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PREFACE 

At its Sixth Session in Paris, 22-30 March 1984, the 
Intergovernmental Council of the International Hydrological 
Programme (IHP) approved the activities to be undertaken 
during Phase III of the IHP (1984-1989). The overall title 
of Phase III· is 'Hydrology and the scientific bases for the 
rational management of water resources for economic and social 
development'. The plan is broadly based, having regard to the 
varying needs of the developed and developing countries and 
the fact that the execution of IHP activities in Member States 
is and will be based on their specific social, economic and 
cultural patterns. 

The plan of Phase III identifies eighteen themes which have 
been grouped under four.main sections. Section I deals with 
hydrological processes and parameters for water projects, and 
includes Theme 2.4 'Use of physical and mathematical models 
for studying the regime of groundwater and predicting changes 
in quantity and quality'. Project 2.4b produced a short 
documen~ published in 1987 by Unesco on 'The value of 
groundwater models for planners and decision makers'. In the 
framework of Project 2.4c two activities were planned: to hold 
an international workshop on 'Estimation of natural 
groundwater recharge' and to prepare and publish a manual of 
practice on the same subject. Project 2.4d discusses the key 
issues in groundwater modelling, the representativeness of 
data and the spatial variability of hydrological variables and 
parameters. The report 'Consequences of spatial variability 
in aquifer properties and data limitations for groundwater 
modelling practice' was published as the International 
Association of Hydrological Sciences publication no. 175 
during 1988. 

In 1984 Unesco invited the International Association of 
Hydrogeologists (IAH) to contribute in two ways to project 
2.4c. of its ongoing International Hydrological Programme; 
viz, 

- to hold an international workshop on 'Estimation of 
Natural Groundwater Recharge'; and 

- to prepare and publish a manual of practice on the same 
subject. 

IAH accepted the invitation and in 1985 established a working 
group under the leadership of Ian Simmers (Amsterdam Free 
University), with as aotive members Okay Eroskay (Turkey), 
Arie Issar (Israel), Gert Knutsson (Sweden), David Lerner (UK) 
and Erik Romijn (The Netherlands). 

From an early stage it was decided by the working group that 
the target for both activities would be the world's arid and 
semi-arid zones, these being the areas where the need for 
reliable estimates of groundwater recharge are greatest. 
African arid zones in particular have experienced severe 
droughts during the last decade, causing considerable water 
supply difficulties, while in a broader (semi-)arid zone 
framework overexploitation of natural resources, including 
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groundwater, and rapid urban development have created major 
socio-economic problems. 

The international workshop, held in Antalya, Turkey, from 8 to 
15 March 1987, was attended by 42 participants from 17 
countries and a number of invited observers. Principal 
organisers were the IAH and Amsterdam Free University 
(Department of Hydrogeology), with cooperation/support from 
the University of Istanbul (Engineering Geology section), the 
State Hydraulic Works of Turkey (DSI), IAEA and lABS. The 
workshop was sponsored by NATO Scientific Affairs Division, 
the US Army European Research Office and Unesco. The 
Netherlands Ministry of Foreign Affairs provided support 
funding for several participants from developing countries. 
Proceedings of the meeting have since been published by Reidel 
in the NATO ASI-Series C as vol. 222 (1988). 

The present 'manual of practice' reflects working group 
opinions and concerns with respect to the state-of-the-art of 
arid/semi-arid area groundwater recharge estimation. The 
volume is not intended as a 'cookbook', but offers guidance to 
the practitioner engaged in arid and semi-arid zone water 
resources exploration and development. The volume is in four 
parts: 

Part I introduces the study framework, defines the recharge 
concepts which follow, and discusses the problems of 
space and time variability in relation to the 
translation of point measurements to regional 
recharge estimates. Brief comments are also given 
on some of the implications for resource management. 

Part II deals with the concept of hydrogeological provinces. 
Characteristics and case studies are summarized and 
discussed for each, thus developing a series of 
typical hydrogeological conceptual models, the 
section ending with a aeneral procedure algorithm 
for deriving 'first estimate' recharge values. 

Part III aives details and examples of techniques currently 
available for quantifying groundwater recharge. 
Specifically considered are direct measurements, 
water balance and soil moisture budgetting methods, 
Darcian approaches, tracer techniques and empirical 
procedures. Each is comprehensively and critically 
evaluated with respect to recharge source 
(precipitation, rivers, interaquifer flows, 
irrigation and urbanisation), with summaries for 
ready reference. 

Part IV closes the volume with a series of case studies 
chosen to illustrate the.use of various techniques 
in a number of hydrogeological provinces. Since the 
examples given are largely abridged versions of 
papers already contained in the Antalya workshop 
proceedings, the authors and working group 
acknowledge the willing cooperation of the 
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publishers (D. Reidel, Dordrecht) in making the 
material available. 

Numerous individuals and organisations have been involved 
either directly or indirectly in the preparation of this 
manual. Financial support was provided by Unesco, the Swedish 
IHP National Committee and in fellowship form to one of the 
authors by the Jacob Blaustein Institute for Desert Research 
(Ben-Gurion University of the Negev, Israel). Also gratefully 
acknowledged are the personal contributions from Ron Passchier 
(Part II), Dr. S.D. Limaye (Part II, volcanic terrains), 
Robert Gray (Part III) and Ersin Seyhan. Per-Olof Johansson 
(Sweden) served as technical editor for the volume and 
valuable review advice was received from Dr. D.C.H. Senarath 
(University of Moratuwa, Sri Lanka), Dr. E.S. Simpson 
(University of Arizona, USA) and the Hydrological Branch of 
IAEA. Mr. Nelson da Franca, Programme Specialist of the 
Division of Water Sciences of Unesco, was the responsible 
person within the IHP Secretariat for this project. The 
manual would not have been possible without these various 
forms of support and the considerable team effort by an active 
working group. 

My personal appreciation, as Chairman, goes also to the IAH 
Council, to the principal authors, and in particular to Erik 
Romijn for his dedication to scientific and administrative 
detail. 

Ian Simmers 
Chairman, 
Working Group on Estimation of Natural Groundwater Recharge 
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1 ARIDITY, GROUNDWATBR RBCHARGB AND WATBR RBSOURCBS 
MANAGBMBNT 

In this volume on natural and 'man-induced' groundwater 
recharge estimation the principal concern is with how best to 
quantify and hence model the process, with a view to providing 
a more rational approach to overall water resource management. 
Target areas for the discussions and outlines of the nume~ous 
available procedures which follow are the world's arid and
semi-arid zones. 

It must be stressed at the ~utset that the information 
contained represe~ts an appraisal of the present state-of-the
art with respect to arid/semi-arid area recharge determination 
and does ~ot aspire to being the ultimate word on the subject. 
Standard procedures for the collection and processing under 
arid or semi-arid conditions of such hydrological variables as 
precipitation, evapotranspiration and streamflow are not 
described in detail; for these reference s~ould be made to one 
of the various text- or handbooks (e.g. FAO, 1981). Finally, 
the volume is not intended as a 'cookbook' on the general 
problems of recharge estimation. It does not, therefore 
relieve the reader of the need for independent thought on a 
specific problem, but should be considered as a source of 
information to facilitate a logical and structured approach to 
the steps involved. 

Initial motivation for this-manual of practice is that one 
third of the world's land surface has been classified as arid 
or semi-arid and approximately half the countries are directly 
affected in some way by problems of aridity (UNESCO, 1977, 
1979). Easily developed land has in large measure already 
been exploited and attention is thus increasingly towards more 
arid areas for human survival. However, soil and water 
resources of arid and semi-arid regions are limited, often 
being in a delicate environmental balance. Surface water 
supplies are normally critically unreliable, poorly 
distributed and subject to high evaporation losses. For the 
rapidly expanding urban, industrial and agricultural water 
requirements in these areas, groundwater use is thus of 
fundamental importance. This in turn creates a host of 
associated problems since, for example, abundant available 
groundwater may have only small natural recharge, thus raising 
such issues as mining a non-renewable resource, quality 
deterioration by saline water intrusion and land subsidence. 

Quantification of the current rate of natural groundwater 
recharge is thus a basic prerequisite for efficient 
groundwater resource management, and is particularly vital in 
arid regions where such resources are ~ften the key to 
economic development (Foster, 1988) •. Unfortunately, of all 
the factors in the evaluation of groundwater resources, this 
rate of aquifer replenishment is one of the most difficult to 
deri~e. Equally true is that it usually takes time for social 
awareness of a new problem to be aroused and effective 
controls initiated. By this time groundwater may be exhausted 
and large capital investments lost. It may therefore be 
concluded (FAO, 1981) that 'a higher level of competence, not 
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only technical but social and political, is needed in arid 
than in humid zones to achieve sustained progress'. 

These above factors serve to illustrate the growing 
international demand for reliable quantitative information on 
arid and semi-arid zone groundwater recharge estimation and 
hence form the catalyst for the present manual. 

1.1 Definitions 

1.1.1 Aridity 

Although terms such as aridity are somewhat vague, with any 
classification influenced by the intended use, a number of 
environmental features characterise the so-called arid and 
semi-arid areas of the earth (FAO, 1981): 

- 'high levels of incident solar radiation; 
- generally high diurnal and seasonal temperature 

variations; 
- low humidity at short distance from the sea; 
- strong winds with frequent dust and sand storms; 
- sporadic rainfall of high temporal and spatial 

variability; 
extreme variability of short-duration runoff events in 
ephemeral drainage systems; 

- generally high infiltration rates in channel alluvium; 
- high sediment transport rates; 
- relatively large groundwater and soil moisture storage 

changes; 
- distinctive geomorphology, with negligible weathering 

processes and poorly developed soil profiles'. 

The essential characteristic, however, and the one upon which 
all others depend, is the smallness of precipitation. 

Principal factors causing aridity, either singly or in 
combination, are summarised by UNESCO (1977) and Lloyd (1986) 
as: 

- the high pressure belts located at sub-tropical 
latitudes, giving hot, dry subsidiDg air; 

- continentality and coastal mountain rain-shadow 
effects; 

- the effects of cold oceanic currents along some coasts. 

All these factors are evident in the readily available maps of 
arid and semi-arid areas presented by UNESCO (1953, 1958, 
1979) and as shown in simplified form by Fig. 1.1 taken from 
Hodge and Duisberg (1963). 

Precise definitions of aridity remain difficult, despite the 
many attempts found in the literature, because of the variety 
of climatic and other data (e.g., topography, soil condition, 
history and type of landuse) which must be taken into account. 
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A selection of these based sole17 on annual average 
precipitation ( .. ) is as follows: 

B7}M!rarid 
0-50 

0-200 

Arid 
50-200 
< 100 

200-400 

Seai-arid 
200-500 
100-500 
400-800 

Reference 
Llo1'd (1986) 
G. Drou.hin (UNESCO, 1953) 
Y.M. Siaaika (UNESCO, 1953) 

The diversit1' of these values indicates that total 
precipitation is not a sufficient definition and that such 
aspects as rainfall duration, length and tiain. of the dr1' 
season and some .easure of temperature or water availabilit1' 
for plant growth also need to be considered for the present 
manual. 
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80 120 

160 
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Fi •• 1.1 Arid and seai-arid areas o~ tbe JIOrld 
(Hodge and Duisber., 1963) 

Failing a more comprehensive classification therefore, that 
presented b1' UNESCO (1979), based on the earlier work of Mei.s 
(1953), is preferred for general use. In this, the 
delimitation of h1'perarid, arid and seai-arid areas is based 
on aridity indices and all available data on soils, relief and 
vegetation. Full details are ,iven in the UNESCO .aps and 
accompanyiDa explanatory notes, a brief definition of each 
bein,: 

Hyperarid zone (p/et. < 0.03, where p and et. are respectively 
mean annual precipitation and potential 
evapotranspiration), annual rainfall is very low 
with interannual variability up to 100X, very sparse 
vegetation and no rainfed agriculture or ,razing. 
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Arid zone (0.03 < p/et. < 0.20), annual rainfall is 80-160 .. 
and 200-350 .. in respect~vely winter and su.aer 
rainfall areas, interannual rainfall variability 50-
100S, scattered vegetation, no.adic livestock 
rearing is possible and a8riculture based upon local 
rainfall is only possible through rainwater 
harvesting techniques. 

Seai-arid zone (0.20 <p/et. < 0.50), annual rainfall is 200-
500 .. and 300-800 .. in winter and su .. er rainfall 
areas, interannual variability 25-50S, discontinuous 
vegetation with perennial grasses, rainfed 
agriculture and sedentary livestock rearing are 
common. 

1.1.2 Groundwater rechar.e 

Groundwater recharge aay be defined in a general sense as the 
downward flow of water reaching the water table, forming an 
addition to the .roundwater reservoir. A clear distinction 
should thus be made, both conceptually and for any modelling 
purposes, between the potential amount of water available for 
rechar.e from the soil zone and the actual rechar.e as defined 
above. Rushton (1988) shows that the two quantities .ay 
differ, due to either the influence of the unsaturated zone or 
non-acceptance by the aquifer of the potential value. This 
aspect is discussed further in Section 11.1.2. 

Recharge of groundwater .ay occur naturally from 
precipitation, rivers, canals and lakes and as a .an-induced 
phenomenon via such activities as irrigation and urbanisation 
- losses fro. irrilation prolraaaes frequently provide a 
contribution which exceeds that from rainfall. 

Two principal types of recharge are recognised, categorised 
here (Fig. 1.2) as direct and indirect (FAO, 1981; Lloyd, 
1986). Other terms which have been used as equivalents are 
local (or diffuse) and localised recharge (see, for example, 
Allison, 1988; Foster, 1988). 

Direct rechar,e is defined as water added to the groundwater 
reservoir in excess of soil aoisture deficits and 
evapotranspiration, by direct vertical percolation of 
precipitation through the unsaturated zone. 

Indirect rechar.e results froa percolation to the water table 
following runoff and localisation in joints, ,as pondina in 
low-lying areas and lakes, or through the beds of surface 
watercourses. Two distinct categories of indirect reoharge 
are thus evident; viz, that associated with surface water 
courses, and a second,localised form result in. froa horizontal 
surface concentration of water in the absence of well-defined 
channels (see also sections 11.1.1, 11.8 and Chapter 12). 

These definitions are of course a simplification of reality, 
since lateral subsurface recharge is not explicitly 
considered, so-called preferred pathways are a co .. on 
phenomenon with even direct recharge (Sharma and Hughes, 1985: 

6 



Fig. 1.2 The various ele.ents of recharge in an 
arid area (Lloyd, 1986) 

Johnston, 1987) and in many locations a combination of both 
direct and indirect recharge, as defined, will occur. 
However, for modelling purposes a number of general guidelines 
are evident from the international literature: 

- there is no doubt that recharge occurs to some extent 
in even the most arid regions, though increasing 
aridity will be characterised by a decreasing net 
downward flux and greater time variability; 

- as aridity increases, direct recharge is likely to 
become less important and indirect recharge more 
important in terms of total recharge to an aquifer; 

- estimates of direct recharge are likely to be more 
reliable than those of indirect recharge. 

These generalisations indicate that successful groundwater 
recharge estimation depends on first identifying the probable 
flow mechanisms and important features influencing recharge 
for a given locality, since it cannot be assumed that a 
procedure successfully developed for one area will prove 
equally reliable for another. 
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Rushton (1988) lists several of the factors affectina recharge 
as follows: 

At the land surface: 

topography 
precipitation: magnitude, intensity, duration, spatial 

distribution 
runoff, pondina of water 
cropping pattern, actual evapotranspiration 

Irrigation: 

nature of irrigation scheduling 
losses from canals and water courses 
application to fields, land preparation, losses froa 

fields 

Rivers: 

rivers flowing into the study area 
rivers leaving the study area 
rivers gaining water from or losing water to the aquifer 

Soil zone: 

nature of the soil, depth, hydraulic properties 
variability of the soil, spatially and with depth 
rooting depth in soil 
cracking of soil on drying out or swelling due to wetting 

Unsaturated zone between soil and aquifer: 

flow mechanism through unsaturated zone 
zones with different hydraulic conductivities 

Aquifer: 

ability of the aquifer to accept water 
variation of aquifer condition with time. 

The actual frequency of recharge events and the transit time 
until recharge takes place are also iaportant, differences 
obviously influencing both the choice of method for recharge 
estimation and eventual resource management. For exaaple, 
infrequent major recharge is a totally different proposition 
from smaller but more regular events (Fig. 1.3), since in the 
foraer case the negative side-effects of overdevelop.ent may 
have already occurred prior to the replenishment (Foster, 
1988). Further, the existence of extensive well-established 
aquifer hydraulic gradients is no guarantee of recent 
recharge. Such features may largely represent paleo-recharge 
(fossil gradients), with· natural recession of groundwater 
continuing to the present day (De Vries, 1983; Lloyd, 1986). 
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Fig. 1.3 Sumaary of analysis of daily 
.eteorological data for a site in the Botswana 
Kalahari (Kweneng District) during 1961-77 (Foster, 
1988) 

Note: Infiltration rates and frequencies exhibit 
marked sensitivity to variation in soil moisture
vegetation regime which is in practice laterally 
variable and difficult to quantify, but groundwater 
table fluctuations suggest that widespread recharge 
was limited to a single rainfall episode in the 
1971-72 wet season. 

1.2 Groundwater recharBe processes 

Lloyd (1986) suggests that 'hydrological processes in arid 
areas are no different from those under other climatic 
regimes, except that in some circumstances the 
interrelationships between processes are more accentuated 
under arid conditions and the amounts involved in a process 
frequently more extreme'. Given a vegetated area this is 
certainly true for the processes of groundwater recharge, as 
shown in a relatively simplistic manner by Fig. 1.2. However, 
a major difficulty in arid areas, thus prompting the present 
manual, is that-although basic recharge mechanisms are 
reasonably well known, deficiencies are evident in quantifying 
the various elements. Considering the general scarcity and 
variability of hydrogeological data in most arid and semi-arid 
zones, this is to be expected. 

It is clear from Section 1.1.2 that differences in sources and 
processes of groundwater recharge will mean that the 
applicability of available estimation techniques will also 
vary. To proceed from a well-define4 conceptualisation of the 
various recharge processes is thus essential. 

Although direct recharge is known to be of decreasing 
significance with increasing aridity, the processes involved 
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are conceptually the easiest to define and fora the basis of 
numerous recharge estimation techniques currently in common 
use (see Chapter 11). Assuming a do.inant vertical aoisture 
flux, a single porous mediu. and a water table whioh is not 
close to the surface, water is postulated to .ove by Darcian 
flow in the unsaturated zone to the ,roundwater body. Since 
both upward and downward fluxes can ·occur, for recharge 
estimation purposes interest lies in the actual steady-state 
net moisture transfer ·to the water table. Flow equations 
representin, this_net process are not .iven here and reference 
should be made to either Section 11.5, Rushton (1988), 
Johansson (1988), or one of the nuaerous standard texts on 
soil physics (e.,., Hillel, 1982). 

However, field experiments show that voluaetric water content 
and flow mechanis.s in the unsaturated zone vary in a complex 
manner, the main problem bein, that the parameters moisture 
content, .atric potential and hydraulic conductivity are 
sensitively interrelated. For example, a chan,e in the 
vol.umetric water content of 5X often oorresponds to a change 
in the hydraulic conductivity by two or more &rders of 
magnitude (Rushton, 1988). Further, material in the 
unsaturated zone rarely displays homo,eneous properties, often 
consistin& of layered sands, silts and clays with widely 
varyin, saturated hydraulic conductivities (Fi,. 12.2). and a 
strong potential for lateral rather than vertical flow above 
litholo,ical discontinuities. The irre,ular occurrence of 
preferred pathways in even relatively homo,eneous material is 
an added complication for rechar,e estiaation, as are the 
problems arisin, from shallow water tables and from process 
space and time variability common to arid and semi-arid areas. 
This last aspect is dealt with further in Section 1.3. 

