsc be predicted for suitability evaluation with this model like Gl conceniration,
Daﬂhg ratio, etc, (Oster and Rhoades, 19753,

To test the applicability of this predictive chemistry part of our water
quality model for the above—stated purposes, predicted and determined values of EC
and SAR were compared where eight widely differert waters (Table 1) were used to
irrigate and alfalfa crop in soil filled lysimeters at leaching fractions of 0.1,
0.2 and 0.3, The experimental set-up has been previously described (Rhoades gt al.,

19?3}. Briefly, alfalfa (Medicaro sativa Lay, war,. Hoapa} Wwan grown ir 36 outdoor

lraimeters filled witn Pachappa fine, sandy loam soil. The seads were germinated
and the planta were established while receiving small irrigations of deionized water
each day for about 3 weeks, The Llysimeters of one set of treatment!{hight irrigation
waters with three L¥Fs) contained non-calcareous Pachappa soil, while those of the
other set of treatments contained Pachappa soil %o which Gﬂﬂ03 was added to total

1% by weight, 3Salt sensors were installed at the 40 and 80 cm depths to monitor

in situ soil salinity (Oster and Ingvalson, 1967). Acquarium airstones were
installed at 40 and 80 om depthas to withdraw sampleas of soil air for co, det armina—
tions. Bach lysimeter was irrigated individually when a tensiometer at &0 cm depth
reached 0.5 bar. The water was flooded on the surface in approximately 20 litre
inorements and in a total amount which would achieve the target LP., Approximately

3 1o 5 days were required,



Table 1 COMPOSTTIONS OF RIVER WATENS UISHD PONH IHRYGATION OF ALFALFA

T wiver | EcY Ca Wi Na K cation F_'L. 59 nl AR pi!:y Hater type
rrmho,!"cm R e m‘":,.l"rl'iter‘ —————————— - e e e e o e o= o =

Feather J.10 Q.45 O, % s T b R4 & e N b D16 Daid} 0,13 it Ga,!-‘.:{-iiﬂﬂ’ﬁ
Srand o I 700 Q.79 T (e 19 10t g 24 LPRE D34 (1,0 Teld Ha.-HC(I}
Missouri .91 Jo06 1.22 3.2 0.0 Fa 10 }.20 Faily 1.61 1.6 Tel mi xed
Salt 1456 Ja15 1.35 DeB2 0417 14429 14 .89 10419 frg/] 7.5 | Na=Cl
Colorado 1,27 6495 3,63 1,35 Q.22 14.1% 3.73 Fe 31 1e11 145 7.0 | Ca~80,
Sevier 2.03 3. 71 6,05 10,62 0.15 20,531 5,71 530 BT B Ge% | HodmsCam{l
Gila 314 T«22 .88  18.55 0.09 174 1e17 S PT. 20,09 Ted T«1 | Ha=Cl
Pecos = 3.26 16,98 9.07 11,38 0,08 37.51  3.11 22,39 12.01 1.2 6.8 G&-Sﬂ4

Y
2/
3/

Electrical conductivity.,

SAR = Ha-rf[{(.‘.ag* + Mgz"'}fz‘]i, where all concentrations are expressed in meg/l.

pH* = {plté - p}i;} + p(Ca + Mg) + pAlk, where p(Ca + Mg) and pAlk are the negative lozarithms of the molar
concentration of Ca + Mg and of the equivalent concentration of titratable base {003 + HGCI}, respectively)

and pK. and pK; are the respective logarithms of the second disscciation constant of H,CO, and the solubility

2 2 3
constant of calcite, respectively, both corrected for ionic strength (Bower et al., 1965).




dependingz on the LF, to finish an irrigation. When it rained, the lysimeters were
covered with sheet plastic, Upon completion of this experiment, s0il samples were
talken from the lysimeters at 30 ocm intervals for analysis of soluble salts and
exchangreable cationsa.

The water uptake pattern with depth wan determined from the noil profile
€l distribution (Table 2; Ingvalsen et al., in press), The LF achieved nast each
increment in the profile was caleculated from the ratio Gliwfﬂlnw. Here :1:w Was
calculated from C1, x (aefafc}, where _, .., and g refer to saturation extract,
field capacity and gravimetric water content, respectively. GlE and A, were obtained

from the soil analyses; a,. was obtained by sampling the lysimeters for zravimetric

water content by depth 2 z:ya after irrigation was ntopped. The fraction of water
consumed at any depth in the profile was obtained from {1 = LFalfT1 = LP total},
where LF total represents the LF obtained at the bottom of the root zone or soil
profile as determined by Glih/cldw' The fractional water uptake for each noil
profile interval {f} was then obtained as the difference in water consumed by

appropriate successive depths in the root zone.

Table 2 DIETERMINED LEACHING FRACTION, LFa' AND CARBON

DIOXIDE LEVELS BY FRACTIONAL ROOT ZONEZ IN
ALFALFA LYSIMETER ZXPERIMENT

T i
Fractional co, ¢ o :
depth of & - for leaching fraction treatment;
{ reot zone ol o2 o
7 N 3 .70 .74 .75
| 1/2 ,'- 6 49 .63 0
77 (O RO LS & o7 48
4/4 12t .13 .22 o 32
1

The relation between the observed and predicted EEB is given in Fig. 3
for each of four depth intervals in the 24 treatments {95 data points) with
appropriate statistics. The corresponding relations for 5AR are given in Fig. 2.
The observed and predicted average profile Eﬂen are compared in Fig. 3. The
observad relations between SARe and ECE combinations obtained by water, leaching
fraction and depth in the calcareous soil lysimeters are given in Fig,. while
the predicted EARE_

<ty
s EG:H relations are presented in Fig. 3. The good correspon-
dence obtained between observed and predicted EC and SAR values demonstrates the
applicability of the chemical model for predicting the levels of szoil "salinit;™
and "sodicity" throughout the root zone., As discussed later, this kind of predic-

tion can be used as the basis for assessing salinity and sodicity hagards associated
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with the use of the waters., From the EC distribution predicted by the model, the g
distribution, and m as a function of LF can be estimated as previously discussed,
This latter value is valuabkle in assessing the salinity haszard under conditions of

low ve It has less applicability for conditions of high 1.

Predicting the Matric and Total Stresa of the Soil Water

The degree of water depletion between irrigations and the zoil water retenti-
vity characteristics are assumed to be ihe dominating Tactors affecting ¢ in irri-
gated soils, For this reason we developed a first approximation methed of incorp—
orating soil water retentivity effects on ¢ with ¢ to aid in the assessment of water
suitability.

The calculations pertain to a crop, assumed fo be at a constant rate of evapo-
tranapiration, and for which the leaching fraction and so0il salinity profile averaged
over the irrigation cycle are at steady values. The purpose, then, of the calcula-
tions is to calculate osmotic and matric streseses in the crop root zone, The
aspumptions are:

1) 4t the end of an irrigation cycle, the total water stresa, O., iz at the sane
level throughout the root zone, Under conditions where the creop is extracting
water from soll storage against significant osmotic and matric astresses
gimul taneously, Wadleigh et al. (1947) and Rawlins et al. (wmublished data,
U.S. Salinity Laboratory} found that the total stress at the end of the
irrigation cycle tends 1o be equal throughout the root =zone.

2) After an irrigation, the root zone is assumed to come to & "fileld capacity"
water content, g, , and vertical water flows are assumed to end for all prac-
tical purposes.

3) The zalinity profile of the root zone at "field capacity" ia, as a firsi
approximation, taken as that calculated by the squilibrium aoil chemistry
model (discussed above) assuming uptake fractions of 0.4, 0.3, 0.2, 0.1 for
the four quarters of the root zone in descending depths, The reader who wishes
to improve this illuatrative calculation scheme could well take the final
oamotlc pressure value Teo caloulated by the model, and using the simplified
salt flow model of Bresler (1967) arrive at a better field capacity profile,
"s'{s denotes parameters at "field capacity", { denotes parameters at the end
of the irrigation cycle),

47 The water retentivity characteristics of the so0il are represented as by Gardner
ot ale(1570), ieee, v = A5 %,

By the use of assumpiion No. 1, and the simple formulae given below, one
avolids epecifying the uptake pattern at g below the field capacity level, although

when the calculations are completed, a new uptake pattern ia given, The calculations



proceed then as follows: the root zope is divided inte 10 equal increments (we waad
a value of 10 cm for an increment, i, in cur cclculationa). WNext, one assumes a
final toial stress wvalue, f?ﬁ The greater the value of G%: chogen, the longer will
be the lensth of the irripation cycle., This Bf is, of coursc, ermual to ey + Tog
Whern AT TR + {f.,c, denotes field capacity). The components of sy and
ATy alory witn ﬂﬁi, are given by:

oty = = {mgy + 71p 0, ) = &my + A7y [4]
L. = o
BTG i S = BBpy TR [5]
and
N 7 [Ee e ré)
Ary = mpy Tomgy B[Ry af.c.f‘afi] oy £6]

vhere 0,20 F = 20,0740 — 0.3470 20 + 0,0021 EﬂE vased on the data of Caspbell et al.
[1945}. The only urknowns are B”i; they are obtained by iteration for each depth
irereoment.,

Once these calewlations were made and values for eacn depth increment i
obtained, several subsequent caleulasions and evaluationo were made, These were

an Tollows:

i From the 88 = Be,o. — Bry values, we estimated a time over which the eorop
i extractivg water helow @ as
Fatza

ATw = pzmie, /Bt [71
In cur caleculations, we used a value af 2,5 cﬂf&ay for the evapotranspiration,
Zt. Purtrer, one can e3timste the entire lengih of the irrigaiion cycle,
ATE + ATa + AT oy using an approximate value ol Ay, e time for irvigation
water infiltration and redistribution to Ef.c.' We chooe a value of 5 days
for ATy wnicii we uge for all irrigation waters and leacnirng fractions, based
on experience with Pochapoa Teoels noil {4 = 2,5%, g = 7,79} and nome calou-

1 : ' a i k] . i r
lations using Gardner et al. {(1979) redistribution formalae,.
—- =

iia We prepared tables of times ~T1 for different chosen ~, values and water

1

v

gunlities at leachiny fractions of 9,1, 0.2 and O43.

1% data makes apparent
the mamber of days when the total stress is above some arbitrarily "eritical"

level, at which crop growth may be assumed to have ceaseds With this part of

L_.

{1 an %, value that is less than some of the r.. values in the lower root zone
iz chosen, 7*,. wvalues for peints i Whare . < \; (T } are used to calculate
uptake so that the differences (o = m_.) are iﬁlprﬂpﬂfglﬁn to the distance from
from the bottom of the rooi gone, with the last (<., = m ) at the bottom "meah"
of the root zone set at some arbitrarily small wvalus, ﬂfnbournﬁ, for pointa i
where Q. = (= . + Te }, ~. is used as the fipal, total potential, adhering te
tie basic, gentratind Ausumption of tne model {assumption no. 1).
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the model, the effect of duration of stress 1s taken into acrount in the
assessment, by comparing "stress days" for irrigation intervals of equal

lengths,

iii, We caleulated an "uptake weighted osmotic potential', m, from the my and the
azzsumed uptake pattern at Bgopon 28 uzed in the soil chemistry model. This
gives a volumne integrated ;, which, aa discucsed above, strictly applies to

a system of absolute "piston displacement" water flow with ne molecular diffu—

sion.
ive A root uptake weighted matric pressure, :, wes caloulated oy
I' Ba:
£i
; = 1 Fa
- 1 5]
TEE (O™ B L
{ fi fete
where - = hga i{ thus
a1 b ]

where the depth incrememts are of egqual size.

INTERPRETATIONS AND USES OF WATER SUITABILITY CALCULATIONS

Sodicity Hazard Evaluation

There are two aeparate effacts of sodium that miet be considered in assesaing
water quality. The first is the effect of excessive sodium on aocil permeability,
infiltration and soil structiure deterioration., The otker iz the direct effect of
exchangeable sodium on plants apecifically sensitive 4o zodium. The chemlsiry part
of our water quality model can be uszed to evaluste both of these considerations,

The EC-SAR conbinations pradicted with the model for the eight irrigation
waters, whose compositions are given in Table {1, for all combinatiors of profile
depths and leaching fractions (0,1, 0.2 and 0.3} are given in Fig, 5. These data
are swimary forms of individual plots of EC and SAR like those of Figss 6 and 7 for
the Gila River, These EC-3AR combinations can be compared to determine if "three-
hold" wvalues of SAR are exceedad either with respect to the soil nydradlic conducti=
vity or ESPE/ tolerance of the crop. An example of such criticsl values for

1/ 8 = - used by Gardner et al. (1570).

gf ESP refers to exchangeable sodium percentage of the solls' cation exchange
capacity. Since the SAR of the soil water is a good estimate of the ESP of
s0ile, it can be used advantageocusly in place of ESF for diagnosing eodicity
problems (USSL Staff, 19%4).
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permeability is given in Fig. 5 according to the limits recommended by guirk and
Schofield {1955). In all inatances, the EC=3AR values lie to the right of these
limits indiecating that ne permeabiliiy problems would be expected with the use of
these waters under these conditions of LF and soll types

To complete the sodicity haszard evalunation, the cuestion of effect of excessive
exchangeable sodium, presuming the absence of poor structural problems, on crop
vield, must alsc be considered. Tolerance of crops to sodicity under non-saline
conditions varies widely (Pearson and Bernstein, 1958; Bernstein and Pearson, 1956;
Fearson, 1960). The most sensitive crops {for example, beans) are affected at ESP
levels of about 10, Most crops are moderately tolerant and re affected at ESPs of
about 2%, Highly tolerant crope, like tall wheatgrass, are not affected until ESPs
reach or exceed 50. Tolerance reflects the species' ability to abaorb mutritionally
aderquate levels of Ca and Mg and K from low concentrations of these elements in the
z0il solution.

3ince the 3AR distrivution in the root zone, resulting from the use of a
fgiven water for irrigation and leaching fraction, c¢an be predicted with the chemio—
try model (Fig, 7), it can be used to evaluate the likelihood of reduced crop yields
because of excessive exchangeable sodium in the soils. Predicted ESP levels are
compared with established crop tolerances to ESP for this evaluation, If exchange—
able sodium iz excessive for crop yield, posgibly the ESF level associated with the
use of ary irrigation water can be reduced by increasing the LF, For such reasons,
the concept of leaching recuirement for exchangeable sodium comtrol was introduced
previously (Rhoades, 1968}, The data of Fig. 7 illustrate the point. By increasing
the LF from 0.1 to 0.3, the lower profile ESF level aasociated with the steady state
use of Gila Hiver water for irrigation can be reduced from 21 to 12. The surface
ESP, however, is largely inssnsitive to LF, being only reduced from 8,1 to 7.7 for
the same change in L¥,

The chemistry model is of additional value in assessing the sodicity hazard
because it can predict the concentratione and distributions of Ca and Mg as well as
34R (data not shown}. This is important because whether a sodic soil condition
upsets crop nutrition depends on the total salt concentration (Bernstein, 19?4}. As
the total concentration increases into the saline range ( = 4 mmhofcm ECE}, even
high ESPe are associated with mutritionally adecquate levels of Ca and Mg ([ = 2 m5qf1},
and the rutritional levels of high exchangeable sodium decrease or even disappear
Lagerwerff and Holland, 1%60), The guestion of how crops are affected by nor—uniform
distributions of ESP in the root zone is net known; such information iz needed before

the sodicity hazard can be properly assessed.
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Salinity Hazard BEvaluation

Representative summary Tesults of :, ;, ﬁq arid ﬁ&ﬁ1 are given in Table 4 for
the case of Pachappa f.s.l. soil. Input data for this evaluation as obtained from
the chemistry model are given in Table 3. The effects of correcting T anduﬁ for the
amount of water uptake before the soil comes to Tield capacity, i.e., ;* and.ﬁr, are
illustrated in Figs, § and 9. Because the correction made only avout a 9 percent
dAfference in ﬁ, we Telt this correction was unnecessary, considering the other un-
certaiviies in the model. For ihiz reascon the remaining datz presented here are
uncorrected.

The relations shown in the data of Table 4 are illustrated in Figs. 10 to
16. Briefly, these figures illustrate the following points:
1e The lower the EC of the irrigation water and the higher the LF used with the

water, the lower is the resultant water uptake weighted osmeotic pressure

(Fig. 10) and total (Fig. 11) water stress. Such a lowering of g would

expectedly increase crop Yield in some cases.

iia While 7 is not appreciably affected by LF, it does respond to EGiH {Fig. 12)
and totﬁf (Fig. 13). Thus, T increases with g? and at any given level of g&
decreases with increasing EGiH, az iz expecteds The drier the soil becomes
between irrigations {i.e2., the longer the irrigation interval and the greater
HT]' the greater will be the degree of water depletion (Fig. 14) and hence
T+ Furthermore, the lower the Eciw’ the lower the osmotic pressure in the
upper part of the root zone where most of the water is absorbed and hence the
greater the extent of water depletion for any fixed level of E% ( frequency)
(Figs. 12, 13, 14). LF mainly affects the  level in the lower part of the
root zone where there is water uptake, hence its minimal effect on :.

iii, Leaching fraction affects the need for increased fregquency of irrigation more
than it does : y Tor any given Eciw, as shown in Pigs. 15 and 16, because it
decreases the availability of water more in the lower soil deptha where g is
high (Figs. 6 and 10) while having little effect on the upper root zone
(Fig. 6) where most of the water uptake is absorbed; hence, r is not greatly
affected, except under conditionas of marked water depletion between irriga—

tions, i.2., with very low frequency irrigation.

The values of ;, ET amizggi obtained with the water quality model for Sevier
River water and three =cil types are given in Table 5, The effects of soil retenti-
vity characteristics for a fixed level of osmotic pressure on 1, (3, and Ipp, are
illustrated in Figa. 17, 18, 19 for the Sevier River water and LF = 0,1. These data
clearly show the importance that retentivity characteristics of different soil types
may hawve on a (Fig. 18) because of its effect an r (Fig. 17)s Its effect is much

less, however, on the extent of water depletion (Fig. 19), especially under conditions



Tavle 3 INPUT DATA FPOR SALINITY HAZARD MODEL CALCULATLONS
A5 OBTAINED FROM CHEMISTRY MOIEL SUBROUTLNE
River LF Water uptake pa't-t.ernl/ Eci.w EGSW va.luesl/

Misgouri i A0y W30, $20, #10 .91 1432, 1.76, 3.08, 4.69
.2 .91 1628, 155, 2.19, 1.7
3 l O 12Ty 1edTy 1.59, 2edtd
Salt .l | 1.56 2,35 3.26 fed3 10,00
$2 | 1.56 2,25 2.70 4418 £a53
3 | 156  2.23 251 3.42 .80
Colorado £ | 1,27 1.69  2.29  4.27  5.98
o | 1227 1.63 1,95  2.89 - 4435
o3 l 127 1.61 1,83 2e41 3a 30
Sevier i | 2,03 2,79 31,08 TLAT 11,85
.2 | <11 W S s 5.00 7.80
.3 | 2.03  2.64 3.20 4406 5.76
Gila ol I 3a.1d 4450 Gad0 12.94 20.02
o l .14 A4L.340 S5.27 2.14 13404
Wd ! 3.14 1.28 WE G064 G435
Pecos & | 126 4.48 6,20 10,10 14.90
2 | 3.26 426 5.06 T.4% 10416
s * 3.76 4420 d.62 6,34 Ta99

1j For succeseively deeper quarter fractiomns of the root zone.




Table 4 PARTTAL SUMMARY RESULTS OF WATER QUALITY MODEL
FOR SALINITY HAZARD ASSESSMENT, PACHAPPA S0IL

River LF set @ T mn E‘ T Apl
bars bars bara bars
Miszouri o1 1 0,34 0.54 0458 0.32
2 0,52 106 0.69
3 0.68 1.22 0,92
4 0,83 1436 1405
5 0.97 150 ia16
& 1.10 1.64 1420
2 133 187 1429
e 10 1455 hd 2,09 143
o2 1 0.34 0.d4 0.79 033
2 D454 0.99 07T
3 0.72 1e16 0.97
A U-ElEl 1«31 1-09
5 1.01 146 117
& 1.15 159 1422
8 1439 1.83 1.30
i 1Q 161 v 2,05 136
ol i 0,35 041 D76 0.34
2 0.56 0.97 0,80
3 0.73 114 0.99
4 0.89 1430 1410
5 1.03 1ad4 1.18
£ 1417 1«58 1423
8 141 1.82 Te31
¥ 10 1463 v 2,04 1436
Salt o1 1 0.29 1471 1440 D.17
2 D.43 154 0.45
3 0457 1.68 0,64
4 0,58 1.79 0.82
5 0a79 1.90 0.96
& 0,90 2.01 1405
8 Te11 2a22 1.18
10 131 v 242 1426
.2 1 .29 .87 116 0.1
2 Oedd 1.31 0450
3 0055 -1--'1-'6‘ 'U-T?
4 0,72 '1.59 0,95
5 0.85 1472 1406
6 0.98 1485 1414
B 1421 2,08 1424
w 10 1,42 hd 2429 1e31
o3 1 .29 079 1408 0.20
2 O.44 123 0.60
3 0,60 1439 0.84
4 0.75 1«54 1.00
3 0.89 167 1430
& 102 1481 117
8 1425 2.04 1426
- 10 1.47 ¥ 2.26 1.32




Table 4 (Cont'd)

River LF set @ T 7 Tagi
bara bars barsa

Sevier it 1 0.28 1464 .15

2 0439 1475 0,38

3 0.53 1.88 0.58

4 D.65 2,00 D72

] D.74 2210 0.88

& 0,84 2419 0499

¢ 8 104 2439 113

10 124 2 aad h PR

-2 1 D-29 143‘5 Os1?

2 Ou 40 1.47 0.42

3 0.54 1461 0.69

d 0.66 1173 0.89

5 0.79 1.86 101

) 0,31 1,58 Tall

8 1.14 221 1.21

¥ 10 1235 2442 129

o3 1 0,29 1.23 0.18

2 Oed1 1435 0.48

3 .56 1450 0,78

4 0,70 1a64 0.95

5 0,83 1478 1406

& 0,95 1.89 1+13

a 1.18 2.12 124

d 10 140 2434 1230

Gila 2 1 0,28 2 .62 IR

2 0.32 2.66 0.21

3. Diu"l? 2-?6‘ O139

4 0.52 2,86 0a53

5 0,62 2495 0.64

& 0.71 3,05 0.73

a8 0.87 3.21 0,90

. 10 1,01 3,35 1204

] 1 0428 2.08 Vuld

2 0.32 2,12 0.23

3 0442 2e23 Dadd

4 0453 2,34 0461

5 0-53 2!43‘ OHTE

& 0,73 253 DI

g 0,57 2.7z 1.08

10 1a11 2,91 1.18

:5_ 1 0,28 190 0.15

2 0,32 1494 D25

3 0.43 2.04 .47

4 0454 2415 0.7

5 0.65 227 0.88

6 0.76 2438 0.99

3] 0.97 2.59 1.13

v 10 1217 2.79 1222
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Table 5 EFFECTS OF SOIL WATER CHARACTERISTICS ON 7, 7, AND ef\8;, USING SEVIER RIVER WATER
;. bars E\, bar:; A8
LF Set (i“lr Pa.chappal/ Gilat-!/ Gear:rl-/ Pachappa Gilat Geary Pachappa Gilat Geary
bars
.l 2 0.39 0,43 Ouilb 1.79 1.78 1480 0,38 0440 0439
4 0.65 0.7% 0.83 2,00 2410 2418 Q.72 CuT5 72
6 0.84 1.02 1415 2.19 23 2450 0.99 1.03 0.38
g 1.04 1.30 1.49 2439 2.65 2.84 1.13 1419 1412
10 1e24 156 1.81 2459 2.M 1.16 1.22 1+29 1.22
.2 2 0.40 0.44 0.47 1.47 1451 1.54 0.42 0.43 D.42
4 0.66 0.78 0,87 1.73 1.85 1.94 0.89 0491 0,86
6 0.91 1e11 1.25 1498 2,98 2432 1210 1.13 1.06
8 1.14 1441 1.60 2.21 2.48 2.67 2t 1.25 117
10 1.35 1.68 1493 2442 2,75  3.00 1.29 1.33 1.25
3 2 0.41 0.44 0adi 1435 1.42 1.50 Ou48 Oedf Oudh
4 0.70 0,81 0491 1.64 1.79 1.89 0.95 0.96 0.90
6 0.95 1.15 1.30 1.89 2.13 2.28 1413 1416 1.08
8 1.18 1446 1465 212 244 2.6} 1.24 1.27 119
10 1.40 1.73 1.97 2.34 2.7 2,99 1.30 1.35 1.26

1/ In the relation r, cm 0 = Ag™¥, the values of (A,w) are (0.108,6.645), (0.63,4.3), (2.53,2.79)

for Geary (Hanks and Bowers, 1962}, Gilat (Gardner et al., 1970), and Pachappa (Wesseling, 1974)

8oils, respectively.
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of low set @ (in high frequency irrigation). This is so because with water uptake by
the ecrop shertly after irrigation, a considerable decrease in water content causes
orly a minor increase in total water stress; however, later when a substantial frac—
tion of tie available moisture has been used, then the further additional leas of
moisture fram the soil causes a larce increase in total water stress. Parameters for
Aeseritine the moisture characteristics of these soil types are given in the feotnote
tn Table %,

Remults of calculated "stress days" are given in Table 6 for four different
irrijration waters. These data show that for cases of infrequent irrigation (like
%% days nere), the creater the salinity of the irrigation water, the longer the period
the crop is exposed to total soil water potentials in excess of some arbitrary criti-
cal wvalue, The data alse show that the duration of this exposure to excessive stress
can be appreciably reduced by increasing the LF with which saline irrigation waters
are used, The benefit of LF is clearly illustrated here., These resulis support the
value of increaszed LF for mimimizing the deleterions consequences of saline irriga-—

tion waters.

DISCUS3ION

Sodicity Hapard Evaluation

Hxamination of the soil permeability data now established in the literature

shows that szoiles with =imilar texture and CEC may vary considerably in their



Table &  ILLUSTRATIVE CALCULATIONS: DAYS AT TOTAL S0IL WATER 5THESS
CREATER THAN ARBITRARY "CRITICAL" LEVEL3

River Water Lesching Days for which Days for which
3 = ! ] 4 = A

Fraction @ > Gc 10 hars ¢> I;"&c 2. ary
Miszgouri 0a1 1412 2,28
EG:.LH o Oo?" Gig 'jtﬁ'r? 1&9(-"
(W} D.72 1.77
Salt Oa1 21?5 437

= B

EC, 1456 D2 1480 .16
Da3 3!3:-9 :?r-lr's
Sevier 0t 3e43 hel2
.= 2,0 . =y 307
Eﬂlw 2.03 0.2 2427 i
0.3 190 3.28
Gila | T«09 a2
BC, ., = 3414 02 4438 fa28
Ou3 3.50 Da3%

Assummiions of calculations: 33-day irrigation cycle, assuming 5 days

to reach r, = 0.25 bar., Pachappa soil (r = Ap ¥, A= 2,5}, @ = 2.79
L

for v in cm HEOII. E, assumed constant at 0.5 cm/day.

susceptibility to the deletericus effects of exchangeable sodium and electrolyte
concentration (Yaron and Shainberg, 1974; McNeal and Coleman, 1956a and b; Rhoades
and Ingvalson, 1969)s These findings demonstrate the inademuacy of using "average
types of soile" for the basis of irrigation water suitability evaluations and the
need of making such assessments with specific knowledge about the properties of the
goil in question,

To illustrate the individuality of soils with regard to thairlatability of
permeability to exchangeable sodium and electrolyte concentration, a brief review
of pertinent studies follows., @Quirk and Schofield {1955} found that the permeability
of a Rothamsted Experimental Station soil, whose mineralogy was estimated to be 40
illite, 40% kaolin, and 20% vermiculite, was maintained (did not decrease more than
10 to 19} as along as the electrolyte concentration, in mqul of the infiltrating
water exceeded the exchangeable sodium percentsge (ESP) of the soil by a factor of



two over the concentration ranze 0 to 20 meq/l and ESP range 0 to 40, On the basis
of this study, the authors proposed the use of a graph (these data are shown in

Fig. 5) to determine the suitability of waters for irrigation with respect to soil
permeability probiems., Doneen (1961) has similarly proposed a scheme for classifying
waters into various "permeability classes" based on montomorillonitic Yolo soil whose
permeability was reduced 29 when the elecirolyie concentrations were less than 3.5,
5.5 and 10.0 at ESP wvalues of 0.6, 1.4 ard 8,0, respectively. Mcleal and Coleman
(1966a) presented detailed information on the effect of ESP and electrolyte concen-
tration on the hydraulic conductivities (HC) of seven well characterized soils. In
addition, studies of the mwelling properties of these same soils have been made
(Helical and Coleman, 1966b). Five of the soils had exchange complexes which were
predominantly montmorillonitic in nature, while one was kaclinitic and one was a mix-
ture of montmorillonite and hydrobiotite. Pour of the montmorillonitic soils and the
montmorillonite=hydrobiotite noil demonstrated pronounced decreases in HC at ESP
valuen of 25 but over a concentration rarge of 9 to 40 mEq,a"'l. Swellirg properties
of three of the montmorillonitic soils and of the montmorillonite-hydrobiotite soil
were well correlated with their relative hydraulic conductivities, One montmorilloni-
tic s0il which underwent HC decreases apparently did not swell. Another of the mont—
morillenitic soils was stable (no decrease in HC) until ESP values over 50 were reached.
This seil failed to swell appreciably. The HC of the kaolinitic seil was essentially
independent of exchangeable sodium and electrolyte concentration.

Yaron and Thomas (1968) have reported on the effect of sodic waters on the IC
properties of four Texas soils, At an electrolyte concentration of 11.3 meq.fl reduc—
tions in HC were appreciable when ESP values exceeded approximately 7 to 8, 15 and
20 for soils whose mineralogy was predominantly montmorillonite, montmorillonite-
illite, and illite-kaolin, respectively. At a higher electrolyte concentration of
34.5 met/1 analogous "threshold" ESP values were 8 to 10 (montmorillonite), 22 (illite
kaolin) and 27 (montmorillonite-illite)., Rhoades and Ingvalson (1969) investigated
the relationship between hydraulic conductivity, ESP, and electrolyte concenmiration
for vermiculite dominant soils and found that HC did not decrease at ESP values lower
than 50 in the absence of mechanical and chemical disaggresation. After disaggregoe-
tion, HC decreases in the ESP range of 10 tc 40 at electrolyte concentrations of 5 to
10 meﬂjl. The apparent insensitivity of such soils to ESP were concluded to be
related 4o the fact that most of the exchangeable sodium was sorbed on relatively
large (silt-sized), semi-expanding vermiculite particles. Hence, swelling and
dispersion processes are limited compared with montmorillonitic-type soils,

McNeal (1968) has proposed a procedure for predicting the relative EC of wsoils
to mixed salt solutions using calculated swelling values of montmorillonite as a
frame of reference, The procedure was tested with a group of seils of nearly constamt



clay mineralogy (42% montmorillonite, 2% mica, 19 quartz and feldspar, and 136
other) ‘tut varying in clay contert from 5 to 49%, Taron and Thomas (19368) have

also proposed a semi—empirical method of predicting HC decreases expected from the

wse of sodic waters on 4he basie of their studies on four soils. Doth of these
procedures have given encouraging results. We do not yet lnow, however, how generally
applicable these methods or those of Quirk and Schofield (1355) and Doneen (1961) will
rrove to be due to the limited rumber of soils zo far studied. These attempts do,
however, suggest the usefulness and potential application of such knowledge for
evaluating the suitsbility of waters (with regards to soil permeability problems)

for irrigation purposes,

With 4he above background, apparently our ability to evaluate the sodium
hazard of waters will improve as our ability to predict the effect of exchangeable
sodium and electrolyte concentration an the structural stability and permeability
of aoils improves, In the interim, however, we recommend that appropriate EC-34R
"ihreshold" relations for the particular soils in question be empirically determined
under field conditions for this assessment, If field data are unavailable, we Tecom—
mend that saturated hydraulic conductivity or swelling and digpersion sensiiivities
af the soils to anticipated EC~3AR levels be evaluated to guide in assszssing the

potential scdicity rasgard of the water,

Salinity Hazard Evaluation

Before we can take advantage of the utility of any water ruality meodel for
evaluatirg tne salinity hazard, it is neceasary to know how crops respond to time
and space Varying w and ¢ and oritical values of n or f. At present, euch informa—
tiorn is not known and, for this reason, any salinity hazard asseasment of water
quality is only an approximation at best., If crops respond to "stress days" of time
and space integrated total water stress in excess of certain critical values, then
such values must be established for important crop types and complicated dynamic
typea of models will be required to evaluate the suitabilities of waters for irri-
gation taking all of the crop, soil, water, atmosphere, irrigation management and
time wvariables into account. Comprehensive models built upon those of the type
described by Nimah and Hanks {1973), Bresler (1967), and Dutt et al. (1972) will be
needed for such evaluations, At present, more information on how crops respond 1o
galinity and more tests are needed to verify the abilities of compreheﬁsive model s
to predict such crop responsea,

If the concept of Bernstein and Prancols {15759) that crop response is related
to water uptake, weighted salinity can be shown to apply in general, and not just to
high frequensy irrigation, and if the concept of the additivity of camotic and matric
stresses of Wadleigh and Ayers (1945) is verified by a broader range of experimenta-

tion, then simpler modela could be developed for assesaing the salinity hazards of



irrigation waters. OSpecifically one based on the evaluation of water uptake welghted
total water stress as introduced herein. This would have great appeal because the
time factor is eliminated. Weeded infermation is not awvailable to either prove or
dieprove the appropriateness of this concept. ZFor this purpose and that described
in the preceding paragraph, we recommend that experiments of the kind described by
Ingvalson et al. {in press} he carried out for many different crop epecies only with
modification to include Fraquency of irrigation and determination of time and depth
integrated v in additicen 1o pe Comparisons of correlations of yield with ;, Eq and
analogous time and space integrated values would demonstrate whether or not, and
under what conditions, if any, the time aspest of crop response fto salinity and
ratric atrecses can be eliminated by welghting these parameters in propertion o
water uptake,
I7 1t ig found trat crop response is auitably relatable to E-and that the
effects of g and 1 are additive, then appropriate critical values for salinity hazard
aspesement could be established in one of four ways. Data on crop response to water
stress could be used. Hichards and Wadleigh {1952) have reviewed and surmarized much
af the early work and Slatyer (1969) some of the more recent work, Data on CTop
response to osmotlic presaure in water or gand culture studies could be used, like
that of Eaton (1912). Appropriate data could be collected using presently available
nmatric and osmotic senaors, The fourth way would be to estimate the ; incurred for
the experiments under which the great majority of presently awvailable salt tolerance
data were collected, This latter way would be the simplest and quickest, Most of
the malt tolerance data were determined under conditions of relatively uniform soil
salinity levels obtained by irrigating with highly saline waters and a leaching
fraction of about 50 percent (the range of salinity within the root zone was about
+ 10 percent of the mean) (Bernstein, 1964}, The ECiH values used to establish
the salinity levels in these studies, if known, could be used along with knowledge
that the LF waa ~ 0,5 to caleulate C using Eg [1] and hence 7. These values could
then be related to corresponding determined crop yields to establish the required
orop response relationas, since under these experimental conditions, T should have
been relatively insignificant., The ; values could then be used as estimates of
(. Such values could also be used to establish appropriate set point ¢ values for
guiding irrigation frequency and determininsg appropriate LF values {i.e., aztablishing
the leaching requirement) to minimize crop-yield reductions (van Schilfgaarde 2t al,,
1974).

Since the present salt tolerance liotas are summarized in terms of EEE and
corregponding yield decrements, it would ke useful if this information could be
directly used for purposes of establishing m— and (-crop response relations, This

can be estimated, gilven the above—mentioned asswmptions, aa follows: select the



EG, value (Ayers and Branson, 1975, have assembled a convenient list) corresponding
to no yield reduction, EG;, (or some higher Ece value if some yield reduction can be
tolerated), Multiply this value by 2 to obtain the approximate soil water EC__

[EGE HEEGBH at near field capacity) and divide by 1.5 to cbtain the corresponding
BG, . which would have produced this HC_ {for LF = 0,5, average root zone EC ,, should
be between EC, ~and 2 EC, , hence EC_ ~1.5 Eciw}. This value is then multiplied by
0,36 to convert EC values to bars, i.e., s = (0,.36) [7%5] EC] = 0.5 EC], then
calculate maggimum allowable values of o lor =~ @) v (or QS'} for use without yield

reduction for given cropa from,

. 0.5 EC ’
n=TTEE e (3_—5] = 0,69 EC] [10]

If our assumptions are valid, results of Eq [10] show that the range of - (or @) for
most crops is 0.7-5 bars., Such values seem to agree with sxperience and research
findings.

Speculation aside, our present state of knowledge does not allow us 1o adopt
with any conclusive justification time integrated, stress day durations, or water
uptake weighted indices for assessing the salinity hazards of irrigation waters.
Each of the above, also assumes that crop response is only related to a water avail-
ability stress and ignores the consequences of mutritional or toxicity factors of
salt damaze, Yet a need exists now for some reasonable method for evaluating the
salinity hazards of irrigation waters and, therefore, some approach must be adopted
based on best available information and logic. For this reason, we considered the
results obtained with our illustrative model-alonz with experimental observations
discussed later to aid us to come to some decision as to what can we now recommend
for this purpose.