The theoretically simple processes of direct ,roundwater 
recharge are thus by no means easy to quantify in nature, and 
unfortunately the task is even more difficult for either 
category of indirect rechar,e. Usin, Fi,. 1.2 as an indicator 
of indirect recharge mechanisms, Lloyd (1986) conclude. that: 

- 'the balances between runoff to joints, hydraulic 
surchar,ing of materials in joints and evaporative 
losses coupled with slope, ,round surface conditions 
and erratic precipitation, pose (considerable) problems 
fo~ hydrological analysis; 

- indirect rechar,e through depre.sion ponding is equally 
difficult to evaluate as accuaulations of clay restrict 
vertical infiltration while lateral infiltration into 
adjacent materials is only active with initial 
flooding; 

- transmission losses durirtg floodin, are also difficult 
to quantify. Flood volume differences between two 
gauging stations are often of the order of measurement 
error, while any infiltration is subject to high 
evaporation losses that are impossible to determine'. 
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In summary, quantification of groundwater recharge is fraught 
with problems of varying magnitude-and hence substantial 
uncertainties. To reduce result uncertainty it is therefore 
desirable to apply and compare a number of independent 
approaches, as allowed by available data. 

1.3 Recharge tiae and space variability 

Variations in groundwater recharge with time and in space 
(both laterally and vertically) are well docu.ented and are 
the direct consequence of such factors as differing 
precipitation, soil characteristics, vegetation, landuse and 
topography. 

Given this variability, the obviously interrelated question is 
what techniques should best be used to derive reliable 
recharge estimates? Although aspects of this issue are 
addressed in detail by subsequent chapters, it is clear from 
the literature that not all methods are strictly comparable in 
terms of their applicable space and time scales. Some are 
intended to estimate recharge over an area for long time 
periods, while others are concerned with short time interval 
point information. 

Table 1.1 Factors inrluencing tbe cboice or ti.e 
step ror recbarge esti.-tion (Lerner, 1981, 
pers.co_.) 

-Time period over which 
recharge is averaged: 

·Time steps used for: 

-Scientific studies: 

-Groundwater resource 
studies: 

·Time steps for various 
factors in a resource 
study: 

-size of study area: 

-level of study: 

-degree of aridity: 

-resource exploitation: 

-quantity of data: 

I Instant-IEventlseasonIYearIHistoriCaIIGeOI~giCall aneous average t1me 

I ( small large) I 
I ( design reconnaissance) I 

I(arid humid) I 

I ( heavy light) I 
I E large small) I 

Factors which influence the choice of time scale are shown in 
Table 1.1 - the study objective is clearly of prime 
importance. From an operational point of view, Table 1.1 
should be viewed in conjunction with Fig. 10.1, which shows 
that although a particular recharge estimation .ethod may be 
applicable over a spectrum of time scales, some intervals are 
more directly appropriate than others. This aspect can be 
quite critical when interest lies in areas with erratic or 
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clustered rainfall, potentially low values of recharge and 
limited aquifer storage. 

1.3.1 Extrapolation in time 

Arid and semi-arid zone precipitation is characterised by high 
interannual variability (Section 1.1.1), as illustrated by 
Fig. 1.4, resulting in very variable processes over a long 
time scale. This in turn can lead to considerable recharge 
estimation problems if long-term values are required with only 
short-period data available, particularly in the situation of 
high and/or increasing groundwater exploitation. 
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Fig. 1.4 Precipitation trends as cumulative 
deviations fro. the .ean for example stations in or 
adjacent to .ajor arid areas. Period .ean annual 
values (am) shown (Llord, 1986) 

A possible solution to the problem is to model recharge using 
stochastically generated long-term rainfall sequences as basic 
input. For appropriate techniques the reader is referred to 
Kelman (1977), Beven (1986,· 1987) and any of the readily 
available texts on stochastic modelling. 

Although recharge estimation procedures generally assume 
precipitation and evapotranspiration to be the only time
variant factors affecting the various processes, most 
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techniques can accommodate changes in landuse over the 
duration of data collection provided recharge response time 
lies within the period of records. However, if interest is in 
predicting the consequences for recharge of landuse 
modifications over time, and hence changes in both vegetation 
and soil hydraulic characteristics, then a new dimension of 
complexity is introduced. The obviously related problem is 
the situation where transit time until recharge is long and 
landuse changes are known to have occurred in an area prior to 
current data collection programmes (see also Section 1.4). 

Reliable answers to these common management problems are not 
easily obtained, since th~ ~ydrological system is in a state 
of dynamic evolution, with individual elements of the system 
characteristically displaying different time frames of 
adjustment. Current research (e.g., Peck and Williamson, 
1987) indicates that the most realistic approach to a solution 
involves a combination of intensive data collection, 
translation of nearby or other relevant supporting information 
and modelling. Unfortunately, rigorous adherence to such an 
approach, in an attempt to minimise result uncertainty, can be 
both time consuming and expensive. Some relaxation of pre
modelling data collection is of course always possible, but 
will in general lead to greater (and perhaps unacceptable) 
estimation errors. 

1.3.2 Spatial extrapolation 

As concluded by Allison (1988), probably the most important 
problem to be overcome in the estimation of groundwater 
recharge is the assessment and prediction of its spatial 
variability. Over some quite large areas it appears to show 
little lateral variability, while in other, apparently similar 
areas it can range over at least an order of magnitude -
numerous examples of this phenomenon are described in Peck and 
Williamson (1987). 

Fig. 1.5 is typical, and shows four profiles of chloride 
concentration in soil water from what appears to be a uniform 
field with sand/sandy loam surface soils. Allison (1988) 
believes that the large variations in chloride concentration 
reflect correspondingly large changes in recharge rate, the 
difficulty being that in other apparently similar sites 
chloride profiles are uniform. 

Whatever the reason for the displayed variability, its field 
identification, quantification and development of statistical 
or other techniques for estimating recharge over an extended 
area remain a problem. 

This issue has considerable practical importance. If, for 
example, recharge estimation is based on point measurements, 
then water resource managers will need to know how or whether 
these relate to values over a specified area of interest. 
Unfortunately the cost of multiple point recharge measurements 
is usually prohibitive, particularly if interannual recharge 
variability is also high and values are required over an 
extended time period. A descriptive insight into recharge 
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spatial variability is of course available by way of atandard 
hydro.eolo.ical mapping techniques (e •••• borehole lo.s and 
puapin. tests, hydrochemical a .. plin., .eophysical survey, 
aerial photo.raph and thematic map interpretation). However. 
to create such a aap is time consuming and the end product can 
at best only indicate the general pattern of likely recharge 
areas and groundwater flow lines. The quantitative 
information ultimately required for modelling and resource 
management is not produced by this approach. 

Chloride concentration 
in the soil solution (g m3 ) 
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Strategies to cope with reliable quantitative estimation and 
prediction of spatial17 variable recharge have yet to reach a 
staae of practical application, though current research 
indicates some potential via a combination of selective around 
truth data collection, geostatistics (autocorrelation and 
krigina) and remote sensing. Details of ongoing activities 
lie outside the scope of this manual introduction, but a 
series of interdependent sequential steps can be identified: 

- determination of significant physiographic and 
hydrological parameters which __ y be used as 
simplifying surrogates to detine the dynamics of the 
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hydroloaical system (see Table 11.4); 

- hydrological response unit identification by way ot, 
tor example, geometric grid cells and statistical 
analyses (Sivapalan and Wood, 1986; Hendriks, et al., 
1987) ; 

- 'regionalisation' of the digitised grid cell data uaina 
hydrologically oriented classitication procedures, with 
subsequent application of specific recharae techniques 
and eventual models in each of the classified units. 

A systematic approach of this type, based on the spatial scale 
of variability for measurable physical characteristics, will 
minimise areal recharge estimate uncertainty for a given 
expenditure on data collection. However, until these 
techniques have sufficiently evolved to be of value for 
practical model application, it would appear that to resolve 
the spatial variability problem there ia little alternative to 
multiple site recharge estimation in the area of interest. 
These thoughts are developed further in the suggested 
procedure algorithm presented in Chapter 9 and in Section 
11.7. 

1.4 Resource .anace.ent i.plicatioDa 

An introduction to a .anual on arid and se.i-arid zone 
aroundwater recharge eatiaation would be incomplete without 
some comment on associated implications for water resources 
management. In reality the issue is complex and for optimum 
value should be site specific, thouah a number of 
generalisations are evident from the literature. This section 
should thus be considered as a summary overview and draws 
heavily on the aore detailed information presented by Lloyd 
(1986) and Foster (1988). 

D Aquifer 

Hillside 
salting wi th 
seepage -----. 

~~~~~n77r.~~ 

~ Aquiclud. _._.- Pr.-d.forestation groundwat.r 1 .... 1 

- - - Post-d.forestation groundwat.r l.v.1 

Flg. 1.6 Concepts or salination down tbe ATdraulic 
gradient into pro6ressive1r arid areas of Victoria, 
Australia, as a result or derorestation in tbe 
recharge area (LloTd, 1986) 
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Two major recharge connected problems in arid and seai-arid 
area groundwater dev~.lopaent are groundwater quality 
deterioration and resource overexploitation. An obvious 
example of the first problem would be the too frequently 
recorded increases in dissolved solids asaociated with poor 
agricultural and irrilation practices. Less i .. ediately 
obvious are the lonl-term consequences of landuse chanles in 
groundwater recharle areas. Fil. 1.6 (fro. Lloyd, 1986) is an 
Australian exaaple of this situation, where severe dry-land. 
salination over large areas is a direct result of increased 
recharge following deforestation in the 19th century. 
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varring depth at wbicb penJeable borizons occur. 

Since arid and semi-arid relion recharge estiaates are often 
subject to considerable uncertainty and large error, 
groundwater overdevelopment can occur if active recharge is 
overestimated. For example, it is not uncommon to find that 
model based resource evaluations initially overestimate 
recharge, the classical pattern shown by increasingly refined 
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studies of an area beina that af lower recharge values and 
hence smaller aroundwater resources. A nuaber of the 
consequences of recharae overestimation are listed by Foster 
(1988) to be: 

- 'increased puaping costs, yield reductions and even 
complete failure of production boreholes (Fig. 1.7); 

- the encroachment of saline water into freshwater 
aquifers in some coastal and inland basin situations; 

- land subsidence consequent upon settlement of under
consolidated lacustrine, deltaic or estuarine 
sedimentary aquifers'. 

However, groundwater mining can be an acceptable practice in 
arid areas provided it is carefully planned and controlled and 
subject to realistic ongoing evaluation. 

A further groundwater resource development problem, 
particularly in developing countries, is that there are 
frequently inadequate data to permit reasonable calibration of 
any recharge model, thus introducing constraints to the 
assessment of management options. Since large-scale 
collection of additional data prior to project implementation 
is usually impractical for reasons of cost and required 
development timetable, both Lloyd (1986) and Foster (1988) 
strongly advocate adopting a flexible approach to project 
design and management. This implies that groundwater resource 
development should be staged, alldwing progressive aquifer 
response data collection and resource evaluation. A further 
practical reason for such an approach is that understanding of 
the hydrogeological system is soaetimes difficult until it is 
stressed. A conceptual framework for such a programme is 
illustrated by Fig. 1.8 and an example is given in Fig. 1.9. 

Foster (1988) does state, however, that under some 
circumstances this approach will have a aore liaited 
application; viz, where 

- 'the minimum viable first stage water demand is very 
large relative to exploitable aquifer storage; 

- the profitability of proposed groundwater use is highly 
sensitive to energy costs; 

there is a significant risk of saline encroachment in 
an aquifer as a consequence of medium-term 
overdevelopment'. 

1.5 Recharge requireaents for groundwater aodellinc 

It is clear from previous sections that aroundwater recharge 
can be modelled at many scales for many different purposes. 
The required information on recharge varies in each case, that 
for pollution transport studies within a village on a hard 
rock aquifer being different from a groundwater resources 
project for a regional aquifer of 1000 km2 • 
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Fig. 1.8 Outline scheme for the integrated 
operational approach to i.proving estimates of 
aquifer recharge rates and storage parameters 
(Foster, 1988) 

For resources studies interest is generally in both the total 
amount of recharge (since total recharge = replenishable 
resources) and its spatial and temporal variability (because 
the optimum use of resources depends upon their distribution). 
The amount of detail required about recharge variations is in 
turn governed by the degree to which groundwater resources are 
(to be) used, and upon the nature of the recharge processes. 
This means that if only 5% of the resources are used, less 
detail is needed concerning temporal variations; the aquifer 
storage will carry through a drought, and a modelling study 
using long-term average data will suffice. 

There is also little point in regional models estimating 
recharge variation across areas of less than several nodes. 
In reality however, and for the sake of estimate precision, 
non-linearities of the recharge process may require values to 
be determined in more detail than would otherwise be needed 
for a model, with subsequent averaging over space and time 
prior to any simulation. Unfortunately data are often both 
scarce and short-term in arid and semi-arid areas, resulting 
in an erroneous spatial picture and recharge estimates which 
may be completely unrepresentative of the long-term pattern 
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(see Section 1.3). In such instances the direct use of 
groundwater information can improve· recharge determinations. 
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Fig. 1.9 Schematic cross-section of the Jwaneng 
northern wellfield, Botswana Kalahari, showing 
initital prediction of the aquifer numerical model 
and the calibration based on operational monitoring 
experience with revised storage and recharge 
parameters (Foster, 1988) 

There are of course some cases when there will be minimum 
value in estimating groundwater recharge; for example, in a 
limited life scheme where demand will greatly exceed 
replenishable resources. In this case aquifer storage is of 
much greater importance than recharge and the system can be 
conservatively modelled with a zero recharge component. All 
efforts should thus go to estimating specific yield; any 
recharge which does occur will provide a safety factor towards 
the end of the project's life. A second case would be when 
recharge is low compared to throughflow. The uncertainties in 
geology, aquifer boundaries and properties, groundwater levels 
and even borehole abstractions are so great that although a 
few millimetres per year of recharge may be of great 
scientific interest, they will be of little water resources 
concern. On the other hand, in some instances even very small 
increases in groundwater recharge can have an important 
practical impact on other aspects of arid zone hydrogeology 
(e.g., (re-)activation of local springs). 

Although the dangers of generalisation are obvious, an element 
in common to all water resources development decisions 
involving recharge is the need to initiate investigation 
programmes on the basis of a hydrogeological conceptual mode~ 
- defined here as a description of the hydrogeological 
conditions including the distribution and properties of rocks 
and the flow of water. Such a conceptual model is the key to 
logical subsequent development of the most appropriate 
mathematical/numerical techniques. 
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1.6 Conclusions 

Reliable estimation of groundwater recharge in arid and se.i
arid areas is neither straightforward nor easy. Althouah 
quantitative infor.ation on recharge is often critical for 
optimum resource .odelling and aanageaent, noaingle 
comprehensive estimation technique can 7~t be identified from 
the.spectrum of aethods available. Differences in sources and 
processes of recharge mean that the applicability of available 
procedures will differ, with significant practical 
implications attached to whether the derived results apply at 
a point or over a wider area. 

The need to proceed fro. a well defined conceptualisation of 
different recharge processes is thus necessarY, as is the need 
to use more than one technique for result verification -
recharge estimation should thus be viewed as an iterative 
process, not as a once-and-for-all calculation. As concluded 
by Knutsson (1988), final choice of techniques will also be 
deter.ined by the study objectives, initi.l data base and the 
possibilities to supplement this, and of course available 
financial resources. 

Despite the apectrua of problems associated with groundwater 
recharge estiaation, the chapters which follow auide both the 
general reader and practitioner in a structured fashion 
through the maze of pitfalls and options involved. 
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2 HYDROGEOLOGICAL PROVINCES - INTRODUCTION 

Water, on its way from the surface to the aquifer, has to pass 
a series of obstacles which tend either to return it to the 
atmosphere or to retain it in the unsaturated zone. One can 
view the processes on the surface and in the unsaturated zone 
as a system of pumps which act on the rainwater after it 
touches the land surface. Each pump is activated by another 
type of energy; for instance, evaporation can be regarded as a 
thermodynamic pump, transpiration mainly as an osmotic pump 
connected to a thermodynamic one. Another set of pumps causes 
movement in the capillary zone where the water is pulled 
upwards first by surface tension forces and then evaporated by 
a thermodynamic process. Similar forces are responsible for 
the swelling and desiccation of the clays. The competing 
force ·which in the end draws what is left of the water to the 
saturated zone is, of cours~, the force of gravity. 

The differe~ce between one region and another in the ratio of 
recharge to precipitation plus imported water is the 
difference in the capacity and efficiency of the various 
"pumps". The total quantity to reach the saturated zone will 
be that which is left from the amount reaching the surface 
minus the amount retained or flowing back to the surface and 
to the atmosphere or leaving the region as runoff. For a 
direct quantitative evaluation of recharge the quantities 
"pumped" by each "pump" for each rain event have to be 
measured. Though several direct methods have been developed 
they require an elaborate and complicated system of monitoring 
and lon, periods of observation and even then their accuracy 
will still be doubtful. 

Most ar~d and semiarid zones are regions of scarce 
hydrogeological data. This is due to sparse habitation as 
well as the random character of the climatic regime. 

When the problem of recharge of ,roundwater is being 
investigated these negative aspects add to and even multiply 
the general variance of any hydrogeological system expressed 
as the variance in space and time of the hydrological and 
climatological parameters. 

These aspects demand a rather large investment in time and 
money in order to collect the pertinent data needed to build 
the hydrological balance, especially its recharge component. 
In many instances, these time and money consuming conventional 
procedures have to be shortened in order to supply the 
planning engineers with a reliable hydrological evaluation as 
a basis for a water resource development plan. The failure to 
do so may either cause the postponement of a development 
project, which will have an immediate negative influence on 
the. welfare of the people, or an unrealistic water development 
plan which may later have a negative effect on the economy of 
the region. 

The approach suggested is a stage by stage improvement of the 
hydrological evaluation on the basis of knowledge acquired 
from other similar regions which have the same hydrogeological 
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characteristics as the region under research. Local specific 
data will be progressively added while carrying out the first 
stages of planning and development. 

It is based on the empirical knowledge that regions with 
similar sequences of rocks which have gone through a similar 
geological history and are located in similar climatic zones 
will have more or less the same hydrogeological character. In 
other words, it -is suggested that a number of basic 
hydrogeological provinces can be defined and a procedure 
adopted to correlate the research area with similar 
hydrogeological regions. This approach is discussed more 
fully in Chapter 9 after a description of the principal 
hydrogeological provinces. 

Before a preliminary quantitative -evaluation of amount of 
recharge can be reached by correlation with similar regions, 
it is essential for the hydrogeologist to understand the 
regional water system or, in other words, to formulate' the 
right conceptual hydrogeological model. This will help him to 
avoid mis-interpretation of the scarce data available; for 
example, to know whether the observed water tables are perched 
or regional, gradients true or apparent, etc. 

For these purposes, first of all the characterization of the 
region under investigation as a hydrogeological province is 
needed. This characterization is possible as all the forces 
mentioned above, except gravity, are functions of climate, 
geology of the region and the character of the cover soils, 
(which in many instances is a function of the action of 
climate on the rock). Thus it can be concluded that regions 
with similar climatic, geological and soil conditions will 
also have.similar ratios of recharge. Experience shows that 
this is the case and thus a set of climato-geological 
categories are proposed. 

As mentioned, the soil cover is a function of both the 
geological and climatological conditions. In general, in more 
humid regions the development of a soil profile is more 
advanced, and vice versa. In semi-arid regions the influence 
of human activity on the soil cover is relatively more 
important than in other regions. This is due to the fact that 
in these regions there exists a delicate balance between the 
processes of soil formation and soil erosion and the 
intervention of man can be decisive in either a negative or 
positive direction. In arid and extremely arid regions the 
weathering processes are negligible while erosion is dominant 
during the short periods of the rain-storms as well as by 
winds during the dry periods. Due to this the higher lands in 
these regions are devoid of soil cover, while in the valleys 
depositional soil layers may be found. In many arid to semi
arid regions the deposition of eolian or pluvioeolian soils 
like loess is a decisive negative factor from the point of 
view of recharge~ while eolian sands are a positive factor. 

In Fig. 2.1, a schematic division into lithological categories 
cross-divided by iso-precipitation lines is presented. When 
these lithological categories (gravel, sand, sandstone, 
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limestone and dolostone, chalk, basalt and aranite) constitute 
the major part of a certain region they decide the 
hydrogeological character of the reaion. Such a reaion can 
then be regarded as a hydrogeological province. The most 
abundant provinces are the followina: 

( i ) Alluvial fans and riverbeds 

( i i) Sand and sandstone 

(iii) Limestone and dolostone 

(i v) Chalk 

( v) Volcanic 

(vi) Plutonic crystalline. 

In many regions, one may find the combination of several 
lithologies interconnected in the subsurface. In such cases 
the recharge characteristics of each rock formation will have 
to be dealt with separately. In some regions the climatic 
conditions may differ in the various parts of the basins due, 
for example, to topographical differences. In such cases 
subdivisions of the area according to lithology as well as 
climate will have to be applied. 

Fig. 2.1 A sche.atic classification or 
hTdrogeological provinces. Based on lithological 
categories, subdivided bT precipitation bands 
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3 RIVBRBBD AND MOUNTAIN FRONT PROVINCBS 

In this category two main types of sedimentary basins are 
included: 

- riverbed basins 
- mountain front basins (comprising alluvial fans, 

alluvial basins, piedmont plains, bajadas, etc.). 

A common characteristic of these two types of basin is that 
recharge is by infiltration into gravel layers which usually 
have a rather high permeability. 

Another characteristic of the recharge of these provinces is 
that the water that recharges the aquifers is collected from a 
wider area than the recharge surface. This means that the 
quantities which have to be considered as the potential for 
recharge have to be derived from runoff measurements or models 
extending over all the surface drainage basin. 

The basic difference between the two types is that for river 
beds the area of supply extends parallel to the area of 
recharge, while in mountain front basins the supply area 
extends above and beyond the areal extension of the recharge 
area. 

The combination of these two types frequently occurs in the 
same drainage basin when in the upper (mountainous) stretches 
the recharge is into a stream bed, while in the lower 
stretches it is along a mountain front. 

3.1 Riverbed basins 

In arid and semi-arid zones most rivers are ephemeral and have 
a braided character when high discharge floods occur. Smaller 
floods can be confined to the main channel. 

A major distinction can be made between meandering river 
deposits and braided river deposits (Fig. 3.1). The riverbed 
deposits are normally poorly sorted with large variations in 
grain size, but are predominantly coarse grained. Sediments 
formed within or close to river channels are much more coarse 
grained and permeable than those deposited on the flood 
plains. According to a schematic concept of depositional 
history, coarser grained materials should prevail in the 
upstream part of the plain of the river and in older, deeper 
layers that were deposited during earlier more vigorously 
erosive phases. 

3.1.1 Physical controls on riverbed recharge 

Riverbed recharge depends on the characteristics of the 
following (WRRC, 1980): 

- streamflow 
- the river channel 
- the vadose zone 
- the aquifer 
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~it/:~*H sand 1Ei;~:3 silt. and clay 

A. meandering river. 

B. Braided river. 

Fig. 3.1 Cross-sections of river valleys (De 
Ridder, 1912) 

The characteristics of streamflow which affect recharge 
include: 

(a) Volume of flow. 

(b) Type of flow: greater loss of volume is associated 
with flows of low discharge and long duration (i.e. 
winter-type flows) as opposed to flashy, shortlived 
summer events (Flug et al., 1980). 

(c) Suspended sediment causes a lower channel 
permeability as it is deposited during flow 
recession. 

Streamflow characteristics are normally easier to obtain than 
other data for recharge determination. The usability of a 
recharge model based on these data depends on whether it 
requires site specific calibration and, if so, whether 
parameters that are defined through calibration can easily be 
extrapolated to unstudied areas. 

The channel characteristics of interest comprise: 

(a) Effective channel area (length x wetted width). 

(b) Permeability of the sediments. 

(c) Volume of recent alluvium as this temporarily stores 
the infiltrated water. In general its volume tends 
to increase downstream. 
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Vadose zone characteristics can rarely be used for comparison 
because lithology and stratigraphy vary widely between 
basins. Often more useful are: 

(a) GeQgraphic position of the vadose zone. 

(b) Degree of development of alluvial deposits along the 
stream channel. The younger deposits often have a 
higher permeability than the older basin fill 
deposits. 

(c) Thickness of the vadose zone: a near surface water 
table will reduce recharge rates, but a very thick 
vadose zone (deep water table) may prohibit any 
infiltrated water from reaching the water table as 
the storage space is so large compared to the 
infiltrated volume. The actual situation depends on 
stratigraphy, permeabilities, magnitude of 
infiltrated volume of water and, especially, on the 
presence of any impeding layers acting as a barrier 
to downward percolation. 

The aquifer characteristics are important when the water table 
is near enough to the source of recharge waters for a 
saturated continuity between the two to be possible. 
Important parameters are: 

(a) Hydraulic conductivity as it determines the rate of 
transport of the recharge water. If low, ·the porous 
space fills up and reduces recharge. 

(b) Specific yield because it defines the storage space 
available. 

3.1.2 Summary of river recharge controls 

WRRC (1980) summarised the major features of infiltration into 
riverbed deposits in the f~llowing points: 

- Infiltration rates are a function of channel and flow 
characteristics. 

Infiltration rates increase with increases in 
streamflow velocity and increase with water 
temperature. 

- Infiltration rates decrease with increases in suspended 
sediment inflows. 

- Infiltration rates on a given reach decrease in the 
downstream direction because of a decrease in 
permeability in channel sediments and an increase in 
suspended sediments in the downstream direction. 

Infiltration rates will be low where the water table is 
very near the surface. 
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- The rock source area for the channel sediments 
influences the permeability distribution in channel 
sediments. 

- Winter runoff events appear to have greater 
infiltration losses than summer runoff events. 

- Loss volumes are approximately proportional to inflow 
only to a certain point; after that, increases in 
inflow volume do not appreciably increase losses. (See 
for example Dillon, 1980). 

- Most recharge along streams draining a mountainous 
topography occurs from winter precipitation. Most 
recharge along streams draining mainly piedmont areas 
occurs from summer precipitation. 

- In nonhomogeneous, stratified material, only a portion 
of streamflow loss will show up at the water table 
immediately following a runoff event. The rest slowly 
drains to the water table from the vadose zone over a 
period of months. 

Most stream channel recharge occurs along the main 
drainages of the basin because of the presence of both 
large volumes of highly permeable alluvium and high 
flow volumes. 

The importance of silt on infiltration rate in riverbeds has 
to be emphasized. In regions where the main channel is filled 
by loessial deposits, Issar, Nativ and Adar (unpublished 
report) found that the main recharge occurs in the riverbeds 
of secondary streams feeding into the main channel. The 
investigation was carried out in the Negev highland of Israel 
and was aimed at estimating the infiltration rate of 
floodwater into the loess fill (see also Hillel and Tadmor, 
1962). A network of observation holes was drilled into the 
colluvium overlying the bedrock and into the loess fill of the 
main riverbed. After a rainstorm followed by a flash flood it 
was found that while the holes in the colluvium showed deep 
infiltration, the holes in the loess remained dry in their 
lower part. 

3.1.3 Evaluation based on water balances 

Another method of evaluating recharge is by carrying out a 
water balance for the basin which comprises all the components 
of the hydrologic cycle. This needs many data. This method 
requires a thorough insight in the governing processes and its 
use is therefore often complicated. A special problem for the 
alluvial environment is the difficulty in separating it from 
the neighbouring areas. Inflow from the adjacent higher areas 
implies that for the assessment of the water balance often the 
alluvial area has to be taken as a part of a wider area of 
study. A thorough discussion of this method is given in 
Part III; only a few examples of regions with scarce data will 
be mentioned here. 
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Hillel and Tadmor (1962) described in general terms the 
surface and soil water regime of the central Negev (Israel). 
Here we are only concerned with their description of wadis. 
They used the water balance equation to estimate the amount of 
available moisture in the root zone and the deep infiltration 
(recharge). The annual water balance equation is: 

where r 
p 

ea 

r = p - ( ea + q + dW 1 
recharge 
precipitation 
evapotranspiration 
surface runoff 

3.1 

q 
dW change in storage of soil water in the root zone. 

For their region of study precipitation varied between 50 and 
150 mm/yr. Potential evaporation is measured to be 6 mm/d, 
thus yielding an average annual value of about 2000 mm. The 
runoff from the wadis is difficult to measure. They estimated 
that a rain of at least 10 mm, and an intensity of 10 mmlh 
(for at least short spells) is usually needed to form wadi 
floods. The wadis are fed primarily through runoff 
accumulation from neighbouring rocky slopes during floods and 
the amount of infiltration into the soil in the main wadi bed 
is estimated to be between 300 and 800 mm. 

A distinction was made between gravelly "and loessial wadis. 
In the gravelly beds the depth of water penetration is several 