In our example evaluations, we found the following: the Eciw and LF combi-
nation establish the osmotic stress distribution in the root zone and m; they alsc
affect @ « Leaching fraction has little effect on :, but irrigation freguency,
extent of water depletion betwsen irrigations and soil water retentivity characterie-
tics do, ‘The duration of "etress days" is affected by irrigation water salinity,

LF, frequency of irrigation and soil water retentiviiy characteristics. The import-—
ance of these effects on crop response will vary with crop tolerance and climatic
stress conditions, On the basis of this, where saline waters are used for irriga-
tion, LF should be increased to lower g and ; and frequency of irrigation be increased
to lower ¢ and :, the two compining to minimize @ a.nd-,% and duration of "streas days".
We conclude on the basia of our results, especially Table &, that space averaged
salinity should be a reasonably good index of crop response to soil-water salinity

in cases where matric stress is significant, such as with infrequent irrigation,

because of the marked dependence of duration of siress days on LF, LF primarily



affects the level of =alinity in the lower depthe of the root zone; therefore, a para-
meter of salinity related to the space distribution of salinity, and especially lower
root zone salinity, for infrequent irrigation, should be related to crop response,
The data given in Table | support this conclusion. In each of these studies, irri-
gations were given when tensiometers at about the 60 cm depth reached 0.5 bar
suctions, Under the outdoor atmospheric conditions, this resulted in an irrigation
interval of about several weeks, Under these conditions crop response was well
related to average root zone ECE and Ecdw values and poorly related to Eﬂiw values,
Turation of stress is increased and less opportunity is allowed for growth "catch—
up' as the irrigation interval is extended, The increased osmotic pressure asso=
ciated with lower LFs and use of more saline irrigation waters becomes especially
disadvantageous then, because the "critical stress" level of @ will be reached
quicker for a given amount of water use if the initial level of 5 present at the
start of water depletion is high, than if it iz low. Under conditions of more fre—
quent irrigation, based on our model findings, we conclude that crop response would

become more responsive to Eciw and ;'than to LF and irrigation interval.

Table ¥ CORRELATION OF CROP RESPONSE WITH VARIOUS INDICES OF SALINITY
UNDER CONDITIONS OF NON-UNIFORM ROOT ZONE SALINITY
AND CONVENTIONAL IRRIGATION FREQUENCIES

Correlation coefficients
Crop Heference EGiH ;lf Ecdw Ave, ;’Ef
EC
e
Sudan grass | Bower et al, (1970) .19 D57 0,88 0.84 -
Tall fescue " 0450 .85 0.81 0499 -
Alfalfa " {1363) 0431 0.84 0.89 0.98 ~
Alfalfa Irgvalson et al. 0.53  0.71 0,80 0.78  0.89
{in press)

_‘|f as calculated with Eg [2]
2/ from time and space integrated in situ soil water salinity values,
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6.1

RECOMMENTA TIONS

Sodicity Hazard Svaluations

Be141 With computer facilities

We conclude that the soll-water chemistry information rerquired to asgseas the
aodicity hazard of amy arbitrary irrigation water can be closely estimated
with the "Oster" chemistry model, i.¢., the EC and SAR levels in the soil-
water by [ractional depth throughout the root zone, and recommend its adop—
tion for this puarpose. With appropriate infeormation on certain properties
of the soil %o be irrigated, like its critical limits of EC-3AR for main—
tairnivg hydraulic sonductivity or preventirny excessive awelling or disper-
sicn or degradation of amgregate stability, etc,, the suitability of a water
for irrigation can then be asssssed with reapect to this seil related sodi-
city hazard, 3Similarly, the suitability of the water with reference to the
orop related sodicity hazard can be assessed from the predicted 5AR distri-
tution in the profile, established ESP-5AR relations, and tables of crop
tolerance +to E3P. While data werse not presented herein, the chemistry
model also predicts the concentration of caleiuwm and magnesium s0 that the
likelihood of rmuitriticral imbalance can be evaluated, This is important
because, according.to Bermstein {1374, in press), the deleterious effects

of hiph ESF on creop response iz moderated or eliminated for some crops at

mifficiently high levels of calciun and magn-sium (= ~2-=3 neg/1).

Gy142 Without computer facilities

For rourh assesaments of aodicity hazard, when computer facilities are
unavailable, it iz recommended that upper (uj and lower [p) root zone valuea

of 3AR be estimated as

S."LHu = SJ'LR:_LH r' + |:E|_.1 = -Crco:]: |'i-|j

and

SARE =k SﬂHu r12]

respectively, after Rhoades [ 1972), where pH: iz as defined in the fooinote
of Tatle 1 and k is a factor dependent on LFband roil prﬂpartiﬂﬂu For mamy
soils this factor has been found to be 2,06, 1436 and 1.03 for LWFs of 0.1,
D.2 and 0.3, respectively, Several studies have demonstrated the utility
of the above adjusted SAR procedure; these studies have been previously
reviewad [Rhcades, 1972). More recently, Oster and Rhoades {19?5} obtained
remults for a wide range of water types also suppertive of this semicquanti-

tative calculation procedure,



Be2

For =0il related seodicity considerations, Eﬂiw and SARu are recommended for
use to assess the likelihood of sigrificant permeability reductions for a
soil of given EC—ESP {or 8AR) tolerances as discussed in the proceeding
section; SARu and SRRE are recormended to predict the minimum, maximum and
average root zone ESP values for comparison with crop tolerance — ESP tables
to assess the likeliheood of sodium foxicity problem of a given crop.

Comvenient ESP—tolerance lists are siven in Bernstein (1974).

Salinity Harzard Evaluations

With computer facilities

For the reasons discussed in Seection 5, in the interim, until more informa-
tion is available on how crops respond to time and space varying osmotic
pressures and matric stresses as a function of irrigation management, soil
water retentivity characteristics and atmospheric stresses, the following
procadures are recommended for evaluating the salinity hazarde of irrigation
waters, The assumption is made that good irrigation management practices
are followed, including uniform application of water, For irrigation regime
in which significant matric stresses are achieved, during the irrigation
oycle, we recommend that the average root zone Eﬂe be eztimated for ary give
water and LF with the chemical predictive model presented herein and that
this value then be used to assess the likelihood of yield redustion of any
given crop by comparison with EE; values given in standard tables of crop
tolerance to salinity (iike those of Bernstein, 1974 or Ayers and Branson,
1975)

For conditions where significant matric stresses are avoided, like high
frequency irrigation, and osmotic pressure is the dominant Tactor affecting
crop regponse to saline irrigation waters, we alac advise the use of the
chemistry model for assessing the zalinity hazard. In this case, however,
we recommend that q be calculated by Eg [2], and that the expected crop
responese evaluation be made by comparison of such values with critical ;’
values obtained with Eq [10] and avpropriate values of ED; ( such as those

given in Ayers and Branson (1975) tables).

HWithout computer facilities

For rough assessmento of salinity hazard, when computer facilities are
unavailable and for irrigation regimes where significant matric stresses are
achieved during the irrigation cycle, we recommend that the maximum accept-—
able level of EC in the irrigation water, EG{H, for a crop of given salt

tolerance and for a given LF be estimated with



- - aipy # . 1
EG =5 ave mtef{r + EF} [13]

: ; st 8 ! o 1 i
Equation [13] iz obtained by substitution of Lde = {LF] Eciw into

EGEN e 5 oave ED; - Eciw r1d]

éﬂ iz the estimated maximum allowable Lﬂdw witoout crop yield
reduction resomnended for use in egtablisning leaching regulirements

{LF w EﬂinEUéH] after Rhoades (1274). The derivations and logic of

where I

Ergse [131 and r1£] are givern in this latter reference. The major assump-—
tion in these ecuations is that crops respond to average root zone EC.
EG{W values obtained with Eq r13] are higher and lower than those recommended

o -

by Ayers and Branson {1973} depending on LF,

For irrisation regimes where uignificant matrio stresses are avolded with
appropriate management procedures, sush as high frequency irrigation (like
drip irrigation), we recommend that n values be estimated with Eg I1] as
Calb Ef10, Such valuwes thern being compared with n” values obtained with

Hg [19] and appropriate EG; values as previously discussed to aseess the
likelihoed of orop yield reductions with use of that water for that crop.
Tnis approach is the same as that recormended previocusly for such irrigation
regimes with use of computer facilities except in this case corrections for

salt precipitation and mineral weathering are ignored.

Ee?sid Research needs

We recommend that i) quantitative models be developed to predict the composi-
tion, the osmotic and matric potentials of the soil water, and the correspond-
ing exchangeable—cation composition of the asil, both in time and space, that
would result from the use of amy arbitiary irrigation water under any given
soil=crop-water management system and climatic conditions; ii) such models

be verified by field testing, and iii) studies be carried out to determine

how crops respond [ rooting patterns, vegetative growth and yield) to time

and space varying salinity and sodicity, as affected by LF, irrigation
frequency, climatic streas and irrigation water composition, so that results
of quantitative water suitability assessment models can be properly inter-

preted.
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Te TN TROTUC TION

The present need for mere food and fibre entails reclamation and development
of new land resources besides an increase in the agriculdural imouts necessary for
greater producticm. Irripated apriculture plays, and will continue to play, a major
role in inereasing the food supply especially in arid and agsmi-—arid resions,. Toe
contribution of irrigaetion to a subsotantial increase in ruantity and ~eality of
agricultural production, over that of rainfed farming, is an egtablished fact in
regions such as the Near Zast where T af 4the total ecrop production comes from
irrigated lands. Conserquently, heawvy investments zre bteing made in land reclamation
and development of irrigated farmirg in countries such as Irag, Iran, Syria, Egpt
and Pakistan. In most of these development projects the muality of either the zail
or the water, or sometimes both, 1z not zood encugh o yield an economis refurn
without the addition of reclamation measures or special managemsnt practicen,
Salirity and alkalinity are amongst theose wnfavourable land characteristics respon-
sible for this remuirement. Morsover, the deterioration of agricultural production
on previously productive lands in the arid and zemi-arid regions can be directly
attributed to the development of salinity and alkalinity. The decline of ancient
civilizationsz in the Mescpotamian Plain was due to the spread of salinity over the
agricultural lands.

The lack of awareneas of the problems of salt affected soils where conditions
permit their formation, and of necessary reclamation measures is one of the main
factors for the failure of irrigated projects, while the early predietion of thess
hazards helps the timely setting up of land protection programmes. &}ﬁhough too much
attention ir being given to the atudy of diagnostic and irmprovement technigues, little
is being paid to the study of prognogis of salt affected soils. Successful prognestic
technigues should be based on knowledge of the factors imvelved in the formation and
development of =salt affected asoils and the adoption of a sound metheodology.

The factors that should be considered for prognosis could be broadly grouped
under {a} natural and [b] man-mada, Thia paper outlines some of the latter growp

related to 901l management and cropping practices. It is not meant to be a detailed



Je

study, but rather to raise guestions and to stimulate discussion as to how these
factors or parameters will be considered in working out a methodology or fuidelines

for prognosis,.

S0IL MANAGEMENT AWD CROPPING PRACTICES

The main characteristics of these marn-made factors are that:

B they are dependent, by definition, on man's role where he can change thelr
effects according to his management, to improve or worsen the situation;

b. they do not have the same importance or magniiuwde and consequently, ghould ™
have different weighted values;

e they are functionally interrelated and, thersfore, should not be evaluated

separately but in an integrated approach.

However, for the purpose of the present study those factors related to so0il

management and cropping practices are going to be presented as individual ones,

LAND LEVELLING

This is an important cperation, especially in newly developed irrigated
lands, for efficient water distribution by surface methods and for the contrel of
runoff. If land levelling is not done properly, or executed under certazin condi-

tions, the following may be expected:

B reation of a micro—relief;
b variation in depth and homogeneity of the =eil profile;
Cu pulverization of the fine soil material and changes in the soil structure,

Fach of the above physical alterations may contribute to the formation of
malt affected soils, OChanges in the micro-relief in the order of less than 30 cm
result in inereasing salt content on the raised spots and better leaching in the
dips, which explains the spotted nature of salinity observed in peoorly levelled but
otherwise normal fields. Zarly detection of variations in micro—relief either during
irrigation or from the crop performance helps to give warrning of future degradation,
Fortunately, by repeated land shapirng before cropping and as the development of the
land proceeds, the micro—relief variations disappear and their effect becomes less
obviocus,

Te changes in depth and homogeneity of the seil prefile as a result of land
levelling depend on topography, original soil depth and nature of stratification and
size of earth moving. Where shallow profiles are found or relatively less permeable
layers are exposed close to the surface, the chances for development of salt affected
soils become much greater than in the case of deep and homogeneous scils. Unlike

the micro—relief, variations in soil depth are not easy io correct, Therefors,



improper land levellirnys operations associated with shallow profile formation should
be given more consideration in prognostic investigations than those with micro—relief,

Heavy land levelling machinery affects the texture and structure of certain
s0ils, such as the calcareous ones and those high in silt content. Pulverizations
of the z0il material, breaking of aggregates and compaction alter the pore sigze dis—
tribtution and decrease the soil permeability,. Such alterations would slow down
water movement, reduce leaching of =salts, encourage waterlogging and, consacquently,
the build wp of salinity. Costly amelicrative measures have to be taken to correct
these undesirable effects if improvement of aggregation and permeability can not be
achieved by normal cropping practices.

Generally speaking, land levelling as a requirement for land reclamation
and preparation of fields for surface irrigation is executed by technicians who may
net be aware of the consequences of improper levelling on soils and crops. Under
these circumstances not only technical training but also creation of awarenecss are
needed in order to aveld land degradations. Since levelling is one of the earliest
reclamation operations in newly irrigated farming projects it should be carefully

evaluated at an early stage as a possible cause of secondary salinization.

TILLAGE -

This is ancther mechanical operation that is usually carried out For mumer—
ous reasons including seed bed preparation and improvement of =zo0il permeability,

The relation between tillage and salinity depends on the following factors:

Aa vertical distribution of salts;

[+ depth of tillage and soil stratification;
Ca soil moisture at time of ploughing;

d. tillage machinery and implements;

B timing of tillage,

It iz known that salts tend to accumulate closger to the soil surface in
urirrizated dry lands and to move dowrmard with reclamation and irrigation. So,
tillage would speed up desalinization and dealkalization by mixing the easily soluble
salts deeper in the a3oil, loosening the dense =mubsoil and mixing amendments, such
ag gypeun when applied to alkali soila, At an advanced stage of =30il reclamation
and under good management practices, where the salta are being pushed below the
active root zone, care should be taken in order not to turn the soil by plowghing,

Within the normal depth of seed bed preparation, which does not exceed 3% cm
for most cropas, a relatively less pervious layer might be formed as & remult of
repeated ploughing to the same depth, especially in heavy textured soils and at above
adequate moisture comtent. This plough layer may cause temporary waterlogging
followed by salinization that both affect seedling growth and crop stand.



Variations in depth of plowghing, subseiling, growing of crops with different rooting
depth and growth habits, and thermal fallowing decrease the effect of this layer,

For prognostic purposes, the depth and reversibility of the plowsh layer should be
imvestigated.

Soil compaction induced by the use of heavy tillage machinery, especially
at an unfavourable degree of weiness, increauses the soll bulk denuity and decreases
itn infiltration rate and, consemquently, promotes secondary salinization, There—
fore, the degree of so0il compaction should not he overlooked in the prognostic
investisations,

Soil ploughing can be done by wvariou: implements that not only affect dif-
ferently the seil bulk density and agrregate stability but also the distribution and
mixing of salts. A chisel plowgh will cause less disturbance than a mould-board and,
therefore, the former is preferable to the latter where turning over of the soil is
to be avoided, So, the use of implements that enhance salt leaching, such as chisel
and mould-beard, has to be weighied differently from others, such as a disc harrow,
in evaluating the role of tillasge in salinization,

Tillage 1c mostly practised before sowing of each crop and if it is perfectly
executed and fellowed by irrigation or heavy rainfall an effective leaching of salts
can be achleved, Tillage after harvest may not be so effective, especially if the
se1l is tilted, dry or a long period lapses before sowing the next crop. In the
latter case, zalis may accwmilate and affect seedling gpermination and growth. There—
fore, the timing of tillage operations rmust be observed carefully as a factor in

nesondary talind zation.

PLAITING

Flantirg technirues and position: vary with the type of crop and can be
madified to overcome unfavourable conditions for germination and seedling growth.,
For saline zoils and furrow row crops, in decreasing order, the effects of salinity

on crop stand, due to plantirng position, are as follows:

B planting on top of a single-row bed;

[ planting near edges of a double-row bed;

Ca planting on side of a sloping bed;

d, planting in irrigation Turrow, where crusting is not a problem.

Broadcasting or drilling of seeds on flat Tielis followed by heavy irrigation
is also practised to overcome salinity effects on germination. However, where
crusting is a problem, measures have to be taken to loosen the soil surface or break
the crust to help seedling emerpence. Under alkali sonditions, characterized by low
permeability and susceptibility to waterlogging, row crops are umually planted on
high beds to reduce the harmful effects of waterlogging.



The anount of seed recuired for planting a given orop on a salt af'fected soil
1a nigher than on a normal ecne. 3Binilarly, a decrease in the percentage of emerging
seadlings and a delay in emergence are o be cxpected.

For prognestic purposes, observation of the above relations would help in
the ideniilication of the progress of salinity and alkalinity problems. In this
regard, xesplng records of Ihe ancunt of sseds, percentage of emerging seedlings and

time of emergence 1s a reocommended practice.

WULGHINS
Among the varicus objectives of this practice, the reduction aof water losses
13 & 1
by ecvaparation is closely related 1o the movemen: of zalts., Disruption af capilla
v o i i

contiruity ninders upward water movement to the zoil surface and its lass zs vapour
b D T

o+

re murlface, Surface tillsse, mainte—

i

and consequently reduces salinity build up a
nance or surface applicaltion of crop residues and placenent of gravel layers an the
5011 surface or slightly beneath it are amorg the varisus practices that are worth
menticring. Gererally speaking the effectiveness of mulching depends an the depth
to water table, pore size distribution, climatic condisions and cron cover.

Under a given circumstance, for surface tillzgze tc te of walus i3 must be
done at an early stage while the evaporation rate 1% hign and not afier here has
been considersble surface dewing by evaporation whisch reduces the beneficial effects
of milechirg, The effectivenesz of maintaining or spreadang crop residues on the
501l wurface depends on the rate and method of application of mixirg with the soil.
Hegarding tho placement of a gravel layer for mudching, it is best suited for treea
requirirg minimun disturbance around the trunta, since the gravel layer orsates =z
pratlem when cultivating the aoil.

The practice of mirvimum or zere tillage as a meazure for conserving water
and controlling erosion should be carefully applied where the thrsat of salinization
axistu.

Considering the role of proper malching in checking surface salinization and
the varicus factors affecting it, evaluation of mulching should take ints account

these factors and the timing of this operation.

FALLOWING

Under genditions wihere water iz a limiting factor for crop productien the
land may be left fallow for some iime to increase the acil water reservoir to
benefit suvseguent crops as in dry farming, or until an adequate water supply is
available in irrigated farming. Measures are usually iaken during fallowing to

reduge evaporation and, consequently, salinization, Mulching, as discussed before,



weed cantrol and shading of 4ne soil surface are praciised with fallewirg to reduce
salinity and increasse subseguent orep productlon.

The effectivensuss of fallowing in this regard depends on other factors
inoluding depth to water table, gquality of groundwater, soil propertics, climatic
conditions, and length and frequency of fallowing. Seoil galinity reductions attri-
buted to fallowing are greater under deeper water table regimes and fresh clrculating
gproundwater, compared to more shallow water table and groundwater of higher aali
content, Theoretically speaking, evaporation from a dry surface of a fine candy Loam
s0il would proceed at a rate of about &, 3 and 1 mm/day if the water table is kept
at 20, 120 and 180 om respectively. Ihis indicates the inportance of +the water fable
depth factor and the danger of fallowing where a shallow water taule exiotz.

Where the soil has favourable water f-ansnitting properties and there 1z 2
high atmowpheric evaporative demand, swnner Tallowing should he eveided or ctherwise
irrigated and fallow areas should be grouped and E::'ranged: in such a way to reduce
wrnecessary circulation and rise of groundwater. Temporary fallowing betweer crop-
ping may not reguire special practices asg wold a lorger one and more Trequent ones,

Fallowing as a factor in salinity prognosis sheuld e conaidered not anly as
& process for reducing water losses by evaporation and redising salinity but also
az o possible reverse process, 1R this respect, depth tc and quality cf groundwater

are tne mest imporiznt paraneteTr .

APPLICATION OF MANURES, FERTILIZERS AND AMENIMENTS

Mamres and fertilizers are frequently sdded to the seil 4o loprove its
productivity, while amendments ares applied in the first place to correct undesirable
physical and chemical propertlies.

Maruring, beside its mutritional value, improves the physical conditlon of
the seil, and therefore enhiances leaching of salts and drainage of wet goiles In
certain cases, the application of mamires high in salt content may add to an existing
provlem and green manuring would be advantageous. Under arid sorditicns, marures do
nat have auch a long lasting eftect as in fermperate or huanid climates and Trequent
applications w:::-uld ke needed, Since the amount of msmure normally applied 1s ruch
higher than when using inerganic fertilizera, care should be taken in the preparcation
af the Tormer to reduce its salt content. Ewvaluation of manuring with regard to
salinity development should include the salt content, amount added and ihe effect of
marmires on the s0il physical properties.

Fertilization is an important and essential irput in present agricultural
production, There is already much imformation on the characteriastics, availability,
methads of application, crop responss to fertilizers and their effect on the enviremn

ment. With regard to prognosis of salinity, consideration should be given to the
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chemical composition, solubility, rate of release and methods of placement, empecial v

in the early stages of plant growth.

The application of amendments is an ameliorative measure that has a positive
effect on desalinization and dealkaligation, OConsemquently, favourable consideration
should be given to that practice in prognestic inmvestigations. Other ameliorative

techniques such as subseiling, moling and sandinyr should be treated similarly.

CROP ROTATIONS

The selection of a given crop rotation iz governed by the availability and
adequacy of goil and water resources, suitability of crops to the prevailing clima~-
tic conditions and assurance of an egonomic return., While the latter factor may not
be important in a reclamation rotation, the suitability of the ecrop to the soil and
water qualities will te., Under conditions that encourage salinization crops should
be selected on the basis of their szalt tolerance and their effects on the salt
balance, For alkali conditions, they are selected on the basis of their tolerance
te the spenific effects of the sodium ion and to the adverse physical conditions.
Lists are availabtle for the relative tolerance of crops to salinity and alkalinity.

Since planis not enly differ in their tolerance to salts but alsoc in their
water needs in terms of quantity and frequency, it is to he expected that the zalinity
of the soil will be affected differently under various crop rotations. For example,
the salinity will bhe higher after a Totation of cotton—cotton than after berseem—
cottorn=beans or cottorn—oerseem=rice, Crops with a long duration of evapotranspira-
tion will cause, in the abgence of proper leaching practices, acoumulation of salts
in the root zone, while crops such as berseem, rice and others requiring fragquent
irrigation reduce salinity effectively especially where there is adequate drainage.

Tor prognosis of salindty and alkalinity, an advance knowledge of the salt
balance under varicus crop rotations is very imporiamt. Continuous monitoring of
salinity and alkalinity after each crep or ai least a rotation, not only creates
awareness of a potential problem but alse helps to re-evaluate the management
practices assoclated with thz cropping system. Crop performance and yield are good
indicea of the improvement or deterioratieon of the production irmputs ineluding soil

nonditions,

CONCLUDING FEMARKS

The effects of the so0il management and cropping practices on salinization
and alkalization are closely related to water management, «quality and use, and to
climatic and other natural factors. For prognosis of salinity and alkalinity,
factors having a long duration effect are land levelling, fallowing and crop



rotations, The other factors, although important, generally have less effeli and are
less significant than the above ones and could be corrected with less difficulty.
Parameters such as depth of soil, depth to water table, quality of groundwater,
atmospheric evaporative demand and tolerance of erops to salinity and alkalinity

are important for prognostic investigations.
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and
Hatiomal Irstitute for Azricultiural Juality Testing
Budapest

Ta INTROTUC TION

The main cause of the formation and cccurrsnce of zalt affecied =zoils 1s the
accumulation of ¥a* ions in the solid and/or ligquid phases of the soil, i.e. tne
presence of disgolved sodium salts in the soil solution and/or exchangeable Na® ions
in the scil absorption complex, These two phenomera are direcily or indirectiy
responsible for the low fertility of salt affected seils. The nigh salt concentra—
tion of the soil solution is directly teoxic to plants in several cazes, it limits
their water and nutrient upiake, metabolism and results in physiclegical deteriora-
tions, The high sodium saturation of the soil causes increased nydration, disper—
sion and peptization of soil colleids, structural destruction, aggregaie failure and
sonaequently results in unfavourable physical and hydrophysical properties {low
available moisture range, high wilting percentage, swelling, low infiltration rate,
1ow saturated and unsaturated hydraulic conductivity, etcy)s All these factors limit
the agricultural potential of salt affected areas and determine both the possibilities
for their rational land use [ including cropping pattern, agrotechnics, irrigation,
atc.] and the necessity and optimum ccmbinatioa(s} gf ameliorative measures
(leaching, drainage, chemical amendments, etc.).

The final aim of any research and survey on salt affected soils is to eatab-—
1ish the exact scientific basis for efficient salinity and alkalinity comtrol includ—
ing:

- amelicraticn of galt affected soils;

- regulation of actual salinity and alkalinity;

- prevention of salinization and alkalization processes, limiting their

further development.
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Far this purpose 1t 13 necessary:
- to desoribe the salinization and alkalization and reverse processes exactly;
— to characterize the influencirng factors and to analyse their mechanisms
and relationships quantitatiwvely;
— to elahorate a comprehensive prognosis system for the prediction of these
DIOCESERE;
— to establish a regular monitoring system for the contirmous registration
af salinity and alkalinity changzes due to natural factors or human
activity.

On this basis, the possibilities of establishing a satisfactory salinity

and alkalinity control can be revealed, and from these possibilities the optimuam

(most effective, efficient and economic) variants can be selected according to the

laocal natural and farmi conditions, and precise fechnolo can be elaborated for
ng 1 P 2

these optimum combinations.

GE¥ERAL CONSIDERATIONS ON PROGNOSIS AND MONITORING

For +he description and prediction of salinization and alkali=zation processes

the following facters have to be considered,

i.

ii.

iii,

The mairn actiual and potential sources of water scluble salts EESpeoially
sodium salts) have to be identified and gquantitatively characterized { ground-
waters; deep subsurface waters; irrigation waters; seepage waters from higher
lands, irrigated areas, canals, reservoirs; imindation and runcff waters;
galt water intrusion; deeper soil horizons, geological layers; products of

local weathering; airborne saltis; etc.).

The main features of the salt regime have to be characterized (salt balances:
spatial distribution, both vertical and horizontal, and seasonal dymamics of
water solutle salts and mobile sodium compounds; solute movement in saturated
and unsaturated soil layers; diffusion; solubility changes; interactions

between the soil's solid, liquid and gaseous phases; etc.).

The wnole range of envirommental factors influencing the role and importance
of warious salt scurces and the components of the salt regime summarized
above have to be analysed(metecrclogical, geocgraphical, geological, geo—
chemical, geomorphological, hydrogeological and hydrological conditions;
topography; soil conditiens: physical, hydrophysical, physico—chemical,
chemical, biological scil properties and their spatial distribution, and
seasonal dymamics, etc.).



iv, The impact of human activity (land use, agrotechnics, amelioration, irriga—
tion, drainage, leaching, erosion control, water and soil pollution, etc.)

has to be studied and accurately determined.

For comprehensive salinity and alkalinity progn&aié, data are rejquired from
survey on the following disciplines: soil, hydrology, meteorology, geology and
geomorphology, and agricultural development plans must also be taken into considera-~
tion. Thisz integrated analysis necessitates at least two steps:

- preliminary (small or medium scale) recomnnaissance survey and mapping;

- detailed (large scale) survey and mapping.

The survey must be supplemented with a monitoring system for the contimuocus
registration of changes in tha salinity and aikalinity status and in the accompanying

501l and water characteristics,

SMALL OR MEDIUM SCALE RECONNAISSANCE SOIL AND HYDROLOGICAL SURVEYS AND MAPPING

The aim of these surveys 1s to give a general outline of the actual salinity
and alkalinity status in soils of a given area and of the potential possibilities of
salinization and zlkalinizatlon and reverse processes. The reconnalssance type of
low intensity surveys (scale 13100 000, 1:200 000, 1:500 000 or similar) should not
be limited toc the project area but must be extended to the whole geographical unit
(water catchment ares, hydrological region, irrigation system, etc.). For these
surveys all kinds of descriptive, rumerical, cartographical and other materials [air
photes, etc.) of metecrological observations, geomorphological, geological, hydro—
logical and s0il surveys can be used which give information on the factors summarized
in ihe general considerations. The soil and hydrological surveys should cover the
following factors:

A, S5o0il characteristics

i, general characteristics of the soil cover (associations of great
soil groups and parcmnt materials);

ii. general information on the dominant soil processes with an evaluation
of the actiual and potential scil forming factors;

1iia salinity and alkalinity status of soils (horizontal and vertical
distrivution, characteristic ion composition of soluble salts and
their cynamicst general salt balances, soil reaction, exchangeable
Nat status) and potential factors of salinization and alkalization
processes (hydrological conditions, salinity and alkalinity status
of deeper soil horizons or geological layers, factorisl salt balances).

B. Hydrelogical characteristica
i. groundwater conditions (depth and fluctuation of the water table,

height of the water table above a reference level, horizontal flow



of groundwater, sources of groundwater supply, concentration and
chemical composition of the groundwater, evaluation of groundwater
as a potential irrigation water, etc.);

ila gurface water conditions (concentration and chemical compesiiion of
surface water and itos evaluaticon as poteniial irrigation water or
as leaching water, hazards of waterlogging and flooding, hazard of
zeepage and salt water inirusion, etca)e

Based on thiz information zalt or sodiwn palances can be established and

properly used for a preliminary pregnosis of salinity and alkalinisy:

AS =5, -8 (1)

A 3 = Salt or sodiunm balance: change of starage in <ne soil, t/ra
3 = Cuantity of salts or mobile sodium at the end of the refersnce peried,
t/ha
5 = Juantity of salts or mobile sodium at the weginning of the reference
period, t/ha

The types of balance and the length of the balance veriod have to be chosen
according to the type of problem to be investigated. 3Salt balances can be calcu-
lated:

B for the total salt content, or for various lons [wren studying specific ion
effects and chemical changes in the soil solution during filtration, eto.);

Ta for the whole aocil profile from the scil surface to the water table, or
for various layers, horizons {when studying salt prefile redistribution,
hazard of resalinization, leaching efficiency, eic,) or for the root zone;

Ca for =oils, mapping units or terriiories {having a sufficienily homogenecus
hydrological character);

de for vegetation periods, irrigation seasons, seasons, years or longer periods
of time (having a sufficiently homogenecus hydrological character).

Beside the general salt balance, detailed or factorial =zalt balances (for
certain substances, ions, eto.) have to be established too, reflecting not only the
integrated changes tut also revealing the causes of the changes and quantitatively
characterizing the partial contribution of wvarious factors in these changes. In
this way the potential possibilities of a proper salinity-alkalinity contrel (man-
sontrolled salt balance regulation: the prevention, mederation or halting of
procesges increasing the salt reserve; the promotion, or introduciion of processes
reducing the salt reserve) can be determined; a prognosis can be given for the
natural salinization and alkalization processes and the probable effect of warious

human interventions, e.z. land wse, agrotechnics, amelioration, irrigation, leaching,



drainage, control of floocding, seepage and runeff, efc., can be predicted %o a
certain extent, as well, On this basis the necessity, effectivity and efficiency of
a given measure can be evaluated, the most favourable variant(s) can be selected
~and realized and proper technology can be elaborated for this purpose,
The general squation of detailed (factorial) salt balances can be written,

as follows:

AS=[P+I1+R+CG+W+F]- [1p + 1+ttt n) i2)

Where:
A8 = Balt balance
F = Quantity of salts derived from the atmosphers [airborne salts, rainfall,
wind action, etc.)-
I = guantity of =alts added with the irrigation water
R = Horizontal inflow of salts transported by surface waters (runoff,
flood, waterlogging)
¢ = Horizontal inflow of salts transported by subsurface water (ground-
waters, deep subsurface waters, etc.)
W = Quantity of salts derived from lecal weathering processes
F = Quantity of =salts added with fertilizers and chemical amendments
1p = Quantity of =alts leached out by atmospheric precipitation

1. = Quantity of salts leached out by irrigation (leaching) water

H
[]

Horizontal outflow of salts (discharge) transported by surface waters

Horigontal outflow of salts transported by subsurface waters (drainage)

[= S
Ll

= Quantity of salts taken up by plants and transported from the area
with the yield

All factors can be given in the dimension t/ha.

F, I, F and n can be measured and predicted easily; R and r can be estimated
on the basis of topographical surveys, meteorclogical cbhservations, surface water
investigations and infiltration studies; 0 and g can be calculated from groundwater
characteristics, taking into account the hydrophysical properties of the goil layers
between the soil surface and the water table; 1p and 1i can be estimated on the
bazis of data on these hydrophysical properties, on the flow rate of downward fil-
tration and on the chemical composition of the filtrating solutes, or they can be
determined experimentally in leaching studies; W can be estimated by evaluation of
factors influencing local weathering, the transport and transformation of weather—
ing products.

The probability and accuracy of such aalinity and alkalinity prognosis
depend on the homogeneity [from the viewpoinmt of hydrological and soil conditons)
of the areca surveyed and the reference period studied and on the gquantity, quality,



probability, accuracy, processability and interpretability of the available data and
information concerning the soil and hydrological characterisiics summarized. Conce—
guently, all ihe available informatlon has 1o be collected, processed, analyczed and
interpreted during the preliminary soil and hydrological surveys which should be
eyxtensive enough to provide adequate data and information on the factors already
listed, according to the ssale of the preliminmary survey and the aim of atudy.

An example is given in the map, Fig. 1, prepared for the castern part of the
Hungarian Plain, This area is the bottomland of the geologically, geomorphologically,
hydrologically and hydrogeclogically clomed Carpathian Basing there, in a semi-
tamid climate, with a considerable deflicit in the water balance during swnmer, the
wain reasons for the occocurrence of extensive salt affected areas and for the poten—
tial hagzard of salinization and alkalization processes are the geological and hydro—
logical cenditions {closed character of the wbasin, thick, salty Tertlary and guater—
nary layers in the geological profile) and the main salt sources are the stagmant,
salty groundwaters with a high (rising easily, markedly and rapidly)water table
with very ulow horizontal flow {low slope and very low nydraulic conductivity). The
situation is aggravated by the predominance of sodium carbonates and bicarbonates
{nigh sodium saturation) and by the heavy—tesxtured parent material with high swelling
clay content (more or less irreversible alkalization processes).

The map was constructed at scale 137100 000 and indicates the general poasi-
wilities for efficient salinity and alkalinity contrel, the prevention of secondary
aalimization and alkalization processes, and the preconditions for effective irri-
gation from the viewpoint of soil conditions, For the construction of this symihe—
sised map a series of maps were prepared or adapied with the same acaler

- s0il map, i.e. soil type,

— map of the average depth of the water table,

- map of the minimum depth of the water table,

~ map of the average salt concentration in the groundwater,

- map of the chemical compoaition of the groundwater.

Tne following information was used as wells

map of the absolute height of the water lable,

|

map of the nydrophysical properties of soils,

1

gealogical maps,

4ta of long-term groundwater takle observations {more than 500 wells

were observed for over ten years),



Arean to be irrigated
Areas that may be irrigated
conditicnally

Areas not to be irrigated

i Secondary salinization and
alkalization

Secondary peat formation

Secondary salinization and
alkalization combined with
gecondary peat formation

Fig., 1 GENFRAL POSSIBILITIES FOR EFFECTIVE IRRIGATION FROM THE VIEWPOINT OF S0IL
CONDITIONS AND THE EXISTING UNDESIRAELE SO0IL FROCESSES DUE TO IRRIGATION
IN THE EASTERN PART OF THE HUNGARIAN FLAIN
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TETAILED S0IL AND HYDROLOGICAL SURVEYS AND MAFPING

With a general knowledge of factors and processes influencing the presant
and future salinity and alkalinity status of soils in a large area [water catchment
area, ecological region, irrigation network, etc.), more precise soil and hydrolo—
gical surveys are necessary for the detailed description and prediction of saliniza-
tion and alkaligation and reveras processes, in order to be able to make a more exact
and accurate analysis of factors influencing them and the possibilities of controlling
them. Tne elements and subjects of the detailed surveys are the same or similar tao
those of the preliminary surveys. DBut, on account of the larger scale, a wide variety
af sub=factors must be surveyed, measurcd, monitored and analysed thoroughly:

. S0il characteristics

i characteristics of the soil gover: soil types, subiypes, variants
and their associations; structure of soil cover; heterogeneity;
evaluation of the existing and potential soll processes, etc.;

iia sharacteristics of the parent material: evaluation of parent material
as a potential salt source and as the main influencing factor of the
vertical and horizontal flow of subsurface waters;

iii. physical characteristics of the soil: texture; structure; rate and
stability of aggregation, porosity, pore—size distribuiion; moisture
characteristics of the soil: pF curves, water retention, water helding
capacity, wilting percentage, available moisture range; saturated
flow; flow of solutes in unsaturated scil layers; time and spatial
variation of suction andfor moisture profiles;

These factors must be interpreted first of all for the description and pre—

diction of water and salt movement in layered soil profiles: the possibpili-

ties and preconditions of leaching on the one hand and those of salt accum-
lation frem the groundwater on the other hand.

ive zalt regime characteristics of the soil and of the area: spatial,
wertical and horizontal, and time variations of the guantity and
fuality of water soluble salts: general and factorial salt balances;

V. other chemical characteristics of the seil: socil reaction; carbonate
statua; CEC; exchangeavle cationa especially the mobile sodium balance;
etc, In this respect special attention must be paid to the reversi-
bility of salinization and alkalization processes, because reversible
processes can be controlled and balanced relatively easily, while
salinity and alkalinity control is far more difficult in the case of

irreversible (or nearly irreversible) processes, i.e. salinization



and alkalization of heavy-textured swelling clays under the effect of

sodium salts capable of alkaline hydrolysis: EaECGE, HaHEGE;

B. Hydraological characteristics

i groundwater hydrology: depth and fluctuation of the water takble,
horizontal flow of the groundwater as a function of hydrauwlic gradiert
and hydraulic conductivity, main factors of groundwater supply, etc.;

iia chemical characteristics of the groundwater: concentration and ion=
composition of groundwater, changes in these factors during upward
capillary flow, etc.;

Factors Bel. and ii, supply information for the estimation of the possibili-

ties of salt accumilation processes from the groundwater (reality of the

hazard of zecondary salinization and alkalization due to a rise in the water
table under the effect of charging envirommental factors or human activity)
and for the evaluation of subsurface waters az potential irrigation waters,

iii. surface water characteristics (listed in the preliminary survey).
Theze faciors need to be evaluated as a potential source of salt and
af water for irrigation and leaching.