metres. For these gravelly wadis no data were given, but 
Hillel and Tadmor (1962) stated that deep percolation is 
considerable. For loessial wadis they estimate that the deep 
percolation is used by the plant growtp, thus the recharge to 
groundwater is negligible. It can thus be concluded that in 
similar arid regions no recharge occurs from floods in 
riverbeds filled by thick silt deposits (more than one metre) 
but recharge may occur in gravel filled riverbeds and through 
colluvium layers. 

Abdulrazak et ale (1988) investigated the regime of recharge 
in a representative alluvial wadi in S.W. Saudi Arabia. They 
showed that each part of the wadi responded differently due to 
soil heterogenity. The developed regression models show that 
the maximum flood hydrograph depth is the most important 
influencing factor affecting recharge. The observation wells 
showed a total rise of 1.50 to 1.75 m in the groundwater table 
for a rainfall of about 44 mm which caused a runoff depth of 
1.26 metres. 

Khouri (1982) described how wadi recharge occurs in the Wadi 
El Miah area (Syria). Precipitation for this region varies 
between 70 and 150 mm. The waters of shallow aquifers are 
diluted by wadi recharge and fresh groundwater lenses are 
for"med in the neighbourhood of the larger wadis. Low 
mineralization of the groundwater in a well (175 ppm) is an 
indication of the existence of such fresh water lenses. 

Zaluski & Sadek (1980), hpwever, concluded for the Wadi al 
"Ajal in Libya that no recharge was likely to occur as the 
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annual precipitation is very low «25 mm/yr) and the 
conditions for evaporation very favourable. 

3.1.4 Examples from isotope studies 

Tritium, chlorine and the stable isotopes oxygen-18 and 
deuterium are the most widely used. Their various 
possibilities for deciphering the recharge rate and process 
are thoroughly described in Fritz and Fontes (1980) and 
Allison (1981). Tritium is 'a very effective tracer for 
studying the occurrence and percentage of modern recharge 
water in groundwater. Nearly all field studies make use of 
this isotope and a summary of some is presented below. 

The descriptions presented here are restricted to the 
qualitative aspects of the use of the tracers, the recognition 
of recharge and its source, and semi-quantitative recharge 
estimations. The methods of calculation themselves are 
described in Chapter 11. 

Quantitative tritium methods for determining the actual amount 
or percentage of recent recharge are described, among others, 
by Sukhija and Shah (1976), Colville (1984) and Yurtsever and 
Payne (1979). These methods are not so often used in alluvial 
environments as it is difficult to take representative soil 
moisture samples. 

Gonfiantini et ale (1974) in a study of the Hodna plain in 
Algeria found clear evidence of recent recharge of the shallow 
groundwater from wadis as indicated by tritium values of 10 to 
30 TU. Wells outside the wadi bed had very low tritium 
values, indicating that direct recharge by rainwater is 
relatively insignificant. 

Calf (1978) in his investigation of recharge to the Namoi 
Valley (Australia) aquifers used tritium for the 
identification of recharge components. He found that the 
change in tritium concentration in boreholes near the river 
depended on several variables: the rainfall intensity 
distribution, the tritium levels in rainfall, the tritium
levels in the river and the relative importance of various 
contributions to the recharge process including precipitation 
recharge, river recharge, recharge of river water and water 
from irrigation channels, and the hydraulic history of the 
aquifer in the past few decades. Detailed interpretation of 
the tritium curves was therefore not attempted, but the 
magnitude of the tritium levels indicated that a substantial 
proportion of the water was of post-nuclear times (after 
1952). 

Allemmoz and Olive (1980) used several methods to evaluate the 
recharge in a coastal plain with some minor wadis in Libya. 
Tritium was used to evaluate the mean residence time. This 
method gave good agreement with values determined by 
groundwater level changes. They concluded that recharge 
occurs mainly through wadi beds and that this recharge (1/3 of 
the floodwater) takes place very quickly (a few days) through 
large conduits of the unsaturated zone. 
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Wurzel (1983) described a study of the Sabi Valley alluvial 
plain ~n the extreme southeast of Zimbabwe. The underlyina 
alluvium varies in thickness between 30-40 m near the Sabi 
river to 120 m near the eastern boundary of the plain. It 
consists of sand(coarse to fine), silt and clay. Clay 
horizons and lenses are present at the surface and the aquifer 
is confined. In the area of study a perched aquifer was found 
to overlie an extensive main groundwater basin. A study was 
made on whether any actual recharge occurs in the alluvial 
aq~ifer. Early studies (1959-68) using a piston flow model 
indicated a filtration velocity of 0.3-0.6 m/day. Studies of 
the bomb tritium peak resulted in well defined breakthrough 
curves that were used for the subsequent calculations. An 
apparent flow velocity of 0.4 mId was obtained for the upper 
perched aquifers. Wurzel concluded that the river contributes 
only minor recharge to the main groundwater basin. He further 
concluded that the computed flow rate from the tritium study 
was in good agreement with that calculated by standard 
hydrogeological techniques. 

3.2 Mountain front basins 

Mountain front recharge is defined by Wilson, et ale (1980) as 
recharge occurring along a boundary of the regional aquifer 
system that parallels a mountainous area. For a mountain 
front deposit with relatively deep water table at the upper 
part a distinction can be made between two components (Fig. 
3.2) : 

(i) infiltration of streamflow from the streams that 
drain the mountains; 

(ii) subsurface inflow from the mountain mass to the 
basinfill sediments (also called hidden recharge by 
Feth, 1964). 

The source of water for mountain front recharge is either 
direct from precipitation infiltration or indirect from 
streamflow infiltration. Most recharge is derived from the 
mountains and the importance of the size of the contributing 
catchment must be stressed as the recharge amount is 
positively correlated with the size of the catchment. 

Wright (1980) stated that temporary rivers in arid zones are 
frequently the major source of recharge. These temporary 
rivers are formed in the valleys, or wadis, following intense 
storms in the hills which are sufficiently severe to generate 
surface runoff. The actual occurrence of surface flow and the 
subsequent onflow on a mountain front deposit depends mainly 
on the rain depth and the amount of evaporation. 

These temporary rivers may terminate either in spreadina zones 
on the mountain front deposit where the flood water (partly) 
infiltrates, or in chotts or sabkhas which are low lying areas 
where temporary lakes are formed. The aquifers are recharaed 
mainly in the foothills, or piedmont zones, where the surface 
runoff is concentrated and where topographical conditions and 
soil permeability tend to be more favourable for infiltration 
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to the saturated zone. Wright (1980) mentioned several 
factors whose combination favours the occurrence of recharge 
in piedmont zones: (i) in such areas where there is a 
thickness of permeable detritus comprising sand, gravel and 
talus (detritus fallen from a cliff face), (ii) the beds. of 
the wadis are higher than the groundwater table,(iii} water 
may flow horizontally through the banks, (iv) the surface 
water spreads OU+ over the ground thus accelerating the 
process of infiltration and subsoil saturation, (v) the 
finer sediments that could impede infiltration are carried to 
the downstream periphery of the recharge zone. 

b. 

Fig. 3.2 Prinoiples of groundwater recharge in 
.ountain front basins. (a) Plan view of boundaries 
of groundwater oatoh.ent and regional aquifer (b) 
Cross-section of boundaries 
(c) Mountain front reoharge by subsurfaoe inflow 
(d) Mountain front reoharge through streamflow 
infiltration (Wilson et aI, 1980) 

Alluvial fans can be divided hydrologically into three zones 
(De Ridder, 1972) (Fig. 3.3): 

- the recharge zone 
- ·the transmission zone 
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- the discharge zone 

Thou.h the recharge zone alon, the mountain front is of 
primary interest, the view that the highest infiltration 
capacity is confined to this upper part of the alluvial fan is 
often not correct. This is due to the irregular occurrence of 
permeable coarser deposits in the main stream channel. 
Huntley (1979) noted that the mountain front may have a low 
permeability due to the poor degree of sorting. Only a 
detailed study of the sedimentology of a mountain front 
deposit can decipher the distribution of the aore pervious 
areas. However, as this implies a relatively large aaount Qf 
fieldwork, the deposit can often be regarded as a whole and 
the infiltration/recharge determined by other methods which 
pay no attention to the exact location of the infiltration 
zones. 

I"Khorge zone 

~ stones i!-::,,::4gravel W::.:.":.'.r • .:1 sand f--------i cloy. ----

Fig. 3.3 Cross-section or an alluvial ran (De 
Bidder, 1970) 

Wilson et al (1980) summarized the literature on mountain 
front recharge in the alluvial basins of the southwest U.S.A. 
The main points are: 

(i) The amount of recharge is a function of 
precipitation, which again is related to elevation, 
relief, and orientation of the mountain. 

(ii) Winter precipitation is primarily responsible for 
mountain front recharge. 

(iii) Permeability of soils and bedrock in the mountain 
affects the way in which mountain front recharge 
occurs and also affects the rate and volume of 
recharge. 
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(iv) The topography of the mountain deter.ines how 
mountain front recharge occurs. Whether or not the 
topography is incised enough to intersect a recharge 
mound deter.ines if the recharge occurs as 
streamflow infiltration or as subsurface inflow. 

(v) The distribution of recharge in space highly depends 
on the geology (stratigraphy) of the .ountain front 
deposit. 

The most important parameters are the lithology and 
stratigraphy of the mountain front region, because they 
determine the percentage of recharge from the input (the 
potential recharge amount). In regions where summer and 
winter precipitation occur winter precipitation see.s to be 
the most effective in recharge because of lower intensity, 
longer duration of an individual event, lower 
evapotranspiration, wider areal coverage, and increased 
likelihood of snow. 

nata related to the above mentioned conditions have thus to be 
collected in order that the boundary conditions as well as 
preliminary spatial and hydraulic parameters of the ~asin can 
be established. This will enable the formulation of ,a 
mathematical model which will be a step forward in the long 
term, basin wide determination of the recharge. 

In general it can be said that in most cases the boundary 
between the mountain front and alluvial basin can be 
considered as a closed boundary. In special cases when the 
mountains are built of permeable rocks the hydraulic 
parameters of these rocks as well as .radient of water table 
have to be determined. It can be atated, however, as a 
general rule that in the case of a highly permeable mountain 
area, like karstic limestones, the quantity of flood water 
reaching the alluvial fan is rather small and the .ain 
hydrological research has to be concentrated on the mountain 
region. 

3.2.1 Bxaaples fro. isotope studies 

Gupta & Sharma (1984) studied the recharge in the alluvial 
parts of the Sabaraati basin (India) using the tritium tagging 
method. TheSabarmati basin is an area of about 22,000 kml in 
western India. Geologically the basin is composed of 
crystalline rocks in the northern and northeastern parts while 
recent alluvial deposits cover the central and southern parts. 
Only the alluvial part (about 60S of the basin) was studied. 

The average annual precipitation is about 800 am, 95S of which 
occurs during the summer monsoon (June-September). The 
coefficient of variability is between 40 and 60S. The average 
annual potential evapotranspiration is 2700 mm. 

The measurements at several sites resulted in considerable 
variation of the estimated fractional recharge, i.e. the ratio 
of net moisture transfer to the total water input (Fig. 3.4). 
By combining the recharge rates with geological features of 
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the basin, the alluvial parts of the basin were divided into 
thre~ zones (Fig. 3.4): 

- Zone A, an area of high fractional recharge (18S) 
having a relatively coarse grained thin alluvium cover 
(medium grain size of topsoil 100 ~m) 

- Zone B, with intermediate fractional recharge (14S) and 
a medium grainsize of 70 ~m 

- Zone C, an area with low fractional recharge (6S) has a 
relatively fine ,rained topsoil (medium grainsize < 60 
~m) • 

For the entire Sabarmati basin an area weighted fractional 
recharge of about 14.6% was found. 

Estimation techniques for mountain front rechar'e are also 
discussed in Section 11.8.4. 
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Fig. 3.4 Hountain rront recbarge to tbe Sabaraati 
basin, India (rro. Gupta .t Sbar.a, 1984). 
(a) Bistogr .. or rractional recbarge values l'or Z7 
tritiu. taggin6 stations 
(b) Zones or cbaracteristic rractional recbarge 
values, delineated by a co.bination or trit1u. 
tagging experi.ents and conventional b7dr06eology 
(c) Correlation of (i) rractional recbarge (ii) net 
.oisture transfer ~itb ~ater table l'luctation at tbe 
tritiu. taggin6 stations 
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4 SAND AND SANDSTONE PROVINCES 

4.1 Sand provinces 

These are found in regions in which aeolian agents are 
predominant. The source of the sand in most cases is 
secondary, namely, the decomposition of sandstone layers. In 
some regions, however, one finds sands as primary products, 
namely, as a product of the decomposition of crystalline 
rocks, the washing or blowing out of the fine, mainly 
feldspatic components and the transport and spreading of the 
sands to form dunes. 

In coastal areas the source of the sands is the sea, the sand 
being brought ashore by currents and transported by the waves. 
It is then blown inland by winds. The fixation of the sands 
and their development into sandstones covered by soil is a 
function of the rate of supply as well as the climate. With a 
continuous supply and an arid to semi-arid climate the sands 
will remain loose and mobile. Their mobility and the effect 
of the climate will restrain perennial vegetation. The 
bareness of the sand dunes is an important factor in their 
water regime. 

A different environment is formed by fluvial sands. They have 
widely varying grainsizes, including gravel and boulders. 
These deposits can either be classified as sand or alluvium; 
here they are considered with alluvial basins. 

Sand dunes are normally composed of several successive layers 
which represent different depositional stages. The sand 
normally has a relatively uniform grain size and a varying 
clay and silt content. 

Sand provinces are characteristic of desert plateaus where 
sandstones and crystalline rocks are abundant, the sand seas 
of the Sahara, Arabia and the Kalahari being the most famous. 
The porous character of the sands determines the nature of 
recharge which is rapid. In most cases, recharge is direct, 
namely, it comes directly from the rain falling on the sand 
area. The flow through the unsaturated zone in most cases can 
be considered as a vertical piston type flow. 

The amount of water infiltrating into the surface of the sand 
dunes is referred to as potential recharge (Verhagen et al., 
1979). The recharge is normally supposed to be only direct 
recharge, but this is probably confined to coarse grained sand 
dunes. Localised recharge (as defined in Section 1.1.2) is 
probably common as the infiltration water often first flows as 
runoff over a (small) distance (Gat, 1984). 

For the recharge rate in sand dunes special attention must be 
given" to the presence of consolidated horizons which may block 
the downward movement of the soil moisture (e.g. hardpans, 
"kurkar",etc.). 

The presence of moisture in the sand layers depends a great 
d~al on the climate and on the size distribution of the sand. 
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Dincer (1980) stated that the mean grain size of dune sands 
often varies between 0.15 and 0.4 mm. Sand dunes with coarser 
grains let the rainwater infiltrate to considerable depth 
owing to their low field capacity. While no moisture could be 
found in sand dunes with a mean grain diameter of 0.2 •• in 
Saudi Arabia (except after rainy days), sand with a similar 
grain size in the northern Kalahari desert had ca. 7S moisture 
by volume, due to the much higher precipitation (500 mil 

compared to 70 mm at the Saudi Arabian site). 

4.1.1 Bxaaples 

The examples of recharge studies given in this section on sand 
provinces have been'divided into precipitation classes to 
distinguish different recharge classes. As the natural 
processes of recharge are influenced by the total quantity of 
precipitation as well as by the regime of the rain storms, the 
recharge values are directly related to the precipitation 
class to which the specific area belongs. Therefore'a 
distinction into different recharge classes can be made, 
stressing the fact that even under very low precipitation 
regimes, recharge can occur. The recharge is further a non
linear function of the precipitation. Three groups are 
introduced and illustrated by some characteristic studies. 

The usefulness of this division into different recharge 
classes is limited by the fact that the literature does not 
cover all the precipitation classes. Most studies are 
confined to the arid zones (e.g. < 100 mm annual rain) or to 
the semi-arid/sub-humid zones (> 700 am). It must also be 
admitted at this stage that the average annual rainfall is not 
an optimal indicator of climatic conditions in very arid 
regions as the variance in this figure is often very high 
(Lloyd, et al., 1987). In combination with the variance in 
precipitation and with the evaporation a more accurate 
division might be possible, but these data are not always 
available.The different zones as indicated on Fig. 2.1 have 
been divided into three groups: 

(i) 0-300 IUD 

(ii) 300-500 mm 

(iii) >500 DUll. 

(i) 0-300.. The most arid regions have been studied in 
Saudi Arabia (Sonntag et al., 1980; Dincer, 1980; Caro & 
Eagleson, 1981), Tunisia and in New Mexico (Phillips et al., 
1984). In this class soil development is nearly absent. For 
the Saudi Arabian site the annual rainfall was 50-100 am. 
Dincer et ale (1974) had calculated a recharge rate of 2.3 
mm/yr. 

Vachaud et ale (1981) and Vauclin & Vachaud (1981) studied the 
infiltration and deep percolation at a site near Gabes 
(Tunisia). The average annual precipitation was 183 mm, with 
extremes varying between 36 and 532 mil. The potential 
evaporation is estimated at between 1420 and 2000 mm. The 
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soil profile consists of a sandy layer 90 cm thick, underlain 
by a gypsum crust between 90 and 110 cm. 

Using a rain simulator, they discharged 173 am at an intensity 
of 19 mm/h (9 hrs of constant wetting) onto the soil surface. 
The deep percolation at 220 cm depth amounted to 131 mm (76S 
of the artificial rainfall). This relatively high value of 
infiltration is most probably due to the particular constant 
artificial rainfall intensity. It can nevertheless be 
concluded that rain events of high intensity and duration of a 
few hours (which are known to occur from time to time in these 
arid regions) will recharge the sands at the above mentioned 
rate. 

Caro and Bagelson (1981) studi'ed recharge in sand dunes in 
Saudi Arabia. For an area with an average annual 
precipitation of 129.8 mm, they found a recharge of about 14 
mm, i.e. about 10%, while an area with an average 
precipitation of 79.5 am yielded a recharge of about 6 ma, 
i.e. about 7.6%. 

In New Mexico, which has an annual rainfall of 200 mm and an 
estimated potential evapotranspiration of 1800 mm, Phillips et 
ale (1984), using bomb chlorine-36 as a tracer, calculated a 
net infiltration rate of 2.5 mm/yr,which is 1.2% of the annual 
precipitation. On the other hand, in the same country, 
Stephens and Knowlton (1986) investigated the infiltration 
into alluvial sands by measuring the soil water movement using 
tensiometers and neutron probes. Recharge was calculated from 
Darcy's equation using in situ pressure head data below the 
root zone, calculated hydraulic gradient and in situ hydraulic 
conductivity. Recharge was also calculated as being equal to 
the unsaturated hydraulic conductivity corresponding to in 
situ water content. Both methods gave the annual recharge 
rate of about 3.7 cm/year which is about 20% of the mean 
annual precipitation for that period of 1982-1984. The 
dissimilarity between these two results may be due to the 
different methods. The latter being a more direct method 
seems also to be closer to reality. 

A study of the recharge rate in the Thar desert in India, with 
an annual rainfall of 150-300 mm, yielded values of 6-14% in 
the dune sands (Sharma & Gupta, 1985). 

(ii) 300-500.. For this climatic zone much literature 
exists as this group includes the intensively studied Kalahari 
desert. 

The southern edge of the Kalahari within the catchment of the 
ephemeral Gamagara river receives an annual rainfall of 330 mm 
(Verhagen et al., 1979). From the moisture balance, using 
tritium profiles, they found strongly different values of 
infiltration in the sands (3.5-26.6% of annual rainfall). 

The Central Kweneng area in the Kalahari was studied by Foster 
et ale (1982) through the measurement of the hydrophysical 
properties of the sands as well as the CI, Na and tritium 
profiles. The annual rainfall here was 450 mm, with a 
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coefficient of variation of about 65% (300mm). Hean daily 
evapotranspiration reaches values up to 8 Mm. Downward 
movement through the sands was estimated to be certainly less 
than 5 mm/yr and probably less than 1 mm/yr. In aeneral, it 
can be concluded that in regions with a rainfall regime 
similar to that of the Kweneng area, no diffuse groundwater 
recharge will actively occur through a-sand cover of more than 
4 meters depth. The water which infiltrates to this depth 
will be temporarily stored and used by the vegetation during 
the dry seasons. 

Allison & Hughes (1983) studied (with the aid of environmental 
tritium and radiocarbon) an area with a mean annual rainfall 
of 335 Mm. The soils consist of sands, sandy loams and sandy 
clays. A comparison was made between vegetated areas (mallee) 
and stripped areas. Only for the vegetated areas did they 
give a recharge value: 3-4 mm/yr. 

For this recharge class the effect of macropores becomes 
important as the vegetated area is more abundant under this 
precipitation regime. Macropores are often formed along 
existing roots or by the empty channels of dead roots (Allison 
& Hughes, 1983). 

Edmunds & Walton (1980) studied recharge in the dune sands in 
the extreme south of Cyprus with a mean annual rainfall of 420 
mm. With the use of different methods a recharge rate of 
about 50 mm/yr was determined. The profiles of electrical 
conductivity and chloride were calibrated with the 
precipitation data to obtain a recharge graph over the time of 
record (Fig. 4.1). 

Cable (1980) studied infiltration into sandy loams and 
gravelly sandy loams by measuring moisture profiles in the 
soils with the aid of a neutron probe. He noticed the 
difference the rainy season made on the amount of 
infiltration, similar to the effect found in alluvial 
environments. The area of study at an experimental range 
south of Tucson (Arizona, USA) receives an average annual 
rainfall between 270 and 430 mm. About 56% falls from July 
through September, and most of the remainder from December 
through April. The two rainy periods are thus separated by 
dry periods, of which the May-June drought is particularly 
severe. Winter storms are typically extensive, of long 
duration and low intensity. Summer storms are localized, 
intensive thunderstorms of short duration. 

In the same way as described for recharge in alluvial basins 
in Section 3.2, the winter rains are the most effective for 
recharge. Although more precipitation usually occurred in 
summer than in winter, moisture from winter rains penetrated 
deeper and lasted longer. The relatively high effectiveness 
of winter moisture, especially on bare soil, is attributed to: 

- typically, the intensities for winter precipitation 
do not exceed the infiltration capacity of the soil, 
whereas the summer storms normally do; 
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- the small droplets characteristic of winter storms 
fall at lower velocities and result in less soil 
splash and sealin~ of the surface; and 

evapotranspiration demands are much lower in winter 
than in SUDlmer. 