Adecuate data on these zoil and hydrological characterisiics can be obtained
from reports on geographical, geomorphological, hydrological, hydrogeoclogical and
ecological surveys {dESGriptions, data, maps, cartograms, various air photeos, photo-
mosalcs, and recently satellite spectral photographs, etc.); it can be collected
from the regular climatological, groundwater and piezomeiric observations and zwmil-
able @soil moisture records; it can be measured directly during the detailed soil and
hydrologic surveys, and it can be calculated and/or estimated from available data
or from measured values.

% 1z suggested that all these parameters be indicated on a series of maps
{cartograms) at scale 1:10 000 or 1:25 000 or similar, The optimum or, more exasily,
the rational =zcale of the surveys, laboratory amalyses and data processing depends
on the hydrological and =soil heterogeneity of the project area, on the aim of the
study, on the sources of data available, and on the main concepts of the agricul-
tural development programme, including time and financial possibilities,

On the basis of these data, exact and mquantitative general and factorizl
2alt balances can be calculated for sufficiently homogeneous reference periods and
territorial units. Using predicted wvalues instead of measured ones from meteorolo—
gical, hydrological and gesohydrological prognosis, irrigation, drainage and amelio—
ration plans, efc., predicted salt balances can be established and prognosis can be
made of the probable future changes in the salinity and alkalinity status of soils
due to the influence of envirommental factors and/or human activity, For this

purpose net only adeguate data are necessary but also a detailed ( exact and



quantitative} knowledge of the influencing factors, their mechenisms and relaticon—
ships based on the integrated analysis of these phenomens with the application of
maltifactorial mathematical models, simulation techniques, computer approachas, etc,
Research must guarantee this sclentific background for practical salinity and alkali-
nity surveys.

As an example, during the detailed hydrological and zoil surveys, the
11 100 000 scale general map of the eastern part of the Hungarian Plain, shoun in
#ige. 1 was supplemented with a series of maps at a scale of 1:25 000:

- s0il map (soil type, subiype and parent material),

- map of so0il texture and water properties (water nolding capacity, available

moisture range, permeability),

- map of salinity and alkalindty status (average salt content of sclls,

maximum salt content in the soil profile, depth of this zalt maxiemam,
s0il reaction),

- map of groundwater conditiona (depth of the water table, average zalt

concentration and Ni+ percentage of the grcundwater}.

In the Hungarian Plain the main salt sources are the subsurface waters and
tne dominating process in the formation of sali affected soils is sodium accumula-
tion from the groundwater dus to the potential gradient inducing a wvertical, upward
capillary flow of sclutes, In this respect the depth of the water table has special
significance; 1if the actual water table is above a certain critical depth saliniza-
tion and alkalization processes develop; on the contrary, if the actual water table
is below this critical depth leaching is predominant and the salt balance of the
soil profile is negative, Based on composlte hydrophysical and physico—chemical
studies, Szabolcs, Darab and Varallyay elaborated various approaches to the exact
determination of this eritical depth or, more exactly, the "critical" groundwater
regime, taking into consideration rumerous goil and hydrological factors { actual
salinity of soils; harmful salinity limit; depth and fluctuation of the water table;
cancentration and ion composition of the groundwater; infiltration rate, saturated
hydraulic conductivity, unsaturated capillary conductivity as a function of suctiong
moisture dynamism; water holding capacity, available meisture range; pHj gtc.). With
the application of these calculations, on the basgia of data indicated on the maps
mentioned previously, two more maps were constructed at the same 13125 000 scale:

— map of the "critical”depth of the water table,

- map of practical recommendations for efficlent salimity and alkalinity

contrel, for the prevention of harmful salimization and alkalization pro-

cesses and for the preconditions of effective irrigation.
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This proghosis system was successfully used for the planning and operating of
Tisza irrigation systems and it afforded the practical possibility of preveniing goil
deterioration dus to salinity and alkalinity in the Hurgarian Flain.

Tne generel approach to salinity and alkalinity prognosis is similar in any
region but, of coursze, the influencing factors and especially the limiting wvalues are

different and chould be siudied and determined according to the local conditions.

MONLTORING

For efficient salinity and alkalinity sortrcl continuous information is
necessary on the soil and hydroloegical factors characterizing or influencing actual
and potential salinization and zlkalization processes. The monitoring of these
factors provides possibilities for the elaboration of preventive and ameliorative
measures and for their effective realization.

The Honitoring includes observation of the following factors:

i, moigture regime: time and territorial distribution of moisturs ar

suction profiles, or hoihj

ii. salt regime: time and territorial distribution of salt profiles,
concentration and ion composition of the seil's liquid phase;

iii. interactions between the solid and liquid phases: time and terriforial
digtribution of mobile sodium prefiles, pH and characteristics of ihe
soil absorption complex; solubility changes during drylng, etc.;

iv. changes in hydrophysical properties: pF, saturated and unzaturated
hydrawlic conductivity, etc.;

Vi depth of ihe water table;

Vi, horigontal flow of the groundwater;

wii, cancentration and ion composition of the groundwater;

viii, concentration and ion composition of surface waters;

ix, goncentration and icn composition of irrigation and drainage waters;
quantitv of irrigation and leaching waters; and gquantity of drainage
water drained out from the soil profiles

Monitoring can be realized by periodical observations of iii, iv, vii, viii
and ix, or by automatic registration using moisture meters and tensiographs for
i; salimity sensors for ii; automatically observed iest-wells and piezometer installs-
tions for v and vi; automatically registered water quality tests for wvii, viil and
ix; eto, Automatic monitoring of these factors can be combined with auwtcmatic pro—
cessing of data and their computerized evaluation and interpretation for salimity
and alkalinity control; for instance, what kind of factors can and have to be arti-
fizially modified or regulated; what kind of practical measures bring about these
modifications or regulations, Remote sensing systems have an ever—growing glignifi-

cance in this respect.



Paper 9 SOILS AND HYDROLOGIC SURVEYS

by

Klaus W. Flach
Director, 3oil Survey Investigation Division
USDA Soil Conservation Service, Washington, D. C.

INTROTAOCTION

Soil surveys are an impertant toocl for improving salt affected coils and
for preventing salt damage to solile that are fto be irrigated. Salt and alcalinity
problems are nmost common in irrigated areas, and zoil surveys are most valuable as
a tool for planning irrigation projects so that salimity problems in the project
ares can be controlled and damage fo water resources can be minimizeds. This paper
will, therefore, emphasize the uss of s01l1 surveys in plannming and managing irri-
gation projects, but salinity problems of non-irrizated soils will be discussed
hrielly.

We contend that a soil survey can be planned and executed in such a way that
it provides all the needed infafmation on the so0il resource of an irrigation project.

Irrigation suitability ratings and irrigation guides can be develooad from
such a soll survey and there is no nesd for an additional land classification survey
by field ftechnicues if the s0il survey meets the following criterias

L the soil survey 1s an integral part of the planning process, 11 takes

full advantage of hydrelogic, geologic, economic and other rescurce
analyses that have been developed for the area and, in turn, other
resource analyaes are plamned in such a way as to supplement the soil
SUTVEY

b its objectives are carefully defined and the survey is designed to

meet these cbjectives)

Ca it ia of high guality in terms of the accuracy of the delineations

of mapping units and the deseriptions and interpretations developed
for these mapping units;

e it contains relevant interpretations and meaningful management

recommendations for each of the identified mapping units.

In the modern seil survey the scale of the base map, the detail of the
mapping, the kinds of mapping units used and the kinds of supplementary research

neaded for developing interpretations must be carefully tailored to the foreseeable



needs in the survey arca., The soil survey should, however, be a basic inventory of
the z0il resource that is not tallored to current neesds and land use so closely that
it cannoi be reinterpreted for new objectives or new management reguiremsnts in =a
changing technological or economic enviromment. It should be flexible encugh so
that the interpretations of mapping units can be modified if the pattern of farming
changes or if new technology become:s available, An effort should be made to consider
alternative uses of the land and changes in technology in the design of the survey.

The kind of survey needed depernds on the kind of Tarming that is to be
conducted in an area, the fechnological possibilities and constraints, sociological
factors, environmental constraints and, %o some extent, the resources available to
conduct the ourvey. Farming systems, the kinds of crops to be grown and the zize
of Tarms are of obvious importance in deciding on the limits and on the allowable
variability within mapping units. A soll survey for an area that will be used pri=-
marily for pasture and livestock will be quite different from one for an areca where
intensive cash crop farming will be practised., Even the kinds of crops that are to
e grown can make a difference in designing mapping units, Technological constraints
have to be considered., If flood or furrow irrigation is to be used, very narrow
zlope eclasses have to be defined within the range of slopes suitable for these kinds
of gystems, In addition, certain critical permeability and infiltration characteris-
tics that influence run lengths have to be considered, If, on the other hand, con
ventional sprirkler irrigation or centre pivot sprinklers are an economically wviable
alternative, a greater latitude in slope, in infiltration characteristics and in
salinity characteristics can be allowed within one mapping unit., But, more slope
phases nave to be delineated on steeper slopes than would have been ouiside the
area sultable for flood or furrow irrigation. 4 related constraint is of a socio—
logical mature. If highly sophisticated management systems are expected in the
areaz, more detailed mapping may be desirable in areas of marginal soils that would
nat lend themselves o simple farming and irrigation practices., Finally, environ-
mental constraints are becoming more and more important. We have to consider the
quality of the excess irrigation and drainage water and we have to consider the
potential movement of silt and plant nutrients. We may have to design mapping unita
that would identify areas that may be critical in this respect,

fis has been pointed cut wefore, soil surveys have to be designed in such a
way that they meet the immediate needs and still retain maximum usefulness if there
iz a drastic change in the pattern of farming or in techrnology. The more compreher—
sive the soil survey, the more detailed the mapping, and the more thorough the
identification of seil properties, the more likely it is that the usefulness of the

survey can be extended over a longer period of time. Such comprshensive surveys
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require more marpower, more skilled mampower, than cimple surveys that address
themzelves primarily to immediate needs,

Joil surveys in presently or potentially salt affected areas do not differ
greatly from good soil surveys elsewhere. Except for extremes, 01l salinity in
irrigated agriculture is primarily a problem of regiomal hydrology, design and soil
managemnent and not of the original salt content of the soil. The factors that ine
fluence irrigation management and the movemsnt of water throuzh the s0il are impor—
tant, not salinizy per se. Surveys of the salinity status of the soils of a farm
or of a whole irrigation project may be needed %o appralse the effectiveness of
Surrent practices to eontrol salinity.  Such surveys have a function similar to that
of zeoil tests for soil Tertility assesesment, ney are not soil surveys. They are
cest conducted as a single—purpose survey and not as part of a comprehensive soil
SUTVEY .

A comprehensive acil survey may be divided into three phases: exploratory
studies which include ar assessment of i{he geology and hydrology of the area, the
detailed soil mapping, and supplementary studies $o develop design and management

criteria for individual kindsz of soils,

EXFLCHATORY STUDIZS

Exploratory studies are an important pnase in all soil surveys. They are
particularly important irn scil surveys of potential reclamation projects. In such
arcas the soil survey musti not only delineate soils as they are now tui must include
predicticns as to now the soil will be changed wpon drainege, irrigation and the
consemquent removal or addition of salte., The degree of change will, in part, depend
on the quality and the quantity of irrigation water and the extent to which reclama—
tion practices are related to epecific combinations of soil and water quality., This
#ituation contraste quite sharply with soil surveye in areas where a great deal of
practical experience on the reeponse of individual kinds of soils to certain MATLAE B—
ment practices is available, In such areas the soil scientist's Jjob consiats
primarily of assembling and formalizing this information and relating it to the kinds
of soile he idermtifies., In areas that will be changed drastically, such information
ie usually not available and muat be developed through Tormal research before and
during the progress of the soil survay.

Exploratory studies may be divided into the following steps:

i. assembling background information,

ii. making exploratory field studies,

iii. determining critical soil parameters,

iv. developing the initial mapping legend and mapping techniques.
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Asaemblirg Backesround Information

This includes assembling information that has been developed by specialiats
in other disciplines and cooperating with those specialists in developing additional
data needed. Tne amount, relisbility and cquality of water ars, of course, basic
conziderations in evaluating the feasibility of an irrigation projest. In addition,
<his information is necded for makirng management recommendations and for evaluating
=hp muitability of individual kinds of soil for irrigation. The amount of water needed
is determined by the kind of crop and the consumptive usze of water by the crop, the
permeability of the soil, and the leaching requirement — which in turn depends on the
s0il, the muality of the water and the kind of irrigation system used. Water quality
in determined largely by the salt content of the water, the composition of the water
in terms of cations, anions and toxic mibstances, The salinity of the water deter-
mines, in part, the kinds of crops that can be grown and the amount of leaching that
tag to he achieved ta remove excess salts. HRelatively poor water can be used on a
nermeable soil where excess salt can be leached readily, but it may not be used for
a sensiiive crop in a slowly permeable soil,

A5 1in any soil survey, studies of ihe geology and geomorphology are needed
<o predict the distritution and properties of kinds of scils. If salinity is expected
to be z problem information on underlying formations and the regicnal hydrology are
needed Tor predicting the movement of groundwater and for evaluating the feasibility
of installing a drainege system. IF underlying formations contain saline or toxic
materials, especially careful provisions have to be made to protect the area from
salinization by rising groundwater and to protect adjacent areas from salinization.
Zxcezsive saline return flow can be evolded by installing a drainage system that
intercepts drainage water above the zaline sediment and by using irrigation systems
that minimize return flow. These requirements, again, may influence the evaluation
af the relative ouitability of wvarious kinds of soils.

The need for climatic information is obvious., The need for economic infor-
mation has been menticned before.

Explaratory Fleld Studies

In expleratory lields studies, the s0il scilentisi crisscrosses the survrey
area and gtudies the mejor landforms and soils on them. He describes the soils in
as many places as possible and classifies them in an appropriate general taxonomlc
systems. He makes highly detalled studies of typical areas of each landform to
determine the patterns of so0il wvariability. If he has had experience in gimilar
areas with similar soils and similar requirements, he may tentatively apply criteria
that have been successful elsewhere,

The s0il scientist usuelly prepares a general scoil map, using soll assocla—

tiona, of the area, If the exploratory field studies indicate a predominance of
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grossly uncultakle soils the project may be terminated. I the mapping base has not
yet been established, the preliminary studies may be used to develop criteria for
the base map for the detailed mapping pericds. One may, for example, establish the
best time for aerial photography and the resolution that is desirable for effiocient

mapping.

Determining Gritical Soil Froperties

As the next step, the soil sclentist will establish specific eriteria Tor
defining soil mapping units and will relate these oriteria to soil properties that
can be identified in mapping. In defining theze properties, he has to consider the
criteria that will be used For the technical claszsification, e.g. irrigation suit-
ability groupings and maragement guides of the soils in the project area. In most
cases so0il characteristics relating to water and salinity are most imporsant. These
characteristics include available water—=nolding capacity, infiltration capacity,
hydraulic condmctivity and leaching requirements. At the present state of our xnow-
ledge, we may not be able to infer these properties with cerfainty from field obser-
vation or laboratory measurements alone., Hence, field experiments io determine
field capacity over a range of soil conditions, trial plots to measure infiliration
rates and hydraulic conductivity, znd leaching experiments may be needed. These
experiments should encompass the range of morphological characteristics, seil
salinity and SAR (Sodium—Adsorpticr—Ratio) encountered in the project area. Specilic
criteria then have to be related to properties that can be measured relatiwvely
easily in the laboratory and to properties that can be determined in the field and
shecked by laboratory measurements, Availsble water—holding capacity, for example,
iz a uzeful concept for practical application in spite of its theoretiical shori-
comings. It can te determined only in field expe-iments, btut for soils that lack
strongly contrasting layers, available water—holding capacity can be related fo
laboratory measurements of the differsnce betwsen water retemtivity at low and high
tensions. The influence of contrasting soil horizons and the influence of small
differences in soil structure cannoct be predicted from laboratory measurements,
Especially in coarse—textured soils, microstratification that is not readily wvisible
in the field and that cannot be evaluated under equilibrium conditions in the lab-
oratory can be extremely important., Likewise, the presence of small amounts of
volcanic ash can dramatically increase the available water—holding capacity. If
one disregards these factors, some coarse—textured soils are unnecessarily penalized.
In the USA we have some striking examples where soils, declared unsuitable for
irrigation on the basis of laboratory measurements, were later used successfully by

farmers who were unawara of these findings.



Nevertheless, with the help of careful field and laboratory studies, goils
with similar available water—holding capacity can be identified by using soil tex-
ture, soil structure and the kind and contrast of horlzons ac clues in the fiecld.

4 knowledge of hydraulic conductivity is important for evaluating the feasi-
bility and for developing design criteria for drainage systems. Again, the perfor-
mance of such systems depends highly on the sequence of soil horlzons and in many
places on the microstructure of the soil materials. There may be drastic differences
hetyeen norizontal and vertical hydraulic conductivity; soil characteristics that
cause these differences must be recognized as critical properties in the seoll survey.
flanges allowed in mapping units in turn have to be related to depths that are criti-~
cal Tor drainage systems and for land levelling. Inasmuch as the hydraulic
condustivity of soils is strongly influenced by the sxchangeable sodium content, field
experiments have to establish the changes in hydraulic conductivily that can e
expected after the soil has been leached with the kind of irrigation water that will
be used. In such experiments the effect of amendments such as gypsum has %o be
considered, From these studies, it is possible to establish criteria in terms of
electrical sonductivity, sodium adsorption ratio and, if applicable, the zypswn and
calcium carbonate distribution in the soils in relation to the physical properties
of the soil, The composition of salts in the soil, by the way, is important for
engineering considerations. Sulphates corrods concrete so that special kinds of
cements nave to be used in canal linings and other conecrete siructures. Sodium sul-
phates can cause salt heaving that may damage lightwelght strustures.

Other soil characteristics that may detract or erhance the capabllity of the
snil o perform under irrigation have to be considered. In extremely dry areas, the
initial irrigation may cause subsidence that has to he considered in the design of
irrigation and drainage systems. Thus, means have to be found to ildentify goils that
will subside and to estimate the amount of subsidence, Sush subsidence may be
several metres, Smaller subsidence in mineral soils may be caused by dissolution
of gypsum. Although the total amount of subsidence due to solution of gypsum may
not be large, it may nevertheless require frequent land levelling and may cause
damage to irrigation and drainage systems. Hence, critical walues as to the amount
and distribution of gypsum may have to be considered in the definition of seil
mapping unitsz,

Finally, the presence and effect of toxic substances such a3 boron have to
be established and means have to be found to detect such substances and predict

thelr distritvution.

Mapping Lerends and Technicques

After critical soil parameters have been established, a preliminary descrip—

tive soil legend can be developed. This has to be done in clese cooperation between



the soil scientist and the poiential users of the soil survey. The soil scienmtist
should propose mapping units and have irrigation engineers, drainage engineers,
agronomista and others evaluate their usefulness. Usually sample surveys should
be made in majer landscape units of the survey area to help the users of the survey
in evaluating wvarious alternatives. In additien, the soil sclentists who will do
the mapping have to be provided with the proper tools 4o enable them to make the
observations they are asked to make. 3 far as possible, the mapping criteria should
e recogrizable in the field by visual or tactile cbservations of soil depth, texture,
strusture and other soil properties whose significance has been establisheds In
addition, simple field testis may be useful. High SAR can be deduced from pH measursd
Wwith colour indicators or with relatively simple field potentiometers and high salt
content can be deduced from the elactrical conductivity of the saturated paste.
These simple tests can, however, be misleading if their walidity has not been estab-
lished for the specific scils under consideration. In addition, simple devices for
measuring carbonate content are available, BSAR, the EC of the saturation extract
and the gzypsum content can be determined in somewhat more complex field tests.1
Umually, such complex tests are too time consuming to be made at each site where the
501l 15 being investigated and every effort should be made to develop simpler criteria,
Vegstation also can provide clues, Tie validity of these and other Tield
clues, however, have to be carefully tested, especially in survey areas with complex
and contrastiing soils. In any case, clues and field tests that allow the seil
seientist to make decisions on the @pot are preferable to sending samples to the
lavworatory, even if the results of the tests are returned to the soil scientist
promptly. The ability to classify seils on the spot, to draw delineations in the
field and to decide on the next test site on the basis of these obaervations are
important considerations for an efficient and accurste soil survey. The soil szci-
entist, on the other hand, should not be burdened with making separations simply
becausze they can be made with relative case. Although soil salinity, for example,
can te estimated with & high degree of precision from the conductivity of the
saturated paste, soil salimity is so easily altered by water management that only
arcas with extreme amounis should be delineated unless salinity can be used as a
clue to other seil properties, Similarly, only those slope clasees should be set

up that are meaningful for foreseeable uses of the land.

lf 4 field laboratory is available from Hach Chemical Compary, P.C. Box 507, Ames,
Iowa 50010, U.S.4. (Trade names are used scolely to provide specific information.
Mention of a trade name does not constitute a guarantee of the product by the U.5.
Department of Agriculture nor does it imply an endorsement oy the Department over
comparable products that are not named,)
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Finally, one has to explore mapping technigues, 1f the distribution of kinds
of soils can be related to recognizable landform:s, efficient mapping techniques that
project soil boundaries from field observations, air photo interpretations and more
advanced remote-sensing technigues can be used, Some former lake basins or very flat
areas mear the toes of coalescent fans may provide few clues to the distribution of
s0ils. Such areas may nave to be mapped in systematic transects or through obzerva—
tions at the nodes of a syotematic grids Bwven then the mesh size of the grid has to
be related to the sbjectives of the survey, the size of projected management units,

the contrast between soils and the complexity of the soll pattern.

DETAILED S0IL MAFPING

If the exploratory studies have been comprehensive and pertinent, the detailed
mapping phase of the soil survey should not be particularly difficult, To some
extent, mapping technigues depend on the kinds of base maps available, High-altitude
air photography of high quality, taken at the right time of the year, is an important
preremuisite for efficient mapping. Orthophotography has the advantage of providing
a nighly corrected map base that can be related directly to engineering surveys.
Sterecorthophotography may be worth the extira cost because it combines the advantages
of a highly corrected base map with the possibilities of sterecscopic air-photo
interpretation.

Az in any other soil survey, constant communication between so0il scientists
and constant review and updating of the mapping legend are important. Notes must
be kept by all soil scientists and must be incorporated in a soil handbook that
provides the basis of the final decision on the composition and naming of the mapping

units of the area,

SUPPLEMENTARY STUDIES

Turing the progress of the soil survey, supplementary studies arrive at
vackground information for irrigation and other management guides for the individual
mapping units. Such studies usually emphasize soil behaviour and continue and
aypand the exploratory studies described before. They include leaching studies,
fertility experiments and trial irrigation to establish run lengths, irrigation sche-
dules, permissible slopes and allowable distances between drains, etc. The studies
should be conducted on a selected nuwnber of soils that encompass the major soil
conditions so that recommendations for kinds of soils with intermediate properties

may ba interpolated.
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SALT AND AL¥ALI PROBLEMS IN OTHER THAN IRRIGATED AREAS

So far this paper has dealt with problems related to salinity and alkalinity
in irrigation farming, Changes in the hydrology of an area that may cause salinity
problemsa may be induced by man without irrigation. GSometimes they may be caused by
changes in climate or other natural factors.

Saline seeps, for example, are an increasingly serious problem under dry-
land farming in semi-arid partas of the USA, They are saline areas that form locally
in lower parta of slopes, Research results available so far indicate that the
seeps are indured by the introduction of summer fallow in areas that had been under
native prairie vegetation or under armmual cropping before. Under these conditions,
less water evaporates than before and more Hﬂ;ﬁr moves through the soil profile.

If the soile are underlain by impermeable sediments, water movea laterally at tha
top of such sediments and seeps out where the sediments are bisscted by the modern
land surface, Any evaluation of the problem requires the cooperation of the =oil
scientist and the geologist., The likely place of occurrence of salt meeps can only

be predicted from comprehensive surveys of hydrology, geology and soils.

CONCLUSIONS

30il surveys can be an important tool in the reclamation and management of
galt affected moils, The behavicr of salt affected soile in intensive farming,
usually under irrigation, is however more affected by their ability to retain and
transmit water than on their initial salt content, Mapping units used in the aoil
survey, therefore, must be defined in terms of criteria that are critical relative
to the ¢uality of water and the kind of irrigation and drainage system, as well as
to environmental, economic and sociological constrainta,

Such a survey can be used with confidence to rank soils on their relative
suitability for irrigation, to develop engineering design criteria, to predict soil

behavior and to develeop management guides for sustained produsction,



Paper 10 USE OF SATELLITE IMAGERT FOR SALINITY APPRAISAL
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INTRODUCTION

The imagery provided by the Eartn Resources Technology Satellite (ERTS) is
beirg increasingly used for the assessment of natural resources of the world. 1In
the field of agriculture it is used for preparing crop inventories to estimate
individual crop acreage, to predict crop yields and to locate areas of plant disease,
It is also heing used to develop scientific land use on a regicnal or country level.
Generalized soil maps can alse be prepared from this data.

S0il is an important variable in the agriculture of any countiry. Soil pro—
blems such &z salinity and alkalinity, drainage, serosion, etc., affect crop produc—
tion directly. In Pakistan the Soil Survey of Pakistan has cocllected information
about the soils and soil problems of the Imdus Plain which comprises the agricul-
turally important area of the country. This information has been collected through
renannal sEance 501l SUIVEY.

The present study ias designed to test the Teasibility of using ERTS imagery
far assessment of {the s0il salinity problem, Through Tield studies made during the

soil surveys, five different types of salt affected soils have been recognized,

Trese are!
ls galine soils having slight surface salimity andfor alkalinity = a
minor proolem;
il. strongly saline soils with a saline—alkalil surface;

ill. porous saline—alkali moils;

iv. dense saline—allkall goila;

V. galine soils contalning gypoum.

The firat type of sali affected acils can be corrected easily. The porous
saline-alkali moils and saline moils containing gypasum can be reclaimed in a few
years and their reclamation is eccnomic. The dense saline-alkali soils are, however,
very difficult and uneconomic to reclaim.

It ie with this background knowledge that the study is being undertaken and

thres representative areas of the Indus Plain have been selected. An effort 1s



being mads to interpret ZRTS imagery in the light af the available z0il survey infor-
mation with a view $o finding out the oriteria that can be used for demarcating areas

affected by salinity.

LOGATION AND GENERAL NATURE COF THE 3TUDY AREAS

The three areas selected for this study are Sheikhupura, Multan and
Murafargarh, Tne Sheikhupura area is lecated in the neorthern part of the Indus
Plain and has a semi-arid, subtropical, continental climate with mean annual rainfall
af 250 to 420 mm. The remaining two areas cccupy the central part of the Indus Flain
and fall irn the arid, subtropical, continental climatic zone, with mean anmial rain-
fall of 142 <o 180 mm. About two—thirds ef the rainfall occurs as mensoons during
tne period from mid June to mid Seplember., The summers are usually hot but winters
are mild, Agriculture depends mainly on irrigation provided chiefly by ocanals, and
in addition oy tubewells and Persian wells. In narrow belts along the rivers only

winter crops are grown with the moisture provided oy summer floodas,

METHOIDS OF STUDY

Far the purpose of this study, ERTS imagery of bands 4, 5 and 7 {scale
13 1 000 003) were used. This imagery was taken in the month of Jamuary 1573, the
part of the year when the appearance of salinity is most pronounced. In the abaence
of proper facilities, the study was made simply by superimposing the available soil
maps of the area over the respective imagery of bands 5 and T, and delineating dif-
ferent types of salinity on them, These delineations were then correlated with the
different photo tones of the imagery through visual cbservations. In addition, a
solour composite which was available for one area (Sheikhupura) was also studied.
Jalinity patches picked up on this composite closely matched these delineations on
the imagery, Vezetative cover also provides a clue to the recognition of different
types of saliriiy. Three broad delineations have been made. They are shown in
Hig, 1 and discussed below:
ia areas having wnite and grey tones cover about 50 percent each. The
white tons represents saline patches having no vegetation and the
grey patches are thoase of wvegetation. This delineation correlatea
with porous aseline—alkali soile;
ii. areas having a white tone representing salinity and alkalinity cover
about 75 percent, whereas the area of grey tone ia only about 25
percent; the grey areas represent vegetation or bulldings. This

delineation represents dense saline—alkalil solls;
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s i areas covered almest completely by a white tone with occasional gray
spote are either vegetation mounds having some shrubs, or occasional
galt bush growing in the =saline soila, This delineation represents
very etrong salinity containing gpswn. This type of salinity is
encountered only in the arid zone and therefore cceours in the Multan
and Muzaffargarh areas but net in the Sheikhupura area. Scattered
white patches in the undelineated parts of the imagery may represent

either saline or sandy arecas.

DISCUSSION

Areas of three kinds of salt affected solls have Deen delineated on BRIS
imagery. The soils are predominantly clayey or fine-siliy. If we compare the saline
areas on ERTS imagery with those on the corresponding aerial photographs taken in
195 =54 [Fig. 2], which were uaed as base maps for the reconnaiasance surveys, we
find that the extent of saline areas iz less on the ERTS imagory. This could be
attributed to the reclamation of parts of saline scils during the pericd between
1953=5%4 and 197%. The change is meoatly in the case of porous saline—alkali and
saline zoils containing gypsum. This is because it is eamy and sconomic to reclaim
themy, The dense saline—alkali aolles are very difficult to reclaim, so there ia
little change in their area, Cultivated patches within areas of these soils may be
thoee of good seils. Aleo, in the dense saline—alkali areas of Sheilthupura many
factories and housing colonies have sprung up and the grey spots may partially be
attributed to these buildirgs. Changes from reclamation are mors pronounced in the

Sheikhupura and Multan areas than in that of Muzaffargarh.

JUMMARY AND CONCIUJSIONZ

A atudy was made on the fessibility of using ERTS imagery for zalinity
appraisal in irrigated areas of Pakistan. JFor this purpose, three areas reprasenting
gemi—arid and arid parts of the Indua Flan were selected, Infeormation about the
salinity in these areas wa3a already available from reconnalssance soil surveys. The
study was made by superimposing the soll maps of these areas on the ERTS imagery of
bands 5 and 7, and delineating ealine areas, These delineations were then correlated
with tone patterna of the imagery and fairly close correlation was found between some
of the latter and the information provided by the acil maps of the respective areas,
The ERTS colour compoaite of the Sheikhupura area was alao studied and correlated
with patches delineated on the imagery. Comparison of the extent of salt affected
areas shown by ERTS imagery was made with that shown by aerial photographs taken

in 195354 and these were used as base maps for the reconnaissance soil surveys.



It was noticed that the extent of saline areas was less on the ERTS imazery than on
the aerial photographs of 195354, indicating that parts of the saline areas have
either been reclaimed and put under cultivation or built over with Factories and
houses.

This study indicates that ERTS imagery could be used for salinity appraiszal
in cultivated zones if some information on saline areas is available for use as a
check. The capability of the BRTS to produce imagery of the same spot at intervaln
could help to indicate any charnges taking place in the salt affected areas, The
ERTS imagery would be especially useful for making studies of soil problems on a
regional basls, a=z one single frame covers very large areas. However, knowledge of
the area of study for use as a check 1s necessary. Some additional ground checks

may also be required.
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?« Laboratory and Field Characterization

Paper 1 a. LABORATORY ANALYSES OF 30ILS RELATED TO THE PROGNOSIS
; AND MONITORING OF SALINITY AND ALKALINTTY

by

K. Darab
National Institute for Agricultural Juality Testing
Budapest

The purpose of laboratory analyses of soil samples collected from fielda to
be irrigated is to cbtain data for the evaluation of the possible influence of
irrigation and drainage., The analyses necessary for a complete survey are as
follows:

ia Determination of physical and hydrophysical characteristics of

soils

Most of these determinations have to be carried oui in the field,

The laboratory analyses add further data 1to the field analyses.

The determination of soil structure, soil texture and pore space
diatribvution are the most fremuent lavoratory snalyses in this group.

iia. fnalyses for ithe chemical characterigation of soils

30il reaction, catiorn—excharge characteristics and salinity status
are the most important soil chemical properties which have to be
determined from the poeint of view of irrigation and drainage.

iii. Analyses for the determination of soil fertility

This is the determination of mobile and/or total contents of plant
mitrients in soil samples.

L general scheme of labeoratory anmalyses for the survey of soils to be
irrigated does not exist. The number of samples to be analysed, the type and meihods
of apmalyses to be carried out always depend on the planned irrigaticn development,
and on the requirements, intensity of soil survey, etc. Furthermore, they depend
on the properties of the scils to be irrigated and on the environmental factors de—
termining soil forming processes under natural and irrigated conditlons. Not only
does the method of survey have to be different under different conditions tut so
also does the system of laboratory analyses; for instance: if the hazard of water—
logging has to be avoided, or if secondary salinization and/or alkalization is to
be prognosticated, or if the amelicration of saline and alkali seoils is the aim of

the project.
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The methods of analyses and the limit values are by no means uniform. They
vary in different countries, regions, or even in the various laboratories of the
same SountTy.

Variations in methods and limit values may be accepted: under diverse
¢limatic conditions, if soils with different properties and crigzins are being exa~
mined and when the aims of scil investizations are different. Laboratory facili-
ties may also play a decisive role when the most suitable methods for analytical
work are being selected.

A1l methods of s0il analyses are standardized; they are based on theoretical
considerations, as well as practical experience, and any deviation [rom these methods
may cause differences in the analytical reswlis. Even using ine proper metnods, it
is necesgary to know the systematic and random errors of the analyses for a proper
evaluation of the determined scil properties. In order to compare and evaluate data
determined by various methods, we must know the caunses and the magnitudes of the
deviations brought about by the differences in the analytical methods., The acouracy
of the soil analyses is influenced not Gniy by the error of amalyses, but by several
factors as well, which are independent from the selected analyses methods. These
factors include the error of asampling and the error of the preparation of soil

samples for amalyses (drying, grinding, storaze of samples, etcele

DETERMINATION OF PHYSICAL AND HYDROPHYSICAL CHARACTERISTICS OF SO0IL3S

Turing the determination procedure of some soil physical properties, the
analyses are carried out with undisturbed soll samples {the determination of bulk
density, water retention of soils under comtrolled conditions, ydraulic conductivity,
unsaturated conductivity}. In this case the reliability of data largely depends on
the method of sampling. Cores appearing to be undisturbed can be distoried to a
high degree. The degree of possible distortion is inf'luenced first of all uy the
core's sige., The larger the sample core iz, the better the sample characterizes
the structure of =eil units, The diameter of sample core should be at least 7.5 cm
and preferable 10 om, In the case of swelling soils, the moisture content of the
sampled soil plays an important reole in the collection of undisturbed core samples,
The best sampling can be carried out when the soil moisture content is close to the
field capacity and is in equilibrium with the bulk of seil, From the undisturbed
goil cores the following determinations are necessary:

= bulk density;

- water retention at one-tenth atmosphere, pf 2.0;

— water retention at one—third atmosphere, pF 2.5;

- water retention at fifteen atmoupheres, pF 4.0;

— hydraulic conductivity;

— unsaturated conductivity.
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The valwes of bulk density vary beiween 1 and 1.5 and they are influenced by

the texture of the 20il, eB.f.

Texture Hulk Density
Sandy noit Tad=1a7
Sandy loam To do=14%
Laam Tel=1ad0
Clay Tad—1448

High tulk demsity showld be messured in the deeper lavers or subsoil where
adverse drainage conditions ave engountered. Water rotentisv at one-tsnth atm, pF 2,
gives the tension al ke {ileld capacity in sandy scilsi at one-third atm, pf 2.5
sorresponds o the field capacity of medium and heavy texiured soils: and at fiftceen
atm, pF 1 12 a wmeasuse of the wilting point of soila.

¥rom the values of the bulk density and the moisiure at pFf 2.0, 2.9 and 4
the total poraeity, nen—capi_lary porosity and capillary porosiiy can be calculated,

To aseure the reliability of data, the determination of bulk denaity and
water suction values must be carried out in Tour ar five parailels to aveid any

errars due to s01l structure heteropeneity.

Particle Size Analvoes

So0il partieles apre the diecrete units of the soil's golid phase, The distri—
bution of inorganie particles and theiv sizes is one of the basic characteristics of
goilt it effecis the seil water retention, cation—excharge charasteristic, eta.