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Fig. 4.1 Ti.e profiles of rainfall, oonduotivitT 
and chloride for Akotiri, CT.Prus. For period 1938-
16, with location or speciFic electical oonductance 
(SEC) and Cl proriles derived rro. position or 
Tritiu. peak {Bd.unds & Walton, 19BO} 

Ground cover of plants and litter ~reatly increases the 
effectiveness of the summer precipitation, but increases the 
effectiveness of the cool season precipitation only 
mod"erately. 

In his conclusions, Cable further stated that bare soil 
recharged almost as well as vegetated soil in winter, but 
summer recharge of bare soil was only one third that of 

"vegetated soil, and there was little infiltration below 25 cm. 
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Well vegetated soil recharaed about as well in summer as in 
winter. Perennial arass cover increased the_soil water supply 
in summer by increasing infiltration, decreaaina runoff, and 
slowing evaporation. There was rarely any recharge from one 
rainy season to the next because all available water usually 
transpired or evaporated by the end of each depletion period. 
Available water was reduced to between 1 and 2S by volume at 
all depths by the end of most depletion periods. 

(iii) )500.. The least arid class includes the studies 
which are on the edge of what is normally considered the semi
arid zone (i.e. 700 mm, Lloyd, 1980). 

Allison & Hughes (1974) made a study of recharae to an 
unconfined aquifer through soils composed of clay, loam and 
sand by studying tritium profiles. The mean annual rainfall 
is about 750 mm, most of which falls in winter. The land 
cover at all sites is improved pasture. The mean annual 
recharge varied between 40 and 140 mm, dependent on the soil 
type. 

Three sites in the Gambier plain (approx. 140.8·B, 37.8·S), 
Australia, were chosen tor their studies: 

Site A has a soil profile consisting of 0.5 • of sand 
overlying heavy clay which grades to highly 
calcareous clay at 4 m. These overlie a layer of 
recemented limestone at 4.7 m above a sandy aquifer. 
The water table varies over the range 4.5-5.5 m 
depth. Using different models the recharge rate was 
found to be 40-50 mm/yr. 

Site B was situated on sandy loam overlying sandy clay. No 
further details were given of the profile. Here a 
recharge rate was found of 80 .. /yr. 

Site C has a profile of 0.6 m of sandy loam overlying 6 • of 
clay interspersed with occasional thin sandy lenses. 
The soil has a high clay content, but is highly 
structured and allows for relatively rapid downward 
movement of water. A sandy horizon at 7 • is 
underlain by a thin layer of carbonate cemented sand 
and white carbonate-rich clay. The water table is 
at about 15 m depth. The recharge rate was 
calculated to be 130-140 ma/yr. 

The large differences in recharge rate for the different soil 
type environments can be partly explained by the differences 
in available soil moisture storage. This amounts to 200 mm 
for site A and 100 mm for site C. 

The study of the "Gnangara Hound" in the Swan Coastal Plain 
(Western Australia' by Sharma & Hughes (1985) using chloride, 
deuterium and oxygen-18 profiles, showed that on deep sandy 
sites (>20 m), current recharge under the .ature dense pine 
plantation was negligible, while under an adjacent Banksia 
woodland site it was about 11% of the average annual rainfall 
(775 mm/yr). However on a relatively shallow sand «10 m), 
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recharge was about 7% under a pine plantation and about 25% 
under the Banksia woodland. 

A long term average of recharge in this region is suggested by 
Sharma (1988) to be 15% of average yearly precipitation 
(775 mm/yr); over 50% of this recharge occurs through 
preferred pathways. 

In the Swan Coastal Plain, Carbon et ale (1982) used neutron 
scattering techniques to measure soil moisture in a study 
which showed that the replacement of native forests with 
perennial pastures would have an effect on deep drainage. The 
replacement pastures would lead to a significant increase in 
deep drainage. In the Sparwood Dune, recharge was above 30% 
of annual precipitation (800-900 mm). In his study of the 
adjacent Bassendean Dune System, Balleau (1973) had found that 
the net recharge through native woodlands was more than 30% of 
annual rainfall. 

4.1.2 General conclusions 

From these data for the different classes it becomes clear 
that recharge rate is dependent on, among other factors, soil 
type, vegetation cover, precipitation distribution over the 
year and other meteorological variables. It does not seem 
possible to give an absolute percentage interval for the 
recharge as part of the annual precipitation of an area. It 
is, however, possible to give a summary of the characteristics 
of the recharge to sand environments. 

Such a summary was presented by Issar et ale (1985) on the 
basis of results of various investigations reported from the 
sand dune areas of the central and southern coastal plain of 
Israel. In the central part, where the average annual 
precipitation amounts to 500 mm (winter rains), empirical 
methods were applied (see also Section 11.3). The formula 
arrived at is r = 0.81 (p-94) where r is recharge and p is 
precipitation, both in mm/yr. This gives recharge of about 
65% of the average annual precipitation. In the southern 
coastal plain, where the average annual precipitation amounts 
to 200 mm, the annual outflow to the sea was calculated by 
using Darcy's flow equation and field data regarding the 
hydrological parameters. The average annual recharge ranged 
between 55 and 60% of annual average precipitation. 

In the inland dunes, where the average annual precipitation 
amounts to 100 mm, neutron probe observations in the sand 
dunes showed that 60% inflow of water was obtained after 
rainstorms of more than 5 mm, yet no perched water table was 
observed in areas where the riverbed cuts the dunes and their 
bases can be observed to be overlying semipermeable loess. 
The reason for this is most probably that these dunes were 
reforested and the trees transpire the water which could have 
formed a perched groundwater table. 
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The more general conclusions are the following: 

(i) Direct evaporation and transpiration by annual 
vegetation assuming a constant supply of water (for 
example, by irrigation) amounts to 30% of the water 
applied; thus, under favourable conditions, for 
example, heavy rainstorms, about 70% of the annual 
precipitation may infiltrate below the root zone of 
the vegetation; 

(ii) In arid to semi-arid regions less water will reach 
the groundwater due, first of all, to the fact that 
some rainstorms are below the minimum amount or 
threshold. This "minimum amount" will depend on the 
type of dune vegetation and on the storage 
coefficient of the sand. In general, it can be 
estimated that isolated rainstorms of less than 5 
mm" namely those which saturate the sand (storage 
coefficient = 10%) to less than 50 mm depth, may be 
lost for groundwater replenishment in a region where 
annual vegetation exists. As such storms account 
for about 40% of the precipitation in the central 
Negev area, one can estimate a priori that 
groundwater replenishment will not be more than 
about 60% of the precipitation. 

(iii) In regions with deep rooted perennial vegetation, 
groundwater replenishment will be a function of the 
amount transpired by this vegetation. It can be 
estimated that in areas with perennial vegetation, 
with a root zone depth of. 1.5 m, a minimum 
accumulation of 150 mm of rain water is needed for a 
certain percentage to permeate through the root zone 
and to replenish the groundwater. 

(iv) Taking all these considerations into account, the 
general equation for infiltration, suggested for an 
area like the coastal dunes, is as follows: 

r/= 0.4 (p - t r ) 4.1 

where r is recharge to groundwater, p is annual 
average precipitation, tr is annual transpiration 
from deep rooted vegetation, all in mm. The factor 
0.4 accounts for the direct evaporation and 
transpiration from annual vegetation as explained 
above, and in areas where annual precipitation is 
around 100 mm and which were reforested recharge to 
groundwater will be nil. 

For recharge estimation the salinity and isotopic composition 
of the groundwater can also be used as an indicator. For the 
recharge determination which takes into account the different 
processes including infiltration and subsequent percolation, 
use can be made of flow models. (See also Sections 11.6.2 and 
16.5.3-16.5.4.) 
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4.2 Sandstone provinces 

These provinces are abundant along the margins of the ancient 
continents or shields. They are a result of the continuous 
deposition of sands through geological ages, or even eras, in 
regional sedimentary basins. The sedimentary basins were 
mainly continental terrestrial, and the sands were deposited 
as aeolian dunes which were later consolidated due to 
lithostatic pressure and precipitates. Some of the sandstone 
was deposited in lacustrine or even shallow marine basins. In 
these cases, the clay content increased to a sufficient 
quantity to form continuous impermeable layers. Thus, the 
more continental and more arid the paleo-environments were, 
the more continuous and homogenous the aquifer system is. 

On a regional scale, one finds thick, continuous, phreatic 
aquifers in the region bordering the ancient shields while 
towards the ancient seas or lakes the sandstone sequence 
subdivides into secondary aquifers. The aquifers become 
confined in this direction because the general regional dip of 
the layers is from the ancient continent towards the sea or 
lake. 

The recharge thus takes place in the phreatic zones on the 
margin of the crystalline shields. Local rain provides the 
direct recharge while indirect recharge comes from the rivers 
draining the shields. 

The big thickness of the layers of sandstones in the regional 
aquifers enables a very large amount of storage. In arid 
zones the annual recharge may be negligible in relation to 
these amounts. Thus development of groundwater in certain 
regions is based more on subsurface flow from adjacent regions 
than on vertical recharge. 

In the confined regions the flow of water is very slow and 
residence time of the water in the aquifers exceeds thousands 
of years. In these cases the question of natural recharge has 
no practical significance from the point of view of safe yield 
or modelling. As the storage capacity of such basins is 
tremendous, long residence time is the main characteristic and 
thus paleo-climatic effects are considerable, if not decisive. 

The recharge to sandstone aquifers can be divided into two 
classes: 

(i) recharge directly into the outcrops of the sandstone 
formation, 

(ii) recharge through overlying deposits, e.g sand dunes. 

The second class strictly belongs to the preceding chapter, 
but in the literature often no distinction is made between 
these two classes. The infiltration of precipitation water 
into overlying deposits such as alluvium gravels and sand 
dunes is often considered as delayed input into the underlying 
formations. The infiltration and partly also the subsequent 
recharge is, however, largely determined by the overlying 
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deposit and the mechanism is thus described in the 
corresponding chapter. In this way, recharae into the 
sandstone formations may occur in dry seasons due to the 
storage capacity of the overlying deposits. 

The recharge to such large scale aquifers is often confined to 
certain periods in the geological history of the basin. The 
higher historical recharge rates are often due to 
climatological conditions different from the present 
conditions. These conditions can often be identified by the 
chemical and, especially, the isotope composition of the 
(fossil) water. 

The recharge mechanism is a function of the geological history 
of the basins. The most typical are those along the margins 
of the ancient shields. In these the recharge is mainly along 
the zone between the basin and the shield. 

For the sandstone provinces, most studies describe only 'the 
occurrence and processes of recharge and give the actual 
amount of recharge only as volumes, e.g. in millions of m3 • 

We give these values in the present publication without 
converting them to percentage of precipitation. The reason 
for this is that conditions in one region differ markedly from 
another. Moreover, in most regions, the area of net outcrops 
has not been given, nor whether the recharge is direct or non
direct or if water is flowing from adjacent areas. 

4.2.1 The Great Artesian Basin, Australia 

The Great Artesian Basin (GAB) has been extensively studied 
since the seventies and especially the groundwater flow 
pattern has been investigated (Habermehl, 1980, 1983; 
Forkasiewicz, 1982, Calf & Habermehl, 1983). A detailed 
account of the hydrogeology of the GAB is given in AWRC 
"Groundwater resources of Australia" (1975). 

The GAB is a confined groundwater basin comprising aquifers of 
continental quartzose sandstones and confining beds of 
siltstone, mudstone and marine argillaceous sediments. The 
Mesozoic sedimentary sequence reaches a maximum total 
thickness of about 3000 m in the central part of the GAB. It 
occupies an area of 1.7xlOI km2 and is located in the arid and 
semi-arid zones of Australia. 

The annual rainfall on the basin varies from 100 mm in the 
southwest (Simpson desert) to 600 mm in the extreme eastern 
part. The potential evaporation varies between 1800 mm in the 
northeast to 3300 mm in the southwest (Forkasiewicz, 1982). 

Recharge areas in the GAB have been interpreted from the 
piezometric contours. Delineation of the recharge areas bas 
been validated by different environmental isotope and 
hydrochemical studies (Airey et al., 1983). The outcrop areas 
of the aquifers provide the major recharge to the aquifer 
units and occur mainly along the eastern margins of the Basin 
(Habermehl, 1983). Along the western margins, additional 
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smaller recharge amounts are believed to infiltrate in the 
outcrops overlain by sandy sediments. 

Estimates of recharge were made for different parts of the GAB 
grouped according to the State to which it belongs, but only 
for the state of Queensland is a number given. For this 
region, which comprises a great part of the eastern recharge 
area, the amount of natural spring outflow and underflow to 
other states was estimated to reach 295 000 m3 /d (0.1x109 m3 

per year) (AWRC, 1975). This was thought to be far less than 
the potential recharge available in an estimated area of 
75 000 km2 receiving an annual rainfall of 635 mm/yr (i.e. 
about 50x109 m3 per year). 

Forkasiewicz (1982) mentions a iecent estimate (1980) of 
annual recharge of 1.1xl09 m3 • 

4.2.2 Eastern Sahara 
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Fig. 4.2 Hydrogeology or the Nubian basin 
(Forkasiewicz, 1982) 

Another well studied sedimentary basin is the Nubian Aquifer 
System of North Africa, including Sinai and the Negev 
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(Fig. 4.2). It has a surface area of 1.8x106 km2. The layers 
of sedimentary deposits, with an average thickness of 200 to 
2000 m are made up of sands, sandstones, conglomerates and 
claya. The Nubian basin comprises a semi-closed multi-layered 
aquifer system, unconfined at the southern periphery of the 
basin, semi-confined to confined in the centre and totally 
confined near the discharge area in the' North (Forkasiewicz, 
1982) . 

The hydrogeology of this basin has been studied thoroughly and 
good summaries are to be found in Himida (1970), Burdon 
(1977), Forkasiewicz (1982), Shata (1982), Sonntag (1984) and 
Heindl & Hollander (1984). 

The contemporary recharge to the aquifer is considered by 
nearly all investigators to be negligible (e.g. Sonntag, 
1984), but still some data do exist on the water balance. 

Heindl and Hollander (1984) mention that only in the Gezira 
area near Khartoum is infiltration from the Nile river to the 
groundwater proven, but it is not clear whether this 
contributes to the main groundwater body of the Nubian system. 
Gischler (1976) mentioned a loss of almost 109 m3 /yr of the 
Nile between the union of the White Nile, Blue Nile and Atbara 
rivers in Sudan and Aswan .in Egypt and states that of this 
amount 50% (i.e. 0.5x10' m3 /yr) may recharge the large Saharan 
aquifers of Nubian sandstone in those sections where the river 
has cut its valley into these formations. Gischler also 
stated that recharge takes place into the banks of Lake 
Nasser, created in 1964. 

Today groundwater recharge by precipitation is limited to very 
few areas. The highest recharge may be expected in the 
surroundings of Haruj and Tibesti mountains (Wright, et 
al.,1982), though annual precipitation is often below 25 mm. 
Wright et ale (1982), in a study of the hydrogeology of the 
Kufra and Sirte basins in Libya, stated that some recharge by 
direct precipitation is possible. Favourable circumstances 
include the flat terrain largely devoid of vegetation, high' 
infiltration capacity of the loose surface sands and gravels, 
and the high intensity of storm rainfall which falls in the 
winter months when evapotranspiration rates are low. Pachur & 
Braun (1980) with theoretical calculations obtained a recharge 
of either 50 or 25% from a typical arid zone precipitation of 
ca. 100 mm, the alternative value depending on whether the 
rainfall was summer or winter. 

Other recharge areas may be the north of Sudan and some places 
east of the Nile river in Egypt. Heindl & Hollander (1984) 
state that quantitative estimates of recharge have to rely on 
general soil moisture balances, but should be subsequently 
refined by fieldwork. 

Forkasiewicz (1982) when describing in more detail the several 
parts of the Nubian basin, e&timated the recharge from the 
Tibesti mountains (i.e., indirect recharge) to be in the order 
of "some million m3 /yr". From the literature on the Egyptian 
part (especially the New Valley Project), Forkasiewicz (1982) 
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summarizes four different estimates (0.59, 0.81, 1.22, 4.0x109 

m3 /year), and concludes that the most probable value will be 
about 1x109 m3 /yr (ca. 31 m3 /s). 

Wright et al~ (1982) stated that although no data on wadi 
flows in the Tibesti region are available and rainfall records 
are available for only one site (Zouar), some general 
estimates of possible runoff and recharee are worth making. 
Taking the area above 800 m elevation and assuming an average 
value of rainfall of 37 mm, which is conservative, a 10-20% 
order of recharge would be equivalent to between 74 and 
148x106 m3 for the Kufra basin and 106-212x10' m3 for the 
piedmont leading to the Sirte basin. The recharge compares 
quite closely with the estimated outflow from the Kufra basin 
of between 70 and 160x10' m3 • However, the aquifer cannot be 
in equilibrium with this marginal recharge since otherwise, in 
its phreatic condition, the age of the water at Kufra would be 
expected to be within the current climatic period (i.e. ca. 
5000 years), which it is not. Since the rainfall of this 
region is extremely low it is assumed that the recharge to the 
basin is in marginal areas from surface runoff and from these 
marginal areas the younger waters spread and mix with the 
older water. 

4.2.3 Western Sahara 

Gischler (1976) described the aquifer of the Continental 
lntercalaire (C.I.) underlying the western Sahara. It extends 
over 600 000 kmz with an average thickness of 250-600 m. The 
effective porosity is 20% and the transmissivity is 0.001-
0.050 mZ/s. Recharge takes place along the margins through 
infiltration of runoff water from the Atlas mountains and 
others. This amounts to about 8.5 m3 /s recharge. 

The aquifer of the Complex Terminal (east of the C.I.) as 
described by Gischler (1976) consists of more or less 
ferruginous sandstones with phreatic, confined and artesian 
aquifers owing to clay lenses concentrated in some parts of 
the profile. The aquifer covers an area of 350 000 kmz and 
has an average thickness of 100-400 m. Recharge occurs along 
the marginal mountainous zones and amounts to 18.5 m3 /s. 

Margat (1982) describes the hydrogeology of the sedimentary 
basin underlying Mali, Niger and Nigeria (Fig. 4.3). The area 
has an arid climate with an average rainfall of 0-50 mm/yr. 

The multi-layer aquifer consists of sand, sandstone and 
argillaceous sand. It is unconfined at the edge and becomes 
confined towards the centre and in the South. The average 
thickness is 240-300 m in Nigeria and 500 m in Niger. 

Recharge to the basin occurs in Niger through outcrops into 
the unconfined zone and is estimated to be about 850x106 m3 /yr 
(i.e. 20 m3 /s). 
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(Hargat, 1982) 

4.2.4 Saudi Arabia 

Otkun (1971,1972) summarized the hydrogeology of both the 
Paleozoic and the Mesozoic sandstone aquifers of Saudi Arabia 
(Fig. 4.4). 

Within the Paleozoic sandstone sequence, only the Saq, Tabuk 
and Wajid formations are important as aquifers. For the Saq, 
the recharge looks questionable as measurements after heavy 
rains in November 1967 showed no rise in the water levels in 
the wells located on the outcrop. For the Wajid aquifer in 
southern Saudi Arabia the data collected did not allow for an 
accurate estimation of the recharge, but an evaluation of 
these data showed that annual recharge is ca. 110x10' m3 , 

which includes 9x10' m3 of direct recharge, 71xlO' m3 from 
runoff and 30x10' m3 from underflow (Otkun, 1971). 

The Mesozoic sandstone formations in Saudi Arabia can be 
divided into two formations: the Minjur and the Wasia 
formation (Otkun, 1972). 

The Minjur formation comprises sequences of sandstone gnd 
shale limited by limestone at top and bottom. It has an 
outcrop over a distance of more than 1000 km. Like all 
sedimentary formations in Saudi Arabia, it dips generally 
eastward, with an average slope of 15 m/km. Recharge is 
somewhat different in the north from that in the south. In 
the northern region, the Minjur sandstone outcrop covers large 
areas which are partly overlain by sand dunes. The recharge 
occurs either through direct· rainfall or runoff from the 
precipitation which falls on other formations and flows 
towards the Minjur outcrop. Runoff occurs only over a short 
distance, and the water accumulates in certain depressions.The 
existence of relatively impermeable soil layers at the bottom 
of these depressions creates adverse conditions for 
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infiltration. Otkun (1972) came to the conclusion that only 
1.5S of the rainfall is infiltrating underground during 
average and wet years. From the percentage of infiltration 
and the average precipitation (ca. 75 mm/yr) , it is estimated 
the the recharge is ca. 1500 m3 /yr/km2 (or 1.5 mm/yr). Small 
amounts of recharge are thought to occur also in southern 
Saudi Arabia under a regime of lower rainfall on a limited 
extent of outcrop. This recharge probably occurs from the 
groundwater stored in the alluvium covering the outcrops (wadi 
sediments) . 
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The Wasia formation is also composed of sandstone, shale and 
limestone. It is one of the most prolific aquifers of Saudi 
Arabia. The outcrop is about 1450 km long, in the form of a 
narrow belt. The estimates of recharge to the aquifer made by 
different companies are very different. ARAMCO (1959) 
considered (a) the percolation from rainfall on the outcrop 
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(b) inflow from the wadi system and (c) leakaae from the 
aquicludes located above and below the Wasia, and concluded 
that the annual recharae is in the order of 2.8xlO •• 3. 

SOGREAH (1970-71) considered (a) direct rainfall, (b) runoff 
from the parts of the catchment extendin. over the 
nei.hbourina formations, (c) that part of the rain water will 
evaporate immediately on the hot .round and (d) part will 
percolate under.round (dependina on the varyin. dearees of 
runoff and surface stora.e). They concluded that the recharge 
is rouahly 3-5 mm per year on the avera.e. They also 
estimated that about IS of heavy rainfall on a catch.ent 
reaches the floodplain area and joins the Wasia aquifer. 
Under these conditions, the estimated rechar.e will be 3000 
m3 /km2 /yr. The data from both estimates are difficult to 
compare as SOGREAH only considered a part of the Vasia area. 
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5 LIMESTONE AND DOLOSTONE PROVINCES 

5.1 Introduction 

Limestones and dolostones are sediments of a rather shallow 
warm marine environment. Thus, one finds the reaions built of 
these aquiferous rocks extending in a very wide belt along the 
ancient shores and shelves of the seas surrounding the ancient 
continents. The more or less constant geological conditions 
which prevailed during long geological periods allowed the 
formation of very thick and rather homogenous sections which 
caused the formation of aquifers extending over very wide 
areas to great depths. 

Another important feature of these provinces is that they 
extend over the global belts which went through folding 
movements. This caused them to form mountain chains. These, 