Fariicle size araiyels includes several pretreaiments, For ingtance:

= drying and grinding of the collected samples;

= dry sieving of grouné samples;

removal of organiz substances, free carbonates, gypsum, soluble salte,
amorphic swhitances;

— the dispersicr of sarticleas,

In the technical literature there are diverce opinjons regarding the pecessary
pretreatmenta. Jome textbooks do not advise the removal of organic compounds and
carbonates before the amalyses of particle nize distribution becauae "the -texture
as modified by the orgardic matter anc lime iz a more reliable eriterion of irri-
gability than an analysis with these removed?, In other cages they suggest not
Temoving organic matter and lime because "mare reliable results are obtained b
puiting eqils through the normal pre—treatment srocedures hefore dispersiont,
Bouyoucos involvea ng pretreatments to remove organic matter or caleiwn—carbonate;
Kachingki remeves only carbonates; Day proposes the removal of organic matter,
soluble salts, gypsum, but not the diaselving of carbtenatear Lovaeday uses chemiocsal

and mechanical treatments depending on the 20il chemical properties,
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WalH, Na?EO., Fayﬂzﬂﬂ, HaiF?U?’ or various mixtures of these salts are used
ag ispersion agents in dilute comcentrations. The analytical data determined alter
different pretreatmentes in suspensions prepared with various soclutions as disperaing
agents are hardly comparable, We effect more sontroversy applying thne same classes
of particle size ranges to evaluwate the data sbtainsd by different methods.

The texture iz a rather uncharging property of goil arnd i1 makes it possible

tne

to determine the particle size distribution only from samples collected in
representative s0il profiles. In ihis casze it i5 acwvisgable fo use a compleie pre—
ireatment., From other samples collected durivg the detalled survey, the proportion
of particles 20 p can be determined without pretrsaiment witn the DBouyoucos method:

in this case the limits to the characterization of so0il texturs can oe applied as

Tollows:

Texture of =soil Proportion 9f particles
< 20 n (%)

Coarse sand e Te]

Sand 11=-2%

Jandy loam 26=10

Loam 31=£0

Clay loam &1=T0

Clay T1-80

Heavy clay Bl

ANATYSES FOR THE CHEMICGAL CHARACTERIZATION OF 30ILS

Determination of 30il Reaction

Te reaction of the soil solutioen is one of the most variable properties
of the ascil. Its walue is influenced by the soil moisture content, the total
concentration and ionic composition of the soil solutiern, by the temperature of the
soil layer, and by several other factors. A soil sample Taken with a given molsture
content brought to the laboratory, dried, ground and rewetted with water or salt
golution has a reaction which correlates with the soil reastion, but without doudt
it will not be the same as could be measured in the field.

The fact that we determine the resaciions of samples under completely dif-
ferent conditions to those in nature, is a source of disagreement over the optimal
mathodas and evaluation of soil pHe Measured pH wvalues are different if we
determine them in the soil suspension or in exiracts, because they are influenced
by soiliwater ratio applied for the preparation of the zcil suspension or extract.
The differences of pH values measured in soil-water suspension and in water extracta
with different ratios of soil:water, can surpaas not only the error of analyses,

but the differences in soil pH due to the soil heterogeneitfy.



To overcome these difficuliies, the use of the N KCl solution was proposed
instead of water f'or the preparation of the soil suspension. The pH values
determined in N KCL sclution are lower but more ctable than those measured in water,
They decrease the error due to ihe junction potential, The disadvantaze of this
method i1s that the KC1 soluiion decreasss with an unpredictanle value the reaction
af the seil suspension. Furthermore, the pH value also depends on the soil:solution
ratio. MHore recently 3cnofield and Taylor have proposed 2 method for the determina—
tion of pH in 0,01 M GAGIE solution, The method has the advantase of eliminating
the Junction peoiential and in the case of nowm-saline soils the pH 15 independent of
dilution.

Regarding saline soils, the pH wvalues will depend, even in a diluied caloium—
chloride solution, on the initial amount of saltis, In the case of soda—saline and
alkaline seils, the use of the CaCl, solution invelves such reactions as: precipi-
tation of carbonates, sodium—calcium ion exchanges and changes in the solublility of
salis causing unpredictable changes in pH walues., It is true that, in & suspension
or extracts prepared with water, the chemical properiies are not the zame a3 in the
ratural soil solution, but data can be obiained with gfood reproduczibility 1 the
same standardized method is used. 3Sensibility of the pH in water suspension 4o salt
accunulation and leaching can be more advantageous than disadvantageous. The pH
valus measured in a sSoil-water suspension reflects the chemical properties of goils
well, the unsaturation of the absorption complex, the presence of free alkali earth

carbonates, alkali carbonates and the degree of sodium saturation,

Methodn for the Characterization of Scil Salinity

One of the most imporiant results of a sgil survey before irrigation is the
characterization of the salinity status of the seil. These soil salinity data
gerve as the basis upon which:

i to eatablish the s2lt balance of soils 1o be irrigated;

it to progrnosticate secondary salinization andfbr alkalization;

iii, t¢ decide the necessity, method and measure of soil amelicration;

ive to dewvelop a monitering system for the irrigated land.

To fulfil these necessities salinity analyses must give data on:

S the total soluble salt reserves in the soil layer effected by

irrigation and amelioration;

b. the hoerizontal and vertical distribuiion of salts soluble in water;

Ca the iomic composition of water soluble salins.

The soluble salt coentent of soils is usually low and the salts accumulate in
the reverse sequence of their sclubility because the poorly soluble salts (i.e.

Ca and Mg bicarbonate, etc.) dominate in the soil solution in non—salt affected



soils. Salt accumulation develops if the leaching of salts becomes resiricted, or the
layer is comnccied with mineralized groundwater, or saline water is used for irriga-
tion. A the zalt accumulation prevails over the leaching the absolute and relative
ruantities of salts with better solubility inerease, It means that the vertical
distribution of soluble salts and the changes in the ionic composition of salts,
within a soil profile, reflect the dominant process (leaching or accumulation) in

the noil.

The horizontal distribution of soluble salts is the cause of the changes
iy the effect of factors influencing the calt resgime and salt balance in seils.

The accwmilation of salts effects the plant's water and nutrient uptake and the
water's effect on the ohysical properties of the soil.

Tae desrec of =alinity iz usuvally characterized either by the total salt
sontornt of soils, expressed in weight percentage, or by the concentration of the
s0il water extract expressed in the gpecific conductance of the extract., The
determiration of the ionic composition of the accumulated salts is always carried
gut from extracis prepared at different soil:water ratios.

In every case the soil samples are brought to the laboratory dried, ground
and rewetted, The soiliwater ratios during the preparation of the extract vary
betwsen 4:1 and 1:5, but they are always larger than the soil:water ratio in natural
wet soils., Thne increase of the soil:water ratio not only dilutes the salt concen-
tration in the 1i uid phaze, but changes the solubility of salts, the ratio of
alkali and alkali earth cations, the equilibrium between the exvhangeable and
dissolved cationsz, and it causes the hydrolysis of exchangeable sodium. Iue %o
this reaction, it is very difficult to judge the concentration and composition of
the s0il solution on the basis of soil extract analyses.

From some points of view, it would be ideal to analyse the real soil solu-
tion. We have in fact methods to separate the ligquid phase of natural seoils and
mary data have been published on the chemical composition of the soil solution.

Salts with high zolubility prevail in the soil solution. The concentra—
tion and ionic composition of the zoil solution depends on the short term regime
of the moisture and easily =oluble salts., The great variability in the soil =solu-
tion concentration and ionic composition makes it questionable to include the soil
solution analyses in the soil survey methods without any further consideration of
the evaluation of data.

For the analyses of soluble salts in soils,in praxis two methods are most
frecuently applied. They are: the method of saturation extract and that of 1:5
aqueous extract. In the case of the saturation extract, the soil:water ratio
deperds on the texture and swelling of soil samples, The total salt concentration
is expressed by the elcctrical conductivity of the extract and the concentration



of ions is given in megfl. In the case of the 1:5 acqueous extract, the soiliwater
ratio is fixed and the total galt and ion content are given for 100 gz of s0il,

For the evaluation of salinity measured in saturation extracts, the limit
values are based on electrical conductivity and measurement-of the osmotic pressure
and total ionlc concentration. In the 1:5 agqueous extracts, the limit wvalues are
baged on the total salt content, iaking into account the iconmic corposition of soluble
salts accumulated in zoilz. In gome caces even the electrical conductivity and
rhloride concentration are uwsed to estadliun iimit values in the 1:5 aqueous extract.

I7 we express the total salt content determined in the maturation extract
and in the ame dimension in & 1:% aqueous extra i, the difference: are not very
hish in saline soils, but they differ a lot in'the case of soda—solonchak and
solonete soils. The differences can surpass not only the cornfidence limit of araly=
tical analyses, but the deviations due to the heterozeneity of zalt distribution in
the soil,

The determination af the total salt content can be curricd scut by measuring:
the electrical conductivity of the caturated 5oil pacte. The tatzl zalt content is
expressed in g/100 2 soil. The calibration takes into account the texture of soils
and the lonic composition of soluble salts. The methed is a semi—ruantitative one,
because:

= the cation composition of scluble salts is not taken ints account,

- the ratic of anions varies with the changes of total soluble salt content,

- the exchangeable sodium is partly measurecd az soluble salt.

This methed is simple and rapid and can be included in the monitoring systenm,
if we nave data of soil texture and ionic composition., The ionic composition in the
extract varies with the soiltwater ratio., 7The chlorides having high zolubility
are usually completely dissolwved even in the extracts prepared with a close =oil:
water ratio, With an increase of the soil:water ratio, the concentration of chloride
decreas 5, but the gquantity of the total dissolved salts remains the same, In
saline soils, NaCl and MgCl, arc the most common and widespread components,

In the cacse of chleride salinization both the saturation extract and the
1315 agueous extract give reliable data. The solubility of sulphates associated
with different cations varies grestly, !111-_3'8{:14i and HuESﬂi have high =eolubility; they
very often acoumulate in the seils together with other easily soluble salts. Due
to thelr high solubility, they are dissolved in an extract prepared with a narrow
soil:water ratio. With the increase of the scil:water ratio, their concentration
decreazes within the extract, but the total quantity of dissolved salts remains

the same. The solubility of CaS0, is relatively low and it accumulates together with

1

chlovides and other sulphates. The CaSGd content of zoils only partly dissolves in

the saturation extract and in the 1:5 agquecus extract as well, The dissclution of

Gasﬁd in saline soils changes with an increase in the soiliwater ratic. The changes
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in Casﬂ4 dicsolution depend on the total ionic concentration and ionic composition
of the extract.

Irn the case of sulphate and chloride-sulphate salinization either a satura—
tion or 1:5 armueous extract analyses will sive saticfactory results, if the seil is
strongly salinized or solonchak and it has a light texiure. If the =oil is slightly
or medium saline the saturation extract is preferable. In every case the total CasO,
content has to bpe analysed separately. .

Among the carbonates commonly appearing in soils, only sodium—carbonate has
good solubility, The sodium-carbonate dissolves with alkaline hydrolysis and emui-
librates with the carbon-dioxide dissolved in water, forming carbonate and bicaroo-
nate ions. Due to the alkaline hydrolysis a solution containing sodium—carbonate is
always alkaline. The pH value and the ratic of carbonate and bicarbonate ion con-
centrations depend on the condition:y of the preparation of the soil extract. The
other soil carborates, such as calciume-carbonate and magnesium—carbonate have low
goluoility., Their dissolution depends on the total concenzration and ionic composi-
tion of salts ir the solution. In case of carbonate-salinization, the sodiwm ions
gominate in the solution up to 90-959:, The prevalence of szodium ions in the solu-
tion and the sodium saturation of the so0il depend on the concentration of the solu-
tion. Witn an increase in tne sodium—-carbonate concertration, the sodiuwm saturation
can be as high as B0=90i, In the case of soda-salinigzaticn, the saturation extract
analyses zive better results than the extracts with a high water:e0il ratio, because
tiie hydrolysis of exchangeanle sodium increases with an increasc in the water:geil
ratic. The determination of Ca and Mg ion concentrations is usually not necessary
in the saturation exiract and if we do determine them, we have to take into account

the high error pezsibility of the analyses.

Cation Exchanre Characteristics of Soils

The cation exchange characteristics of the 50il are determined oy the cation
cxchange capacity {GEC} and the ratio of different exchangeable caticnz. The CEC is
alway:c related to the texture, organic matter contents and clay mineral composition
of soils, CEC wvalue:s refer to the water and cation retention. The exchainge complex
iz saturated or may nave a low value of excharge acidity. If the cxcharwre acidity
is nigh, the soil needs a lime dresting. The increased values of sodium saturaticn
refer to the alkalinity (sodicity) of soils.

The determination of CEC is carried out in two stepst first, the soll 1s
saturated with the selected cation, and in the second step, the amournt of salurating
cations is determined, The measured values of cation exchange capacities depend om:

= the completeness of saturation,

= the pH values of the saturatirg solution,

- the method of determination of the saturating cation,



A uide rarge of cations is used for saturatiorn; among them the moat usual
aret HHt, 3&+, Ba2+ and Eag+ ions. The suggested concenmtration and pH values of
:a:uratiﬁ{ solutions and the ratioc of soil:solution varies as well, The most common
way to determine the saturating cation is to displace it with other selected cations,
Potassiwm, ammonium and calelum ions are used most frequently for replacements. The
following tanle zives o cynihesis of the saturating and displacing ions and the

characteristics of the solutions.

' Concentration
Froceos Ison gelt af selutian ol of solution
o : wiagT i : i
Saturation HE HH ,=- acetzate i) F a0
i 4
4 + e : - -
Displacement K ¥KCl 1% Za3
Saturatian Haf Ila— acetate N g,
Displacement  NH' HH,- acelate ¥ Tald
i
Saturation Ba®™"  Ball, 0.2 ¥ £.5
Diszplacement i HC1 it
= : 24 = . - -
Saturation 3a BaCl., 0.5 B Bim
Displacement  HIT NH.C1 H 5.0
k e
o . o LR i
Saturation Ba daulz 0.1 H G
Diernlacamant Gee+ Cgﬂ1? D, n 7.0

Recently, <he determination of the saturation cation without replacement has
besn propozed by iuctope—dilution, lon activity analyses, etc. These methods have
tne advartase of aveiding ancirer chemical treatment after the saturation.

The deiermination of exchangeable cations is usually carried ocut by their
displacement with cationz not common in soils; ammonium and barium ions are the most
framaently proposed replacements. The extract prepared during the saturation in
CZC aralyses contains the exchangeable catiowns, If we use a saturation solution
with cations which are not common in soils, the extract is suitable for analyses of
exchargreable cations.

The determination of exchangeable ¢aleium and sodium can be carried out by
ine lwetope—dilutien method as well, which differs in prinsiple from the "alien
cation" metihod a3 1t avoids the replacement of the axchangeanle cations by the
"alien cation” and is based on the 1soicpe—dilution analyses in an equilibrium soil:
WaELET Susponslona

ALl the methods for analyees of cation exchange characteristics are stan-
dardized. Cnly the data determined by the same method can be compared which means
that during survey and monitoring the same laboratory methods must be used. A

different method can be applied only after testing the comparability of the methods



and if the differences between the values determined by different methods are less
than the integrated error of the sampling procedure and analyses.
The accuracy of the determination of exchangeable cations and CEC depend
on the soil properties as well,
a The measured CEC values are too low if:
ia the saturating ion does not replace the exchangeatle cation
completely. In calcareous soils for example, saturation with
ammordum=ions at neutral pH of saturating solution is usually
not complete;
idia the saturating ion tends to become fixed; this can occur in
s0ils containing vermiculite wit:i armonium or poiassium
saturation;
ilia the replacing ion does not displace the saturating lon,
which can cccur if the valency of the replacing cation is

lower than the saturating lon.

[+ Tne measured CEC wvalues are too high, if:
ia the saturating ion is absorbed in the form of metal hydroxide
cations;
ii. the saturating cation is held in exchangeable form by the

solid carbonates of solls.

The determination of exchangeable cations is disturbed by the presence of
calcium—-carbonate, gypsum and soluble salis., Extracts prepared by the saturation of
soil samples with salt solution contain the exchangeable cations and cations dis-
solved by the salt solution., In the case of sodium ions, the exchangeable and
soluble sodium are determined together in the extract; Tor calcium ions, we deter-
mine the exchangeable calcium and the dissolved part of caleium—carbonate and gypsum,
and for magnesium iona, the measured magnesium concentration is composed {rom
exchanzeable magnesium and from the dissoclution of dolomite and magnesium—sulphate.

We do not have a proper method to separate the different forms of mobile
cations into exchangeable and soluble forms., In special cases, we can decrease the
dissolution of poorly soluble salts by increasing the pH of the saturating solution
which, for example, avoids the dissolution of calciwn-carbsnate in calcareous 501ls.
We can correct the data in the case of easily soluble salts by the subtraction of
values determined in the saturation extract. For example: with sodium ions, the
difference between mobile and soluble sodium is regarded as a value of exchangeable
sodium. This is however, only an approximate value of the exchangeable sodium
influenced by several "inexactnesses" in the preparation of the saturation extract
and the determination of sodium from the saturation and salt solution extracts. The

measured gquantity of exchangeable sodium can be too low if exchangeable sodium



hydrolysis occcurs during the preparation of the saturation extract. This phenomensa
plays an important role in the case of sodic soils with & low degree of saliniza—
tion, The measured amount of excharngeable sodium iz erronecus if the seoil is
strongly saline and the ratic between the soluble and exchangeable sodium is too
larsc.
Under different conditions, the following methods can be suitable for the
determination of exchargeable cations and CEC:
1) .1 mol BaCl, solution at 5.1 pH for the determination of exchange—
able cationz-of:
- nor—calcareous, nor—zaline soils,
- calearesus—non-saline soils,

- zaline seoils oy subiraction of soluble cations.
The method cannct be applied for gypeiferous seoils.

After Ba—saturation, the CEC can be determined by calcium replace—

ment in all solls except the gypsiferous,

2] Hormal ammonium—acetate solution at pH 7, for the determination of
excharngeable cations of:
- non=calcareous, nen—saline soils,
- nor—caloareosus, nornegypoiferous saline soils, by subtraction of

zoluble cations.

After sodiun saturation, at pH 8.5, the ammonium—acetate sclution can
be used for CEC determination in calcareous, gypsiferous andfor
saline zoilz.

1) Iaotope dilution method: in all cases it can be used to determine

the CEC, excharngeable sodium and calcium,
The gation excharnge properties and salinization of the soll must be deter-
mined in such densiiy as is suitable for the evaluation of horizontal and vertical

distribution of mobile compounds in the surveyed area.

ANALYSES FOR THE DETERMINATION OF 30IL FERTILITY

The treatment of socil fertility analyses is not included within the scope
of this paper becausze, although very important for the planning of irrigation schemes
and soil utilization, thic group of amalyses is only of indirect and secondary signi-
ficance in relation to the prognosis and monitoring of soil salinity, alkalinity and

waterlogging.



Paper 12 b, MEASURING, MAPPING AND MONITORING FIELD SALINITY ¢

AND WATER TABLE DEPTHS WITH 30IL RESISTANCE ME&SUHIKEETElj
oy

Ja Da Rhoades
Supervisory Soil Scientist
Uwsde Salinity Laboratory

INTODUC TLOR

The proper management and treatment of saline soils requires knowledge of
the concentration and distribution of soluble salts in the soil, The proper manage—
ment of irrigation projecis, furthermore, requires information on the time trends
in so0il salinity status and water iable depths. 3alt balance evaluations of irriga—
tion regions have been [ and are being) emzloyed to asceriain the adequacy of leach—
ing fo aveid adverse salinity btuildup {Bower et al., 1965%; Smith, 195%; Wilcox and
Resch, 1961), For both theoretical and practical reaszeons, salt balance svaluations
are iradequate for their intended purpeose. Such an svaluation iz net a suitahle
criterion upon which to base the adescuacy of leaching and salinity control of large
irrigation basins, much less of individual fields or parts of them {Rhoades, 13974
Kaddeh and Rhoades, in prep.). To date, the only reliable diagnosis of =alinity has
required the analyasis of soil samples brought inte the lavoratory, alithowrh less
precise measurenenis may be made in the field with portable field kits {Bower, 15963;
USSL Staff, 1954). In either case the many samples required demand much time and
effort (Sayesn et al., 1958),  PFurthermore, to evaluate the effccts of farm MALATe—
ment practices and assess time trends, soil salinity levels must be monitored peri-
odically. The extensive time and labour remquirements for sampling adequately with
conventional procedures tend to reach the point of impractisality. Besides salinity,
water table irends should be monitored in irrigation projects,

The four electrode soil conductivity technicque can be usad 4o great advantage
for these needs in diagnosing and monitoring (Rhoades and Ingvalson, 1971; Rhoades,
1974; Kaddah and Rhoades, in prep.). The method measures soil salinity and depth
to water table withoul requiring soil sampling, lavoratory analysis, or rumerous

expensive in situ devices. It is rapid, sinple, inexpensive and practical,

1f Contribution from the Agricultural Research Service, USDA, U.3. Salinity
Laboratory, Riverside, California,
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The basic concept and principles of this method have been previously
described (HRhoades and Ingvalson, ‘J‘J'H]. Since then, the method has been used for
detecting the encroachment of saline water bodies into seils (Halvorson and Rhoades,
1974), for mapping saline soils and subsurface materials (Halvorson and Rhoades, in
prep.), for monitoring reclamation of saline soils (Kaddah, personal communication),
and for monitoring salinity in irrigation projects (work in progress). In addition,
new technicques have been developed for obtaining the necessary calibrations {Rhoadeﬂ
et al., in prep. (a); Rhoades and van Schilfgaarde, in prep.). A new version of the
equipment to determine precisely the distribution with depth of so0il electrical
conductivity, BC_, (Rhoades and van Schilfgaarde, in prep.), and the theory is
developed and verified explaining the effects of soil water salt concentration,
water content and soil properties on soil electrical conductivity (Rhoades &t al.,
in prep. (b)k

This paper discusses the principles and application of the technique for
measuring, mapping and monitoring soil salinity and sodicity, detecting a shallow
water table, and estimating the leaching fraction.

PRINRCIPLES: EFFECTS OF VARTATIONS IN SALT CONCENTRATION, WATER CONTENT AND SOIL
PROFERTLES ON SOIL ELECTRICAL CONDUCTIVITY

Electrical conduction in saline scils is primarily electrolytic. Most soil
minerals are insulators and conduction, therefore, is primarily through the inter-
stitial water which contains dissolved electrolytes. In addition, soils may conduct
current via the exchangeable cations that reside on the surfaces of charged soil
minerals, which are elecirically mobile to various extents (Cremers and Laudelout,
1966; Shainberg and Kemper, 1966; van Olphen, 1957). The contribution of exchange-
able cations to electrical conduction is relatively small in saline soils because
of the greater abundance and mobility of soluble electrolytes than exchangeabls
cations (Rhoades et al., in prep. (b}; Shea and Luthin, 1961). However, in sodic
soils (high in exchangeable sodium and low in electrolyte concentration) the rela-
tive magnitude of surface conduction will inerease, Hence, the electrical conducti-
vity of a saline soil {E:a] will depend primarily on the electrical conductivity of

of the liguid I:E:w}, on the volumetric water content 8, on the tortussity (T), and
on the extent of surface conductance (Eﬂa_] (Rhoades et al., in prep. (b)), i.e., for

a given temperature,

.:.-‘Ga o f{EEwrﬂiTi ECﬂ:l [1]

The effects of tortuosity and surface conductance are related to soil type. Hence

for a given szeil tiype

%]

]

B, = f':F"cw"‘?*:'T,, EC _ §



and if Eﬂa determinations are made at reference or calibration water contents

EC_ = f{mw}a,T,Eﬂs' [3]

Since for any given scil, the electrical conductivity of a saturation extract
(Bc,) is related to EC_,
oy ™ f':EGa}g,T,EGE' [4]

Based on Eq [4], Rhoades and Ingvalson (1971) recommended, in irrigated
lands, making four-electrode conductivitiy measurements juat after an irrigation.

At this time the water content (field capacity) is reasomably reproducible (Wilcox,
1965). Under dryland conditions, early spring measurements take advantage of
relatively uniform conditions when the soll is near field capacity (Halvorson and
Rhoades, 1974). Kormal variations in water content under these conditions will not
interfere with salinity diagnosis, Calibrations between EGa and ECe have been
determined for many soils under conditions of "field capacity" water content and used
to diagnose soil salinity. Figure 1 is an example of such a calibration.

While the above technique of taking soil resistance measurements under condi-
tiones of reference water content is the simplest and most practical for general
diagnosis, mapping and monitoring purposes, soil salinity may be assessed under con-
ditions of amy arbitrary water content if the water content is known and certain soil
parameters have been established. Equation [5] describes the interplay of salt
poncentration, water content and soil properties on soil electrical conductivity

(Rhoades et al., in prep. (bB:
EC_ = (EC_B)[T] + EC_ [5]

where [T] ie an empirically determined "transmission" coefficient dependent on

g as
Twag+ b [6]

with constants a and b determined by linear regression. Figure 2 shows Eﬂaf Eﬂw, g,
T, and BC_ relations calculated with Egqs [5] and [6] (solid line) and experimentally
determined values (data points) for Indio v.f.s.l. soil where EGw ranged from 2.5 to
56.2 mmho/em at 2500 end & ranged from 0.12 to abouwt 0.5. Table 1 shows values of
a, b and EL‘B for four scils ranging in texture from f.s.l. to cels These values are
related to texture and oufficiently accurate estimates for these soil parameters

may be estimated on the basis of texture. Given such values and where g 13 Known

or measured, actual in situ so0il water electrical conductivity, Eﬂw, can be
determined from four-electrode soll conductivity measurements using Eg [5]. Thus,
not only soil salinity but also in situ soil water EGH can be determined from ECa

measurements at arbitrary water contents.
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Table 1 SURFACE CONDUCTIVITIES, TRANSMISSION COEFFICIENT
PARAMETERS AND THRESHOLD WATER CONTENTS OF 30ILS 1_,f

Soil type Eﬂggf hﬁf Bif eti/ 51/

mmho/cm
Pachappa feg.l. «18 14382 =0,093 07 0.96
Indio vafesels .25 1,287 ~0.116 «09 0,96
Waukena 1. » A0 1.403 -0, 084 «05 097
Doming c.la. «45 24134 =0.245 «12 0.92

Rhoades et al. (in prep. I:b}:,l
E:s = surface conductivity

Transmigsion coefficient = [AE + B]; 4 = slope, B = intercept of AB
+ B =G (a) plots

gt = threshold water content = — %

Linear correlation coefficient between the transmission coefficient and 8

il R

Equation [ 5] shows that EC, is a measure of the product of EC  and @,
ie€s, total zolute per unit volume of soil, as modified by s0il tortuosiiy and
vigcosity effects, plus a small contribution from surface conductance. Upon
cessation of drainage after irrigation, 8 is decreased by crop water uptake, but
most of the salts are left behind in the soil solution. Except for the effects of
salt precipitation, the product [E‘:w}i(ali' where i is the initial condition ([after
irrigation), would be unchanged at some later time, f, il.e., {Ecw}i{aji =
{Eﬂw}f(ajf. For the first few days after the cessation of drainage, (ECHJEE} should
be reasonably constant, i.e., little salt should precipitate. Hence, changes in
EG& over this time should be primarily related to T = f{ag). From the data given
in Table 1, for the case of Indio v.f.s.l., & % variation in g from the reference
"field capacity" water comtent will produce abogt a & change in Ell‘a. Thusg, since
the increase in salt concentration compensates for the decrease in water content,
normally expected small variations in "field capacity" water content that would be
encountered at different times of measurement {during the year) will not cause
serious errors in salinity assessment.

Effects n} textural stratification in the soil profile and temperature on

Eﬂa interpretations are discussed later.
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FOUR-ELEC TROIE EQUIPMENT

The basic equipment needs for four-electrode soil conductivity determinatioms
are put few. A combination eleciric current source and resistance meter, four metal
elestrodes, comnecting wires, a measuring tape and a thermometer are all that is
needed, Figure 3} shows typical basic equipment. For detailed or extensive survey
studies, other pieces of eguipment may be used to make the work more comvenient, like
a device for storing and retrieving the wire, & tripod and stand so thﬁt the meter
and wire storage and retrieval system can be used at near waist height, a "fixed-
array" rig in which the electrodes are fixed at a constant inter—electrode spacing
for rapid traverse work or mapping, a pocket-szized portable calculator (especially
convenient are the small, portable programmable caloulators), and suitable graph
papers

Sevaral suppliers produce combination current source-resistance meters
suitable for soil salinity appraisal of either hand-cranked generator or battery-
eperated types which range in cost from about $300 to $1200 depending on accuracy
and convenience features. The unit should have & range {rom 0.01 to 100 ohms,
although for some uses it is helpful to be able to read resistance of less than 0.0
ohms,.

Electrodes may be made of stainless steel, copper, brass, or almost any
noncorrosive conductive metal, EBlectirode size is not sritical, except that it must
be small enough to support its weight and maintain firm contact wiih the soil when
ingerted to a 4 cm depth or less, Elestrodes with dimensions of 1 to 1.3 x £5 cm
are convernient for mest purposes, although for very shallow readings, smaller
electrodes are preferred.

Any flexible, well insulated, multistranded wire is suitable. A good size
for general =alinity appraisal is 1 to 2 mm wire.

For detailed determinations of soil electrical conductivity oy depth or
within soil depth intervals, it is convenient to have the four elecirodes mounted
on a single probe that can be inserted into the soil 4o different depths. A device
developed for this purpose and associated auxiliary equipment are illustrated in
Fige 4+ Figure 5 demonstrates the makeup of the soil "Bl-probe", Four annular
rings are placed between insulators 4o form a probe which is slightly tapered so
that it can be ingerted into the hole made by arn Oakf'ield soil sampler, After the
hole is made, the EC-probe is inserted to the depth(s) of interest, Wires from the
four anmilar electrodes are led through the cemtre of the probe shaft and connected
to the electrical meter. The manner of use of this equipment is discussed in

Section 3.1. A more refined version of the Bl-probe is now commercially available,



Fig. 4 BS0IL EC,-PROBE, OAKFIELD SOIL SAMPLER, AND RESISTIVITY METER



USS5L SALINITY PROBE

i e @ mrwn ol = oy By o
P T St
z : L : ” E
= H " P | £ o
= v 4 el
= = oy it
= 4 M Ll
i o *
= f v BT
FL- & “— 1™ Efx ———
I}. ,\ ks =
. =1 Ly - . e :
e | : ==
N e Jnat = En
P g | g ® | B
T S e [
] { b i
e o i i T e
T T T i = ,q
i [ £ S
| = = ot o
el I -— -

Fig, 5 SCHEMATIC OF SOIL EC_-PROBE (AFTER RHOADES AND VAN
SCHILFGAARDE,  IN PREP.)

Fig. 6 FOUR-ELECTRODE CELL (AFTER RHOADES et al., IN PREP.(a))



special "four—electirode cells" can be used acvantageously for purposes
of calibration and certain laboratory studies. Such cells are illustrated in

Fige . This ecuipment and its use is discussed in Seotion 5.

HME THODOLOGY

In the conventional determination of four-elsctrode soil conductivity, four
electrodes are placed in a straight line with erqual distancen {a) between them,
This array of electrodes is called the Wenner confisuration. The electrical resis—
tance across the inner pair is meamured while a constant current is pasced between
the outer pair {Fig. 7). T.e apparent bulk =soil conductiviiy is calculated from
Eq [7]:

B, = = (7]

When E‘._t is measured resistance [in

{in Umj at temperature £, and ft iz a factor to adjust the reading to a reference
temperature of 25°C (for such factors, see Table 2 after USSL Staff, 1954); EC, is

ams) for an interelectrode spacing of "a!
a

given in mmho/em at 25°C,

Information about EC within discrete soil depth intervals can be obtained
by either of two different methods. Four-probe soil electrical conductivities of
discrete soeil depth intervalz, ECK, can be calculated from Eﬂa values obtained with
successively inereasing interelecirode spacings using Eg |'t's-'i af'ter Halvorson and
Rhoades (1974):

EC =M{EC, « =) -(Ec, +a; /e -2 ) [8]

G MG T | i E 1mq

where a; represents the depth of sampling and a, . reprecents the earlier depth of

1
sampling. This eguation is based on the assumptions that the depth to which con-
ductivity is measured in equal to the interelecirode spacing and the stack of soil
electrical resistances of a sequence of soil layers is assumed to behave like
resistors in parallel (¥ig. 8) (Barnen, 1954 ).

Where more precise information on the depth distribution of szo0il salinity
is remquired, the soil electrical conductivity probe developed by Rhoades and van
Schilfgaarde {in prep,) should be used, The soil resistance is measured in a manner

analogous to that used for the conventional Wermer array; however, EC_ is now

calculated as
Ik ft
Ecx = __Ht [9]
where k is an empirically determined geometry constant for the probe, This probe
has dimensions sc that when centred at 15, 4%, T35, 105 cm, etc., EGI iz obtained

within the O to 30, 30 to 60, 60 to 50, 90 to 120 om, etc., soil intervals.
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Table 2 TMPERATURE FACTORS (f.) FOR CORRECTING RESISTANCE AND
T CONIUCTIVITY DATA TO THE STANDARD TEMPERATURE OF 25° ¢ 1f
: 7 2
1D 31942 1.660
640 1248 14569
8,0 46a4 1.488
10.0 5040 1.411
1240 53.6 1.341
11.9 57.2 1277
| 16.0 60,8 1.218
18.0 G:lad 1.163
23,0 68,0 15712
22,0 1.6 1,064
2340 7542 1.020
26.0 T8 «379
20,0 o2 « 943
i 3040 86,0 « 307
| 32.0 89.6 873
; 3440 9342 L5473
L 3640 96,8 .815
| 38.0 100,2 . 788
L 40,0 104.0 763
|

1/ After Table 15, p. 90, U.5. Salinity Laboratory Staff, 1954,

APPLICATIONS

Heasuriry; Bulk Seil Salinity

To relate an Eﬂa reading to salinity, it must be calibrated under conditions
of reference water content and soil temperature (2500). A typical relationship
is illustrated in Pig, 1 for a f.s.l. soil type. Once such calibrations have been
obtained, =o0il salinity can readily be determined for sueh soils without the further
need of soil sampling. As Fig. 1 shows, Eﬂﬂ and EGe are highly, linearly correlated
60 that results are quite reliable. The volume of soil measured in a single Eﬂa
determination is about "a3. This attribute is very valuable where representative
values of salinity of typically heterogencous seil are needed without excessive

effort and expenditure of time and money, Anotiier valuable attribute of the
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four—clectrode method ic that to make a single ooil reuistance measurement with this
technique and equipment requires only a few tens of seconds,.

It is often descirable to make resistance measurements within dee er bodies
of soil. This can be accomplisned by warying the interelectrode spacines, Pigure 9
illustrates how expandin:c the interelectrode spacing increases the depth (and volume)
of measurement, The effective depti of mwasurement of' soil Eﬂa 15 approximately
equal to the interelectrode spacin:, ‘'lhie plots in Figz. 1 of Eca {a = 30 cm) =
average EC_ (0 to 30 em), BC, (a = 60 on) - averaze B, (0 to 60 cm), and G,
(a = 90 em) = average EC (0 to 90 cm) data points all fall on essentially the same
line, Thus, with a single soil resistance measurement, the average soil salinity

Wwithin the whole root zone can be determined.

Measuring Scil Salinity within Deptn Intervals

While a measurement of average soil salinity to a given depth in the goil
is valuable, there are instances where information of salinity distribution with
depth or within discrete depth intervals ic desirable,

Date dememsirating the hish correlation between interval soil salinities
predicted with Eg [B] and those determined from soil analyses are presented in
Fig. 10, It is apparent from these data that z0il =salinity by depth intervals
within the root zone can be assessed with this method in soils without marked
textural horizonations with sufficient accuracy for practical salinity appraiszal
purposes without taking soil samples or making latoratory analyses. This assessment
cannot be applied to soils with marked textural horizonatiens; for such cases the
EC-probe is recommended with individual calibration relations used for the differemnt
solil strata.