like the mountains of Anatolia, Iran, Atlas and ~ebanon, get 
higher rates of precipitation which recharge the very thick 
aquifers and flow out along the arid foothills as very big 
springs. 

In most cases, limestones and dolostones form secondary 
aquifers, since their permeability is a function of secondary 
solution processes by acidized rainwater. The extreme cases 
of such processes are the karstic phenomena which bring the 
permeability of the rock and, as a consequence, the recharge 
to maximum. In such regions, surface runoff is nil, and in 
areas devoid of vegetation because of the lack of soil cover, 
the recharge accounts for most of the amount of precipitation 
in average rainstorms. 

In arid and semi-arid regions the karst, although important, 
is not developed to its extreme under existing climatic 
conditions, though this may change towards the more 
mountainous regions which form topographic humid zones. 

The vegetation cover over carbonate terrains is also 
important. Once established, the vegetation maintains the 
soil cover and humus thus helping in the formation of carbonic 
acid which promotes the solution processes. On the other 
hand, vegetation increases evapotranspiration. In general, it 
can be stated that vegetation is a negative factor in the 
recharge process, especially when reforestation is undertaken. 
The quantity of moisture transpired by the vegetation is a 
function of the type, density and climate and in each region 
this factor has to be investigated separately. 

Though in laboratory tests dolomite is less soluble in 
carbonic acid than calcite, in nature solution phenomena in 
dolostone provinces are of the same order of magnitude as 
limestone provinces. 

As pa~t of the "Guide to the hydrology of carbo~ate rocks~ 
(UNESCO, 1984), Zebidi briefly reviewed the infiltration 
(recharge) characteristics of limestone terrains. Though most 
of his review is based on limestone hydrology in humid 
regions, the general characteristics of infiltration described 
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by Zebidi also apply to the arid and semi-arid zones. Two 
types of infiltration are identified: 

(i) a distributed type of infiltration which is of 
importance for the greater number of limestone 
,outcrops. 

(ii) infiltration of a localized nature in the beds of 
certain streams, or in an extreme case where a whole 
river is engulfed in a ponor (s~allow hole). 

Although the infiltration depends on the annual amount of 
precipitation, its seasonal distribution, and above all on its 
intensities, only rarely is the infiltration capacity of a 
karst formation less than the intensity of the precipitation. 
The infiltration is also influenced by the topography. A 
young topography favours a distributed type of infiltration 
compared with a matured topography where, there are 
possibilities of benefiting from larger localized 
infiltration. 

Zebidi summarizes several studies of determinations of 
infiltration, often expressed as percentage of annual 
rainfall. From these studies it is clear that large 
variations occur in the infiltration rates. Zebidi states 
that it is advisable to determine an average infiltration rate 
which filters out the large fluctuations. Yet this is not the 
simple arithmetic mean of seasonal or annual recharge figures. 
Therefore it is better to use a water balance calculation over 
as long a time period as possible, where the recharge figures 
are one component among others. The following examples are 
based on Zebidi (UNESCO, 1984). 

5.2 Bxamples 

5.2.1 Tunisia 

Schoeller (1948) studied a limestone structure covering an 
area of 5.8 kmZ in Tunisia. A great variation in the rate of 
infiltration (30 to 90X) was found, a variation which was a
function not only of the amount of rain (348-676 mm/yr) , but 
also of the intensity of the precipitation and the state of 
the groundwater reserves at the end of the dry season. 

Large variations in infiltration rates were also found by 
Tixeront et ale (1951) working in Tunisia, varying between 0 
and 53X for precipitation values between 300 and 780 mm. 

Zebidi (1963), in Tunisia, studied a synclinal drain of 
limestone, extending over 19 kmz, and with a partial cover of 
maquis type vegetation and found an infiltration rate of 18%. 

Bolelli (1951) found the foliowing infiltration values for a 
Plio-Pleistocene limestone in Morocco: 

Annual precipitation (mm): 
Rate of infiltration (X): 
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5.2.2 Middle Bast 

Burdon (1961) reports a rate of infiltration and re
infiltration of 41% in the Damascus basin (Syria) for an area 
of 5123 km2 and with an average annual precipitation of 
26.2 mm. 

Issar et ale (1985) calculated the recharge to the Eocene 
limestone of the plateau of Avdat using figures for the spring 
and river discharge (900 000 m3 /yr) and the potential recharge 
(average annual precipitation of 100 mm on a surface of 
900 km2) and found a value of 1-2% of total precipitation. 

Mero (1958) has found for the 200 km2 drainage basin of middle 
Cretaceous limestone feeding the Na'aman spring in Israel that 
the average infiltration rate is 53% for an average annual 
precipitation of 600 mm calculated for the 1927-1957 period. 

Shacori et ale (1965) made a series of observations in an 
experimental basin on the Carmel Mountain. The area is built 
mainly of limestones and dolostones of Cenomanian-Turonian age 
(Middle Cretaceous). Natural vegetation covers about 80% of 
the area. The average annual precipitation of 700 mm falls in 
winter. Observations on evaporation, runoff and water table 
fluctuations were incorporated in a balance equation. The 
results are given in Table 5.1. 

Table 5.1 The hydrological balance of a basin in 
the CarIBel Bills (IIUII) (Rosenzweig, 1972) 

Season Rainfall Computed Recharge Surface 
evapotrans. runoff 

1958/59 540 270 270 0.3 
1959/60 650 380 267 3.0 
1960/61 690 400 290 0.6 
1961/62 760 300 460 0.5 
1962/63 630 350 280 0.1 
1963/64 760 420 340 1.3 

Av.erage 672 353 318 1.0 

Rosenzweig (1972) carried out more detailed work in the same 
region, putting the main emphasis on measuring 
evapotranspiration by various methods. Taking into 
consideration that surface runoff is negligible, any amount 
not used by evapotranspiration is considered as groundwater 
recharge. The results show that in areas covered by a dense 
thicket of natural forest (mainly oak and pistachia) on 
limestones, evapotranspiration consumes the total amount of 
the precipitation, while in areas covered by annual grass 
(pasture land) the evapotranspiration is about 280 mm. The 
rest (420 mm or 60%) can be considered mainly as groundwater 
recharge. 

Goldschmidt & Jacobs (1958), using empirical methods, made a 
study of the underground catchment of the Yarqon and the Nahal 
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Hattaninim (Israel), which are mainly composed of Cenomanian
Turonian limestone. From discharge values of the rivers they 
found that the average recharge is given by: 

where r 
p 

r = 0.86 (p - 360) 5.2 

average recharge (mm/yr) 
average precipitation above 360 mm/yr 

The results of these works may give the erroneous impression 
that in arid regions where precipitation is less than 280 mm 
or 360 mm there is no recharge, yet this conclusion, as shown 
above, does not conform with empirical data. The reason for 
this is that in arid regions the extent of the vegetation 
cover on rocks is negligible and thus transpiration is 
marginal. In other words, it can be stated that the relation 
between precipitation and recharge above and below the 
threshold amount which enables vegetation is not linear. 

5.2.3 Arabian Peninsula 

Bahrain Wright et ale (1982) studied the hydrogeology of the 
islands of Bahrain on the Arabian Gulf. The islands forming 
Bahrain have an extremely arid climate. The rainfall is low 
and erratic, and comes mainly in the period November to April 
from a few heavy thundershowers and storms of short duration. 
The average rainfall is 72.5 mm, but is recorded ~~ vary 
between 1.6-168.9 mm. 

The main fresh water aquifers occur ~Jithin the Alat/Neogene 
and Khobar carbonate formatinns. Th~y are separated by a 
marly bac~. Both fissure and intergranular flow occur, but 
the former dominates, particularly in the top 10 m of the 
Khobar which is highly karstified. Therefore the Khobar has a 
higher hydraulic conductivity and forms the main supply 
aquifer. 

Originally it was supposed that recharge would occur mainly at 
outcrops in the mainland of Saudi Arabia with additional 
leakage from the overlying Neogene and underlying deeper 
aquifers. The layer of fresh water floating on saline water 
in the interior basin of Bahrain is undoubtedly modern 
recharge water, as indicated by the hydrochemistry and the 
isotopic composition. It has been estimated that average 
annual recharge under present climatic conditions is likely to 
be in the order of 5-20 mm, which is consistent with the 
chloride content of the fresh water (100-140 mg/l). 

Recharge of modern precipitation must also occur elsewhere in 
Bahrain, but conditions are generally less favourable than in 
the interior basin. 

Qatar Lloyd, et ale (1987) summarized the extensive studies 
made of the hydrogeology of Qatar on the Persian Gulf. The 
climate is very arid with a mean annual rainfall of 75 mm in 
the north of the country and slightly less in the south. 
However, as in most arid zones the coefficient of variation of 
precipitation is very high and the mean is not a useful 
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variable. Evaporation varies from 2.5 mm/day durina winter 
months to 11.5 mm/day during the summer. Although the 
likelihood of direct recharge from precipitation through the 
soil profile is small, recharae of storm runoff often occurs. 
In Qatar the runoff recharae facility is provided by the 
numerous dissolution collapse depressions in the carbonates. 

Studies of the hydrological balances of individual depression 
catchments resulted in relationships between storm intensity, 
runoff and recharge for individual storms: 

where Q 

R 
P 
T 
A 

Q = 188 [(6.5 + p) + 8T] A 

R = 124 [(12 + p) - 3T] A 

is runoff volume (m3 /km2 } 
is recharge volume (m3/km2) 
is rainfall (mm) 
storm duration (min) 
is catchment area (km2) 

5.3' 

5.4 

The mean weighted runoff rate was 24% of rainfall. Recharge 
ranges from zero to 64% of rainfall in a storm event with a 
weighted mean of 15% as a percentage of storm rainfall. From 
these balance studies 10-12% of annual rainfall has been 
adopted for mean annual recharge in the resource assessment. 

5.2.4 South Africa 

Ghaap Plateau Smit (1978) studie4 the aroundwater recharge to 
the dolomite of the Ghaap Plateau near Kuruman (South Africa). 
The average yearly rainfall on this area over the period 1940-
1970 is 445 Mm. This period can be divided into two parts: an 
above average precipitation (520 mm) occurred in 1949-1963, 
followed by below average rainfall (346 mm) in the period 
1963-1970. 

The surfac~ area of the dolomite is about 1140 km2. The rocks 
consists largely of dolomite of the Ghaap Plateau formation 
with lenses of chert and limestone. About 10% of the outcrop 
area is covered with sand and scree. The groundwater • 
catchments normally differ from the topographic catchments. 
Numerous dykes divide the large compartments into about 50 
smaller ones with the groundwater level falling stepwise 
towards the major Kuruman spring ("eye"), which has the 
largest flow. The water level in the dolomite varies between 
surface level and about 200 m depth. 

The recharge to the dolomite aquifer was calculated'by two 
different methods: (i) based on spring flow (variation) and 
(ii) based on climatic data using the Thornthwai t'e method. 

In 1970 only three springs flowed and were gauged. The 
recharge can be calculated for the period 1963-1970 on the 
basis of the groundwater losses from the compartment (using 
the data given above), the rainfall and the surface area. The 
calculated average annual groundwater loss of 9 857x106 m3 is 
supposed to be equal to the average annual recharg~ .. When 
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average annual rainfall for the period is 346 am, the recharge 
is about 4~ of this. 

The Thornthwaite (1948) water balanc~ method was ~hlY used for 
two sites with meteorological stations (Kuruman and Botitan). 
Using mont~ly average values for the precipitation and 
evaporatranspiration a zero value of recharge was determined, 
which shows that this method is not appropriate for these 
conditions. 

Another approach was tried using the individual yearly 
rainfall pattern in relation to the average monthly 
evapotranspiration values. This showed that recharge takes 
place only during certain years of high rainfall. If the 
annual mean rainfall over the period 1940-1970 is used (445 
mm), then the average yearly recharge at Kuruman is 3.39% of P 
aqd at Botitan 2.5% of precipitation. Both localities are in 
the same geographical area. An appropriate value for this 
area will be the mean, about 3%. 

Large fluctuations in the individual annual recharge amounts 
were observed with values varying between 3-23~ of P for 
Kuruman and 2-25% for Botitan. These values may be far more 
indicative than the average values. 

Pretoria Region An area that forms part of a large karstic 
basin, extending from Pretoria to the western border of 
Transvaal (South Africa) was studied by Bredenkamp and Vogel 
(1970) and Bredenkamp et ala (1974). The results of these 
works will be given in more detail as they cover a variety of 
methods. The region is semi-arid. The mean annual 
precipitation is about 560 mm, which falls mostly in summer 
(October-April). 

The main groundwater body is formed by the Dolomite Series, 
consisting of crystalline dolomitic limestone. The thickness 
of the dolomite, though irregular, increases with the dip of 
the substrata. It exceeds 1200 m in the central regions of 
the area under consideration. A number of diabase dykes 
subdivide the dolomite into separate groundwater bodies, and 
the study was focussed on the central compartment A, 
comprising about 224 kmz and the adjacent compartment B to the 
west (Fig. 5.1). The topography of the area is remarkably 
uniform with a gentle slope to the west. There is virtually 
no drainage of surface water. 

The soil cover of compartment A extends to a depth of up to 
25 m. The soil texture is fairly uniform, varying from a 
sandy loam soil at the surface to a more clayey soil at d~pth. 
Outcrops of chert and dolomite constitute a relatively small 
percentage of the total area. The effect of fissures on 
recharge is thought to be small as they are partially filled 
by soil. 

The surface of compartment B differs from A by having more 
extensive exposures of limestone and solid dolomite with 
occasional patches of soil and gravel. 
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The water is struck in fissures in the solid dolomite, ranging 
from small cracks to substantial solution channels (up to 10 m 
diameter). The cavities are often filled with chert or a 
honeycomb residue called "wad", which is formed during 
karstification and represents the insoluble ingredients of the 
dolomite. 
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Fig. 5.1 Features of the Pretoria region karstic 
basin. Shows tritiu. saapling points, 
hydrogeological features, and probable leakages of 
groundwater through dykes (Bredekamp & Vogel, 1970) 

The authors assumed that recharge occurs by a pistonlike 
movement of soil moisture through the unsaturated zone. As a 
tracer they used the bomb tritium peaks of 1958 and, 
especially, 1962/63. This method is especially useful for 
determining the recharge for an area with a homogeneous and 
relatively deep soil overburden. In compartment B it has been 
applied to deduce the recharge of a dolomitic aquifer even 
though the soil is not very uniform. 

According to Bredenkamp and Vogel (1970), an indication of the 
occurrence of recharge is the clear linear increase in age of 
the water with depth, calculated from carbon-14 data. 
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The recharge is first calculated from the average' yield of the 
major outlet, spring WT5. The average yield (458 m3 /h), 
divided by the surface area of the compartment (225 km2 ) gives 
an average recharge of 17.7 mm/yr (3.2% of precipitation). 

A full recharge inventory for the area over the period 1923-
1968 can be~constructed from the water level fluctuations in a 
sinkhole (Fig. 5.2). The righthand scale in this figure gives 
the actual value in rainfall equivalent, which is obtained by 
multiplying the lefthand scale with the specific yield (2%). 
The graph shows the frequency, magnitude and variability of 
the recharge.r 
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Fig. 5.2 Recharge events in Pretoria region. A 
reconstruction of events using tbe response of the 
water table in a sinkhole to rainfall. Right hand 
scale gives deduced water equivalent of the water 
table rise (Bredeka.p • Vogel, 1970) 

Using carbon-14 data, a rough estimate of the recharge-can be 
made with the formula: 

where n 
D 
T 

r = (n*D)/T 

porosity at the water table (2.73%) 
average depth of the aquifer (47 m) 
groundwater age determined with 14C 

5.5 

From spring water sample WT23, located near WT5, it was found 
that T = 180 yr. Using this figure, r = 7.1 mm/yr (+2.5/-1.6 
mm), which is about 0.98-1.71% of precipitation,p. At two 
other points the recharge was determined: (i) group WT22, 24 
and 25: r = 3.3 mm/yr (0.6% of p) (ii) group WT27 and 28: r = 
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7.4 mm/yr (1.32S of p). The carbon-14 ages in this case have 
to be considered as orders of magnitude, as it is almost 
impossible to determine water ages to such an accuracy by this 
method. 

These results are all clearly less than the value estimated 
from the average spring yield (17.7 mm/yr), but are not 
outside its range. 

In their later publication Bredenkamp et ale (1974) used the 
same recession curve on a monthly basis to get a more accurate 
estimation of the recharge. For these data not only the time 
of occurrence but also the relative magnitude of the recharge 
events were reconstructed for the period 1923-1973 as shown in 
Fig. 5.3. 

E - . .. .... 
o 
% 
~ 
Z 
;; 
! 
... 
en 
i 
.... .. 
> .. .... 
a: 
UI 

= • .. 
> 
t= 
u 
UI 
a
a
UI 

• 
• 

• 

J 

• 

• 
~ " ..... f •••••••• '.12/. - ,.n/, 

e· 

• 

• 

• 
~ :: • ~ • ::. • :::. • ~ ..... .... - - -• • • • • • • • • • .. II II .. .. • • • • .. 
: = : = : : = : : = 

HYDROLOGICAL YEARS (OCT.-SEPT.) 

Fi6~ 5.3 Recharge estimates for Pretoria re6ion, 
taking account of 6roundwater recession. A 
reconstruction of recharge events illustrated as an 
equivalent rise in water table (Bredenkamp et aI, 
1974) 

In 1970, the authors reported that tritium was only found in 
the groundwater of compartment B where the soil cover is thin. 
Here the residence time in the unsaturated soil is short. In 
compartment A, bomb tritium water had still not reached the 
groundwater body. 

The tritium results are plotted against depth below water 
table in Fig. 5.4. There is an exponential decrease in 
tritium content with depth (i.e. a linear increase in age of 
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the water), assuming a steady state tritium input. The 
tritium content decreases ~y a factor of two (one half-life) 
in about 5.2 m, which gives for .the recharge (0.027*5.2)/12.3 
= 11.5 mm/yr (2.0% of p). 
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Fig. 5.4 Tritium prori1e rrom the Pretoria region. 
The probable variation in deptb to which tbe 1958 
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For several independant interpretations (Bredekaap 
et a1, 1914) 

The tritium content of the spring can also be used to 
calculate recharge. The initial tritium content in the. 
aquifer must, however, be known. By using an average age of 
108 yr (+54/-29 yr), the recharge is (0.027*47)/108 = 
11.8 mm/yr (+4.1/-3.8) (1.43-2.84% of p). 

In a recent publication, Bredenkamp (1988) suggests a general 
equation for estimation of annual recharge in the Bo Molopo 
dolomitic region of Western Transvaal: 

where ri 
Pi 
Pt 

A 

ri = A (Pi - Pt ) 5.6 

is annual recharge (mm/yr) 
is the annual precipitation (mm/yr) 
represents the threshold rainfall that is required 
to effect recharge, ranging from 310 to 360 mm 
is a lumped catchment parameter, ranging from 0.28 
to 0.35. 

Transvaal Fleisher (1981) studied the hydrogeology of the 
dolomitic aquifers of the Malmani subgroup in the southwestern 
Transvaal (Republic of South Africa). The climate of the area 
of study is subhumid with typical summer rainfall and dry 
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winters. Mean annual rainfall decreases from 700 mm in the 
east to 590 mm in the west. A high potential 
evapotranspiration rate exists. Rainfall often occurs in the 
form of thunderstorms. 

The Malmani subgroup is composed of predominantly dark grey 
dolomite with chert and quartzite beds and nodules. The 
dolomite mass is practically devoid of any primary porosity. 
The hydraulic conductivity is due to karstification. The 
aquifer consists of a jointed, fissured, fractured often 
karstic lower part and an upper weathered zone of decomposed 
rock material which includes a variety of fine to coarse 
fluvioglacial clastic deposits. Residual and transported 
chert breccias and conglomerates are the main water bearing 
components of the weathered zone." The aquifer follows the 
irregular surface of the underlying dolomitic bedrock, and is 
often overlain by a soil cover of varying thickness. 

Water level fluctuations indicate that part of the natural 
recharge occurs immediately following precipitation. Spring 
discharge often shows a phase difference of four to six 
months. It is thus concluded that the natural recharge in the 
dolomitic aquifer involves, schematically, a two phase system: 
a relatively immediate phase, and a later delayed one. 
Percolation into the aquifer at various rates takes place 
throughout the year. 

The rate of natural recharge as a percentage of annual 
rainfall was found to be between 13% and 27%. The lower 
percentages are typical for basins without any surface water 
courses. The higher percentages are often associated with 
favourable surface conditions combined with the occurrence of 
surface water channels and deeper water tables. 

When the data from the above studies are put together 
(Table 5.2), there is an obvious trend of increasing 
percentage of recharge (Rpe) with increasing mean annual 
precipitation (p). In exponential regression form this 
becomes: 

Rpc = A exp(Bp) 

= 0.49 exp(0.0045p) 

5.7a 

5.7b 

where A and B are the regression constants of the equation. 

Table 5.2 BuamarT of data used to derive eqn 5.7b 

Reference Precipitation Percentage 

Smit, 1978 
Smit, 1978 
Bredenkamp et al., 1970, 1974 
Fleischer 
Houston 
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(mm) recharge 

346 
445 
560 
645 
937 

2.5 
3.0 
3.2 
13 
30 



The correlation coefficient for this equation is 0.975. 
Althbugh this high value might be influenced by ~spurious 
correlation" due to the very small amount of data and the 
large spread, an overall trend is clear. This correlation is 
remarkable as it has often been stated that recharge only 
occurs beyond a certain "zero" level of precipitation (see 
above on limestone aquifers). 

5.2.5 Zambia 

Houston (1982) used a recharge model based upon that developed 
by Penman for temperate climates. Modifications were inserted 
to account for time lag due to passage through the unsaturated 
zone and for the rapid inflow along fractures. Input to the 
model consists of rainfall and evaporation measurements and 
output or recharge is checked by comparison with water level 
hydrographs, which incidently leads to estimates of specific 
yield. Further verification of the model is obtained by 
comparison of these estimates of specific yield with those 
obtained from pumping tests. 

The model was applied to a dolomitic aquifer in a semi-arid 
climate at Kabwe, Zambia. The aquifer is a Precambrian 
dolomitic limestone situated in a complex syncline ~nd 
outcrops over 40 km2 • Flow within the aquifer is controlled 
by fissures. The average transmissivity is about 1000 m2 /d 
(max. 3500 m2 /d). The aquifer is phreatic, with very high 
values of specific yield (about 14~). The dolomite is 
overlain by permeable lateritic silts and sandy pockets 
usually ranging from 5 to 20 m thick. The original water 
table was found at a depth of about 10 m. The outcrop 
corresponds to a shallow topographic dome, surrounded by 
schists and gneisses. 

The mean annual precipitation is 937 mm (over 70 years of 
records). Annual variation is high (640-1470 mm), with more 
high than low rainfall events. Rain falls mainly in the 
period December-March. The infiltration rates into the soil 
overlying the Dolomite Aquifer are frequently higher than 75 
mm/h. 

The evapotranspiration depends upon the vegetation cover and 
distinction is made between open forest (about 5% of outcrop 
area) and cleared forest areas, now used for agriculture. 

After infiltration, loss occurs due to evapotranspiration. 
Evapotranspiration takes place at the potential rate unless 
the soil moisture deficit is smaller than the root constant, 