Data of soil EC by depth within the root zone of a citrus tree are given
in Piz. 11 to illustrate the utility of the scil EC-probe. While thisz device can
be used to determine soil salirity distributicns more accurately than with the
surface pozitioned four-electrode equipment, it has some of the same limitations as
soil samples and in situ salinity sensors (Oster and Ingvalson, 1967), i.e., soil
must be removed with a soil sampling tube (althoush no analyses are required): and
it responds to a relatively small localized region within the soil. For this reason,
while this technique can be used to diagnose soil salinity by taking several read-
ings in the soil landscape to obiain a representative value, hﬂa readings determined
with the surface positioned Werner array seem to provide a better index of bulk soil
salinity. However, where more preciue information of soil salinity is desired,
either for depth interval, in soil profiles with marked discontinuities in soil
texture, or localized soil regions, the soil EC-probe is recommended, Thus the two
techniques may be used together to great advantage, The EC-probe can also be used
in place of an in situ sensor if water content information is available,
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5.4

Mapping Soil Salinity

Both near surface and subsurface salinity can be mapped using the methods
described above in Sections 5.1 and 5.2, respectively. Determinations are made at
successive sites aleong a traverse or at grid stations; the data are displayed as a
map of isclines of soil resistance, Eﬂa, EGx, ar ECE, depending on purpose and
preference. Figures 12 through 15 1llustrate the utility of the technique. 3Salinity
was mapped in and about a saline seep in eastern Montana, of a 153 x 244 m area {of
rollirg foothill topography), gridded at 30.5 m intervals (Halvorson and Rhoades,
in prep.). TFigure 12 shows the location of the saline seep and marginally affected
area around it, and the corresponding surface topography. The area labelled as
saline seep had almost no plant growth, while that labelled marginal showed visual

signs of reduced alfalfa (Medicago sativa) growth and poor stand. The rest of the

area had a good stand of alfalfa. Figures 13, 14 and 15 show isolines of ECx for
the O to 30, 30 to &0 and 60 to 90 om soil depth intervals, respectively, caleculated
with Eq [8] from EC, measurement with interelectrode spacings of 30, 60 and 30 om,
respectively. These Eﬂx maps clearly differentiated the seil salinity in this soil
body {as verified by seil sampling and lavoratory analyses) both laterally and
vertically. The soil body mapped with the O to 30 om depth EC-x isoline, correspond-
ing to = 1.5 mmhofcm, corresponded ¢guite closely to the saline seep boundary, while
the body of s0il mapped within the 0.5 to 1.5 mmho EGx isolines corresponded to the
marginally affected land. The land mapped with Eﬂx of « 0.5 mmho/cm corresponded
to the area with good alfalfa growth. Figures 14 and 15 illustrate the use of this
technique to map subsurface salinity distributicons in seoil bodies. The increased
volume of saline soil with depth and its variation with respect to topographic
position is clearly illustirated. The subsurface dimensions of the salt affected
s0il body, which was produced from the presence of shallow saline groundwater, were
readily established with the four-electrode soil conductivity mapping technique.
While in this example successive Eﬂa determinations were made at each grid
location for different interelectrode spacings, sufficient information on soil
salinity levels within the root zone depth could have been obtained from single
determ:naticns of Eﬂa oy making a traverse with one interelectrode spacing.
Figure 16 is such a map which could be made very guickly by one operator using a
"fized-array" setup like that illustrated in Fig. 17. The advantage of the "fixed-
array" setup is that one does not have o measure out the electrode positions, wind

in and out the electric cable, or comnect and disconnect the wiring at each location.

Detecting & Shallow Saline Water Table

The four-electrode technique may be used for detecting the presence of a

saline shallow water table as well as for measuring soil salinity. For this use,
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ECa determinations are made with successively wider interelectrode spacings, thus
causing the depth of current penetration to increase as illustrated in Pig. 9.

Figure 18 shows EC_ = a data for two alluvial soils, one in which the water table

=8
was at | m and the other at 3 m. At the time these determinaiions were made, the
aoils had been recently irrigated, planted to wheat {the seedlings were just
developing), with no visible differences between the two sites, The presence of the
shallow water table at location A is clearly indicated in Fig. 18 by the "inverted"
EC_ readings, i.e., BG, readings were very high (indicating high, near—surface soil
salinity} at small "a" spacings and decreased as "a" spacing increased, The.EGa -
a curve obtained at location B illusirates that expscted of well-leached soils where
the salt concentration increases with depth.

Depths to water were estimated for these two locations from plots of accumu-
lated EL’:a vs. "a', according to the Moore cumlative methed (Moore, 1945). As shown
in Fig. 19, these estimates of depths to water table agreed cquite well with the
depths measured in nearby observation wells. Such breaks in glope may not always e
so readily associated with water table levels if the soil profile is markedly strati-
fied and complex, but in rather uniform scils the method should work. For such cases,
I recommend the complementary use of selsmic refraction and four-electrode conducti-
vity determinations., Seismic refraction soundings are made 1o detect the presence
and depth within the profile of dense textural horizonations sc that the above
mentioned breaks in slope, associated with a water table, can be distinguished f'rom
texrtural discontimuities. Inexpensive pocket seismographs are now avallable; selsmic
soundings can be easily and gquickly made with such equipment for this purpose. An
illustrative seismic refraction graph is shown in Fig. 20 for a situation whers
feytural discontinuities were found at 1.9 M and 6,5 m depths in the profile. Hence,
breaks in slopes of accumilated EGa — a plots at such depths would be ascribed to
textural discontinuities and not to the presence of a water table., Such seismic
refraction information is also useful for showing the need for changes of EGI - ECE
calibrations below certain depths in the soil profile because of textural changes
and the depth limit of applicabiliiy of ECE - EGE calibrationa.

The praesence of & saline water table near the soil surface may allow zalts
to Mgub" into the soil profile if the net water flux is not maintained downward with
proper irrigation management (Fig. 18). Figure 21 shows the relation between EC_
of the top 30 cm soil depth and water table depth determined in glacial till seil
of Montana under conditions of dryland agriculiure where thiz "aubbing” could not
te prevented with proper irrigation management {Halvorsen and Rhoades, 1974) .
Wherever the water table was within about 1.7 m of the soil surface, the salinity
of the surface soil increased markedly above its normal "leached" value of about

0,25 mmho/cm. For this case the value EC_ {a = 30 cm) = 0.5 was recommended for
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delineating the land under the influence of a shallow water table. Under similar
conditions of "subbing', the presence of shallow water tables in irrigated lands
can be mapped. Whnenever the net flux of water is downward, the soil surface depths
{O ta 30 or O to B0 cm) should be low in salinity; where the flux is uwpward, salts
sub into the upper soil profile, and the Eﬂa readings would be atypically high for

the region and soil fype.

Monitoring So0il Salinitiy and Water Table Depth

Methods described can be used to monitor chamngres over time in soil salinity
or water table depth in irrigation projects or individual fields. The number and
location of monitoring sites would depend on local conditions and degree of infoerma-
tion desired. In principle, however, they should be selected so that the data
collected present a representative picture of the different topographic situations
within the region, soil types, cropping patterns, and irrigation and drainage methods
and facilities.

I recommend establishing such salinity monitoring programmes in place of salt
balance evaluations for assessirng the adequacy of leaching and drainage in irrigation
projects. Seismic refraction soundings should also be made to assist in the charac-

terization of the subsurface properties of the monitoring sites.

Determining the Leaching Fraction

In assessing the efficiency of irrigation of irrigation projects and in
egtablishing "minimum leaching" irrigation management systems, information iz redquired
on the fraction of applied water being percolated beyond the root zons. The four-
electrode soil conductivity technigue has poitential for determining LP.

It is possible to predict, under steady state conditions, the ECN of the
water that will drain from the soil profile as a function of LF {Oster and Rhoades,
1975)« Since ECH can be determined from EEx determinations, lour-electrode techrdques
can be used to estimate LF. The NG determinations may be made with either Eq [8]
or [9] and corresponding EC  values calculated by using Eg [3] or [5]s LF would then
be determined from an appropriate ECN-LF relation like that illustrated in Fig. 22.
Alternatively, LF could be obiained by establishing an empirical correlation between
Ecx readings and LF values obtained from analyses of chloride in soil zamples taken
from below the crop root zone. The "chloride" method for determining LF is discussed
by Lonkerd and Donovan | in press).

Applications may include large-scale monitoring of irrigation efficiency,
spot checks of LF by fields, or utilization as feedback for managing minimum leaching

irrigation syatems.
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Identifying Non—saline, Scdic Seils

As shown by Eq [5], Sectien 2, EC, is a measure of a liquid phase and a =solid
phase contribution. The liguid phase contribution is related to soil sgalinity; the
soil phase contribution (surface conductance) is a measure of the extent and mobility
of the exchangeable cations, Surface conductance is negligible as compared with
liquid conductance in normal saline soils {Rhoades and Ingvalson, 1971; Rhoades
et al,, in prep. {h” » Surface conductance increases with sodium saturation of
clays, especially those low in surface—charge density, and decreases as electrolyte
concentration increases (Cremers and Laudelout, 1966; Shainberg and Kemper, 1966;
van Olphen, 1957). Hence, high EC, values without high salinity should indicate high,
exchangeable sodium levels, i.e., sodic soils., The four-electrode soil conductivity
technioue previously discussed could be used to identify and especially to map sodic
goils, if these soils are knowr to be non-saline as in slick spot soile in the Great
Plains States. Large amounts of sodiuwm in saline soils should not distrub the
normal ECa - E{}‘E relations previously discussed because of the reduced mobility of
exchangeable sodium in the presence of high electrolyte strength and the large
effect of the latter on Eﬂa.

CALIERATING SOIL ELECTRICAL CONIUCTIVITY IN TERMS OF SOIL SALINITY

Eﬂa— soil salinity calibrations may be obtained in one of three ways depend—
ing on the availability of equipment and time and the desired accuracy. The calibra-
tion method used most frequently to date has been t0 take four—electrode resistance
readings and soil samples to determine EC, and ECa, regspectively, at numerous field
locations to obtain a suitable range in soll salinity and sampling population to
establish an B - EGa correlation (Rhoades and Ingvalson, 1971; Halvorson and Rhoades,
1974). BSince soil salinity is typically quite variable from spot—to—spot and with
depth in saline soils, numerous samples were taken from below and within the centre
two-thirds of the apread of electrodes to obtain an EGE value representative of the
relatively large volume of soil measured by the four-electrode technique, To obtain
a representative ECE value to correlate with ;he ECa value corresponding to the O

to 1 m soil depth, a soil volume of about 3 m” must-be adequately sampled, necessi-
tating a fair amount of work if an accurate calibration is desired. Further, the
Eca - EﬂE calibration ie limited to whatever EGEI range is found in the field at the
time of sampling. A typical calibration of this type is shown in Fig. 23 and labelled
conventional calibration.

A more accurate calibration technique was developed using specially built
four-electrode cells (Rhoades et al,, in prep. (a)). Undisturbed soil cores are

taken from field sites representative of the soil type for which the calibration is
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dezired, Using lucite column sections as inserts which fit the dimensions of the
corer., Figure 24 shows several such lucite columns after they were slipped out of
the corer being segmented to obialn a "four-electrode cell". These cells are similar
to those used by Gupta and Hanks E19f2} in their laboratory column studies; the four—
electrode cell iz tapped so that upon its removal from the corer, the stainless stesl
electrodes can be inserted into the seil (Fip. &) to a fixed depth (em). The EG, of
the undisturbed soil sample is then determined using an appropriate resistance meter.
Appropriate cell constants are determined for the four—electrode cells by filling

them with known EC=solutions and measuring their resistance using Eo [107:

k= E0,. . B, =%

25" T4 [10)

whers E025 igs the electrical conductiviiy of the reference conductivity solution at
250 L HT is the measured resistance of the reference solution at its determined
temperature 1, and ft ig the appropriate tempersture factor for correcting resistance
and conductivity data (Table 2 or USSL Staff, 1954). When the four—electrode cell

is filled with =z0il, seoil ECa is then calewlated from the measured resistance, szoil

temperature and established cell constant using zg [11]:

B ok mt i11]

If desired, the so0il filled, four-electreode cells can be leached with solu~—
tions of desired salinities and then adjusted fto desired reference water conmtent
before determining their ECa. {This will be necessary if there is an insufficient
natural salinity rarnge in the field,) Alternatively, if there is sufficient range
in salinity in the field, which ig ai the desired water content, usually field
capacity, three or four undisturbed soil samples can be collected in four-electrode
cells from field spots, ranging from low to high =alinity, and their EG& determined,
In either of the above two calibration approaches, the whole soil sample on which
the Eﬂa was determined is then removed from the cell for determination of ECE {and
vater content if desired). This method maximizes the accuracy of the calibration
because exactly the same bulk volume of soil is used for measuring both Ema and Ece'

A typical calibration obtained with this methed is illustrated in Fig. 23.
This figure clearly shows that the four-electrode cell calibration technicue yields
eggentially the same EGa - ECe calibration as that achieved with the conventional
field method discussed above (so that one has confidence that the "four-electrode
cell" calivrations can be applied to field array measurements) but are more reliable
since they result in higher correlation coefficients and lower standard errors of
estimate in the EEE = f{EDE} regression {data not given).

The simplest method of Eﬁa - ECE calibration makes use of the soil EC-probe

to determine the Eﬂa value of small bodies of soil which have been adjusted in the



field to give a desired range of salinities, To accomplish this salinity adjustment,
saline waters are impounded in 20 cm dia. x 45 cm lorg column sections driven into
the so0il, The infiltrated waters bring the soil beneath the impounded arca to the
desired range of salinity, When the soil has drained to about "field capacity",
ﬁ,.e., the reference water con‘[:ent], 1 or 2 days later, =oil samples are removed {rom
the salinized body of soil (0 to 30 cm) with an Oakfield soil sampler, Then the soil
EC—-probe is centred in the hole and the £Ca value corresponding to the 0 to 30 em
depth interval determined . A soil sample (0 to 30 cm) is then taken (after the
probe is —emoved) of the soil volume surrounding the hole; the EC, of this soil
psample iz then used to establish the Eca - EGE relation for that seil type and
reference water content.

This latter calibration procedure is by far the quickest. Only three or

four Eﬂa readings and soil sample Ece's need to be determined. Very satisfactory
calibrations may be obtained (Fig. 25).
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Fig. 25 Eﬂa - Eﬂe CALTBRATIONS FOR DIFFERENT SOILS
OBTALNED WITH THE Eﬂa-nPREiBE TECHNIGE

SUMMARY AND CONCLUSIONS

Sufficient data on the various discussed applications of the four-electrode
aoil Eca technique have now been obtained to recommend its adoption both for general
and special purpose salinity appraisal, mapping and monitoring both in large, bulk
soil volumes, like the whole root zone, and discrete intervals of soil depth. The

possible application of the technique for mapping non-saline, seodic soils is



discuszsed, Methads are given Tor detecting where salts are subbing into the upper
soil layers from a shallow water table and for delineating or mapping boundaries of
salt affected soil bodiez. A monitoring programme based on the measurements of soil
electrical conductivity is recomnended as a4 more suitable appreoach to aséezsing the
adequacy of leaching and drainage performance of lafge irrigation projects than the
currently used salt-bvalance evaluations. A new method for determing leaching Trac—
tion, under (ield conditions based on K0 readings with depth in the soll is presented.
To make the adoption of these recommendations easier, a brief discussion of equipment
needs and calibration procedures are given, 3o that the recommended procedures are

not abuged, the method's limitations are discussed.
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Paper 13 c. LA MORFHOLOGIE DIES S0LS AFFECTES PAR LE SEL,
RECONNAISSANCE ET FREVISION - SURVEILLANCE CORTIRUE

par

s Aubart
OR3STOM, Paris

Avant d'essayer de montrer comment an paut prévoir cquels sole seront
affectias par des sels sclubles ou par des ione provenant de leur dissociation et
susceptibles de provoquer, directement ou indirectement, leur dégradation et gquelles
mesures doivent permettre de suivre ce phéncmine et d'en surveiller constamment le
développement, il paraft utile de préciser guelles transformations morphologicques
gubit le sol affectéd par 1l'excds de =zels et quelles variations de ses caractbres il

anregistre sau fur et &% mesure que cette dégradation se poureuit.

1. CARACTERES MORPHOLOGIQUES DES SOLS AFFECTES PAR LE SEL (sols salsodigues)

La richesse du sol en sels solubles ou en ions alczlisants tel que le sodium

ge répercute dans sa morphologie en surface et plus ou moins an profondeur,

L& Surface des sols

1. Il set fréguent que la surface de ces sole et celle de leurs agrégats dans
les horizons superficiels soient plus ou moina couvertes d'efflorescences salines,
cristaux d'eaphces minéralogiques solubles tellas que bishofite, epsomite, mirebilite,
tachyhydrite, natrite, thénardite, gypse etc...

Elles sont dues au d6p8t, aprdes éveporaticon, des sels contenus dans la
golution du scl et déposés b sa surface 3 la suite d'une remontée capillaire. S5i le
sol est nu, 1'accumulation se produit tout 3 fait en surface ou dane les quelgues
centimdtres supfrieurs ; s8i une végétation, par exemple de pelovse, s2'est mainterme,
elle et moine concentrée et se répartit dans les décimbtres les plus superficiels,
en fonction de 1'effet du syetdme racinesire de cette végftation.

Ces efflorescences peuvent Btre de types trks différents :

2. Elles peuvent 8tre d'un gris, plus ou moine clair ou fonecé, ou

blanches : sslant blanc. Ce sont alors essaentiellement des chlorures
et sulfates de sedium et magnésium, plus ou moine mBlés de sals de

calcium,



be Elles peuvent 8tre noires ou brunes : salant noir. Les bicarbonates
et carbonates de sodium dominent, formant une crofite saline super—
ficielle, le plus souvent — lorsque la teneur du milieu en matibre
organique est suffisante — recouverte d'une pellicule brune ou noire
de produites humiques,

. En d'autres points, en sols richaem an &léments calcigques et magnésiens,
1'aceumlation porte en particulier sur des sels hygroscopigues,
chlorures de calcium et de magnésium ou sels mixtes, tels que tachy-
hydrite ou bischofite. Des efflorescences ne 'y forment pas, mais
des taches sombres apparaissent dues & la forte rétention d'eau gue

ces eepbces provoguent & ls surface du sol.

2. La atructure des horizons de surface est aussi trds modifide par la présence

des exchs de sels solubles ou d'ions alceligants iels que le Bodium.

B Trds fréquemment, & la surface de sols trds salés et trds sodiques,
en période humide, 1'horizen superficiel n'est gu'une boue fluide et
visgqueuse d'argile salée, trds sodigue, gorgée d'eau. Elle donne peu

B peu naissance, au cours de la dessication, % un horizon superficiel
% structure lamellaire, 3 découpage polysdrique hexagonal, puis b une
gtructure poudreuse en pasudosables, due A 1'&clatement des pellicules
de surface an &léments beaucoup plus fins szous l'influence de grandes
baguettes de chlorurs de sodium (J. Servant, 1975).

b. En d'autres cas le structure de cet horizon superficiel reste diffuse,
aous 1l'influence du sodium Bchangeable en excks. La compacité y est
trbes forte et le profil hydrigque trds défavorable, l'eau pénétrant
lentement et peu profondément dans le matériau sodigue - suriout
B'il est originellement trds argileux — doni le pouvoir de rétention
est augmenté d'autant.

Fa La réaction du sol peut Btre modifiés. Enrichi en sels de la sdérie neutre,

sulfates et chlorures de Wa, Mg, Oa, il présente une valeur de pH légbrement abaisséas ;

enrichi en bicarbonate ou carbonate de sodium, il atteint un pH A 1'eau dont la valeur
8'8lbve rapidement jusqu'd 9 ou 10. Pauvre en sels solubles, maie enrichi en sodium
échangeable, zet horizon possMe une réaction intermédiaire : pH aux environs de 8,8

x9,2. 1/

lf Valeurs de pH aussi obtermes en présence de bicarbonate de magnésium.



g Enfin, comme il sera indiqué ultérieurement par d'autras, au fur et i mesure
que les horizons superficiels du eol s'enrichissent en sels solubles ou présantent
un complexe de plus en plus earichi en sodium et une structure de plus en plus d&—

gradée, leur couverture végétale, naturelle ou culturale, tend & se dégrader - at

d'abord h se "spécialiser" dans le cas d'une végbtetion naturelle — devensnt plus
rare, par tachee irrégulidres, jusqu'au stade oh elle disparalt compl2iement sur de

larges surfaces puis sur tout l'ensermbls de la zone.

Moyernne profondeur

5i 1l'excks de sels solubles et d'ions alcalisante comme le sodium, modifient
largement les caractBres morphologiques des horizons supérieurs, ils peuvent avoir
aussi une influence tr¥s importante sur ceux ds moyenns profondeur.
it Tans les sols ealés assez argileux, comportant une nappo phréatique salée B
moyenne profondeur apparaissent entre 30 em et 1 m en général, un peendomycélium dit
"oypso—ealin’, mais en fait, sssentiellement gypeeux. Il se forme par ramontée
capillaire des sels de la solution du sol, &change de catione, Na de la solution
contre Ca du ~omplexe absorbant du matériau traversd, et dépdt du gypae lorsque sa
teneur dans le solution du sol dépasse son taux de solubilité en fonction de la
salinité de celle—eci.

51, dans la plupart des cas, le gypse déposé ne l'est qu'en fins filaments de
trbe petits cristaux — d'oh mon nom de peeudotycélium — orientés dans lee canalicules
wides, en d'autres cas, il constitue une masse plus importante, véritable encrofite-
ment, généralement intéeré suivant le type intramatriciel dans le matériau (J. Servant).
4illeurs, surtout en profondeur, il peut e'agir d'une réelle croflie gypeeuss, plus ou
moine épaisse.

R La couleur des horizons de ces sols est trde varisble. Habituellement, slle
ne paralt pas 1iées % leur degrd de salinité. Quelques cas particuliers doivent ce—
pendant Btre sipgnalés.

A. Les horigons plus cu moins profonds peuvent 8tre gris ou noirs sur
1'znsemble ou par taches. Cela peut indigquer la présence de sulfures
provenant de la ré&duction de sulfates dans des horizons engorgée par
la nappe, ou tThs compacts, ceractire génfralement 1ié & la richesse
en sels du sol.

b I1 est fréquemt que les sols selés présentent des taches et tralnfes
d'oxydes de Ter, dues h une réoxydation de ces composfs apr¥s leur
réduction sous 1'influence d'un engorgement par 1l'eau. La couleur qui
apparatt alors peut @tre un rouge vermillon & 1la place du brun rouille
habituel.
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C. Enfin les sole sodiques présentant souvent un profil textural tris
différencié peuvent Btre soumis % une hydromorrhite de moyenne pro-
fondeur (sommet de Bt} qui peut favoriser le lessivage de A, et
1'&claircissement de sa base (solonetz plues ou moins planosoligues),
ou méme — surtout en pays tropical A température flevée — une hydro-
lyse au sommet de B et l'apparition d'une ligne ou d'un horigon, 2 la
limite inférieure souvant trds irrégmulidre, d'un blenc trds clair,
conposé principalement de silice, résidu d'une hydrolyse trhé pouseée
(sole solodisés et solods).

3. La structure de ces horizons peut &tre &galement trds modifiée. Elle esf
normal ament rendus trds massive et mdme diffuse par 1'exchs de sodium &changeable
{sols B aslcali) s'il n'y a pas en mé@me temps une forte teneur en sels solubles.

Trds souvent, lorsgu'en outre le profil textural s'est profondément différencié, la
stricture du Bt devient »lus ou moine largement priematicque, ou columaire si les
sommets des prismes 8'arrondissent, probablement sous 1'effet d'une hydromorphie plus

ou moins circulante (Eolonetz et certains solods).

Morthologie des profile

La morphologie des profils de sols affectfs par le sel — ou par 1l'ion sodium -
peut Btre trde varié, en fonction des modifications indigquées ci-dessus de leurs
horizons de surface, de moyermne profondeur ou de profondeur. Il faut cependant signa-
ler deux types de différenciation du profil gui leur sont souvent lide, correspondant
t l'apparition 4'un profil argileux plue ou moins fortement contrasté comportant un
horigon B argillique, sodique et & pseudogley, ¥ structure massive ou en colomnettes
des solonetz, eouvent acrompagné de 1l'horizon blenchi au sommet du Bt des sols solo-
dizés et solods, comme indiqud ci-dessus.

Cepandant la morphologie du profil solodique peut apparaftre méme en dehors
de toute sodification du complexe, 8i un horizon ou une couche de matériau assesz
perméable en recouvre un plus argileux, trdes massif en larges prismes, trds peu par—
méable, la sdparaticn en étant abrupte, ce gui permet A& ce niveau une plus ou moins
facile eirevlation d'eau provoquant une hydrolyse d'autant plus poussda, le caB

Echéant, gque la température du sol est plus élevée.

PFREVISION DEZ DANGERS DE SALURE INJ S50L

Cette prévieion doit se faire principalement en fonction de facteurs sufres
que les caractdres morphologiques du sol lui-méme. C'est ainei qu'interviennent les
conditions climatiques d'aridité du lieu, la position topographique locale et d'emn—
gemble du sol {placa dans la toposfguence et dans le bassin versant), ainsi que la
présence possible, dans ce bassin versant, de dépSts contenant des sols solubles ou

susceptibles d'en former par altération (granites A mindraux sodiques) ou d'eaux
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galfes, en particulier en zone d'artésianisme, la proximité et la position sous le
vent par rapport & une mer, un océan ou un lac sald, ou par rapport & des &terdues
déjh salfes et recouvertes d'efflorescences salines ou de pseudosables, l'irrigation
ou l'inondation par des eaux selées si le drainage naturel ou amfliorfé par l'homme
est insuffisant ... etc., Cependant les caractéristiques physicues du matériau, per—
méabilité et porosité surtout, sont susei des Sléments A considérer, Un sol sableux
gera rarement un sol salé ou pourra &tre facilement récupéy ! dbs que le drainare du
paysage seraz assuré.

Un sol arrileux risguera plus facilement ¢'8tre salé si les sels lui sont
apportés en surface par des eaux d'irrigation ou A'inondation ou par le vent. 35i
leur origine est au contraire dans la nappe phréatioue, ~'est le sol finement sablo-
limoneux qui sera le plus en danger, la remontée napillaire y &tant farcile et, pra-
tiguement, plus &levée que dans les autres matériaux,

Les sols d'alluvions (ou de colluvions) risquent souvent o'8tre salés - en
conlitions climatigques arides - si des roches riches en sels existent dans le bassin
versant. Dans le cas de sols subissant un alluvionnement actuel, en de telles
conditions dcolozigues, il est indispensable de se méfier particulidrement des dépBts
de crues de fin de période skche.

Enfin dans le mesure ob, par sa morphologie, le 8ol renseigne sur son bilan
hydrigue, il permet auesi de connaftre scn danger d'accroirsement de salure. Tout
signe de confinement, et, plus encore, d'hydromorrhie, peut &tre considéré comme un

signe de salure potentielle, =i les conditions ~limatiques y prédisposent.

SURVEILLANCE DE LA SALURE DES S0LS

L'apparition et 1'extension des caractdres morphologiques esignalés précbdem—
ment comme caractéristiques des sols salés, et en particulier de ceux de surface,
tels qu'efflorescences et types de structures, peuvent permettre de juger du dévelop-
pement des processus de salure des sols en un secteur déterminé.

Cependant ces caracidres sont eux—m@mes trds variables et peuvent disparafire
ou apparaftre ou se modifier au cours de 1'arnfe ou d'annfe en annfe. Cartaines de

ces transformations sont d'ailleurs significatives.

Veriations saisonnibres

1. Salure — L'une des expressions directes et caractéristiques de la salure est
1'apparition des efflorescences & la surface du sol. Ellez ne sont cependant visibles
que si le type de profil salin du sol correspond & cette accurmlation superficiells
et en période suffisamment sbche.



On distingue sénéraleme 1t deux types de profils salins (répartition dee taux
de salure dens les divers horizons du sol en fenetion de la profondeur) : le profil
ascendant dans lequel le maximum de salinité est en surface, normelement couverte
d'efflorescencen, a2t le profil descendant, of il se trouve en profondeur, 1l'horizon
de surface n'étant habituellement pas asser sald dans ce cas pour qu'y apparaissent
les efflorescences salines. Ré&cemment J. Servant en a défini deux autres types,
1'un & maximum de salinité & moyenne profondeur at 1'autre A deux maxima.

5i dang certains cas le profil salin n'est pas sensiblement medifif entre
les deux périodes s®ches et humides de 1'année, il n'emp2che gue trds souvent il en
est sutrement. Par exemple, le profil ascendant peut perdre en saison de pluies son
maximam superficiel, qui peut ='établir, alors, k& une moyenne profondeur 3 le méme
gol peut ainsi présenter une sucrassion de pluszieurs types de nrofile salins au cours
de 1'année.

Sur ce plan, l'observation des efflorescences =t de la salure du acl semble
devoir 8tre faite prinecipalement en pleine saison skche ; secondairement, & la fin de

la saison de pluies.

Za Structure - La structure des sols salés varie également de saison en saison.

Dans le cas de sols salée peu alcalisés, elle est bien développfe en asaison sbkche, mais

instable, e@lle disparalt en sBaison de pluies, la surface paraissant massive. En gol
alcalisé dds la surface elle est massive et diffuse en saison siBche ; elle le reste
en saison de pluies et la'percalation de 1'sau est lente.

En sols trds salée X alcali, l'horizon superficiel perd toute strucfure en

période humide, puis, lorsgue se développe la saison a®che, une struciure lamellaire
trés massive apparaft gui présente, peu B peu, un systdme de fentes en polygzonation
hexagonale, puis se résout en une multitude de petite érlats qui constituent le
psendosable, C'est done su moins deux ou trois fois dans 1'année que la siructure

doit Btre obeervée,

3. Couverture vhghtale — Dane certains sols salds, la couverture véghtale, ocu

sbondente et variée (sols peu salés ou A profil descendant), ou tr2s réduite et tris
sphcifiques (8ols +rds salés) reste assez constante au cours de 1'année,

Dana les ces intermddiaires elle varie, au contraire, en fonction dee varia-
tions m@mos de salure et de siructure, tout un cortdge d'annuelles peu spfcislisées
pouvant apparaitre. L'observation doit alors 2tre faite deux fois dans 1'année : en

pleine saison sbeche et dans la seconde moitié ou avant la fin de la saison de pluies.

4. itetion de 1'homme = Par ses interventions et, principalement, par l'irrigation,

1'homme peut modifier profondément les dveolutions saisonni®res indiquées ci-—dessus.
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Variations dans le temps, =u long Jdes anndes

1. L'extension des sols salfs zu course du temps peut Btre suivie A condition de

réalizer les observabions sur les secteurs concernds & la m3me période écologigue -
ou climatimque — chague annfe ou tous les deux ou troils ans.

Cette extension peut Bire due aux remontées de la napne phréatigque, soit % la
suite d'irrisptions, so0it lors d'une annfe trds humide. Auasi doit—on réaliser les
obeervetions de facon plus rémlitre, et méme deux fois par an, lors du développement
df'un systhme d'irrisetion ouw h la fin et aprds les anndes trés humides. L'accroisse-
ment de lz salure du sal dans un secteur déterwing peut Stre dus & 1'irrigation si
1'eaun nue 1'on utilise est salde, II n'est que limité si le drainage eat assuré, si
1'irrigation est raticnnellemsnt mende et 51 le SAR de 1'eauw employée est assez bas
{CRUESI) .

51 1'irripation proveogue la remontée de la nappe 13 oh elle est réalisée,
glle produirz gusei un accrolssement de la salure du sol et une externsion des terres
affectées rar ce DTOCEESUS.

Auzsi la surveillance des nappes phréatiques est—elle 1'un des moyens les

plus slrs pour rénliser relle du développement de 1 salure du sol.

2. Dens le cazs les sols peu salés A alesli, ainsi gue des solonetz, sols solo—

diség, ete,.., l'ewtansion iu phénomdne paraft peu probeble, 3 notre dchelle, ou aun
moing, trés AifTicile A suivre. L'observation paralt triés d&licate ot peu efficace.
Pur contre, 11 peut Btre indispernsable dessurveiller le développement 4'une des
conséguences des ceractires morchologiques de ces sols ;7 1'érosion par les pluies,

Cette &rosion est de deux {types:

- on sole peu =2alds 3 aleeli en surface, =lle est en nappe et surtout en
nappe Tavinoote.

- en solonetz et sols solodisds, elle prend un aspect beaucoup plus catas—
trophicque, avec enldvement trde &tendu - souvent aussi sous 1'effet de
1"&rosion &oliennz = des horizons A puis érosion revinante trée rapide en
E.

3. Zur le plan de 1'érosion des sola salés, il serait utile de surveiller
1'érosion éolienne des sole 3 pseudosable. Cela paraft difficile B réeliser du fait

que ce dernier, 8'1]1 est enlevé, tendra & s reformer.

MESURES PRATIQUES POSSIBLES

I1 semble gque l'on puisse d'abord séparer le cas des zones non irriguées de

celui dee secteurs d'irrigation ou des zones en aval de ces secteurs.
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Zone non irriguée

£n zone non irrigufe — eans nappe phréatique ou A nappe trds profonde -
1'extension du phénomdne de salure des sols est difficile & prévoir et A surveiller.
Aucune mesure pratigque particulidre ne paralt emvigsageable. 5i dans cette zons
existe une nappe thréatique, m@me faiblement salée, il est indispensable de suivre
sss mouvements, 5o0it si c'est réalisable, par l'utilisation de "Cénseurs" de

setellites ou de radars, soit par l'installation de quelques pifzombires.

Sacteur irrigué

En secteur irrigué et dans les zones situées & leur aval, la surveillance
dee mouvements de¢ .2 nappe phréatique, si elle existe, ou de pa non formation, =i
elie n'existe pas encore, doit se faire par utilisation de moyens de détection
aérierme, le cas &chéant, ou par installation de piégzombtres, La mise en place de
mep instruments d'observation doit Btre réalisée en fonction du mode d'alimentation
de la nappe (irrigations, inendations, ousds et cours d'ean souterrains, eﬁc...}.
Leur nombre dépend de chague cas ; il faut souvent atteindre 1 par 1 0U0 hectares ;

leur mesure ou lecture doit ®tre faite au moins deux & gquatre fols par an.

Fone svec des danrers de sslurae

Fnfin en toute zone présentant des dangers de salure ou déjh atteinte par
les ssls, 1'observation, par détection adrierne, de 1'aspect de la surface du sol
(couverture végétale, structure, efflorescences, érosion) doit 8tre réalisée au
moing une fois par an — si possible — en fin de saison skche et, miewe, deux fois
dans une mine annde en fin de saison sBche et en pleine périocde humide.

Cette su=reillance est particulidrement nfcessaire en bordure des zones
443jh salées, principalement & leur aval, ou dans les secteurs qui en sont sous le

went.
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1. S5, Zonneveld
Associate Professor of Ecolomy, 1TC, Enschede

INTRODUCTION

Vegetation, "the green blanket of +the earth," iz an attridbute of land and
conusists of individual plants either spontaneously sown and growing, or sown or
planted and maraged by man, Vegetation types growing mainly wiinfluerced by man
are called natural vegetation, while those whose existence depends mainly on
conscious numan activity {pastures, orchards, gardens, tree plantations, agricul-
tural crops) can be called cultivated vegetation. In between there is a wide scale
el transitional semi-natural vegetation, such as randomly sown but managed range—
lands, forests, shrublands, efe. Even purely cultivated vegetation like cereals
on arable land contain quite 2 number of species that arc spontaneously sown (weeds).
In zeneral, therefore, natural and cultivated vegetation consists of more than one
species, The individuals belonging to a species are the bunildirg stones of the
three-dimensional body of the vegetation, which has form ard shape {structure}l can
be recognized, classified and mapped by properties known from the structures and
trom the building stones (plant taxa itself). This principle applies to natural
ag well ag cultivated verctation.

Vesetation is of interest to man because:

-1 it is the coriginal source of food, shelter and raw material for

praducts and fuely

b it is a main constituent of the landscape influencing the other land
properties;
Ca i1 is, being itself dependent on other land factors, an indicator of

envirommental conditions that camnot always be readily and directly

observed,

Each land attribute is at the came time a tumilding stone, an independent
variable and a dependent variable in the whole complex of the land or "ecosystem."
It is important to realise that a strict relation exists between all attributes only

in four dimensional space, including time as the fourth dimension. In other words,



the adaptation of one factor to another needs time. 35S0 at one moment certain relations
may seem lese strict than others. Change (adaptation to new conditions) aof one
factor may be more rapid than of ancther., This is the main reason why in land survey
it is necessary to map and classiiy not only the soil or vegetation or other attri-
butes of the complex ecosystem of land, but to pay attention to all of thems The
pattern forming in the process of time, i.e. the fourth dimension, makez it necessary
and alsc possible 2 prognosticate.

Examples of the three utility aspects to man of vegetation in relation to

this meeting on salt affected soils are as follows:

= The direct utilization aspect as a food and raw material source i
evident, The guantity of the product at present and in the future
ghould be known when planning ary develooment endeavour,

b, Vegetation always irfluences the 501l by determining the soil micro-
climate, by extracting water and minerals and by addinz organic matter
to the minersl =oil., Plants transport minerals selectively from lower
layers o the topsoil either by liberation of mineral:z after the decay
of plant tissues or by excretion in the living condition. The zecond
case refers mainly to ezsily soluble components like NalC, etc.; the
first involwves elements like Ca, 5S4, F and is often a favourable process
in the sense of ecological production, leading to soil improvemsnt
unless, as in agriculture, the minerals are carried away with the
srops. Less favourakble effects also exist: e.ge accumulation of
sulphur. Phreatsphytes fplanta rooting in grnuﬂdwater] tend toc lower
the water table and, as with most other plants, improve the structurs
of the so0il surface layer by improving the microeclimate and adding
organic matter. The effect of these two actions is that capillary
transport of salts to the s0il surface is reduced, as compared with
gnrils with open or no vegetation and direct surface evapcration. On
the other hand it resulis in stronger salinization of the groundwater
if the plants present do not take up large quantities of salt in their
roots and the groundwater is stagnant, Contrariwise, plant species
that root ornly in the superficial soll layers stimulate the superficial
evaporation of the top layers with increased salinization as a result.
So the life form { @ee Section 31.2) of the component plants of the
vegetation determines the overall effect of vegetation on soil condi-
tions, including salt effect, in combination, as in all ecological
processes, with all other epviromnmental fanctors, such as climate,
lithology, landform, hydrolegy, man and animal behaviour, in the course
of space and time. These influences by natural and cultivated vegeta-

tion should certainly be taken into account when setting up models for
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gsalt balance in natural and cultivated stages of land use. The type
of influence should be known and as different plants, hence vegeta—
tion types, have a different behaviour in this respect, the type of
vegetation whether cultivated or natural should be recorded, clabsi-
fied and mapped,

Knowledse about the dependence of wvegetation on other landfactors is
the main reason for this meetingz. On the one hand, man wants to

adapt such environmental factors as soil and water to the crops to be
grown and on the other, the behaviour of the vegetation, cultivated
and natural, indicates the environment by its spontaneous adaptation
to that environment. 3ince the days before civilisation man has

used vegetation as an indicator of the environment. In recent times
vegetation survey has been widely used as an indicator of the emvirom—
ment; for such dynamic factors aa climste, hydrology and salinization
there have been successiul resultis from the application of this method
( see examples in FAQ/Unesco Irrigation, Drainage and Salinity, An
International Source Book, Hutchinscn, London, 1573). No further
proof is needed of the usefulness or possibility of vegetation asz an
indicator; therefore this paper needs to concentrate only on the way
of implementing a survey and the evaluation of its results (survey

methodology and survey methods) .

Survey involvss: i) observation, ii) classification of the survey objects,

iii) mapping, producing a two dimensional image on paper and iv) interpretation,

that is evaluation of the results for practical use., The following sections will

deal with these subjects, alihough, a8 will be clear, the subjects are very much

linked to one another; none of them can be treated independently of the others.

OBESERVATION

Basic Ohservation Hequired

For the preparation of a map two types of observaticns are needed:

=5

b,

observations that lead to the delineation of boundaries, often
called mapping sensu stricto;

obaervations that lead to description of the mapping units (the
content between the boundaries}, often called sampling.

Where a classification system ie already available the sampling observa-

tions are used to determine the vegetations. Where a classgification does not

yet exist, these data are used to design a classification gystem first, and later
to0 use this for ciassification of the unmita,
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In most detailed surveys sampling and mapping are done simmltanecusly and
are in fact inseparable. The sampling points, arranged at random or in a rigid
grid or line system, are so close together that the boundaries are drawn on the
basiz of the sampling, i.e. point observation. Such surveys are done on foot in the
field. AfAerial photographs may be used mainly for orientation in the field as a
detailed base map which can alse give more information than merely finding the way
{ see section 2,2). In surveys of slightly salt affected crop lands thic is tne only
effective method of making a vegetation map. It may not always be necessary to make
a separate map. Observations can be made on vegetation during a soil survey, as
additional data, or they can be made without the intention of putting them on a
map with accurate boundaries. (A farmer obzerves his field resularly to follow ths
growth process in all its aspects, salinity included; however, he aliso needs some
classification and interpretation ( see section 3ﬂ.

In ecazes of full crop cover, more intensive airphoto interpretation with
reduced field sampling is impossible because the indicative plant species are mainly
hidden under the crop or do not give sufficiently characteristic patterns to make

recornition on airphotos peossidbles The main boundaries however may show up in the

[+H

ensity, cclour and structure of the crop which, on rather detailed photos (1:

5 D20 or 1:10 200), preferably in colour or false colour, may show clearly and make
it peossible te reduce sampling. In smaller scale surveys, especially those of mors
natural vegeiation, a much stronger ceparation exists between the mapping of bourn—
daries and obaervation of the content of the mapping units, This is moost obvious
if photo interpretation is used as the main method of observation., This aspect

will therefore e dealt with first,

Photo Interpretation Methodologies

Taree methods of photo interpretation useful for survey of the green cover
of the earth can be distinguished. Strictly, they canmot be separated but never—

theless represent a distinet difference in approach.

a, the protc £e¥ method
Da the landseape (or physiographic) method
Ca the photo-guided field survey

Tne key method starts with observation in the field resulting in annoia—
tions of photos with data on ground truth. Bach subject to be surveyed is compared
with the image it shows on the photo. In this way keys ére prepared which are used
to determine each feature on the photo during the systematic interpretation. The
final keys can comprise a series of photos (cutouts from the original airphotos)
or be made up from the dichothomic determination keys (as in florae, seoil classifi-
cation books, etc.). In this case the criteria of division are grey tone or colour,

hue, value and chroma, texture/structure (horizontal pattern) and vertical size and



shape ( stereoscopic) of the imagze. In the classification of the image convergence
of evidence plays a part, but only for details of vegetation (land use), not for
land features as a whole., During his work, the interpreter must concentrate point
by point on features in the same way as the terresiial surveyoer dees in a ground
SUTVEY « fter interpretation, some field checkins is done to correct and elucidate
doubtful interpretations.

The la+wdscape physiographic approach, developed especially in soll survey
at ITC, starts with a preliminary interpretation of mapping units, The interpreter
concentrates on the photo image as a wnole. Just as a photegraph of a person reveals
to a psychologist much of the character of the person, without defining details of
hiz skin or the form of his nose and colour of his eyes, a photograph of the land
gives an impression of the total character of the land in a holistic way. Convergence
of evidence of all kinds of land features (not only strict vegretational features)
thus plays an important part in the delineation of boundaries and classification of
the content. The result is a map showing units, and a preliminary legend chowing a
certain hierarchy., Similar units of land are grouped together, different land units
appear in separate legend classes, The content is however not yet knoim in detail.
The interpreter makes use of his general landscape ecological knowledsge in which
geomorphology ospecially, and natural and cultural vegetation and other land use
aspects play an important role, but the relation between these land atiributes and
climate and meulogy are also taken into account, The more he xnows already of the
particular area under survey, the more he may suspect the content of the units,
However, in principle, the fieldwork after the photo interpretation is the appropriate
stage at which the units are translated into vegetational terms., The fieldwork is
in fact not a "check', it is a sampling stage.

A most important aspect is that the photo interpretation provides a basis
for stratified sampling. This is the great advantage of survey with photographs
over surveys without photographs., There are survey schools teaching that sampling
in the field should be done either randomly or in a rigid grid, or on lines (see
section 2.1). However, for reconnaissance type surveys especially such a system
is a waste of time because large mapping units will be thoroughly over—sampled and/or
the smaller units under—sampled. On the other hand, if one works without photos,
and selects sampling points in the field, a great danger of bias exists. This is
especially true for vegetation surveys. If stratification is done on photos the
great advantage is that the details of the subject (single plants and species),
in most cases, cannot be distinguished on the photo (see later). Within homogeneocus
photo interpretation units the sampling can be done at random, which prevents the
surveyor from being biased on the terrain by too obvious, but on the whole less
interesting, local vegetation differences, It regularly happens that differences
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in vegetation do not appear on the photo becaune they are either not able to
influence the photographic process {only slight colour differences not shown up in
grey tones) or because the scale is foo small, or because there is a dominant
layer hiding the undergrowth (certain forests, certain crﬂps}, or the photo
ruality is too poor (often heterﬂgenaousﬁ.

If thaere is, however, another physiographic or landscape feature {relicf,
macro—pattern) correlated with the vezetation difference, the unit will be dis—
tiryuizned and can be included in the stratified scamplinge. It is clear that this
advantage is more evident in small scale surveys and in more ratural areas, and
iless important in larme scale and strongly man-influenced vegetation where distinet
veretation differences may often not be correlated by any geomorphological or
hydrological land property.

4 third method is described by Kilchler, which could be called the photo-
guided field survey in which first the whole area is delineated inte mapping units
without hierarchy or clazsification. This means that boundaries are drawn only on
tne main vegetation differences obvious on the phoio. After that, each plot is
viszited in the field and described according to field observation. This method
iz suitable for certain detailled wvegetation surveys, and can hardly be called photr
interpretation., It is at best comparable with a grid system survey in which the
rigid grid is replaced by a more flexible one. 1% has the advantagze that under—
and over—sampling of small and respectively large areas is prevented.

In high quality surveys of wvariocus types {soil, geomorphology, vegetation,
meology), it will be clear that almost every practical method makes use of the
principles of each of the above gystems. In a clear key iype interpretation survey
gome landscape aspects may be included. A4 pure landocape type survey always has
some similar classification procedures as in the key. In & pure key interpretation
the collection of ground truth will be guided mostly by the photo image, and in the
landscape type survey it will not always be possible to have a striet land (mapping)
unit classification and hierarchy ready before the sampling stage starts, which
meana that a check of various plots belenging to the same mapping type will be
necessary, Nevertheless, one of the methodological principles mentioned will
deminate, depending on aim, scale, type of area and experience of the murveyor

{ see also section 4).

Sampling (Point Description)

Sampling is the process desipgned to gather data on which a classification
of the subject {vezetatian in this caae] can be vased, In detalled surveys it is
slso used to delineate the boundaries at the same time (see section 2.1). Sampling
can vary from a quick look with a ready classification system (simple or complex,
gee gection 3] at hand or can be a detailed description of the vegetation and
emvirormmental features,.



In most cames it 1o dangerous to use existing claszification systems derived
from remote areas | section 1), so data in the area itoelf will have to be collected,
Moreover 1t is always necessary to collect envirormental data of at least a repre—
sentative part of the sampling points in order to e able to interpret the vegeta—
tion data into envirornmental features that relate to the vegetation. In the case
af salt affected lands these are at least the water fabls, the salt contents figures
of zoil and water and other soil features associated with water and salt ( structurs
especially). Jeneral vegetation structure, patiern, stratification lifeforms and
gpecies composition #re the most common vegetation properties Irim which vegetaiion
slassification characteristics will be derived (section 3). In the case of surveys
of crop performance, not only the occurrence but more phenotypical quantitative
measurements have to be observeds A good method is to combine direct measurements
(of yields on limited sample plots) with an estimation of yield in the field, Large
differences in yield will ofien be visible on photoz, at sufficient scale, taken in
the right season.

However these possibilities should not be overestimated. Por instance, a
reresal orop with a reasonably dense cover, and therefore the same photo—image as
another crop, may differ considerably in grain yield. MNoreover, thes pnoto images
in surveys of a larger area are not always of the same day and the difference in
time can make a considerable difference in the phote image. In both natural and
cultivated vesetation, certain pheno—typical features caused by a deficiency of
minerals or by physiological drought, both due to salinization, may be of importance
for the survey, and may even be visible on the airphotc. However, these are at most
rather temporal phenomena which have less meaning for more potential aspects of
the land; they may howsver be important on account of this,

Sampling for classification is mosily done by atratifying either &by land-
scape, physiographic methods { .ee section 2.1 and this is the most objective) or
atherwise on spots considered representative for mapping units or key-areas. In
not too detailed surveys (ca. 1:25 to 50 000), in cultivated areas, it might be use—
ful to use parcels as sampling units unless obvious inhomogeneity exists. In
surveys without photos this is the best way in areas without much landscape varia—
tion, In most cases howaver +the sampling area should not be too large. In arable
land 50 to 100 m2 iz an empirical size which works reasonably for collkection of
classification data. TFor quick sampling for check points during the routine survey,
with or without aerial photographs, the sampling area is not very relevants For
most crop-performance surveys the size mentioned is also useful unless great
inhomogeneity exists. One remark on the intensity of sampling should be made: the
density of sampling points depends on the heterogeneity of the area, the scale and
the balance between the time (money) available and the required accuracy. The

details which are described in one sample plot depend on the same factor, however
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it is not a striet rule that at detailed survey level the sampling points are more
intensely studied than at recormalssance survey level, The opposite may often be

true,

CLASSIFICATION — TTPOLOGY OF VEGETATION

Floristic Systems

If our aim is to use vegetation to indicate the salt status of the land
and water, the simplest way of claagification is to try to divide the planmt kingdom
into two groups: halophytes (plants adapted to high salt concentrations) and
glycophytes (plamts +that cammot stand salt at all). In between transitional groups
of plants could be distinguished that can stand & bit more salt than pure glycophytes
but not so much as true halophytes, and alsc there is the possibility of plamts that
grow equally well under saline and non-saline conditions., Plants from these groups
can then be used as indicators after their ealt tolerance has been established in
the laboratory, or empirically in the field.

Indeed this method is used in practice, and not without success for some
generalities., However, in prineciple, this way of using indications by plants is
very dangerous and may easily (and has done so) lead to large mistakes, There are
iwo reasons for this, The behaviour of plants is alwaye & result of ALL environ—
mental factors., Most plants grow within climatological limits becauss their physio-
logy is adapted to certain temperature and air humidity rangea which may be different
at various growth stages. A general, clearly observable trend is that plant indivi-
duals occurring in the middle of their distribution area (in their optimal clima—
tological emviromnment) show less sharp a preference for edaphic factors. On the
comtrary, near the boundary of their plant geographical areas they may be more
precise in 'selecting' their habitat, This means that one plant species (taxun}
may behave rather differently in relation to soil fertility - moisture or salinity,
in remote areas, The nroblem is more complicated by the fact that local genetic
types, 'ecotypes' of a species with differemt escological behaviour, but difficult
to separate morphologically, may have developed in places at a great distance from
each other,

Tis means that one cannot give to one species an absolute indication value.
The value depends on the area, If vegetation typasl/ ars ugsed instead of eingle
gpecies, and the vegetation type is evaluated on its indication value instead of

lf The term "vegetation type" is in certain Russian and also other literaturs
reserved for large world-wide vegetation zones. This is howsver a confusing
ugse of the term. Type should be & general term for a classification {typology)

unlt of amy rank,
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the mingle species, this problem is much reduced. Exactly the same reasoning is
known in soll science, 4 soil type based on the total soil morphelogy of horiszons,
etce, iz better sulted for evaluation than a 'single soil value' alone.

The second narrowly related reason is that plants influence one another,
Jometimes they assist each other {one giving the other protection, etc,) and often
they compete. The absence of a certain halophyte at a certain place within its
plant geogrephical aresa does not mean this place is not salty enough, or too salty,
for this plant, but is often due to the fact that another plant (maybe indifferent
to salt, or another halophyte) is stronger and has occupied the niche of the weaker
one, Here also the use of vegetation types instead of single species solves the
problem. 4 general rule therefore ie that, if plant species are used to indicate
the emvirormment (floristic method), one should always work with species combinations,
which means plant communities such as assocliations, etc., or vegetation types of
higher or lower rank,

This means that classification should concentrate om statistical or oemi-
gtatistical determination of plant communities, If one ueess only one, or a few
dominant species to characterize the vegetation, it is a form of single wvalue use
described as unfavourable above, Halophytic vegetation has one advantage for
floristic treatment above many other types. The amount of halophytic species ie not
very large and many of them belong to a limited rumber of genera such as Salicornia,
Sueda, Atriplexr and several othera, of which mamy belong to only one family: the

Chenopodicacea, and even for non botaniets are a distinet group.

Structure and Life Form

For vegetation survey in general it is also poseible to use (or even
sxclusively) other than floristic criteria. The structure of the vegetation as such,
or the life form composition, may be used as the main characteristic in classifica-
tion. Although, as an indication of aalt-land conditions such classification systems
without the use of floristic criteria in general are not appropriate, some mention
should be made of them, Morecver for photo imterpretation the structural criteria
are most useful and life forma can be used in combination with floristlo criteria
for the envirormental interpretation of the floristically defined units,

Vegetation structure refers tc the form, shape and size of the vegetation
a8 & three-dimensional body., 'Life form' refers to genetically fixed, morphologi-
cally visible adaptation to envirommental conditions, There is a relationship between
gtructure and life form as a classification criteria, The main structural types of
vegetation are strongly determined by the dominant life form. So Steppic vegeta-
tion are composed of a combination of xerophytic (adapted to drought) peremnials,
geophytes and therophytes (anmmals), The forests are formed by phanerophytes,
which are planta with a woody structure and unconcealed reproductive organs, eto.



Put within the same structural unit a variety of life forms can occur. Life forms
can be used also if the floristics are not well known. However life form classifi=-
cations work optimally in combination with florietic claasificationas, Each species
[tu:n] has in general one life form ( genetically determined). The floristic composi-
tion can be translated imto a life form spectrum which already reveals, without
emvirommental studies, mamy of the amvirommerntal factors. Various life form gyatems
exist. The criterion can be climate, in which case the way plants overcome the
most stressful winter or dry seascn is the guiding principle. Flant adaptation to
waterlogging, or lack of water, is used successfully as a criterion for classifica~
tion., Adaptation to mechanical influences of wind and water 1s another important
starting point for classification and interpretation of the indicative wvalue of
vegetation. Examples of the relationship between life form spectra and environ-
ment are to be given during the presentation of this paper.

In a way, the concapt of the halophyte could be considered as a life form,
although the directly visible morphological aspects are not etrictly bound to
halophytes as such, Salt in the soil moisture or groundwater may act via ocsmotic
pressure through the same adaptation as does drought (succulence, xeromorphiam),
(mne speaks often of "physiological®” drought. Similar action may be caused by low
temperaturss hampering the uptake of water by roots. It is not well known which
influence of salt ia hora important: the physical one via osmotic presgure, or
the chemical one (ion balance in the physiological processes). It is clear that
adaptation to ion balance problems is not readily visible even if the process was
known in detail (which is not the cass), Many true halophytes are characterized
by the fact that they can take up large amounis of salts, like RaCl, contrary
to all true glycophytes that will die as scon as large guantities peneirate, or
which cammot act againat the osmotic pressure in the root enviromment and so die
from physioclogical drought. Other nalophytes do not take up salts like Nall but
increase their osmotic value by producing organic salts in their tissues, in order
to be able to counteract the osmotic pressure in the soil moisture, Seversl halo—
phytes have a special design for getting rid of wvery high salt goncentrations. in
their tissues., Thay elither excrete salts, which appear as cryotals at leaf edges,
etc., or concentrate it in special organs (ealt hairs or bladders). Halophytes
absorbing salts can be morphologically recognized in the field because they taste
salty unless they grow in a soil without salt. These latter are facultative halo—
phytes which can only be used as an indicator if they contain salt,

So only certain balophytic morphological adaptations can be used directly
for indication. The same is true of the structure of halophytic vegetation. Hain
structural classes such as forest, steppe, grassland, thicket, scrub, savanna, are

cbaerved on saline and alkaline soils, These structures as such are not related
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to salt conditions, However, in the context of the landzcape, they may be of great
use for the delineation of legend units in a preliminary photo interpretation, or
even after previocus siudr in photo Key irterpretation surveys, Thus, also, the
typical structure of certain =alt water mangrove forests ia indicative of coastal
solonchaks.

In the interior of West Africa (Nigeria) the author could map accurately
alkaline asils (molodized molonetz) {rom the occurrence of tree savanna—like
vegetation structures on river terraces, and in uplands where these structures
contrasted with savanna-woordland and woodland types, and more cultivated areas. In
greater detail also rpecifin structwres can be useful in classification and recogni-
tion; for example, certain species belonging to Scirpus and Juncus have & typical
'centrifugal' form of rhizome developnent. They develop therefore in circular
stands. This ofien makes it possible to dietinguish such species from others, after
some field work tc identify the zroups, ocourring within the area. Phalaris specias
have an open stand of creaceni-like forme, etcs, In this and similar ways it is
often possible to recognize on large ccale photos (1:5 000 — 1810 000) vegetation
types and even single plante due to peculiar structural features, This refers also
to halophytic vegetation types, although one cannot recognize specific patterns of
halophytic vegetation in general. Terrain studies should reveal the pattern of
halophytic vegetation in a study area, In this way structural vegetation properties
can yet be of use in vegetation classification as well as in the recognition process
during the mapping on photos or directly in the field. It will be clear that this
type of structural differenmtiation will occur more in natural vegetation than in
strongly human-influenced veretation where crops dominate the more natural strac—
tures. Nontheleas the pattern of damaged plots in crops may reveal to a ekilled
interpreter the source of damage, Waterloggzing and salt damage are not always eagy
to distinguish from one another but the specific featurea of both can easily be

separated from damags by other causer =uch as insect disease, storma, eto,

MAFPING

In many cases 1t 15 ultimataly necessary to have the data on the effect of
salt in map form. In land evalustion studies done us a base for regional planning
thizs ie a sine gua mon. On the other hand, even without the need to transfer the
data to plamners, etc., via meps, a thorouwsh study of land can enly be done via a
mapping stage. The map reveals features and relationships which appear only after
the map image provides the whole., From the foregoing (Section 2.1), 1t is clear
that in a more classical landscape photo interpretation approach the first produot
is & map that serves as the basis for further work much ae sampling and classifi-
cation,. In surveys without photo interpretation or pure key-ioterpretation, the
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maps appear later. Their boundaries are drawn either on the photo, directly in the
field, or interpolated from a more or leas dense system of sample points in a grid,
line or random distribution pattern, This is not the place to deal with details of
mapping and cartographic procedures; some general aspects only will be mentioned.

It is not always necessary to print maps for eternity. In virgin areas
which will be reclaimed, however, it is wise to make good documents of the original
pituation, In this case, a proper landecape vegetation map will be a good basis
for development because such & map can even serve as a holistic landscape map,
especially because under natural conditions of vegetation, seil and hydrology,
inclusive =alinity data are very closely related in cases where salinization exists.
It is wise to collect alsc sufficient soil and geomorphological data during the
survey and in the legend., The beat survsy methodology in such a case can be a
holistic land eurvey {ITC, VII.4, see Zonneveld)., For stages in development, or
after degeneration of agricultural areas (salinization by irrigation without suffi-
cient drainage, etc.) cheaper methods should be contemplated, For monitoring at
short intervals computerized mapping procedures could be considered in which the
imput is in the form of cells, but this will only be of interest in experimental
conditiona,

Sequential survey (monitoring) however has its own special problems which
will be treated in section 6,

EVALUATION AND INTERPRETATION

To be well done, the vegetation data to be mapped must be chosen in such a
way that they will give optimal information on the proposed aim, This means a
good indication of the salt condition of the land will be given usually in combina-
tion with moisture and waterlogging features, As far as crops are concermed, data
vn crop performance can alee be used for indication, and moreover for the direct
recording of actual and potential yields., Crops in this context do not only mean
introduced agricultural plants like cereals, etc. The natural, more or less halo-
phytic, vegetation often has a high value as a grazing resource, Several grass
specles guch as Festuca, Agrostis, Poccinellia and the Chenopodiaceas (like
Atriplex and many others) comtribute strongly in mamy coastal and inland salt marghes
to production of animal stock and wildlife,

An jdea about the type of data koown and to be collected can be gathered
from the preceding chapters and moreover they are similar to those used in routine
range land and crop survey in non saline areas. Some general aspects of halo-
phytes and the basic origin of thelr indicative character has been given in
section 3, where it has also been made clear that the interpretation of the occur—
rence of certain plant combinations should be done empirically on the spot. From
basic physiological reactions sufficient is known to be mure that they are too



complex to be usad and that not sufficient knowledge exists to predict in detail
what can be expected. However, experience shows that a good ecologist working
on the spot ie able to describe the rather narrow relationships between the
veratation types ocouwrring and the envirommental factors, in practical useful
terms., Examples are given of the work of the author and collaborators in various
parts of the world in coastal and inland saline and alkaline areas.

It is very important to realize that some emvironmental factors show
strong fluctuations. This is especially the case with salt cortent itself. Natural
vegetation and crops can readily act as a kind of average milieu indicatcr, at
least or a mean of seasonal changes. Annuals react rather quickly to changes
within the season and are therefore to be judged differemtly from perennials.
Gradual changes over the years will affect perennials and annuals ecqually. The
time lag between the reaction of the vegetation on increasing or decreasing salt
content is important to know. XNo absolute figures can be given however,

Accessibility alaoc plays a parts This means that seeds or other diaspores
ghould be available at a place from where they can be quickly transported. Mary
halephytic plants disseminate easily. Within one or twoe szeasons of salinity it can
be expected that even in remote areas halophytes have reached the place, The fact
that salirndization is usually connected with waterlogging and waterlogging attracts
water birds, and natural halophytic areas {( because of non-intensive human use) are
usually still rich in birda, seeds and diaspores will be broughi in easily by
"long distance airtransport” on natural wings., 3o far, the author has neot found
exact data on the speed of occurrence of halophytes in remote areas with increasing
salinization.

In the following section the methods of recording and predicting change
will be Aiscussed. A=z in ary evaluation of land features, the various ateps of
evaluation should be distinguished: basic survey, quality classification muitability,
recommended use. For this paper the first two steps are relevant, Basic survey
gshould be done unbiamsed by subjective svaluation ideas. The translation of basic
data into indicative value can be called in land-sppraisal jargon: gquality
classification (sea Approaches to Land Claseification, Soils Bulletin 22, FAO,

Rome 1974; Land Evaluation for Rural Purposes, ILRI 1972 and Zonneveld, ITC Hand-
book, VII.4).

The indication value of vegetation will also serve in combination with soil

and hydrological survey results as a basis for suitability classification for land

use and amelioration measures, Data on biomass and production are other importamt

'rualities' of the vegetation.
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PLANT SUCCESSION, MONITORING AND PRUGHOSIS
Jeneral

A study of the dymnamic aspects of wvegetation (euccessicn study) is not only
ezgential for an understanding of the vegetation and its acouystem(s} but aleo for
the application of the results, The nature of most cbezervations is that (only)

a moment is recorded. In order to understand the quality at that moment, knowledge
of the past iz required and especially for practical application a demand exists

to know what the position (and change) will be in the future. If one only has the
data of the moment (the actual situation), one can make a guess about the past
using experience on situations cccurring elsewhere [e.z. one practical aspect of
this understanding is the discussion in the preceding chapter on the time reguired
before indicative vegetation elements have settled at the spot). The future can
only be approached by prognosis,

Prognosis can best be made on the bapis of the past and present observations
together indicating lines likely to develop. So monitoring changes is a means to
improve understanding of the present and for prediction of the future., Before
reviewing the methods of monitoring, several types of changes in vegetation have
to be discussed.

For the purpose of our study of salt affected lands the most important
plant succession is the allogenic type., Thie ie a change in the vegetation induced
by a change of the envirommental factors. Due to an alteration in the hydrological
situation {caused by man for example), the enviromment to which a cartain vegeta—
tion was adapted changos so much that several components of that vegetation die-
appear hence and make way for other plants that can stand, or even prefer, the new
situation. In the case of halophytic vegetation the change in the situation may be
an increase of salt content in soil and water due to impeded drainage, or just a
decrease of salinity by leaching. Also direct impact on vegetation by reclamation,
planting crops, or the reverse, putting arable land into fallow, induces obviocus
plant successions,

Allogenic successions also occur under pure matural conditions. The sedi-
mentation in estuaries, salt lakes and coastal areas causes a gradual or even
abrupt alleogenic change giving rise to plant succeesions in all brackish and marine
foreland vegetation,

The opposite of the allogenic succession is the autogenic succession,
whereby the change is induced by plamts growing in a certain place themselves,

In this case, one observes a change in the envirorment but it is the plants them-
selves that induce it, extracting water and minerals or by adding organic matter,
etc, BSuch a succession tends to lead from a ploneer stage %o what is called a
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'climax' vegetation where the latier and the enviromment are in a certain type of
equilibrium, remaining more or less constant over a relatively long period,.

4 distinet separation between both types of succession cannot be made.
Even in saline vegetation, which usually has & pioneer character, allogenic and
autogenic activities may coincide; e.g. sedimentation iz influenced by the plamts,
salinization and desalinization are also partly influenced by the behaviour of the
plamts (see section 1), In practice it may be of importance to know whether an
obaserved succession is more allogenic or autogenic, ®an might make ure of auto-
genio influences of vegetation for his own Denefit.

Especially when prognosticating the future, a certain knowledge is required
about the process of change of the enviromment under the influence of thosze very
changes taking place in the emviromnment as well as of the vegetation components

themselvea,

Succession 3tudy and Monitorine

The most accurate type of succession study is seguential sampling on per—
manent sample plots and sequential mapping. These are time consuming and therefore
very expensive methods, but for real studies in experimental areas they &re however
indispensable. £&lso, here, aerial photography can be of great help, in the =same
way as for a single survey. However aerial photography has an exira advantage in
this case because the amount of ground truth sampling per survey can be reduced.
Several aspects of mapping units in the sesquential stages might not need resampling
during the subsequent stages. For sequential surveys once a year, or more often,
normal aerial photography is most useful. For more frequent changes however such
a purvey is too costly.

At this point the great (and the main) advantage of satellite imagery has
to be introduced. At present satellite imagery gives {providad atmospheric condi-
tions are ideal) a picturs of the same area every 1B days; in the future it will
be poasible to reduce that mumbers of days. The satellite image, even the digital
displays of it, do not give the same information that can be produced by airborne
photography {minimum detail area 10 meters down to 10 cm on phutoﬂ}, tut the
saquerntial aspect im of great value, The loss of detail can be overcome by a
oombination of satellite imagery with normal large scale photography.

The very frequent recording possible with satellites is only necessary
fer following seasonal fluctuations and some erratic changes due to natural or
anthropogenic factors, But as soon asz there are regular permanent satellites for
vegetation and crop recording, satellite imagery can also be used for the recording
of yearly changes. UJeveral proposals for satellites are already under study in
various countries (for high frequency, with special construction for "privacy of



data" for the using country. OSpeculation exists nn.tha poseibility of recording
directly chemical characteristics of materials (e.g. salts) at the earth's surface
by remote sensing. Theoretically there are certainly possibilities, but practically
it is not likely that a feasible operational system will be discoverd within fore-
seaable time that would be of use in the study of salt affected lands in general,
Monitoring of changes can also be done from a fixed point (an existing tower or
pylon, or a contraption built for such a purpose)., Any type of sensing can be
done from such a platform. Examples are giﬁan of monitoring vegetation in allo—
genic succession by the author ( see Zonneveld 1974), For certain experimental or
fundamental studies long-lasting succession studies are valuable, However in most
practical cases one cannot wait some decennia.

In cases of one or several sequential data, prognoses have to be made for
the vegetation that can be expected in the future, either because of the value of
the vegetation in itself (food source) or for the environmental condition that
might be there in the future (increasing or decreasing the management system at the
place, if any exists). In those cases empirical comparative study of the actual
situation is the only way. If the remults of long years of studies in a similar
area are available, these data can be of great use in the estimation. In sedimen-
tary areas often various stages of sedimentation (and alao erosion) occour side by
side. A careful study of these stages may allow the setting up of a scheme of
succesgion lines which can be used in prediction, However, not all schemes in
literature are too reliable, So the surveyor should use his own common sense. In
areas where older maps and airphotos exist, both are of great value in studying
succession lines, and especially also the time involwved in the processes of change.
The author gives various examples of how, with the help of old aerial photos, a
former situation could be interpreted making use of the knowledge of the present
land and vegetation features, In certain cases not only mape but written and oral
information about times past, may be of use,

The prognosis of possibilities for agricultural and other use are not only
based on vegetation data. The expected evolution, negative or poagitive, of the
environment derived among other thinge from the vegetation as an indicator, may,
exprassed in for inetance salt contents of water and soil, lead via known relations
between salt content and crops to the prediction of poasibilities for these crops
on certain lands. The prognosis of production of vegetation ae a grazing resource
on saline landas does not differ from that in other grazing areas., For detailed
accurate knowledge, sequential mass determination are the basis for such prognosis

by clipping on sample plots, for repeated determination of the standing crop.
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Paper 15 MODELLING OF SALT MOVEMENT THROUGH THE S0IL PROFILE

by

H. Laudelout
Institute Agronomique, Université Catholique de Louvain
Parc d'Arenberg, Héverlé

The management of irrigated soile or the reclamation of saline soils requires
a knowledge of the way salts move through the soil profile. The accuracy or the
completensess of the processes involved in this movement may vary greatly: from
the simple displecement of the soil selution by the displacing solution without
mixing to complete description involving considerations of unsaturated flow, icn
exchange, solubilization and precipitation reactions, biological oxidations and
reductions, etc. Whatever the sophistication of the model that purports to describe
the salt movement, various constraints of an economic or agricultural nature may be
used for arriving at an optimization of the irrigation or reclamation process
according to the methods used in econometrica.

Clearly, this is the most easily identifiable objective in any attempt at
the development of such a model and fields other than irrigated agriculture may
benefit from its use, such as minimizing contamination of water reserves by pesti-
cide or nitrate. This is the reason why studies along these lines are becoming more
and more current in many countries. Besides this obvious practical utiligzation of
the mathematical model, two other benefits should not be overlooked; the first
consists in enabling one to extend greatly the scope of a field experiment once ito
resulte have been quantitatively described by a model; the second is the positive
interaction between model building and field or laboratory experimentation, the
former pointing out gape in the knowledge of relationships or parameters in the
processes involved in salt movement,

Since thie is not intended as a review paper but rather a support for a
diacuesion on the problem of model building in salt movement, no attempt will be
made to quote the manmy valuable comtributions that have been made to this question
in several count:rieas,

The deseription of the movement of salt through the soil must be based on
the relevant form of the Pokker-Planck equation which, for unidimensional flow,
reads:



Time change of concentration betwesen depth Z and 2 + dZ =

Decrease of salt flow from Z to Z + d&
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if the flux of salt results from the superposition of a diffusive (=D %ﬁ—j and a

convective flux (+ wec), for constant D and v, we have:

2
ac Dac _ .‘_@E
3 R o

There exist analytical sclutions of this partial differential equation
satisfying appropriate boundary conditions, the most general of which seem to be
for a column of finite length L
at x© = 0 for t = 0

at
ve = D 2 & e
aX 4]

which expresses the fact that at the soil surface the rate of salt inflow Ve,
migt be equal to the combined diffusion and convective Tlows.

Purthermore, at the bottom of the soll columm:

2 =0 for =x= L, %% 0
ax :

in order to "avoid the unacceptable condition that the solute concentration passes
through a maximum (or minimum) in the interior of the medium", an intuitive reason
that can be replaced by a more rigorous reasoning.

Tne analytical solution satisfying these conditions is an infinite sum of
terms alternating in signe and as soon as the abeolute magnitude of the first term
iz above a certain value, no convergence can be obtained due to rounding—off errors.
This already obtaine at values of the dimensionless time t = ‘-f'th which are well
within the maximum values of experimental interest for walues of the P&clet rmmber
P = vL/4D, well below those commonly found for actual soil profiles., Fortunately
an agymptotic formula may be found which converges at all times and everywhers
within the practical range of Péclet mumbers., The derivation of the Fokker-FPlanck
equation precludes amy imteraction of the solute with the soil column., This ideasl
case mAy be more or lese exactly realized with solutes such as chloride or,
better still, tritiated water. Ewven though, in most circumstances, this assumption
will not hold, experiments with solutes for which it is reasonably wvalid are
extremely useful, This 1a due to the fact that the amalysis of the breakthrough
or elution curve of a solute through or from a soil column will supply two important
parameters: <the dispersion coefficient D and the actual porosity of the column.



In doing an experiment of this type, the lensth of the column L is fixed as
well as the Darcy velocity V through it, the average pore velocity v being given by
Vfi , & being the porosity, which is a priori unknown and may differ from one solute
to the other; this is to be expected since for a migrating anion or tritiated
water the molecule will "aee" the water—filled porosity in quite a differemt way.

The other parameter which is a priori unknown is D the dispersion coefficient or
what amounts to the same once # io known, the Péclet mumber, Empirical methods
baged on numerical relationships have been proposed for arriving at these two
parametera from the analysis of breakthrough curves. They are based on the fact
that most of the points from such a curve are log-normally distributed, We have
found it more convenient to uge an automatic search programme for the two parameters
which optimize the fit between the experimental points and the asymptotic solution
mentioned above, It is true that much simpler formulations of the solution exst
and have been fremuently used in the literaturs, even through the boundary condi-
tions and when the values of the Péclet number were not such as 4o ensure their
validity., BSince the burden of the work rests on the computer once the search pro—
gramme has been programmed, there is no reason for not using the most general form
of the solution, Two important parameters characteristic of the soil will thereby
be provided: its dispersion coefficient and the fraction of the water—filled
porosity which is accessible to the moving solute.

Another advantage of applying the amalytical cnlution is that rumerical
solutions may be tested against it with respect to their comvergence and stability
before being adapted to sub-routines describing exchange or solubilization reactiona,
It is of course impossible to solve the partial differential equation describing
diffusion with comvection with due regard to the possible exchange or precipitation
reactions unless drastic simplifications are accepted with regard to the formule—
tion of the equilibrium or kinetics relationships. This does not disregard the
fact that fairly elaborate treatments have made it possible to account for comvection-
diffusion processes coupled to simple ion-exchange relationships with simple kinetica,
Thers io at least one example of a rmumerical trsatment of the solution being followed
by & rather elaborate derivation of the analytical solution for the most simple
cases considered with the conclusion that, since the analytical and rmerical
approaches led to the same results in the most simple cases, it could be expected
that the same would obtain when the analytical method was prwerless,

The bagiz of the still most commonly used method of finite differences
consiets in replacing derivatives by finite differences divided by the time or
space increments. For instance, if instead of a vanishingly small time or space
increment we take a finite time or space step k or h respectively, the values of
c at x and t, ¢ (x,t) will be demoted by c(ih,jk) where i and j are integers,



Consequently the time derivative will be expressed by:

ac - ci,;:‘*i i
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and the second order differential with respect to x by:
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the first formulation being obvious, the second resulting from a fairly simple
derivation, ;

Several ways of formulating the finite difference equivalent of a partial
differential equation are possible auch as for instance taking the backward differ—

ence (c ) /k instead of the forward difference as above.

5,3 7 %51
One of the possibilities seems worthy of a more detailed examination since
it has been used quite frequently in several publications by soil sciemtists, If
we consider a soil with a cation exchange capacity B in a column where the goil-
water ratio is g at:r:}.l,"r 1 water) a mumber R can be defined by:

Br

%o

R =

where c, is the concentration of the displacing solution in meq.l ', If at time
0 all charges in the soil are compensated by Ga'H', passage through a NaCl solution
will cause a Na—Ca exchange which will be expressed at any time or level in the
column by the fraction of Ca'' in the solution (x) and by its fraction of the cation
exchange capacity {I}, the change in the latter fraction being expressed by z.