which must be estimated from the dominant vegetation type. 
The old (Penman) concept that no recharge occurs as long as 
soil moisture deficit exists is now found to be wrong: often 
filamentous (preferred paths) infiltration gives rise to 
recharge before the s6il is saturat~d throughout. 

It is supposed that all rainfall less than 75 mm/day is 
capable of infiltrating the soil. The rest goes to depression 
storage, of which 30% is assumed to infiltrate. Calculation 
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over the period 1965-80 show that runoff is only 0.32% of 
precipitation. 

Recharge was determined using three values for the root 
constant depending on the vegetation: (i) open forest (200 mm) 
(ii) short vegetation (75 mm) and (iii) bare soil (50 mm). 
Any water surplus is then taken to percolate downwards and 
recharge the groundwater storage. 

The time step used was one month (due to lack of data), which 
is likely to lead to an underestimation of recharge, but it 
filters out the errors due to the time lag involved in 
percolation. The model was run over the period 1965-80, for 
which the average precipitation is 911 mm. As a result, 
annual recharge under bare soil varied from 26 to til mm (mean 
281 mm) and under open forest from 0 to 534 mm (mean 80 mm). 
The results are shown on Fig. 5.5. 
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Fig. 5.5 Water balance for the Kabwe area, Zambia. 
(a) water balance under open forest, (b) balance 
under bare soil (Houston, 1982) 

In his conclusion, Houston (1982) stated that the highest 
rainfall during the year in the months December-March 
coincides with low evapotranspiration and recharge can be 
expected to take place only during these months. The 
modification of the classic Penman method yields good results 
under semi-arid conditions provided attention is paid to the 
natural vegetation cover and consequent evapotranspiration 
values, and selection of an appropriate root constant. 
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5.2.6 South America 

Salati et ale (1974) studied the Portiguar basin in 
northeastern Brazil. The Jandaira phreatic limestone is the 
second most important aquifer (first is the confined 
underlying,Acu sandstone aquifer). Its mean ,thickness is 
320 m. and its total surface about 18 000 kmz • This phreatic 
aquifer is fed mainly by rains falling over the region. 

The authors claim that the differences in isotope composition 
( 18 0, deuterium) between the aquifers show that upward leakage 
from the sandstone aquifer to the limestone aquifer is small 
(Fig. 5.6). This is also shown by the differences in I.e 
ages. They quote the results of an hydroaeoloaical balance 
for the area which estimated recharge to be 1.3% of annual 
average precipitation (Fig. 5.6). 
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Fig. 5.6 Sche •• tic ~ater balance or the Potiguar 
basin, Brazil (Salati et al, 1974) 

5.2.1 Australia 

Allison & Hughes (1978) reported on a study of the recharge to 
an unconfined limestone aquifer of Oligocene-Miocene age in 
the Gambier plain in South Australia. Mean annual rainfall 
varies between 700 and 750 am, most of which falls in winter. 
There is almost no surface runoff and drainage occurs through 
the soil to the underlying limestone aquifer. The area of the 
aroundwater catchment is 1620 km2 • The soils of the study 
area range from the rather impermeable swampy podzols which 
can develop high soil moisture deficits, to the very 
permeable, skeletal soils of low water holding capacity which 
are usually only 50-200 mm thick and found developed directly 
on top of the highly permeable limestone. In an earlier 
publication, Allison & Hughes (1974) showed that local 
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recharae is dependent on soil type. The area is divided into 
10 different hydrologic units. The soils within each unit are 
considered to have similar hydrologic properties, and hence 
similar mean annual recharae (MAR). Irrigation is restricted 
to about 2S of the area. Approximately 1SS of the total area 
is planted with Pinus Radiata. Earlier work has shown that 
direct recharge beneath these forests is much less than that 
beneath the surroundina grassland (e.g. Allison & Hughes, 
1972). For the present study it was assumed that no recharge 
occurs beneath the forests. Sixteen samples were taken on 
improved pasture, which is the dominant land use of the area. 

The recharge was determined using profiles of both tritium and 
chloride concentrations. It was assumed that the tritium 
concentration in the precipitation is constant over the area. 
For the use of chloride as a tracer it was assumed that the 
only sources of chloride are precipitation and fertilizer 
(potassium chloride). Exceptionally high chloride values of 

, up to 300-400 mg/l could sometimes be found in the soil 
profile, while the water draining from the soil had a 
concentration of only 70 mg/l. This is thought to be due to 
salt sieving by clayey layers in the profile. Change in land 
use is clearly indicated by the differences in chloride level. 
When the recharge values found by the two methods are plotted 
together, good agreement results (Fig. 5.7). An important 
rrsult is the apparent uniform recharge rate over large areas 
wi th similar soil type. The results f,or the different 
hydrologic units are summarized in Table 5.3. The total 
recharge over the area of study is 1.7x10' m3 /yr. 
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Fig. 5.1 Recharge estimates from chloride and 
tritium for the Gambier Plain, Australia (Allison & 
Hughes, 1978) 
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Allison & Hughes concluded that for the calculation with 
tritium data the sampling and analytical errors will become 
less important as recharge increases. However, since recharge 
is inversely related to chloride concentration, sampling and 
analytical errors will become more important at high recharge 
rates. Thus chloride should provide the best estimates of MAR 
at low values of MAR and tritium at higb values of MAR. 

Commander (1983) described the hydrogeology of the western 
Fortescue valley in northwest Australia. This valley, 
extending for 450 km, is filled at its western end with a 
sequence of dolomite, calcrete, gravel and pisolite which form 
an extensive aquifer system. The climate is arid. Mean 
annual precipitation is 350 mm, mainly from thunderstorms and 
tropical cyclones between December and May. 

Table 5.3 Recharge through various hydrological 
units or the Gaabier Plain, Australia (Allison 4 
Hughes, 1918) 

Hydrological 
unit 

No. of 
sites 

Sand over heavy clay 1 
Volcanic sands 1 
Sand over sandy clay 2 
Sand over thin sandy 
clay over limestone 2 

Terra rossa 
over limestone 2 

Thin sandy loam 
over limestone 2 

Aeolianite 4 
Skeletal soils 2 

Area 
(kml) 

157 
21 
52 

49 

60 

281 
380 
330 

Mean annual 
recharge (_) 

estiaaated using: 
Chloride Tritium 

70 50 
100 100 
140 100 

105 120 

150 130 

140 155 
200 195 
250 270 

The Millstream dolomite is the most important and widespread 
aquifer. Recharge occurs mainly from floods, which is clearly 
demonstrated by the water table response. The 1975 flood 
caused a rise of 1.6 m which corresponded with an amount of 
50xl0' m3 • The variability of the runoff illustrates -the 
difficulty of calculating a long-term recharge from this 
source. 

Direct recharge to the dolomite aquifer can be estimated by 
use of chloride as a tracer. The rainfall contains about 
1.1 mg/l. Near the groundwater divide, where only direct 
recharge occurs, the concentration of chloride is about 
110 mg/l, which yie14s a recharge ,percentage of 1%. This 
represents less than 2xl0' m3 annually over the 540 km3 of 
outcrop, and is therefore small compared with flood recharge. 
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6 CHALK PROVINCBS 

In general, it can be said that this is a complex porous, 
fractured, dissolved medium. The porosity is expressed in two 
coefficients. One is of the interstitial pores of the chalk 
itself which may change from that of clay to that of porous 
chalky limestone. The other porosity coefficient is that of 
the fine fracturing, especially along the planes of joints. A 
higher conductivity is found along the major fractures which 
are widely opened.. Solution channels also develop along these 
fractures as well as along the main surface and subsurface 
drainage systems. It is usually assumed that the flow in 
these joints behaves according to Darcy's law. 

Studies of the recharge into chalk have been restricted to a 
few regions, of which the London Basin Chalk is the best known 
example. Although the climate of this region is humid, it is 
supposed here that the characteristics of the London Chalk 
have universal application. This was confirmed by Issar et 
al. (1985) who studied the recharge into chalks in the arid 
zone and found characteristics that were quite similar to 
those of the London Chalk. Thus a brief description and main 
references for the London Basin will be given, even though 
this region does not fall into the category of arid regions. 

6.1 The London Basin 

The London Basin is a syncline in Cretaceous strata in 
southeast England (Fig. 6.1). The principal aquifer in the 
basin is the Chalk which outcrops on the northern and southern 
flanks of the structure and is overlain by Eocene strata in 
the centre (Fig. 6.2). The Chalk consists of a fine grained 
white limestone composed predominantly of fossil debris and 
micro-fossils (Anon., 1972). Measurements of porosity made 
upon samples of Chalk from southern England gave values of 25% 
to 45%. The porosity is both of primary and secondary origin. 
The intergranular pores are very small and water is held 
principally by capillary attraction. The specific yield is 
generally not greater than 5% and is probably no more than 1% 
or 2% at depth under the thick London Clay (Fig. 6.2). 

The value of the Chalk as an aquifer is ·due to the development 
of secondary porosity in the form of intersecting horizontal 
and vertical fissure patterns. Generally the horizontal 
permeability exceeds the vertical permeability. Fissures are 
further developed by solution (Anon., 1972). 

The Eocene comprises a group of sands and clays some 35 m 
thick, referred to as the Lower London Tertiaries, and an 
overlying clay, know as the London Clay, which is up to 150 m 
thick. A sand facies occurs at the base of the Lower London 
Tertiaries, which is commonly in hydraulic continuity with the 
Chalk (Fig. 6.2). 

The Chalk attains a maximum thickness of about 250 m, but only 
the upper 50-60 m are fissured and thereby form the effective 
aquifer. The clays confine the groundwater unde~ natural 
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conditions, but nowadays the level is below the baae of the 
confinin. layers (Downin. et al., 1979). 
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t 

Fig. 6.1 Location and cliaate or tbe London Basin 
ClJalk 
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Fig. 6.2 Litbolo61es or the Lo"er London Tertiaries 

The Chalks absorb rainfall evenly and the solution of Chalk by 
infiltratin. rainfall does not tend to form the classic karst 
type topoaraphy which is .ore typical of hard compact 
limestones with low primary porosity. The solvent power of 
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the infiltrating water due to C02 derived from the soil is 
largely depleted above the zone of saturation (Anon., 1972). 

As the actual evapotranspiration over the Chalk outcrops is 
relatively constant, the areal variation of maximum available 
water for infiltration reflects areal variation in rainfall 
which is related to topography (Anon., 1972). Values for the 
maximum infiltration range from over 254 mm/yr in areas 
dominated by high around to 152-178 mm/yr in the dip slope 
catchments. Where average rainfall is particularly low, 
infiltration may be only 25 mm/yr. 

The Chalk of the ~ondon Basin is an extremely pervious rock 
and direct runoff from the outcrops is virtually nonexistant. 
Therefore, it can be assumed that where the Chalk outcrops the 
maximum amount of available rainfall infiltrates completely. 

Where the Chalk is overlain by the Lower London Tertiaries, 
infiltration through this deposit, mainly through arenaceous 
sequences, recharges the Chalk. The assumption is made that 
infiltration amounts to 50% of the difference between rainfall 
and actual evaporation. 

Oakes (1981) used a linear response function to investigate 
the delay of recharge to the water table from the 
infiltration. The infiltration was calculated from a soil 
moisture balance. In the method used it was assumed that 
infiltration at the surface in any month reaches the water 
table as a pulse distributed over a number of succeeding 
months giving rise to incremental water level rises. The 
linear response functions were coupled to an exponential 
recession of water levels to provide an auto-regressive, 
moving average model of water transfer through the unsaturated 
zone. The model was fitted to observed data to provide 
transfer functions for the infiltration process, and estimates 
of specific yield. The transfer functions were used to 
generate recharges by convolution with the surface 
infiltration. The observed lag was closely related to the 
thickness of the unsaturated zone and the speed of the 
infiltration pulse was estimated to be about 1 mId. 

6.2 Nelev, Israel 

A study by Issar et ale (1985) on the mechanism of recharge in 
an arid region built of chalk showed that permeable conditions 
may develop in the vicinity of ancient drainage systems, in 
agreement with the permeability distribution found by Lloyd et 
ale (1981). The permeability develops mainly along joints a~d 
fissures in the chalks. Tritium data have cbnfirmed this 
statement. 

The average tritium content· of +he various water resources in 
the limestone and ch~lk aquifers of the region was found to be 
: function of the depth of the water table, which is a measure 
of the storage capacity of the aquifer. A comparison was made 
between the tritium content of three springs discharging from 
the chalk aquifer. The largest springs with the most stable 
discharge (Ein Kudeirat and Ein Avdat) had values of 3-5 TU, 
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while a saaller spring (Kin Aqev) with a aore sporadic nature 
emerging froa a little higher out of the s .. e aquifer had an 
averaae tritium content of about 13.5 TU. 

A similar pattern was found for the well of Nizzana, which is 
located in the chalks near the river bed of Wadi Nizzana. The 
depth of the water table is about 20 • and its tritium content 
is about 12 TU. At the well of Beerotaia,upstreaa on the 
same river bed, the depth of the water table i8 about 5 a and 
the tritium content is higher, naaely about 22 TU. 

Issar et ale noted that the fluctuations in water table and in 
tritium content of the water are often out of phase 
(Fia. 6.3). They explained this phenoaenon by the following 
conceptual hydroaeological model. 
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Fig. 6.3 Fluctuat10as or trltiu. ADd water levels 
in Negev chalks (Issar et al, 1984) 

The aroundwater in the chalks flows in solution channels 
developed along joints and fissures in the rocks (Fia. 6.4). 
These solution channels are aostly developed in the vicinit7 
of rivers and stream channels. The larger and aore ancient a 
system (two features which, in most cases, ,0 toaether), the 
.ore developed are the solution phenomena. Thus, when a 
rainstorm occurs and the streaa channels are flooded, the 
process of recharge to groundwater starts. This is first a 
pistonlike action on the more ancient water still contained in 
the solution channels, resulting in a rise in water table of 
the wells. Only in sprina (and sometimes only in sumaer) does 
the newly recharaed water arrive in the groundwater to affect 
its tritium content. This hydro,eolo.ical model explains some 
observations made in this reaion': (i) The gravel layers in 
river beds overlyina chalk layers were found to be dry, while 
wells excavated in chalks, which are ordinarily imperaeable, 
were found to contain water. It is interestina to note that 
wells of Byzantine time were excavated in chalks and not in 
gravel. (ii) In the same area and the same chalk layers, one 
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exploration well had abundant water (about 20 m3/h), while 
another nearby well failed. The small quantity of water found 
in this well was more saline due to localized flow and the 
flushing rate.(iii) Salinity also increases with well depth 
because of low flushing rate. (iv) In an experimental 
spreading of flood water on the fields near kibbutz Revivim 
during the 1940s, a rise in the water table in a shallow well 
drilled in the chalks was observed simultaneously with a rise 
in salinity (from about 1000 ppm to 2000 ppm ell. 
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Fig. 6.4 Hodel of hydrochemical relationships in 
the Avedat group on the Negev Plateau 

Notes: 
(1) Precipitation: ionic ratios Ca)Na)Mg, 
HCD3 )Cl)SOc. Dominant factor distance from sea. 
(2a) Runoff from small catchments: ionic ratios as 
above, enrichment factor 2-8. Dominant factor salt 
d1ssolution from soil and ion exchange. 
(2b) Floods from regional catchments: ionic ratios 
as above, no significant enrichment compared to 2a. 
(3) Groundwater in calcareous rocks: ionic ratios 
as above. Dominant factor salt dissolution from 
rocks. 
(4a) Zone of dissolution, groundwater in chalks: 
ionic ratios Na)Ca)Mg, Cl)SOc )HCD3. Dominant factor 
salt dissolution from rocks. High tritium values. 
(4b) Zone of stagnation, groundwater in chalks: 
ionic ratios as above. Dominant factor salt 
dissolution. Low tritium ,,'alues. 

The o~erall recharge to precipitation ratio for this region 
built of limestones, chalky limestones, and chalks was found 
to be about 2.5% (Issar et al., 1985). 
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7 VOLCANIC PROVINCES 

7.1 Plateau basalts 

These cover extensive areas in Central India (The Deccan 
Trap), Central South America, and northeastern USA. The 
plateau basalts are characterized by the thickness of the 
basaltic lava and the lack of primary permeability. Thus 
their aquifer properties 'depend on secondary fracturing either 
due to release jointing or connected with faulting. 

7.1.1 The Deccan Trap basalts 

A summary of their hydrogeology is provided by Deolankar 
(1980). He concludes that the weathered part forms the best 
aquifer while the jointed basalts are the next best. The 
aquifers are of limited extent, suggesting the localized 
accumulation of groundwater. 

"-1. 
, , 
" r :----__ r-L.> 

bombay 
SCALE 1: 2000.000 

UGENDA 

~~ deccan trap area 
~ .. J' t:;iD study basins in deccan 
~~ trap 

......... - isohyetal lines 

~ all"vial area 

Fig. 7.1 Deccan Trap basalts, India. Shows 
isohyets and location of Kukadi and Godavari-Purna 
basins (Athavale et al, 1983) 
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The studies of recharge to the Deccan Trap basalts can be 
divided into two groups. One group comprises those which only 
use data from the groundwater in the basalt aquifer and the 
other group includes those which study the infiltration into 
the overlying (black cotton) soil. 

Athavale et ale (1983) described the Deccan Trap basalts. 
This basalt plateau covers about 500 000 km2 of western and 
central India (Fig. 7.1). 

Physiographically, the area covered by the Deccan Trap 
formation can be divided into two broad units, separated by 
the continental divide of the Sahyadri mountains which run 
north-south nearly parallel to the coast. 

The narrow coastal strip is characterized by heavy monsoon 
rainfall of 3000-4000 mm, while the larger plateau area, on 
the east of the continental divide, is situated in a rain 
shadow with average annual rainfall of 500-700 Mm. Most of 
the rain falls in the monsoon period between June and 
September. 

Two basins on the plateau were selected for the recharge 
study: the Kukadi basin comprising an area of 1153 km2 and the 
Godavari-Purna basin of about 1091 km2 (Fig. 7.1). Both 
basins are covered by basalt lava flows of Palaeocene age 
which are almost horizontal or dip gently. The lava flows are 
of two main types: compact massive or vesicular with or 
without amygdules. The thickness of individual flows varies 
from 5 to 50 m. 

Both basins are covered with black cotton soils which are in 
situ. These soils were extensively studied by Hodnett & Bell 
(1981), and are discussed in Sec~ion 7.1.2. The thickness of 
the soil cover and weathered mantle varies between 1.5 and 
9.5 m (average 5 m) for the Kukadi basin and between 1.5 and 
39 m (average 14 m) for the Godavari-Purna basin. 

Rainfall over the Kukadi basin for the months June 1980 to May 
1981 was 612 mm and the annual open pan evaporation was 
estimated.as 2226 mm. The average annual rainfall over 1980 
for the Godavari-Purna basin was 652 mm and the open pan 
evaporation 1710 mm. 

Tritiated water was injected at 19 sites in the Kukadi basin 
and at 24 sites in the Godavari-Purna basin during 1980, just 
before the start of the monsoon. Samples from the soil 
profiles at the sites of injection were collected in December 
1980 from the Kukadi basin and in January 1981 from the 
Godavari-Purna basin. 

The recharge at site was calculated by first determining the 
centre of gravity of the tritium ve~sus depth profile. The 
mean displacement of the tracer was calculated as the distance 
between the injection point (60 em) and the depth of the 
centre of gravity. The recharge was calculated from the 
moisture concentration, tracer displacement and wet bulk 
density. 
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From the profiles it was clear that the dominant displacement 
process is piston flow movement. Diffusion and dispersion of 
the tracer gives rise to attenuation and modification of the 
concentration profile. 

For the Kukadi basin recharge varied between 135 to 0 mm; 
there were some discharges measured of up to 8 Mm. The 
average of all values was 46 mm, which is 7.5% of the rainfall 
during 1980. 

In the case of the Godavari-Purna basin the recharge values 
were found to vary from 208 to -28 mm with a mean value of 
56 mm (8.6% of the rainfall of 1980). These values represent 
minimum recharge values as they do not include the " 
contributions from stream and lake beds. The ~egative 
(discharge) values may indicate local (microscale) discharge 
zones or vertical upward moisture movement due to 
evapotranspiration or soil composition. 

Using the assumption that slopes greater than 5% do not 
contribute to recharge, the total annual input is 31.9xl06 m3 

for an effective area of 694 km2 in the Kukadi basin and an 
"annual input of 35.4xl06 m3 for 633 km2 of effective area "for 

the Godavari-Purna basin. 

When compared with the recharge rate determined for the Neon 
basin with an area of 1085 km2 using conventional 
hydrogeological and hydrometeorological methods, a figure of 
32 to 36x106 m3 was found for the year 1977. This figure 
compares well with the recharge figures found with the tritium 
method. 

Another comparison is made between the recharge data from the 
tritium injection method and from water table level 
fluctuations in dug wells for 11 sites in the Godavari-Purna 
basin. The recharge to the phreatic aquifer can be calculated 
by multiplying the specific yield with the maximum water level 
change. A reasonable agreement was obtained for seven out of 
the eleven sites. 

Limaye (1986), in a special report prepared for the present 
manual, stated that the Deccan Trap basalts can accept only a 
small percentage of the precipitation as recharge in areas of 
high rainfall. In areas having a rainfall in excess of 
2000 mm, the recharge is as small as 40 mm. The rest of the 
rainfall contributes to runoff. A part of the recharge is 
later also lost to runoff as the bedrock outcrops due to the 
rugged nature of the topography. In the low rainfall areas, 
from the rainfall of about 250 to 300 mm the recharge can be 
as high as 100 mm. Due to a gentler topography, a thicker 
cover of weathered material and presence of permeable flow 
junctions, this recharges the groundwater. The residence time 
in the low rainfall region is up to 10 years for groundwater 
within the first 100 m of depth or so. In high rainfall areas 
the residence time is shorter. 
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For the semi-arid regions Limaye (1986) stated that a thick 
cover of black soil in some areas precludes any recharge from 
local rainfall. 

The process of recharge is described using Figure 7.2. Hard 
basalt is exposed near the water divide and is overlain by a 
cover of soil and weathered rock in the central portion of the 
valley. Recharge in the rainy season takes place rapidly in 
the vicinity of the water divide where the soil cover is thin. 
The recharged water starts to move towards the centre of the 
basin in the fractured and weathered zone underlying the soil. 
In the rainy season considerable recharge also takes place 
from the runoff water flowing in the stream. A groundwater 
mound is then formed beneath the stream bed and it gradually 
spreads its base. This is called depression oriented 