Between the level x and x+ Ax we will have for the change in the amount
of Ca't present:
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The finite difference form will then be:
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If we define the mumberse &, t and 3 by:
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Choosing the dimensionless time and space increments (for which we keep the same

symbols) in such a way that:

2agk= h2
Thereby taking care of the corvergence of the rmmerical solution since itse
condition is:
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Since g will always be amaller than unity, we can fix h such thati

h = 2o
We then havei
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In the absence of ion exchange the same reasoning would lead us toi
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thie is a formulation which has been used by several authors under the guise:

c RF + (1 - RF)C

O Gl R
where HF is the so—called "retention factor",

i=1,1]



The following justification was presented for the use of this formilation,

Tne profile being partitioned in a certain mumber of layers, the movement
of water is described by the fact that 2 given layer £ills up to saturation and
then empties inmto the layer below returring to field capacity before filling up
again, If the saturation comtent of layer i is denoted by SPi and its field
capacity by Fﬂi then applyin: the calt conservation principle to sach layer and

smupposing that perfect mixing ccocurs in each layer we have:s

| B a i : . - PO, - .
GliaSPl c1_1‘3 {sPl 1] + cl‘a_1 FC,
or
Fﬂi Fﬂi
i - — G, o= 0. .
GlrJ {1 sp } i=1,1] SPi i, i=1
i

Jince the retention factor defined by FC/SP will be close to 0.5 for most
soils, this sxplains the fairly wide use of this formulation in spite of ite
inconsistent physical justification. Turming back to the expression involving
ion exchange as expressed by Z, the amount by which the fraction of adsorbed
Ca'" decreases when a solution of Wa' is passed through the soil column. The
problem would be fairly simple and in fact amenable to an analytical solution if
a linear exchange isotherm obiained.

Az & rule however the melectivity ceefficient:

2 2
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(where the + refer to the solution activity coefficients) is not constant, nor
can it be expressed as a simple function of 4 with the exception of the uni-
urivalent exchange which again makes it possible to find an analytical solution
for the problem, The cormon practice so far has been to replace the selectivity
coefficient as defined above by some other expression which is fairly constant over
a wide enough range of composition. 7This is the case for Gapon's fornulation of
the selectivity coefficient and explains ite common use,

There iz an alternate possibility which is making use of the cubic rela-
tionghip which i commonly observed between the selectivity coefficient as
defined above and the adsorbed fractiorn of the divalent cation, This allows ua

to define a function f Ty:

"3
£ (X,Y,co = K = {(a+ Y+ X + &) = 0.



If X and R are not equilibrium value, ¥ must be increased by an amount Z such that:

£f{(Xx-2R), (Y+2),C,}=0

% is thue a root of the above equation, At each time step, X can be calculated,
the root Z ic then found, X and T adjusted and the process is repeated for the
next step. This procedure has the advantage that, once an exchange isotherm has
been established, full use is made of it over its entire range.

Progress is modelling salt movement in soil will depend on the acquisition
of further knowledge on the kinetice of the processes, If ion exchange chromato-
graphy can be described fairly easily when exchange equilibria are assumed to be
instantanecus, this is no longer the case if incomplete equilibrium obtains, the
same situation obtains in the case of solubilization and precipitation reactions
where kinetic considerations are even more crucial,

For some irreversible reactions the kinetic aspect becomes the only one
of importance, and this is obviously the case in the movement of nitrogen com—

pounda through the profile.

CONCLUSION

Mathematical modelling is not an end in itself but should be considered

as a tool to arrive at a better management of irrigated scils. Consequently taking
account of the very great lateral heterogeneity of the moil, great accuracy of the
prediction of a model should not be aimed at. On the other hand, 1moduls can also
be considered as tools for integrating, mathematically and figuratively speaking,
knowledge gathered on the rate laws of important soil processes; then the require-
ments regarding the predictive valve of a model, without ad hoc adjustment of the
parameters, would be entirely different to those for ¢ptimizing management or

reclamation,.
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Paper 16 IRTERPRETATION OF QUALITY OF WATER FOR IRRIGATION
by
Heds Ayera

FAD Coneultant and Water Quality Specialist
University of California, Davis

JUMMARY

1e Quality of water has meaning only in relation to a particular use, In
agriculture water quality is related to effects on soile, crops and
management necessary to compensate for problems linked to water quality.

Not all agricultural problems of salinity, soil permeability, toxicity,
etc., can be related to quality of the water applied. Quality of water
must be placed in proper perspective with all the other factors affecting

crop production.

2 A water analysip is essential to water quality evaluation. Analyses or
determinations needed are EGH, CatMg, Ha, G03+ECII13, c1, 304, B, Ima—ll, pH.

3. Water analyses can be evaluated in relation to four goneral problem areas -
Salinity, Permeability, Toxicity and Miscellanecus,

4e "Guidelines for Interpretation of Quality of Water for Irrigation" have

been prepared based on the above four problem areas and including three
degrees of the problem expected — No Problem, Increasing Problems, Severe
Problems, QCuideline values for each degree of problem are given,

5a Crops vary greatly in their tolerance of poor muality waters and therefore
the smuitability of a water for irrigation will vary with the crop, Crop
tolerance tables for salinity are presented,

6. Leaching Requirement (LR) is the minimum amount of water that must percolate
through the active root zone to prevent excessive accumilation of salte,
Leaching requirements for various cropa for specific qualities of water
are given in the Crop Tolerance Tables with the new method of calculation
of LR now being discussed by the U.3. Salinity Laboratory.
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Te Prevantion of a potential problem iz just ag important as correction of a
problem, By using the guidelines for evaluation of the problem potential,
such a=z salinity, and the crop tolerance tables to select a crop compatible
with the available quality of water, and by following other suggested
corrective management alternatives in the guidelines, a water user may be
able to understand the potential problems related to water quality and make
good management decisions to adjust to existing water quality.

d. Permeability problems due to water quality are usually related to either
extremely low salinity of the water or to an imbalance of sodium, calcium
and magnesiun (the sodium adsorption ratio). Guideline values are given
at which permeability problems are expected from low salt waters aor from
waters with high sodium adsorption ratio (now modified by carbonate-
bicarbonates and reported as adjusted SAR), Corrective action is suggested.

G Toxicity problema are often very specific for a certain water constituent
and crop. Guidelines recognize toxicities due to sodium, chloride, or
boron due either to root abasorption from soil sclution or to foliar abaorp-
tion from leaves wetted by sprinkler applied water. Management alterna-
tives are suggested.

10. Miscellaneous problems inciude a mixed group of unrelated problems -
excessive vegetative growth due to nitrogen, white deposits from gprinkler

irrigation, etc. Corrective actions are suggested,

1. A few typical water amalyses with brief guideline interpretations of the
quality-related problem potential are given.

Wi \T DOES WATER QUALITY MEAR?

Quality means differemt things to different people, GQuality is difficult
to evaluate except in terms related to the specific use. For household use, the
tagte, hardnese and possible effects on health, food, drink, clothes and fixtures
are all quality factors. For industrial use, corrogion, scaling, or certain other
adverse effects on marmufacturing or processing become the quality factors of
paramount importance, For irrigation, water quality is related to its effects on
soile and crops, and on the management that may be necessary to comtrol or compen
sate for the water quality related problem.
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HOW DOES IRRIGATION WATER QUALITY AFFECT AGRICULTURE?

Water diverted from sprinwgs or streams or pumped out of wells from under
ground is never pure “ut always contains measurable cquantities of soluble salts,
These dissolved saltn, if present in mufficient quantity, can adversely affect
¥ield of crop or accumilate to affect productivity of soils. Significzant adjust—
ments and changes in farm practices may be reguired to attempt to compensate for
these water quality related effects.

Crops and soils are affected in different waye by the several diffaran+
types of dissolved salts. A water amalysis is needed to determine what types
of salts are prezent; then these must be evaluated in terms of their expected

impact upon sociles and crops.

WHAT SHCOULD BE INCLUDED IN A WATER ANALYSIS?

The usual laboratory determinations needed to evaluate the suitability of
an irrigation water should include 1) electrical conductance (a measure of the
total salts present), 2) chemical analysis for sodium, calcium and magnesium,
chlorides, sulphates, carbonates and bicarbonates, and 3) further determinations
as may be needed to evaluate other specific chemical constituents or generslquality
factors (umually including boron, nitrates and pH and infrequently other solubles

such as lithium, potassium, iron or ammonia).

HOW ARE WATER ANALYSES EVALUATED?

A general water quality evaluation can be made by interpreting the above
listed laboratory determinations in relation to four general problem areas —
Salinity, Permeability, Toxicity and Miscellaneous.

i, Salinity Problems
These are associated with the total quantity of dissolved solids

(salts) in the water and their effect upon crop growth. Salinity
is usually measured and reported as eleotrical conductance {EG“]
or total dissolved solids (TDS).

iil. Permeabil ity Problems

Certain water zonstituents reduce soil permeability. The resultant
poor permeability makes it more difficult to supply crops wiih
needed water for good growth and may greatly add to cropping diffi-
culties through waterlogging of surface soils accompanied by

diseage, salinity, weed and rutrition problems., The permeability
problem potential is evaluated from a comparison of the quantity of
gsodium present in the water relative to the calcium and magnesium,



S

Carbonates and bicarbonates will also effect soil permeablility under

certain conditions and must be evaluated,

iii. Specific Ion Toxicity

Certain specific solubles (ions) have a direct toxic effect on crop

growth, Toxic solubles included are boron, chlorides and sodium,

ive Mizcellaneous Problems

In this special unrelated group are included such crop production
problens as excessive plant vigour or excessive vegetative growth
resulting from nitrogen in the water supply, white deposits on

fruit or leaves due to sprinkler irrigation with hizh bicarbonate
water and problems that may be related to pH much as high acidity

or high alkalinity.

GUIIELINES HELP IN WATER QUALITY EVALUATION

"Guidelines for Interpretation of Quality of Water for Irrigation" using
the four problem areas mentioned were prepared by the Umiversity of California
Comrittee of Consultants (1972). These "guidelinea" ( see Table 1) have evolved
from a long line of former guidelines used over the years and are believed to
correlate well with field conditions. Several assumptions regarding their pre—
paration along with comments on their use are also given (see Table 2), Many
of the recent research findings and reports from the U.S. Salinity Laboratory have
been used in formulation of these "Cuidelines", (Refer to papers by Drs. Van
Schilfgaarde and Rhoades presented at this Consultation.)

Each of the four problem areas — salinity, permeability, toxicity and
miscellaneous — are further separated into three degrees of severity based on
expected seriousness of the problem after several years of irrigation., "Water
Quality Guideline" interpretive values are shown that are associated with a "No
Problem", "Increasing Problems" and "Severe Problems" potential, The '"No Problem"
potential indicates that for waters comtaining leee than this listed value the
water user would not ordinarily recognize a soil or cropping problem due to water
quality. In contrast, the "Severe Problems" evaluation indicates the water user
would ordinarily recognize there were some fairly severe soil or cropping problems
asgociated with the contirued use of this water. From "No Problem" to "Severe
Froblems" the water user should experience gradually "Increasing Problems®, In
addition to evaluating the potential problem an indication of the corrective action
to be taken is also presented, The water user should 41y to compensate for an
indicated potential quality problem by adopting practices to prevent the problem
from developing or try to correct or compensate for an existing problem,
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Table 2

Assumptiens and Comments on Guidelines for Interpretation of
Quality of Water for Irrigation leveloped by UC-Committee of
Consultants.

1. These "guidelines" are flexible and intended for use in esti-
mating the potential hezards to crop production asscciated with
leng term use of the particular wazer being evaluated. ‘'Guide-
lines” should be modified when warranted by local expericnce
gnd special conditions of crop, soil, method of irrigatien
or level of soil-water-crop management, Changes of 10 to
20 percent above or below an indicated guideline value may
have little significance if considered in proper perspective
along with all other variasbles that enter intec a yield of
crop.

2. It is sssumed that the water will be used under average
conditions - soil texture, internal drainage, total water use,
climate, and salt telerance of crop. Large deviaticns from
the average might make it unsafe to use water which under
average conditions, would be good, or might make it safe to
use water, which under average conditions, would be of
doubtful gquality.

3, The divisions intoc "No problem - Increasing prellem - Severe
problem™ is more-or-less arbitrary but based on large numbers
of field studies and cbservations, as well an carefully
controlled greenhouse and small plot research conducted by
various researchers over the past 40 years or wmore. Guidelines
of one sort or another have been propesed by Y.5. Geelogical
Survey, University of Califermia, U.5. Salinity Labeorztery
and many others starting as early as 18911. As new Tesearch
and observations have developed additional information for
assessing water quality,guidelines have been modified.

4, These "guidelines" apply to surface irrigation methods such as
furrow, flood, basin, sprinklers, or .any other which -applies
-water on an "as-needed" basis and which allows for an extended
dry-down period between irrigations during which the crop
uses up a considerable portion of the available stared water.

5. The guidelines incorperate some of the newer concepts in so0il-
plant-water relationships as recently developed at U.S.
Salinity Lasboratory. Uptake of water occurs mostly from the
upper two-thirds of the rooting depth of crop (the "more-
sctive" part of the root zone). Each irrigation normally will
leach this upper soil area and maintain it at relatively low
salinity. Salts applied in the irrigation water under reason-
able irrigation management concentrate in the so0il water
in this active Toot zone to about three times the concentration
of the applied irrigation water and the salinity of this root
area is representative of the salinity levels to which the
plant responds. The salinity of the lower root zone is of
less importance as long as plants are Teasonably well supplied
with moisture in the upper, "more-active', Toot zone.

! .
These guldelines tepresent the 1974 consensus of the UC-Committee
of Consultants.’ It is recognized they are not perfect and it 1is
expected they will be modified from time to time as further
knowledge and experience dictate.
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SALINITT PROBLEMS

Salinitiy problems are associated with the dissolved salts in the applied
water, There are two components to the palinity problem, The first concerns the
salinity of the applied irrigation water and its direct, rapid effect on the Crop.
The second cemcerns the salinity that may develop more slowly in the root zone over
& pericd of time due to accumlation of salts and their effect on the crop. The two
need to be considered separately.

Salinity accumilating within the root zone can be controlled, within limits,
by application of extra water to satisfy an indicated leaching requirement. But,
there is a limit to the correction that can be accomplished by leaching or immroved
management., This limit is closely related to the actual salinity of the applied
irrigation water, If the salinity EEE“} of the applied water is exzesuive and
exceeds the tolerance of the crop, less than a full potential yield is to be expacted
even though extra water is applied for leaching. Improved water management and ertra
leaching may produce better yields but only up to the yield limits imposed due to
the salinity of the applied water.

Salinity problems and their management are often complicated bty high or
perched water tables, The usual zorrective practices for galinity include use of
extra water for leaching to remove the salts, and will very often include artificial
or improved drainage (tile or open drains) to assure that leaching im effective, In
some cases 1t may even be necessary to change the crop to one more tolerant of the

salinity of sgoil or water,

SELECTION OF CROP TO MATCH IRRIGATION WATER QALITY AND SOIL SALINITY

Cultural practices, crop selection and management to prevent galinity problems
from developing are just as important as are corrective actions after problems
develop. There are several management alternatives available to prevent or redoce
salinity problems. One of the first alternatives relates to the choice of CIop.
Crops vary greatly in their salt tolerance and therefore the guitability of a
relatively salty water for irrigation will alao vary with the erop. For ezample,

a water with ECH-E millimhos is poorly suited for irrigation of a malt sensitive
crop such as field beans (tolerance of field beans at full yield potential is
ECH-B.T) but is excellent for corn (tolerance of corn at full yield potential is
EC =2.2}.

The crop tolerance tables (immediately ensuing pages) oan be used tc melect
crops to match the quality of the available water supply and the expected degree
of soil salinity to which the crop will be exposed. These tables list tolerances
of several representative fisld, vegetable, forage and fruit ocrops to both the
salinity of the water applied (E(.‘."'J and to the salinity of the soil (EG'). Also



Table CHOP TOLERANCE AND LEACHING REQUIREMENT TABLES

Including Yield Decrement to be expectad for Certain Crops Iue to Salin}t,‘_u"
of Irrigation Water when Ccmmon Surface Irivigation Methods are Used i,

FIELD CROPS
_:g_w;._._ KT S . . 2% . = — S0k ll.gl_{

Sl BCe~/ EC %| e  EOw & | ECe EOw L@ | ECe  EOw &L | ECdw
Barliey 8 ", 53 12 12 8 18 16 10,7 24 18 12 27 44
Sugarbeets 6T 45 11 109‘/ 6.7 |6 13 8.7 21 16 10.7 26 42
Cotton 6.7 4.5 11 10 647 16 12 8 19 16 10.7 26 42
Safflowsr 5.3 3.5 12.5 8 543 19 11 Tel 26 14 8 28.5 28
Wheat 4.'(5/ 31 8 Ty " 12 10 6.7 17 14 9.3 23 40
Sorghum 4 2.7 TaS 6 4 11 9 & 17 12 8 22 36
Soybean 3.7 2.5 10 545 1.7 14 14 417 18 9 & 23 26
Rice (paddy) |3.3 2.2 9 5 1.3 14 6 4 16 8 5+3 22 24
Corn (maize) | 3.3 2.2 12 5 3.3 18 6 4 22 T 47 26 18
Sesbania 2.7 1.5 T 4 2.7 10 5 3.7 14 9 [ 23 26
Broadbean 2.3 1.5 8 3.5 243 13 4.5 3 17 645 4.3 24 18
Flax 2 143 1 3 2 11 445 3 17 645 4.3 24 18
Beans (field)|1 o7 6 145 1 8 2 13 11 a5 2,3 19 12
_‘|f From USDA-4g. Inf. Bull. 283 and personal communication frem Dr, Leon Bernstein, U.S. Salinity Laboratory,

Riverside, California.
y’ ECe means electrical conductivity of saturation extract in millimhos per centimetre {m‘nhofcm]

ECw means electrical conductivity of irrigation water in mmho/cm.

IR = Leaching Requirement = ECw X 100. PFor an approximate conversion to TIS, m.gf:, or ppm multiply mhn/cn by 640,

ECdw

}f Fldw is marimom concemtration of salts that can ocour in drainage water under crops due to ET { evapotrans-

piration), Use to calculate leaching requirement (LR = ECw/EC, ) to maintain needed ECe in more active root

area, Leaching Raquirement (LR) means that fraction of the irﬁg&tian water that must be leached through the

ective root zone to control soil salinity at a specified level.

At 100§ efficiency, applied water (neesded to satisfy ET + LR) is equal to ET

1-1R

4/ Tolerance during germination (beets) or early secdling stage (wheat, barley) is limited to

ECe = about 4 mhnfcm in the upper soil area where germination and early growth takes place.

Hote: Conversion from ECw 1o ECe assumes that irrigation water salts increase 3 fold in salinity in becoming
aoil water salts (ECew). This occurs in the more active part of ECw X 3 = ECsw; ECow £ 2 = ECe.



Table 4 VEGETABLE CROPS

T T e — S T e B S R TE o S e W w aEEer r‘--’-‘-t_t‘-h ﬁ--'1'-—-.-=_‘"“---—--|-_n_ - B Wy

o 10% 25 508 Maximum
Crop ECe ECw Lig ECe ECw LR | ECe Bow LR ECe BECw LR% | ECaw
Beets Sed 35 1 8 Sed 17 10 GaT 21 12 8 25 32
Spinach 3.7 2.5 12.5 5«5 3T 1845 7 4.7 235 8 5.3 26,5 20
Tomato 2.7 1.0 8 4 2.7 12 6.5 4a3 19.5 8 5.3 24 22
Broccoli 2.7 1.8 7 4 2.7 10 6 4 15 B S.3 20 26
Cabbage 1.7 1al 4 2.5 1.7 645 4 2.7 10 T 4.7 18 26
Fotato 1.7 1ed 5a5 2e5 147 B,5 4 2T 13.5 6 4 20 20
Swest Corn 1.7 1a1 545 2.5 147 8.5 4 2eT 13.5 6 4 20 20
Sweet Fotato 1.7 Tel 5e5 2.5 AaT 8.5 3.5 2.3 115 6 4 20 20
Lettuce 13 9 5 2 1e3 7 3 2 11 5 3.3 18 18
Bell Pepper 1¢3 .9 5 2 143 T 3 2 1 5 3.3 18 18
Omion 1.3 «9 T+5 2 1.3 1 3.5 243 19 4 2.7 22.5 12
Carrot 1 o7 6 1.5 1 8 2.5 1.7 14 4 2.T 22.5 12
Beans 1 «T T 1.5 1 10 2 143 13 1.5 2.3 23 10
hmtlmcl/ 2.3 145 8 35 2.3 12 Ho Data No Data -
H‘t!]‘llﬂﬂl/ 2 142 8 ¥o Data Ho Data Mo Data -

lf Avsumes ECdw = 20 similar to potato.



Table 5

FORAGE CREOQOFS

100 25k 50k Maxiorum
Crop ECe ECw LR | ECe EOw LEE ECe ECw  LEE ECe  ECw  LRE| ECdw
Bermuda Grass BaT 548 13 13 B.7 20 16 107 24 18 12 27 44
Tall Wheat Grass Te3 4.9 1 k| Te3 17 15 10 23 18 12 27 44
Crested Wh, Orass | 4 b 6 6 4 9 11 7«3 17 18 12 27 44
Tall Pescue 4T sl 8 T 47 12 10,5 7 1Te5 1445 9.7 24 40
Barley (hay) 5.3 3.5 10 8 5¢3 15 11 Ted ' 20 1355~ 9 25 16
Perennial Rye Sel 3.5 10 8 Ge3 15 10 6.7 19 13 8.7 24 36
Harding Grase 5e3 3.5 10 B Gald 15 10 Bs7 15 13 Be7 24 36
Birdsfoot Trefoil | 4 2.7 10 6 4 14 8 5.3 19 10 6.7 24 | 28
Beardless Wild Rye| 2.7 1.8 [ 4 2.7 10 T 4.7 17 11 T3, 26 28
Alfalfa 2 143 5 3 2 T 5 3.3 12 8 Se3 19 28
Orchard Grass 1¢T 11 4 2.5 1.7 645 445 3 1145 8 Gedy 20 26
Meadow Foxtail 1a3 o3 4 2 1e3 5 3.5 2.3 10 645 4.3 18 24
Clover 14 | & 2 143 g 2.5 1.7 12 4 2eT 19 14




Table &

FRUIT CROPS

o 108 'jU:L—I Maximm
Crop ECe ECw LR%: ECe ECw L ECe ECw LR B dw
Date Palm el 3.5 T 8 Sa3 i1 16 10 21 48
Fig
Olive 2,7-3.0 1.8-2.7 6-10 4=-6  2.7=1.0 10-14 4 & 21 28
Pomegranate
Grape ( Thompson) o7 1.8 L 4 2ul 11 8 5e3 22 24
Grapefruit
Orange 1T 1.1 T 2.5 1T 11 5 3.3 33 16
Lemon
Apple 147 141 T 245 1.7 11 2 143 33 16 i
Fear If
Almond |
Apricot 1.7 141 T 2.5 11 5 3.3 35 16 =!
Paach i
Frune i
Walmat ) 4o 7 2.5 1.7 11 5 L P 33 16 j
Blackberry |
Boysenberry 1.0-1.7 0.7-1.1 58 1e5=2.5 1.0-1.T7 T=12 i 2.7 19 14 |
Avocads 13 'D.9 Teb 2 143 1 4 27 22,5 12
Strawberry 1.0 0.7 T 1«5 1.0 10 2.0 10 10

_L/ Calcnlated values, assuming 0% decrease i1 yield results from doubling of salinity values for

10% yield decrement,



ghown are probable yield reductions due to various degrees of salinity of applied
water (BOw) or salinity of soil (ECe}.

After the evaluation of the water analysis according to the guidelines and
after referring to the toclerance tables for the crop tolerance to salinity, the
water user should be able to predict whether there is or is not a potential malinity
problem and being forewarned may be able to take stepa to prevent ite developing.

ADDITICHAL WATER FOR LEACHING

The application of extra water for leaching is a second altermative that is
normally used by good cultivators and farmers to control =alt accumilation. ‘The
minimum ameount of this extra water that must percolate through the active root zonae
to prevent excessive accumilation of malts is known as the leaching requirement
(LR} and is reported as a percent of the normal water requirement of crop (see foot—
notes 2 and 3 of Crop Tolerance and Leaching Regquiremert Table 3)., The water user
will need toc supply this extra water (the leaching requirement) for salt comtrol in
addition to the water he must supply to meet his crop water requirements. In many
areas rainfell plus the usual inefficiencies in irrigation may supply this extra
water required for asalinity control.

Included as part of the crop tolerance tables are data on leaching require—
ments (LR) and on the maximum allowable salinity of the drainage water {EGdH) that
can be tolerated by the crop at the bottom of the root zone with no more than a 10
to 1% loss in yield, This EC, is the specific drainage water EC,  now being used

dw
to calculate leaching requirement (LR) values for the quality of water [EGH] and
crop grown, where LA = %gﬂ X 100,
dw

The satisfying of a leaching requiremernt to achieve ademquate salt management
is mach more easily attained on mandy =oile where water infiltrates and percolates
more readily than on clays where percolation rates are slow to extremely slow and
leaching ie difficult, To be effective the leaching waters must percolate through
the z0il and out at the bottom of the lower root zone,

The presence of a high water table makes the satiefying of a leaching
requirement much more difficult or even imposaible, If salts are leached, a high
water table may ruickly allow resalinization to ocour as salty subsurface waters
rise to the soil surface where the water evaporates and leaves =alts behind to
accumulate again in the crop rooting zone. Where high water tables are a problem,
artificial drainage to lower and stabilirze the water table is usually a first

eggential to reclamation and salinity control,
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FERMEABILITY PROUBLEMS RELATED TO WATER GUALITY

Referring to the guidelines, permeability problems due to quality of water
are usually, but not always, related to too little calcium and magnesium or to
excesses of sodium, Fermeability problems may also be related to very pure, low
salt water (EGN less than 0,5 mmho/cm).

Low salt waters are corrosive and deplete surface soils of readily soluble
minerals and all scluble salts. They often have a strong tendency to dissolve
rapidly all sources of calcium from surface soils which then break-down, disperse
and seal, resulting in poor water penetration (see Table 1 on guidelines), Soil
and water amendments such as gypsum together with changes in cultural prastices to
promote improved water penetration are the usual preventive or corrective procedures
used,

Fermeability problems due to excesses of sodium or shertages of calcium are
evaluated by a relatively new concept - the adjusted Sodium Adsorption Ratio (adj.
SAR), formerly evaluated through the Sodium Adsorption Ratio (SAR) and the Residual
Sodium Carbonate (RSC). This new concept adds to the older Sodium Adsorption Ratio
(SAR), the effect of carbonate/bicarbonate through a theoretical and calculated
pHe value added to the SAR. The pHc evaluates the tendency of the irrigation water
to dissolve lime from the soil: adding to soluble calcium, or the tendency to
precipitate lime: reducing the soluble calcium, The presence of appreciable
carbonate/bicarbonate may markedly influence the calcium availability. This effect
on SAR iz evaluated by the new adjusted Sodium Adsorption Ratio equation (adj.SiR)
as recently developed by the U.S5. Salinity Laboratory as followe:

add SR = 2 [ 14 (8.4-Ho) |
Joae
2

The values for sodium, calcium and magnesium (reported in milliequivalents
per litre) are taken directly from the water analysis, The pHe is a calculated,
theoretical value related 1) to the total salinity as measured by sodium + calcium
+ magnesium, 2) to the calcium + magnesium supply in the water, and 3) to the
carbonate + bicarbonate present. Calculation of pHc is made by use of tables (see
"Tables for calculating pHc Values of Waters" — Table 7)., This particular adj.3AR
procedure is most applicable at about TO% field efficiency of irrigation. At
greater efficiency, these values may be a little low; at lower efficiency they may
be a little high, Suggested guidelines for adj.3AR are given on Table 1.

There are still other permeability problems in agriculture that are unrelated
to adj.SAR or to low malts which must be evaluated separately, These may include
problemg that are more closely related to soil texture, to compaction and plough
pans, or to other soil physical as well as chemical properties,



Teble 7 TABLES FOR CALCULATING plc VALUES OF WATERS

pHe can be caleulated, using the table below; pHcs (pxé.pké] -
p (Ca+Mg) + pAlk where pK!-pK{ is obtained from Cas+Mp+lia

p {Ca+Mg)" " e Castp

Puﬂ;]k i 1 1 CD;*HCD_;

Tables for Caloulating pie

Conct. Conct. Concr,
Lu+Myp+Ha Ca+M COz+HED S
{(meq/1) pXi-KL) (qu}l} p{Ca+Mp) (me f*_fl:' pAlk
5 + 2.11 .05 = 4.60 | .05+ 4.30
o | 2.12 .10 4,340 .10 4 .00
.9 2.132 « 15 4.12 - .82
1.2 2.14 | 4.00 L20 3.70
1.6 2.15 L 25 3.50 .25 3.60
1.9 2.16 32 3.80 31 3.51
2.4 2217 39 3.70 .40 3.40
2.8 2.18 .50 .60 .50 3,30
3.3 2.19 63 250 LB3 .20
3.9 2.20 .79 3.40 .78 3.10
4.5 2.21 1.00 3.30 .99 .00
5.1 2,22 1.25 3.20 1.25 2.90
5.8 2.23 1.58 3.10 1.57 2,80
6.6 Z2.24 1.8 3.00 1,598 2.70
7.4 2,25 2.49 2.80 2.449 Z2.60
8.3 2.26 3.14 2.80 1.13 2.50
9.2 2.27 3.90 2.70 4.0 2.40
11 2.28 4,97 2.60 £.0 2.30
13 2.30 6,30 2.50 6.3 Z2.20
15 2.32 7.50 2.40 7.9 2.10
18 2.34 10.00 2.30 5.9 2.00
22 2.36 12.50 2.20 12,5 1.90
25 2.38 15.80 2.10 15.7 1.80
29 2.40 159,80 2.00 19.8 1.7
34 2.42
jg i:j; Exaronle: To cmlculate ad{.SAR of water from
J
gi g:;g adj.SAR= 55-‘: []+[E.4-pHc]]
67 2,82 J“L—&”
76 .54 .
With report of water amalysis
He : e 3.5 meogyl
Ca+Mp = 1.0 meyg L
Ca+Mp+Ha = 4.5 mey N
COz+HCO = 3.0 mey [l
pHes 2,21+3.30+42.5= B.01 (from tables)
muishani%i: [1+(s.4-s.91)] x4,95 [1+.39)
172

adj.5AR= &.BB
HOTE: Values of plic ‘above B.4 indicate tendency to dissalve lime
from soil through which the water noves: wvalucs below B.4
indicate tendency te precipitate lime from waters applied.

(ref: L.V. Wilcex, U.S. Salinity Lsboratory, mimeo 30 December 1956).



10. CORFECTTONS FOR PERMEABILITY PROBLEMS

Water cquality problems related to soil permeability can often be prevented
or corrected by either physical or chemical practices that will result in more water
entering the soil,

Physical practices include:

= land grading for better wzter distribution and reduced run-off;

= holding the water on the field longer;

-~ decreasing the slope of land by land grading or by changing direction

of irrigation to a lesser slope;

- collecting and recirculating tailwater runoff;

- with sprinklers, matching water application rate to less than the intake

rate of soil;

= blending water supplies,

Chemical amendmente for correction of soil permeability problems are some-
times remarkably successful. Gypsum is the usual amendment and ig added either to
water or scil. HRates for addition of gypesum to water vary from about 200 to 1000 1b
per acre foot of water, Rates for application to soil range from 2 to as high as
10 or 20 tons per acre., Soil tests aid in predicting amendment needs., Water and
seil analyses are essential in determining the rate of application as well as
feasibility of adding gypoum,.

11 TOXICITY PROBLEMS

Toxdicity problems due to quality of water are often very specific for a
certain water constituent and for a certain crop. In general, tree crops and woody
ornamentale are especially sensitive to rather low concentrations of sodium and
chloride; ammmal crops do not exhibit this same degree of sodium or chloride sengi-
tivity. Boron affects a wide range of crops. The interpretation of toxicity
effects in the guidelines recognizes toxiocities resulting from either root absorp—
tion of sodium, chloride, or boron from the soil solution or from sodium or chloride
by foliar absorption through leaves wet by sprinkler irrigation,

The boran problem usually is associated with boron applied in the irrigation
water but in some instances boron is present in the soil., It can be leached, but
with difficulty. In general, correction of a boron problem is accomplished by
changing water supplies or selecting & crop more compatible with the boron in the
water supply (see table on Boron in Irrigation Hatars}.

Corrective or preventive action for toxiocity problems due to root absorption,
usually includes improved water management, leaching, and sometimes the addition of



Table & BORON IN IREIGATION WATERE

Boron toxloity in many areas is traceable to use of irrigation waters with
boron content in excess of 1 ppm. The UC Ag. Extension laboratories are ueing the
following interpretation as regards boron contemt of irrigation water:

Below 0,5 mgfl Satisfactory for all crops.

0.5 = 1.0 mg/1 Satisfactory for most crops; sensitive crops may show
injury (ma.y ghow leal injury but yields may not be
affected).

1.0 = 2.0 mg/1 SGatisfactory for semi-tolerant crops. Sensitive crops
are usually reduced in yield and vigowr,

2.0 =10,0 ugj’l Only tolerant crops produce satisfactory yields.

There 1s no economically feasible method of removing boron from irrigation
water. 3Similarly, there is at present no chemical or soil amendment which can
sconomically be added to the soil to render the boron nontoxic. However, growers
in soms areap are learning to live with marginel boron and salinity conditions by:
1) maintaining fertility levels slightly above the usual "optimum," and 2) irri-
gating & little more frequently than "normal."

RELATIVE TOLERANCE OF PLANTE TO BORON

(In each grouwp the plsnts first named are congidered as
being mors sencitive and the last named mora tolerant)

r

! SEESITIVE SEMI-TOLEHANT TOLERANT
| 0.5 mg/1 1 mg/l 2 mg/1
|Lemon Lima Bean Carrot
{Grapefruit Swest Potato Lettuce
;ivum.d.n Bell Pepper Cabbage
Orangs Tomato Tarnip
Thornlers Blaokberry Pumpkin Onion
Aprioot Zinnia Broad Bean
IPGIﬂh Cat Gladiclus
Cherry Hila Alfalfa
Feraimmon Gorn (maize) Garden Beet
Yadota Pig Wheat Mangel
Grape {Bultanina & Malaga) Barley Sugarbeet
Apple Oiive Palm (Phoenix canariensis)
Paar Bagged Hobin Rose Date Palm {dﬂ.c‘:]life;ﬁ
Flum Field Pea Aep |
American Elm Badish Athel ( Tamarix aphylla) |
{Nayy Bean Sweet Pea 10 mg/1 - '
Jerusalem Artichoke Pima Cotton
Persian (English) Walmuot Acala Cotton
Black Walrmut Potato
Pecan Sunflower (Native)
1.0 Igj’l 2 ugfl

Adopted from USDA Tech., Bull, ¥o., 448
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13.

s0il or water amendments. The foliar absorption probleme (from overhead sprinkling)
cocur most generally during periods of high winds or low humidity. A change to night
irrigation along with faster rotation of sprinkler nozzles to at least 1 retation of
the head per minute has sometimes greatly reduced the problem. Less frequent irri-

gations by sprinklers may also reduce opportunity for leaf absorption to ogcur,

MISCELLANEQUS PROBLEMS

Az briefly mentioned previously, miscellzneous problems include 2 mixed group
such as sxecessive muirients, white deposits on fruit or leaves, and other occasional
abnormalities that may be suspecied to be caused by the water used for irrigation.
Cuidsline wvalues are given,

Nitrogen sometimes o¢ecours in water supplies. Nitrogen is & recognized
fertilizer matrient which promotes growth of both crops and algae. If present, it
may need to be considered, particularly in plamning the crop fertilizer programme
or in selection of an adapted crop., Certain crops such as sugar beets, grapes,
apricots, citrus and a few others are sensitive to excessive nitrogen. The type of
problem will depend on the orop but may include reduced jyield, lower quality, or
delayed maturity.

Bicarbonates in water applied by sprinklers has caused cbjectionable white
deposits to form on fruit or leaves of some crops (grapes, leafy ornamentals, apples).
The ocecurrence and correztion is similar to that discussed for correction of foliar
absorption problems — change to night irrigetion, increase speed of rotation of
sprinkler heads, decrease numbers of irrigation where possible,

Under this grouping of miscellaneous problems pH is included; pH walues for
waters normally fall within the range of 6.5 4o 8.4 and if ocutside this range, may

indicate that other problems may be present and should be studied.

TYPICAL WATER ANALYSES FROM WESTERN USA

For comparison purposes, several typical water suppliec are evaluated in
Table 9.
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W
Ca+lg
Ha
H |
Mo, <X

3
pH
SAR

ol

(B

adj.3AH

-

A moderataly severe permeability problem
exnected dus to low salt content.
Cvaluate amendments,

Ho poiential water guality proolems
indicated,

Low to moderate salinity proglem expected,
Some slight toxisity effects i crop
leaves are wet by sprinklers. Zelect
arons for moderats tolerancs to salinity.
Mlonitor soil and crop.

Severe splinity provlem expested.
Permeability problem not expecied since
nigh salinity should maintain permeability.
Probavle sodium and chloride toxicities

to sensitive orops. Selest crops care-
fully, meet LR for crop and water. Moniter
crops and soil,

Yoderate salinity problem expected; low
potential te develop permeability problem;
select crops for salinity and sodium
tolerance; supply extra water to meet LR
for crop and water supply.
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Table 10
EC
Na

2.6 5.3

9.4
7.1

1. 46
2T
0.5%3

1.50

4.70

0.17
0.28

0.08

(meq/1

€O +HCO, (meq/1

1.1

1.0

2.0
0.12
PELO

(meq/1)
(mg/1)

Cl

od

0,06

Q.17

(mg/1)

N03-H
pH

6.8 6,8
10.4

8.1

10.2

A
-

1.4
x5

SAR

1.2

14.9

-fll:.'

6.4

adj.SAR

Mederate permeability problem expected due
to low salts and high SAR (in absence of
source of Ca). If sprinklers used; adjust
application rate and evaluate need for an
amendment,

Low to moderate potential for salinity
problem. Very high nitrogen (76 lb
¥/acre ft of water). Select crops,
especially for high N adaptability.

Moderate potential for salinity problem.
Strong probability of permeability problem.
Selest crops carefully; meet LR for crop
and water; monitor seil and crop and
evaluate need for amendments.

Slight to moderate permeability problem

is expected. Possible sodium toxiecity for
sensitive crops. Evaluate need for amend-
ments.

o more than a slight permeability problem
is expected dus to adj.SAR. Possible
sodium toxicity for sensitive crops.

L wvery severe permeability problem is
expected due to extreme purity of the
water, Evaluate use of water amendments.
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Paper 17 PREDICTING SOIL SALINIZATION, ALKALIZATION AMND WATERLOGGING

2.1
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DNTRODUCTION

Soil salinization, alkalization and waterlogging are complex phencmena; they
are closely related to water movement in the soil profile and affected oy several
factors such as:

3. climatic conditions:

ii. s0il properties including texture, teopogranhy, oresence of indurated

layers and hydraulic conductivity;

iii, groundwater characteristics including depth, slope, direstion and

salt concentration and composition;

iv, irrigation, including amount of waiter added at esach irrigation,

frequency and method of irrigation; surface or subsoil;

V. water quality; salt concentration, cation and anion composition;

vi. vegetative cover;

vii, Thuman activities,

Predicting that a certain area is subject to salinization or alkalization
is not difficult. The complexiiy of the problem arises when attempts are made to
quantify the prediction. The role of the factors mentioned has been demonstrated,
but the quantitative evaluation of their effect in relation 4o each other still
needs further consideration.

This report presents results and findings of interest in the processes of
salinization, alkalization and waterlogging related to some of these factors; others,
not discussed herein, have been aptly presented by members of this panel. Tentative

guidelines for prognosis are suggested,

THE SALINIZATION PROCESS
Climatic Conditions

The components of the elimatic conditions which are involwved in the soil

salinization phenomenon are those related to evaporation from bare seil surfaces



and evapotranspiration from soils with vegetative cover. These components are air
temperature, rainfall, relative humidity, wind veloecity, relative duration of bright
sunshine and solar radiation,

Using meteorclogical records, several investigators were able to evaluate
evaporation from bare soils and evapoiranspiraticn from cultivated soils. Among the
methods uged for predicting potential evapotranspiration are those of Blaney and
Criddle, Penman and Rijtema. If the sali concentration in the soil solution is
krnown, an estimation of the accumulated amounts of salts due to evaporation and
evapotranspiration processes can be made, Use of sub-irrigation makes such calou-
lation feasible since a repular low of water from underground to the soil surface
and/or the plants takes place,

In an attempt to express quantitatively the process of salinization due to
capillary movement and subsedquent evaporation, the writer (Salba and Scliman, 1965)

used the folleowing relationshinp:

AS =al Dw + W C

H Wl

where A 5 is the increase in soil column content of salis after a period of time,
HW is the liquid water retained by the soil column, W, is the evaporated water in

the period of time and G, is the salt concentration in the saline groundwater, If

plants are growing in thg s0il, the problem is not so simple, as shown in an
unpublished work by the writer and his co-workers fBalha and 3oliman, 19?5}. When
applying saline water in sub-irrigation, actual evapotranspiration decreased with
the inecrease in the salt concentration of water., Accordingly, the term HECH does
not equal the amount of salt accumulated in the scil due to evapotranspiration when
the value of HE is caleulated from any of the above-mentioned methods,

Calculated evapotranspiration of Sudan grass using the Rijtema equation (1973)
was 5,72 mm/day or 4.378 1 in the periocd of the experiment (25 days). The actual
ET wash,79 mmfday or 4,651 1 when tap water was used for irrigation and 4,234 1 and
3.886 1 with the use of solutions containing 15 or 30 meg/l. Thus, the calculation
of the term “ECW iz not correct under saline conditions,

Evaporation and evapotranspiration depend on climatic conditions, Balba
and Soliman (1959) showed that evaporation from a loamy soil with & shallow water
table was 0.43 mm/day in July and dropped to 0.11 mm/day in September. PRijtema
and Aboukhaled (1973} prepared tables for maximum atmospheric evaporative demand
in several agroclimatological regions in Egypt; the values varied each month and in

each region.



2.2

2.3

Seil Properties related to Water Movement

It has been mentioned above that so0il water movement is the basic criterion

in salt accumulation in the seil. This movement is controlled by the potential

differences between different points in the soil-water system. The water tends to

move from a position of higher to one of lower potential. Several factors are

involved in the ecapillary movement of water in soil among which are:

i

ii.

S0il texture

From a water table 50 cm deep, the water reached the so0il surface
after 1 day in columns of loamy soil, 16 days in sandy soils and

28 days in clay soils (Balba and Soliman, 1969). Balba and Soliman
showed that rates of evaporation from loamy, sandy and clay soil
columns in July were 0.43, O 20 and 0.12 mm/day.

Depth of groundwater iable

The water content of the upper part of the loamy soil column (0-10 em)
decreased from 313 to 27 and 25 percent with the increase in the length
of the soil columns above the water table from 50 cm to 80 cm and

110 em, respectively. As the water decreases, the suction of the

soil surface layers increases and the evaperation rate approaches a
limiting value which cannot be exceeded no matter what the potential
evaporation rate. After 100 days, the rates of evaporatiom from the
leamy soil columns, 50, 80 and 110 em long above the water table,

were 0.35, 0.29 and 0,17 mm/day, respectively. The concentration of
salts in the upper 0-2.5 cm layer in the soil columns was 112, T4 and
63 meq/l, respectively (Balba and Soliman, 1969). Elgabaly and Naguib
{1965) studied the effuct of depth and salt concentration of the
groundwater table on the seil salinization process using lysimeters
planted with cotton and with under surface irrigation., Their study '
showed that: when the groundwater table was kept at 50 cm from the
s0il surface, the increase in the salinity of the upper 20 cm was
very pronounced. At a depth of 90 cm, the soil salinity was less

than 1/3 of its level at a depth ¢f S0 cm, and the effect of dif-
ferences in the salinity of the groundwater was not wvery pronounced.
They concluded ihat the depth of groundwater contributed more to

the salinity of the soil surface than the salinity level of the
groundwater,

Seil Salinization due to Irrigation with Saline Water

If selt accumulation in the soil due to surface application of saline water

is considered separately from other processes such as capillary movement of water,



plant absorption or evaporation, the following equaiion represents the salt balance:

=

al

- Si + HC = Su

where SF ard ﬁi are the final and initial salt content of & soil layer, H is the

el

amount of water retained by the soil layer, ¢ is the salt concentration of the

applied water and SD is the smount of salts removed from the soil layer with the

water front during its paesage from one layer to the other. Under free drainage

conditions the writer and his co-worker (Balba, 1965) showed that:

iv,

the soils differ in the amount of salt retained according to the
amount of water retained;

using Hazg, the amount of salta removed from the soil was found to
decreass with the increase in the salt concentration of applied
water;

when the soil columne were leached with inecreasing amounts of the
palt solution, the final salt ocontent of the soil column did not
materially wary with variations in the amount of added water;

the final soil salt content after one leaching with saline water
wag almost the mame after ? or more leachings, An equilibrium state
takes place in which the retained amount of salt from the applied

water equals the removed amount in each application.

2.4 Effect of Vegetative Soil Cover on Scil Salinization

Several invepiizators have studied the roele of soil vegetative cover on

goil salinization., Unpublished work by Balbe and Soliman shows that:

1.

ii,

iii,

iv,.

the amount of water lost to the atmosphere from hare soil drums with
& phallow water table was almost deoubled when Sudan grass was grouwn
in August (2,172 ve. 4.651 1 in 25 days);

the absorption of water by plants greatly exceeded the absorption
of salts dissolved in the applied water — hence salis accumulated
in the root-system zone of the soilj

the inorease in salt oconcentration of the applied water decreased
the evapotranspired water (4.651 1 of tap water vs, 3,886 1 from a
solution oontaining 30 meq/l of NaCl);

typloal salt dietribution in bare soil profiles with a eshallow,
galine groundwater undar arid conditione is charaoterized by &
maximum concentration at the soil surface followed by a sharp drop
in the subscil and a gradual deorease with depth to a minimum con-—
centration which is egqual to the salt concentration of the ground-
water, Under vegetative cover, the msalt distribution in the seil
profils aﬁangun. The following featuree characterize aalt



distribution in cultivated soil (as if in the case of subsurface irrigation),
as compared with bare soil. It was noted that maximum salt accumilation was
not at the soil surface, but rather at a depth of about 10 om: actually it
followed the intensity of the root system. The bare soil drums accumulhted
181.6 meg of salts, of which 115.7 meg were in the upper 5 cm, while the
cultivated soil drums accumulated 236.1 meg with 38.2 meqg in the upper 5 cm

after 25 days using a solution containing 30 meq ﬁaﬂifl.

Salt accumulation as a result of the soil vegetative cover varies consider—
ably according to all factors which affect plant growth since evapotranspiration is
a bioleogical process. Among these factors are: plant morphology especially the
root system distribution, rate and pattern of planting, plant tclerance to salinity,
water regime, water salinity, depth of groundwater table and the climatic conditioms,

and the methed of irrigation: surface vs. subsurface,

THE ALKALIZATION PROCESS

The procesees which result in an increase in the exchangeable sodium and

sodium carbeonate in the soil are:

i. desalination of saline sodic soils which do not contair a supply of
calcium;
ii, irrigation of soils with water containing residual CO, + HGG;

and high SAR values;

44, groundwater rich in HGOE + 00; and with high SAR values have the
same effect as irrigation water of the same quality;

iv. the microbial processes of sulphote reduction under anaerobic

conditions.

WATER LOGGTNG

Soils saturated with water are said to be waterlogged. In waterlogged soils,
anaerobic conditicns, unfavourable to plant growth, may prevail., Salinization is
usually due to the upward movement of water and subsequent evaporation as mentioned
above, Alkalization also may occur because of waterlogging.

Conditions which cause waterlogging are:

i geepage of water from irrigation canals;

ii, rise of the groundwater table due to excessive irrigatiom:

iii. presence of impermeable layers in the soil profile;

iv. areas of low relief adjacent to or surrounded by areas of relatively

higher relief which usually .receive water from these surrounding

areas.
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Egypt first guffered from waterlogging when irrigation was changed from
baain to permanent irrigation depending on an elaborate network of camals. A

drainage system

had to be established., The problem also became acute in the newly

reclaimed area (200 Q00 ha) west of the delta "west of the Nubaria Canal Project",

threatening the

canal which has

whole project and the adjacent low-lying area east of the Nubaria

been under cultiwvation for a wvery long time,

The problems of salinization and waterlogpzing are related to each other.

Wherever waterlogging takes place, salinization is a result.

TENTATIVE GUIDELINES

Predicting soil salinization, alkalization and waterlogging requires

extensive investigations directed towards the groundwater, the soil, the irrigation

system, the guality of irrigation water, the cropping system and the climatic

conditions.

Predicting Haterlogging

To predict that waterlogging will take place in an area the following groups

of inveetigations must be carried cut. These investigaticns aim to analyse the

problem in its various elements and to determine their individual characteristics.

Thug there should be an understanding of how these elemenis - or groups - interrelate

and function,
Group A

Groundwater investigations

Group B

These investigations should cover all aspects concerning the
groundwater such as: depth from soil surface, salt concentration
and compeaition, the hydraulic properties ineluding slope, direction
and rate of flow.

Soil investigations

Group C

These include: the scil profile, the soil. texture, soil-water
constants, presence of indurated layers and their composition,
hydraulic conductivity and exchangeable cations.

Irrigation investigations

Group D

These include: the method of irrigation (surface or subsoil),
design of the network of canals, the amount of water to be delivered,
and the frequency of irrigation.

Agronomic investigations

Include: the most suitable cropping system, the water consumptive
uge of each crop and each rotation, and the water regime of each

crop.



The necessary metecrolegical records should also be available. Investige-
tions relating these four grouns together should te carried out and caleulationsz
made:

i. from the irrisation metheod, the distribution network of the canzls,
the amount of water and frequency of irripgation, the amount of wuater
seepage from the canals downward to the groundwater and through the
canal borders to the adjacent land:

ii. from the amount of water anplied at each irrigation, the number of
irrigations, the evapotransniration of each ¢rop and each crop
rotation and the soil properties, the amouni of excess water which
renlenishes the groundwater: in this group of calculations any
artificial drainage system should be taken inte consideration;

tit. of the water balance,since the inflow ef water to the groundwater
and its outflow are lcmown.,

Thus it is possible to know the rate of the groundwater table rise
towards the =o0il surface.

The time after which the groundwater reaches the ecritical depth as
well as the time it needs to saturate the soil can be calculated.
If this study is not feasible, the alternative is to establish a

pilot project and measure the necessary records,

Predicting Soil Salinization due to Upward Movement of Croundwater and iis Subsetuent
Evaporation

The above-mentioned groups of investigations, which constitute the basic
elements of the provlem of waterlogging, are the same for predicting soil saliniza-
tion. For the interrelationships between these elements from the standpoint of their
effect on soil salinization, the folleowing points should be considered:

i. The following conditions enhance the salinization process:

shallow groundwater tahle, 50-75 cm,

salt concentration in the groundwater,
medium soil texture,

arid warm climate,

long pericds between each irrigation,
subsurface irrigation,

inefficient drainage system,

water consumptive use of crops,

water regime of crops (cereals vs. riece),

fallowing in dry seasons.



ii- The following conditions retard the salinization process:
deep groundwater,

surface irrisation,
effigient drainapge,
crops grown under ponded conditions,

humid, cold climates,

Quantifying the prediction requires weighting these factors in relation to
each other, 4 mathematical model which takes into consideration these weighted

variables simultanecously might give an answer to this problem,

Predicting Soil Salinization due to Irrigation with Saline Water

Several systems were established in different countries for classifying the
suitability of water for irrigation according t¢ its salinity levels, According to
these systems, predicting s0il salinization should be possible, However, the writer
points ocut that the potential salinization of soils irrigated with saline waters
depends not only on the water salinity level but on several other conditions such as:

the irrigation regime, especially the pericd between irrigations,

the amount of aopplied water,

the method of irrigation,

the depth of the groundwater,

the hydraulic conductivity,

the efficiency of drainage systems,
the climatic conditions,
the soil texture,
the presence of impermeable layers and their depth,
the kind of vegetative cover,

the soil topography.

To predict gquantitatively the salinity level of a soil irrigated with water
of a certain level of salts, the following information is required:
ia the amount of salts accumilated in the seil from each irrigation as
a result of evapotranspiration by the growing crop under the prevail-
ing conditions;

ii- the amount of salts displaced by the water of each irrigation and
removed from the soilj

iiie the amount of salt which might be displaced and removed by the
rainfall.

The salt balance can be calculated, from which the net amount of accumilated
salt will be known. Two elements constitute the salt balance:
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a. the gain of salts which can approximately be evaluated from the
product of potential evapotranspiration times the salt concentratien
in water, Distribution of salts in the soil, however, remains to
be studied;

b the loss of salts displaced with each irrigation or with rainfall,
This element might approximately be determined by applying equationa
used for calculating the salt movement with water, such as that
sugpested by Cardner and Brooks (1957), Terkeltraub and Babcock

(1971) or other eguations.

Studying the salt balance of irrigated soils, Szaboles (1972) suggested the

following equation:
b=a+ [a+g 107)
s
where:
scluble salt content of the secil at the end of observations,
mg/100 g soil.
a = soluble salt comtent of the seil at the begimning of observa-
tion, mg/100 g seil.

¢ = salt concentration of the irrigation water g/l.

o
i

v = quantity of the irrigation water applied during the observation
period, mﬁfha.
M = thickness of the soil layer for which the salt balance was
established, m.
tfs = tulk density of the soil.
4 = salt regime coefficient of the soil, g/100 g seil.
He stated that the salt regime gives the change that cccurred in the salt
content of the soil during the cbservation period. It gives the difference between
the amount of salts leached from the soil and the amount of salts that got into the

soil from sources other than the irrigation water.

Predicting Soil Alkalization

The conditions leading %o soil alkalization have been described earlier.
Thermodynamic studies of the cation exchange reaction offer a means to calculate the
exchangeable sodium percentage when Na rich water is used for irrigation. The
concept of sodium adsorption ratic SAR, widely used in water classification accord-
ing to its sodium hazards, is a direct application of the thermodynamic approach
(Richards, 1954). Also, recognizing the effect of CD; + HGG; on the solubility of

caleium, the residual GD; + HDD; concept was used as a parameter for potential



alkalization of the soil when irrigated with waters containing residual EGD; + Gﬁ;
(Richards, 1954). Also in this regard, based on thermodynamic consideratione and
experimental results, the writers (Balba and Balba, 1972) showed that 50; rich
#aters are more Na hazardous than Cl~ rich waters. However, the excharge reaction
between the sodium of the water and the soil exchangeable calcium takes place under
flow conditions and not in a closed aystem under which SAR standards are calculated,
Brooks et al, (1957) showed the applicability of the following approximated
equations for use in the field for irrigation waters containing a high proportion

of aodium:

[ T
1 e o 5 —
" = | VK evg=,

and,

_1 {
?. - . D=1z
Na TSR Fom R QA By B QD =t ]

wharo: K' 13 the apparent second order eguilibriun constant as
approximated for exchange of cations having unequal valence,
dimensionless.

1 total cation concentration of the irrigated water in meg/ml.

cation exchange capacity of soil in meg/z.

[~ I i =]

depth of irrigation water applied, cm,

%a concentration of Na in the adsorbed phase at a specified

Cya © cOncentration of Na in the solution phase at a specified
depth (Z), meq/ml.

depth of moil, cm.

b : dry bulk density of soil g/cc.

matio of void space occupied by dilution to total volume of

depth (Z) in the column, meg/z.

column, dimensionless,

Balba and Baesiuni (1972) ueing H‘EE calculated cl; and %ﬂ from the Brooks
st al. equations. Their calculated results did not agree with the determined
resulta, Aleo, they cbtained uneatisfactory results when they used the Bower and
Goertzen equation (1958) to calculate the exchangeable sodium in soil colums arter
leaching with water, The writer is of the opinion that the exchange reaction under
flow conditions as well as between more than two cations atill needs further studies.

The potential alkalization during the desalinization of saline sodic soil
might be predicted by the direct determination of the soil content of gypsum and
calcium carbonate. In the presence of neutral salts and excess water, the supply of

= ¥
Ca’ " from the soil gypeu~ and lime prevents soil alkalization.



Balba and E1 Laithy (1968) suggested the following simplified test: the
goluble Ca is determined in the soil paste extract and in a 1:100 soil-water
extract. The increase of Ca' ' in the latter extract, per 100 g soil, above catt
in the former, indicates that the soil contains Ca-compounds which dissolve in
excesas water giving additional Gar . IE otherwise, alkalization will develop in
this soil during or after the completion of the leaching proceds.
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V. World Map of Desertization

KA. DISCUSSION PAPER ON THE PREPARATION OF THE WORLD MAP OF DESERTIZATION
WITH PARTICULAR REFERENCE TO SALIHITTfALKALIHITT PROBLEMS

by

FoJs Mahler
Senior Officer, Enviromment Programme Coordinating
Unit, AGIE, FAO

BACKGROUND

Resolution 31337 (XXIX) of the UN Ueneral Assembly requests the preparation
of a world map of the areas affected or likely to be affected by desertization.

The objective of this map is to serve as a background document for an
intergovernmental Conference on Desertization plammed to be held in 1977.

The map should be published by the end of 1976, Taking into account the
time required for proof-checking and printing (5 months), the master copy of the
map should be ready by July 1976. Considering other delays for recruiting per—
sonnel and for establishing arrangements with contributing inastitutions, the
time left for the actual preparation of the map ie less than one year.

CGENERAL CONSITERATIONS

Definitions

There is no agreed definition of desertization. The word "desertification”
ie something used instead of desertization., Some consider "desertifiocation™ to be
man-made desertization — desertization encompassing both natural and man-induced
cauges of extension of deserts. In the context of the project it is proposed to
use the following definitioni "the development outside desert arsas and within
arid and semi-arid areas, of landscape features of the deserta".

Tis definition calls for discussion on several poimts:

i. it restricte desertization to arid and semi-arid arsas;

ii, it does not specify either the causes or the processes of desertiza—

tion;

iii. "Landscape features of the deserts" have to be defined. These may

include sand dunes, rock debris, salt flats, badlands, hamadas,
deruded mountains and barren plains;

iv,. "the development of the landscape features" includes the consideration

of all possible intergrades between the above desert fsatures and
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and thome of the arid and semi-arid areas as well as the ocourrence of

these landscape features by patchen,

The Scale

The time constraints set for the preparation of the map and its aims (e.g.
consideration by a political gathering) imply the preparation of a simple generalized
map of a rather complex nat of features on which limited cartographic information is
available.

Guidance im invited on the selection of the ncale:

i. a rcale of 1:10 million would require the publication of about six
sheets which does not seem feasible in the time allotted for the
preparation;

ii. a seale of ahout 1:25 million would match the scale of the Map of

Meigas on arid homoclimates. However, very little information can be

provided at this scale.

The Legend

The legend should comply with the raquirements of the UN General Assembly
reosolution, e.g. it should theoretically distinguish between areas already affected
and those likely to be affected by desertization. It should be noted, however, that
an area already affected by a certain type of desertization is quite often likely
%o be aivected by another. Moreover the likelihood of desertization depends both on
the inherent vulnerability of the landicape to degradation (slope, soil texture,
aggrensivity of climate) and on human influences, either positive (protection,
management, reclamation) or negative (degradation).

For this, guidance is invited on the elaboration of the legend:

i, by "areas already affected by desertization" it is proposed to under—
gtand esoentially those areas which have already acquired strongly
developed desert features, e.g. sand dunes, badlands, strongly saline
areas; all the other areas would be conoidered as areas likely to
be affected and would be assessed according to their inherent wvul-
nerability (thus exeluding human influences);

ii. among the areas likely to be affected, only those which are highly
and moderately vulnerable would be indicated (as one single category)
on the map; the slightly vulnerable areas would not be showm on the
map. The most critioal areas could be shown ny A map 7v7bol (=.g.
without delineation of the arean);

iii. the legend would distinguish among different procecses of desertiza-
tion and for each of these processes would separate into two categories,
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e.gs "already affected" and "highly to moderately vulnerable" would
be shown. Armong the processes to be distinguished one may considers:

8 salinization and/or alkalization,

b. development of shifting sands,

Ca dermudation of vegetation,

d. demudation of hard rock or hard pan,

e, development of badlands on soft material.

it is very clear that at the scale considered and with the informa-
tion available the ansessment of the vulnerability to desertization
can only be made by judgement. However, it will be essential to
develop criteria and a method of assesement which include considera—
tion of soil characteristics, climate, land form and vegetation in

order to ensure consistency in the agsessment,

DESERTIZATION AND SALINITY/ALKALINITY

The development of salirity and alkalinity features in arid and semi-arid

landscapes depends both on inherent factors (presence of saline rocks, depth of

groundwater, occurrence of saline waters, land form and soil drainage) and on human

influences (irrigation, reclamation, demudation or protection of watersheds, etc.).
Comments were invited on the aspectc of salinity/alkalinity which should be
included in the World Map of Desertization, such as:

i.

ii.

anould the arean undergoing salinization by irrigation be shown
and how? — by man symbols or by special mapping unitz?

can alkalinization be distinguished from salinization at the scale
contemplated for the map?
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B. DRAFT REPORT OF AN FAO EXPERT CONSULTATION ON THE PREPARATION
OF A WORLD MAP OF DESERTIZATION 1/

BACKGROUND

The expert consultation met on 4 June 1575 at FAQ Headgquarters, Rome, under
the chairmanship of Professor V.A. Kovda, Director of the Institute of Agrochemistry
and So0il Science, USSR, and President of SGDPEEK. The list of participants is
attached in Annex 2,

The consultation was held as a follow-up to a decision by the Administrative
Committee on Coordination of the United Nations to entrust FAD with the responsibility
of acting as focal point in the UN system for cooperation for the preparation of a
World Map of Desertization,

This undertaking stemmed from Resolution 3337 (XXIX) of the UN General
Assembly to hold a UN Conference on Desertization in 1977. The resolution requested
inter alia the "preparation of a world map of areas affected and areas likely to be
affected by the process of desertification",

PURPOSE OF THE MAP

It was noted that the map should be published by the end of 1976. Taking into
account the time required for proof-checking and printing (6 months), the master copy
of the map should be ready by July 1976, Considering other delays for recruiting
persomnel and for establishing arrangements with contributing ingtitutiona, the time
left for the actual preparation of the map was less than one year, The axpert con-
sultation therefore recognized that only a generalized map could be prepared in such
a short time.

Taking this time constraint into consideration, the expert consultation
considered that the main purposes of such a map should be:
i. to provide on a global geographical basis and with a uniform presen-
tation, a preliminary eynthesis of the available cartographic infor—
mation on desertization;

ii. to mobilize social and political awareness of the problem;

1/ The consultation was held on the occasion of the FAO/ISSS Expert Consultation on
Frognosis of 3alinity and Alkalinity, FAO, Rome, 3 = 6 June 1975,

2/ SCOPE - Scientific Committee on Problems of the Envirorment
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iii. to serve, with other background documentation, az a basis for
stimulating international cooperation for further assessing and
combatting desertigation, in particular, for locating homogeneous
areas and representative sites for regional cooperation of national
activities for research, monitoring and conservation and development
Programnesy

iv. to serve as a framework for more detailed surveys in selected areas,

SCOFE OF THE MAP

It was noted that there is no agreed definition of desertization and that
the term "desertification" was sometimes used instead of desertization. "Desertifi-
cation" was sometimes considered to be man-made desertization — desertization encom—
passing Loth natural and man-induced causes of extension of deserts., In the comtert
of the proposed project the Expert Consultation generally agreed to use the follow-
ing definition: “the development outside desert areas and within arid and semi-

arid areas, of landscape features of the desertsh,

It was, however, stressed that the use of this definition would restrict
the map to arid and semi-arid areas. While recognizing that desertization quite
evidently occurs outside desert areas, the Expert Consultation recognized that the
delineation of "“true desert" areas would raise problems, especially the differentia~
tion between man—made and natural deserts. It was generally agreed that considera-
tion of precipitation alone would not provide a satisfactory criterion and that
potential evapotranspiration and precipitation had to be considered together. It was
felt that a revised version of the Unesco Map of Arid Homoclimates (Meigs) could
provide a suitable basia for delineation of desert, arid and semi-arid areas for the
purposes of a generalized map. The group finally agreed that the Desertization Map
should include consideration of hyper—-arid, arid and semi-arid areas and natural

degerts outside these areas,

Other climatic factors which should be considered were, in particular:

i the differences between cold, cool and hot deserts (as
distinguished in Meig's Map of Arid Homoclimates);

ii. the reliability of the rainfall or, in other words, the frequency
of droughts,

In this respect, it was recognized that the frequency of droughte was an
important factor in assessing desertization and desertization hazards. However,
mary other factors had to be assessed concurrently since different degrees of
desertization could develop under human influences within areas having the same
drought hazard. In this connection the Chairman presented the outline of a World
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Map of aridity and drought probability differentiating ecight categories of arid
areas on the basis of frequency of drought, soil and physicgraphic features, This
map and its legend are reproduced in this report. While recognizing that other
desertization features would have to be considered, the group agreed that this
integrated approach deserved careful consideration and recommended that this map,
with othersmentioned below in the report, should be used as an important imput for

the preparation of the desertization map.

The group also recommended the consideration of other factors such as:

B the potential productivity (expressed in dry biomass) and the
related data provided by the International Biological Programme;

ii. the present land use and present land productivity:

Lii, human/" social" factors such as density of human population, avail-

avility of water from wells and streams and percentage of cultivated

lands,

It was, however, recognized that information on these factors was often
incomplete or unreliable and difficult to combine with the available information on
physical factors. While thease factors would have to be taken into account in the
process of assessment of desertization, most of the relevant information would not
appear on the map but rather in the accompanying report. To the extent possible,
it was recommended, however, that the present limit of cultivated (rainfed) areas

be shown on the map,

SCALE OF THE MAP

The group recognized that, for the consideration by government delegates
at the Conference, & simple map on a =small scale would have to be produced. It also
recognized that the time constrainte set for the preparation of the map would make
it impossible to prepare a map at 1 : 5 million (mome 18 sheets) or even 1 1 10
million (6 sheets) covering all arid and semi-arid areas of the Zlobe, It was there-
fore agreed that a peneralized world map of desertization would have to be preparad
at a scale of about 1 t 25 million, possibly on the same cartographic base as that
of the arid homoclimates,

The group was, however, doubiful about the scientific wvalue of the infor—
mation which could be conveyed at this scale if no other more detailed cartographio
material was prepared and presented concurrently. It therefore strongly recommended
that:

i. all the work of analysis and interpretation of data and information

available be carried out at the ascale of 1 : 5 million. This scale

is that of the Soil Map of the World and the Map of Salt—affected
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LEGEND TO THE GLOBAL ARIDITY AND DROUGHT PROBABILITY MAP

Areas of sporadic very rare droughts; probability 39%; areas transitiomal
to humid zones; pH of order T-6.%5; Gaﬂﬂl represented by residual concretions and

irregular patches in subhumic strata.

Rare drought; probability of 10-1F%; areas of accumilation of secondary
compounds of seaquioxides and calcium carbonate; steppes, prairies, savanna,

Mediterranean cinnamonic areas,

Frequent drought; probability 20-2%%; areas of accumulation of considerable
amounts of calcium carbonate, sometimes sodium bicarbonate; dry steppes, dry

BAVAINL,

Very frequent droughts; probability 40-50%; areas of accumulation of
calcium carbonate, presence of sodium bicarbonate, sometimzs conmsiderable amounts

of exchangeable sodium; semi-deserts, grey earth, chestmt soils and others.

Fine earth, lowlands, with accumulation of calcium carbonate, calcium
sulphate with an admixture of soluble salts; extremely arid areas with dreoushis
dominating up to 60-70% of the time { frecuency).

Sandy and stoney surface deposits saturated with calcium carbonate, gypsum
with admixture of sodiwm sulphate and sodium chloride; arid deserts with areas of
shifting sand and salt dunes and with incidental irregular moist years, drought
dominating up to 90-95% of the time (frecuency).

Mountainous arid desert soils and parent rocks unleached with caleiunm
cartonate, calcium sulphate, =oluble salts; phenomena of erogion and deflation;

absolute dominance of aridity in the order of 95% of the time.

The moat extremely arid deserts of the globe; accumilation of soluble
salts and particularly nitrates, iodates, calcium and magnesium chlorides;
deep deposits of gypsun, sodium sulphate and calcium carbonate:; absolute dominance
of aridity with drought probability of 100% and with exceptionally rare rainy spells.
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So0ile, and will be the scale of the World Map of Seil Degradatiunl!
which will proceed in close cooperation with the preparation of the
demsertigzation map;

ii a depertization map at 1 ¢ 5 million mcale be prepared concurrently
for a region [Africa north of Equator was suggested as & sample
region) to illustrate the nature of the simplification and generali-
zation processes which were involved in the preparation of the map
at 1 : 25 million scale;

iii a series of more detailed maps on sample areas should be presented
at scales in the order of 1 : 100 200 in a few melected representa—
tive regions;

iv the mapping criteria and mapping legends of the maps at 1 : 25
million, 1 ¢ % million and in the order of 1 : 100 000 should be
coneietent with each other in order to clearly show the relation—
ships between the three levels of generalization. The preparation
of these maps should therefore be carefully coordinated and prepared
jointlye.

THE MAP LEGEND

The legend should comply with the requirements of the UN General Assembly

resolution, e.g. it should theoretically distinguish between areas already affected
and those likely to be affected by desertization., It should be noted, however, that
an area already affected by a certain type of desertization is quite often likely to
be affected by another, Moreover the likelihood of desertization depends
both on the inherent vulnerability of the landscape to degradation (slope, soil
texture, aggressivity of climate and other matural factors) and on human influences,
either positive (protection, management, reclamation) or negative (degradation).
For instance, it was considered essential that, to the extent possible, a distine-
tion should be made between the areas where sandy deserts develop naturally as part
of a geological and geomorphological process and those where sandy deserts develop
ag a result of human influence,

The group generally agreed to the following guidelines for the elaboration
of the map legend:

lf The preparation of the World Map of Soil Degradation at 1 : 5 million is
expected to proceed concurrently. However, it will not be completed for the
Conference,



i. by "areas already affected by desertization" it is proposed to
understand essentially those areas which have already acquired
strongly developed desert features, e.g. sand dunes, badlands,
gtrongly saline areaa, hammadas, rock debris, and barren plains;
aLl the other areas would be considered as areas likely to be
affected and would be assessed according to their inherent vulner—
ability (tius excluding human influences)., To the extent feasible,
however, map symbols would be used to identify areas where deserti-
zation develops as a result of strong human influences;

ii. amony the areas likely to be affected only those which are highly
and moderately vulnerable would be indicated (as one single cate—
gory) on the map; the slightly vulnerable areas would not be shown
on the map., The most critical areas could be shown by a map symhol
(eege without delineation of the areas);

iii. besides distinguishing among different kinds of preeent desert areas,
the legend would distinguish within arid and semi-arid areas between
differernt processes of desertization and for each of these processes
peparated into iwo categories, e.g. "already affected" and "highly
to moderately vulnerable" would be ahown. Among the processes to be

distinguished one may consider:

a. palinization &nﬂfﬂr alkalization,
b developmert of shifting sands (encroachment) and wind
blowing (deflation);
Ca destruction of natural veEetationlf,
da dermmdation of hard rock or hard panas,
B development of badlands on soft material.
iv. at the scale coneidered and with the information available the

assessment of the vulnerability to desertiration can only be made
by judgement. However, to ensure consistency in the aagessment,
it is espential that criteria and a method of assessment be
developed on the basis of soll characteristice, climate, land

form and vegetation,

The group recognized that the experience already gained in the preparation
of the World Map of Salt Affected Soil could be usefully extended to other kinds of

lf in areas where no other degradation procese ocours,



degradation processes, in particular, the concepts used for the construction of
the legend. It was also noted that the FAO/Unesco Soil Map of the World could
provide most of the required basic information on the development of shifting
sands, the demdation of hard rock or hard pans and the developrant of badlanda,.
The legend of the Soil Map of the World also provided a useful distinction in the
moisture regime of the soils of arid and semi-arid areas (Yermosols and Xerosols).
It was also noted that the use of remote sensins imasery would provide useful
additional information,

S5ad The group considered that the assessment of the process of degradation of
the natural vegetation would raise problems since there was no cartographic docu—
ment available for vegetation on a worldwide basis similar to that for soil resources.
It wae, however, recognized that the degradation of ratural wvegetation was an
integral part of the process of desertization in certain areas, The map could not
therefore be based only on the consideration of physical factors such as soil,

climate and physiography.

i CONCLUSIONS

The Expert Consultation stresaed that an intecrated ecclogical approach
should be used in the preparation of the map rather than an appreoach which would
only consider individual physical factors of desertization. It recognized that
the map would only represernt a first approximation which would be used to promote
national activities to arrive at a better assessment of the problems,

The group also considered that desertization was a major aspect but only
one among many others which lead to the envirommental degradation of land resources,
Recognizing the importance of the problem, it recommended that the Director—
General of FAQ give consideration to the establishment of an advisory panel which
would regularly review the state of degradation of land reaocurces on a worldwide

basis and guide the development of international cooperation for the assessment

of land degradation and/or its monitoring and control,



EXPERT CONSULTATION ON
PROGHOSIS OF SALINITY AND ALKALINITY

Rome, 3-6 June 1975
(FAO/ISSS Sub—Commission on Salt Affected Soils)

PROVISIONAL PROGRAMME

Tuesday Opening of the Consultation
} June
A. Extent, Evoilution and Economic Classification of Salt Affected Soila
1. Evolution of soil salinity, alkalinity and waterlogging:

Prof, V.i. Kovda

2a Present and potential ralt affected soils (An introduction):
Dr, I, Szabolcs

la Economic land classification for the prevention and reclamation
of salt affected soila:
Mr. W. Peters

B. Factors to be considered for Prognosis
1« Natural factorp: Dr, W, van der Molen
2 Marn—made Tactorso:

- Water managemen*t and salinity:
Dro \Il van- SChIleﬂ-ﬂrﬁE

Wodnesday b. Assessing the suitability of water for irrigation:
June theoretical and empirical approaches:
Dr, J+Ds Rhoades and Dr. 5. D. Merrill

Ce Soil management and agronomic practices:
Dr. Fu.l. Masasoud

C. Methods of Prognosis and Monitoring

1a Seil and hydrologic surveys for the prognosis and monitoring
of galinity and alkalinity:
Dr, 1. Szaboles, Dr. G. Varallyay and Dr, K. Darab

2, Soil and hydrologic surveys: Dr, K. W. Flach

3. Use of patellite imagery for salinity appraisal in the
Indus Plain: Dr. M. Rafig



M™arsday

June

4a Laboratory and field characterization:

By Laboratory analyses of soil related to the prognosis
and monitoring of salinity and alkalinity: Dr. K. Darab

b. Measuring, mapping and monitoring field salinity and
water table depths with soil resistance measurementa:
Dr., J.D., Rhoades

te So0il morphology: Prof, G. Aubert

ds  Natural vegetation and performance of economic crops:
Dr., T45. Zonneveld

Sa Modelling of salt movement through the soil profile:
Dr. H. Laudelout
D, Tentative Guidelinea
1e Interpretation of quality of water for irrigation:
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