recharge. The trough in the hard basalt below the stream bed 
is usually the zone of fracture concentration and recharge to 
permeable junctions between lava flows takes place through 
this zone. This water recharges deep permeable junctions 
between the basalt flows. The recharged water may travel 
longer distances than the water recharged along the water 
divide into the shallow fractures. 

P.J. 

__ ---'--------P.~ 
P.J. 

Fig. 1.2 TT,Pical valley cross-section, Deccan Trap 
region (Li.aye, 1986) 

Notes: F - fissure, fracture or joint; H.R. - hard 
rock; P.J. - permeable junction between lava flows; 
W.R. - soil and weathered rock; Z - zone of fissure 
concentration. 

Sometimes the trough in the hard rock and the zone of fracture 
concentration is located away from the present stream bed, 
especially in the case of rejuvinated streams. In this case 
recharge from stream beds is limited. 

Limaye (1986) stated that the basalt of the Deccan Trap has 
special features. The primary porosity is low. The secondary 
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porosity due to weathering is present in the near surface 
zone. Phreatic water occurs in the lateritic or alluvial 
cover and in weathered rock overlying the hard basalt. Below 
the surface of hard basalt semi-confined water occurs in the 
fissures, joints, fractures and permeable junctions between 
successive lava flows. As recharge has to pass through the 
soil before reaching the water table, the rate and amount of 
recharae is therefore largely aoverned by the hydraulic 
properties of the soil. 

7.1.2 Black cotton soils 

Hodnett & Bell (1981) studied the soil physical processes of 
groundwater recharge throuah Indian black cotton soils formed 
on the Deccan Trap basalts. 

Black cotton soils are the major aaricultural soils of a very 
large proportion of the 500 000 km2 of the Deccan Trap basalt. 
They are dark coloured silty swelling clays which have 
developed on a light olive brown silty clay parent material 
("yellow clay") derived from the weathering of basalts. Where 
the weathered basalt is within 2 m of the soil surface the 
black cotton soil usually overlies the weathered basalt 
directly. In the deeper soil areas the combined depth of the 
black cotton soil and yellow clay is aenerally between 2 and 
10 m, but may even be deeper. 

Black cotton soils show marked swelling and shrinking 
properties and an extensive pattern of cracks forms during the 
dry season. The cracks may be up to 75 mm wide at the surface 
and may reach depths of 6 m in the areas of perennial grass 
and shrub. Under cultivated areas 1.5-2 m is more typical. 
When very shallow, pieces of weathered basalt may occur and 
all basalt soils contain small concretions or "kankar". 

Over most of the black cotton soil area, the water table is 
between 2 and 11 m below the ground level at the end of the 
dry season. In the monsoon it rises to within 0.2 m. 

Hodnett & Bell (1981) concluded that in the area of study tbe 
black cotton soil is extremely uniform in its water holding 
properties and the depletion of its stored water in the dry 
season varies around 230 mm, the variation arising from crop 
type and localised winter rainfall. Depletion is 
insignificant below 2.5 m in the cropped areas and is mostly 
restricted to the top 1.5 m. In grass/shrub areas drying 
penetrates to twice this depth and depletions of around 500 mm 
are typical. 

Deep drainage or recharge from the upper 2.5 m of the soil is 
only 30 mm (or less) during the dry season, from September to 
May. Most of this occurs during two weeks immediately after 
the monsoon. After that, the total drainage for the remainder' 
of the dry season is 10 mm at the most, and probably much 
less. Exceptional winter rains can occur which completely 
refill the soil profile and thus increase this figure. 
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Evidence from the Dh~turi site, representing the deep soils, 
suggests that in these areas the structured black cottori soil 
clay forms an upper aquifer system which is virtually isolated 
from the more conductive weathered basalt aquifer by the 
"yellow clay". For thes~ areas recharge to the de~p aquifer 
is negligible during the dry season and certainly very much 
less than 1 mm/d during the monsoon. These soils only lose 
moisture by surface runoff,'interflow and evapotranspiration. 

For the shallow soil sites the black cotton soil forms one 
system with the underlying weathered basalt. This occurs when 
the soils are less than 1.5 m in the cultivated areas (deeper 
beneath grass/shrub). ,In most sites downward (recharge) 
fluxes are likely to continue throughout the monsoon. 

A continuous pathway for significant input, as in the shallow 
soil areas, can form in the deep soil grass/shrub areas in 
those places where the weathered basalt is less than 4-5 m 
below ground level, provided there is capacity within the 
weathered basalt aquifer. 

7.1.3 Idaho basalts 

A thorough study of the recharge characteristics into basalts 
is described by Stephenson &. Zuzel (1981). This paper rep,orts 
tin a recharge evaluation to determine the availability of 
groundwater on a grazing allotment on public land in southwest 
Idaho. As this study gives a very complete overview of the 
several factors influencing the recharge into basalt, it is 
summarized here. 

The experimental recharge area is located on the semi-arid 
portion of the Reynolds Creek Experimental Watershed in 
southwest Idaho. The annual precipitation is 250 mm, with 
almost 85% occurring during winter and spring. 

Geologically the area is primarily basalt, overlain by lake 
sediments at ~ower elevations. The basalt is underlain by 
granite at the upper elevation along the watershed perimeter. 
The soils are residual, developed primarily from weathered 
basalt, ~nd range in depth from a few to about 60 cm. The 
loosely consolidated, basalt residuum grades from, a clay-silt, 
sand-gravel matrix to altered fractured basalt at varying 
depths to a maximum thickness of about 3 m. Barren rubbly 
basalt outcrops of low relief comprise as much as 60% of the 
total surface of the study area. The vegetative canopy cover 
is generally less than 25%, but may be as much as 50% on the 
deeper soils. 

Hydrologically, the site is located in ~he regional recharge 
area for th~ basalt aquifer syb~em. Runoff events occur about 
once every two years on the average. 

Out of e total of 14 observation wells, the data from 7 wells 
with the longest and most complete record were used to 
determine the recharge characteristics. 
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In their conclusions, Stephenson & Zuzel (1981) stated that: 

(i) Groundwater recharge in these study areas occurs via 
several mechanisms under certain optimum conditions. 
Rainfall in excess of 20-30 mm over 24 h, or higher 
intensity cloudburst storms, are the major 
contributors to groundwater recharge. Infiltration 
and/or deep percolation to the water table follows. 

(ii) Three separate mechanisms of recharge are identified 
in this semi-arid environment. Recharge from 
precipitation events can occur as water is 
transferred through low relief rubbly basalt outcrop 
areas, through the shallo~ soil residuum materials, 
and through the bedrock channels during runoff and 
channel flow. 

(iii) Time to peak was found to be independent of season, 
depending only on soil depth. 

(iv) The rate of groundwater recharge for the area, under 
the conditions given above, is estimated to be about 
4.6xlO- 3 mm/min. 

7.2 Vesuvian type basalt terrain 

The character of aquifer systems in these terrains is 
determined by the alternations bet~een pyroclastic (fragmental 
volcanic rock such as volcanic ash, tuff and bombs) and basalt 
flows; a function of the volcanic history of the region, 
namely, alternate episodes of lava flow and volcanic 
explosions. The time span between each active phase is 
important as it allows soil forming processes and the 
development of impermeable layers. 

Due to the interlayering of lava, clastics and soil, many 
perched water tables can be found in the recharge zone. 
Chemical and isotopic composition of each depends on the 
lithology, mineralization and altitude. In volcanoes 
transversed by dykes, vertical compartmentation will further 
subdivide the terrain. 

An important phenomenon in regions of large volcanoes is the 
recharge in areas of high altitude into the aquiferous perched 
lava flows surrounding the peaks. 

7.2.1 Djibouti. Eastern Africa 

Fontes et ale (1980) studied the groundwater systems of the 
Republic of Djibouti using environmental isotopes. The 
Republic of Djibouti is located in the arid zone of east 
Africa. Precipitation is randomly distributed on the coast 
and becomes monsoonal inland (summer rains). Temperatures are 
high and show little monthly variation. 

The whole country is almost totally covered by lava and 
volcano-detrital deposits. The surface network at present 
consists of intermittent wadis. Groundwater systems are 
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governed by geological and sedimentological features. 
Precipitation and/or floods can infiltrate through highly 
permeable fractured lavas and accumulate within sediments in 
the depressions, where porosity and permeability are extremely 
low due to the high concentrations of clay minerals. 

Piezometric surfaces are very deep and range from 200 m below 
ground level in the North of the country to 30 m in the 
coastal region of Djibouti. 

Isotopes were chosen for the unravelling of the recharge 
system because of the highly irregular pattern of rainfall 
data and the poor knowledge of evapotranspiration values. 

Tritium measurements show values from background to 43±3 TU. 
Most samples thus contain a component of recent recharge. 
From the groundwater samples of the basaltic outcrops it was 
concluded that these aquifers are rapidly recharged through 
their fractures and cracks. Furthermore, the occurrence" of 
recent water in the discharge indicates that the storage is 
low. 

Some samples show tritium values which are at the lower.limits 
of anticipated activity for recent groundwaters. These 'low 
values could be explained by a mechanism of recharge involving 
single episodes of tritium poor monsoon rains. This kind of 
recharge is compatible with local climatic and hydrogeological 
conditions, i.e. sporadic episodes of heavy rains and rapid 
infiltration into the fractured lava. Such a mechanism would 
also imply isolated circulation and low storage deposits. 

Further observations on the recharge mechanism are: (i) The 
isotope values show that no significant evaporation occurred 
before or during infiltration, which is in agreement with the 
concept of rapid infiltration through fractured lavas. (ii) 
Isolated samples of rainwater fall below the local meteoric 
water line and are thus clearly evaporated during rainfall; 
this deviation shows that only heavy episodes of unevaporated 
rains can contribute to the recharge. (iii) Samples from the 
aquifer of Wadi Ambouli fall within a very narrow range close 
to the meteoric water line suggesting that recharge occurred 
from heavy unevaporated monsoon rains which generated heavy 
floods and recharged the aquifer. 
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8 CRYSTALLINE PLUTONIC PROVINCES 

The recharge to these rocks is a function of two factors: the 
mode of chemical weathering of its surface and the rate of 
fracturing. As the chemical weathering produces soils rich in 
clay components, an advanced stage of such weathering may 
limit the recharge to outcrops which in the more humid regions 
may be rather limited. Lateritic processes-lOay wash down the 
clay materials to form a perching layer between the upper 
soils and the subsurface. 

The influence of fracturing on the permeability of crystalline 
rocks depends very much on their petrography and mineralogy, 
as well as the type of faulting. The more quartziferous the 
rocks the more brittle they are, "and rather deep fractures may 
develop over wide areas. Tension faults give higher 
permeabilities. 

In regions built mainly of crystalline acid rocks recharge can 
be rather high (up to 15% of average annual precipitation). 
The salinity and isotopic content will be that of the average 
rainstorms. Along deeper fractures higher salt contents may 
occur due to the dissolution of minerals. 

8.1 Granitic terrains 

Few studies exist on the recharge characteristics of granite 
terrain. Most of them form part of a broader study of 
volcanic and metamorphic rock hydrogeology. Only the parts 
dedicated to granite are described here. 

Sukhija & Rao (1983) studied the recharge mechanism in the 
granites of the Vedavati river basin. The granites are coarse 
to medium grained, porphyritic and pink to gray in colour. 
The average annual precipitation is 616 mm and the 
evapotranspiration is about 71-77% of the annual 
precipitation. The gross annual recharge for the area was 
determined to be 13-21% of the annual rainfall. 

The recharge values correlate well with age values of the 
water obtained from carbon-14 and tritium determinations. The 
investigation indicated that substantial recharge occurs along 
fractures and fissures. Major fractures have relatively 
younger waters as compared to areas characterized by small 
fractures and fissures. 

Athavale (1985 and Chapter 18) described the injected tritium 
method for the determination of natural recharge and gave some 
data on the recharge in basins in India underlain by basalts, 
granites, gneisses and schists (Table 18.1). It is clear from 
these data that the recharge is normally about 8% of the 
average annual rainfall. 

Muralidharan et ale (1988) report that a regional groundwater 
model, using a leaky aquifer concept, was prepared for the 
Vedavati basin in southwest India. The model showed a mean 
value of 42.5 mm for recharge. For the ~hole Karnataka state, 
in which most of the Vedavati basin drainage area is located, 
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they estimate recharge to be about 34.4 mm or 5% of the 
average rainfall of 687.9 mm. This figure is in good 
agreement with the average recharge value of 39.2 mm obtained 
from tritium injection studies. 

Allen & Davidson (1982) in a review of the groundwater 
resources in fractured rocks in Western Australia gave 
recharge estimations of several groundwater provinces 
consisting of granitic, volcanic and metamorphic rocks and 
gave values of 0.05-0.5%. The average rainfall for these 
areas is 300 mm or less. In general, potential evaporation 
exceeds precipitation by 3 to 10 times. 

Thiery (1988 and Chapter 24) has investigated the mode of 
recharge into the fractured granites near Ouagadougou, Burkina 
Faso, Africa. A lumped parameter hydrological model was used. 
This model computes aquifer levels from rainfall and potential 
evapotranspiration data and is calibrated with observed wells. 
The monitoring well was drilled to 20 metres. It taps 5 m of 
granitic sand, 4 m of weathered granite and 5 m of fresh 
granites. The average annual precipitation from 1959-1985 was 
825 mm but from 1978-1985 only 690 mm. Assuming a storage 
coefficient of 1%, the computed average annual recharge for 
the period 1978-1985 was between 23 and 45 mm/year, i.e., from 
3.3 to 6.5% of the average annual rainfall. 

Houston (1988 and Chapter 21) carried out an investigation on 
basement rocks in the province of Victoria in Zimbabwe, which 
included river baseflow analysis, hydrochemical analysis of 
groundwater and simulation modelling. All three methods 
produce consistent results suggesting that recharge amounts to 
2-5% of annual rainfall (Table 21.3)." 

Issar & Gilad (1982) studied the hydrogeology of the arid 
crystalline province of the Southern Sinai (Egypt). The area 
has a rugged, mountainous topography with an elevation mostly 
above 1000 m. The mountains are incised by deep wadis. The 
crystalline basement is predominantly composed of Precambrian 
granitic, metamorphic and volcanic rocks intruded by many acid 
to basic dykes. The climate is typically arid with scant 
precipitation which occurs mainly in winter (November-March) 
when temp~ratures are relatively low. Precipitation is mainly 
controlled by topography, so the low coastal areas get about 
15 mm/yr and the higher regions about 50 mm/yr. Maximum 
values reach 100 mm/yr. 

A general evaluation was made of the order of magnitude of 
recharge to the crystalline fractured aquifers and the 
alluvial aquifers interconnected with them. For the catchment 
of the springs of Wadi Arbain, with an area of about 12 km2, 
the average annual rainfall was 50 mm while the annual flow of 
springs and small wells amounted to about 90 000 m3 • From 
these data the recharge can be estimated to reach about 15% of 
the total precipitation. Part of the recharge is believed to 
find deeper and bigger fractures, and flows out of the region. 
A similar recharge value was found for Wadi Feiran. For the 
area draining to EI Qaa at the coast from an inland catchment 
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area of about 900 kmz the average recharge was determined to 
be approximately 10-13% of the rainfall. 

The establishment of the recharge and flow regime in this 
region was backed by a thorough study of the chemical and 
isotopic composition of the rain as well as the groundwater 
(Issar and Gat, 1981) (Fig. 8.1). From this study, it could 
be seen that there exist in the region several interconnected 
subsurface flow patterns. The shallowest is in the small 
fractures and is only a few metres deep. The water outcrops 
in small springs and seepages with a high tritium content (36 
T.U.). Part of the water flows into deeper fractures which 
reach depths of tens of metres. Here the tritium content is 
low (7 T.U.). These fractures recharge and are recharged by 
the deep alluvial deposits of the oases (tritium content 3 
T.V.). From the alluvium and deep fractures the water flows 
into the sedimentary basins bordering the granite province. 

+2000m 

+1000m 
bottle neck 

Evaporation from 
surfaceflow 

Alluvium and 
liminic Sediments 

e Cretaceous 

Fig. 8.1 Conceptual hydrogeological model of Wadi 
Feirian, Sinai (Issar & Gat, 1981) 
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9 A GENERAL PROCEDURE FOR RECHARGE ESTIMATION 

9.1 The context of recharse estiaation 

Recharee is rarely estimated in isolation, but is usually just 
one aspect of a wider study such as groundwater resources, 
pollution transport, subsidence or wellfield desien. It is 
easier, and more useful, to discuss a eeneral procedure in a 
particular context, and this chapter uses the context of a 
regional groundwater resources study. 

All groundwater resource studies are iterative because perfect 
data are not available and circumstances change in time (Fig. 
1.8). This chapter discusses how to carry out one iteration, 
for example the preliminary evaluation, or the improved 
assessment that becomes possible once more data are available. 
In any such study there are five eroups of work, the first two 
of which lead to a suitable conceptual hydrogeoloeical model 
as discussed in Section 1.5 and Chapter 2: 

(i) Definins the groundwater system, that is mapping the 
aquifers, non-aquifers, and interconnections and 
establishing the hydraulic nature of the boundaries. 
Mapping is essentially a geological exercise, but 
with a hydrogeolo,ical interpretation superimposed. 
Establishing boundary conditions is essential for 
modelling, but does not come easily to those with 
(hydro-)geolo,ical training. Fig. 9.1 defines the 
types of hydraulic boundary, and some discussion can 
be found in Bngelen and Jones (1987). 

(ii) Definin, the flow slstem. This step identifies all 
the flows of water into, throu,h, and out of the 
groundwater system. These are the recharges, 
discharges and internal flows. The mechanism 
controlling each flow must be identified; this is 
closely. related to the identification of boundary 
conditions (Fig. 9.1) but also includes flow 
mechanisms within the aquifer and overlying 
materials - porous, fracture or dual porosity, 
homoeeneous, stratified or aultiaquifer, etc. 
Groundwater heads and gradients within and between 
units must be known to identify internal flows. 

(iii) Setting numerical values for aquifer properties and 
flows and hence evaluating the water balance. 
Estimating permeability, storage and leakage factors 
is discussed in all hydrogeological textbooks, and 
of course this manual is concerned with estimating 
flows. 

(iv) Developin, and provin, a nuaerical model of the 
groundwater flow system. This is the culmination of 
the steps above, and sh~uld proceed iteratively with 
them. A preliminary conceptual .odel and first 
estimates of numerical values are tested in a 
numerical model, which probably leads to revisions. 
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(v) Developing a sroundwater resources plan is the last 
phase of work, and links to the socio-economic and 
financial parts of the study. It will use the 
numerical model to technically assess alternative 
plans. 

9.2 A procedure 

There are two strands to the procedure for estimating recharge 
which is set out in this section. The first is analysis of 
data from the region of interest. The second is comparison 
with other, hydrogeologically and climatically similar, 
regions. These may be anywhere in the world, but will fall "in 
the same hydrogeological province as defined in Chapters 2-8. 
Transposition of data and understanding between comparable 
areas is often done instinctively by hydrogeologists who are 
used to working with insufficient data; it becomes easier as 
one gains more experience. Our proposal is that the process 
of comparison and transposition is formalis~d so that the 
maximum amount of information is extracted. 

The procedure is outlined in Fig. 9.2, which should be read in 
conjunction with the more detailed description below. 

9.2.1 Collect existing data 

The first step in any study must be to collect all published 
and unpublished data and reports on the geology, hydrology, 
climate, pedology, etc. of the region. There are few regions 
of the world left where no data are available, although they 
may be buried in the filing cabinets of government agencies, 
foreign or local consultants, or universities. Many modern 
studies are too short to collect data on seasonal, interannual 
and longer time variations, and historical records are the 
only way to obtain such vital information. 

9.2.2 Be.ote sensing and reconnaissance 

If few data are available then rapid methods must be used to 
get the study underway. These may include use of Landsat and 
other satellite imagery, airborne remote sensing and aerial 
photography, and field or airborne reconnaissance studies. 
The objective is to define the groundwater and flow systems, 
as discussed in Section 9.1. 

9.2.3 Conceptual hydrogeological .odel 

Once all the readily available data have been gathered, a 
conceptual hydrogeological model must be defined. It should 
include climatic and hydrological aspects as well as lithology 
and groundwater. This will probably be revised (and refined) 
as more data are collected. 
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Fig. 9.2 Outline or general procedure ror 
esti.ating recbarge. 

Note: This procedure is set in the context or a 
groundwater resources studT. The rigure should be 
viewed in conjunction ~ith the text. 
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9.2.4 Key features and data shortages 

Once the conceptual model has been defined, its key features 
should be identified. These will vary between regions, but 
will include: 

- climate, particularly the type of precipitation events; 
- the nature of the main hydrogeological units; 
- flow mechanisms in aquifers and soil; 
- internal and external hydraulic boundaries; 
- expected piezometric patterns within and between 

aquifers; 
- rechar~e sources, potential as well as actual, and 

their controlling mechanisms; 
- discharges; 
- degree of urbanisation; 
- extent of irrigation, methods and water sources; 
- level of exploitation of groundwater; 
- expected hydrochemical patterns in the groundwater 

system; 
- expected isotopic signals. 

These key features can be used to identify comparable regions 
elsewhere, and can be checked in the field to confirm (or 
otherwise) the conceptual model. Data shortages, especially 
on the most important issues can now be identified to guide 
the planning of fieldwork. 

9.2.5 Co.parable regions 

In a region of scarce data, it is often better to transpose 
data from a similar region elsewhere than to rely on 
guesswork. Hence we recommend that all available sources 
(journals, reports, personal knowledge, etc.) are searched to 
discover comparable regions for which more data are available. 
The key features of both regions must be compared to ensure 
that the similarity is close. Of particular concern are the 
degree of exploitation of groundwater and the use of the land 
surface. These factors can greatly influence flows, 
piezometry, hydrochemistry and isotopes, making it difficult 
to draw analogies. 

9.2.6 Preliainary esti.ates of flows and pro~rties 

It should now be possible to make preliminary estimates of the 
essential numerical quantities: recharges, discharges, water 
balance, permeabilities, storage coefficients, etc. The 
objective at this stage is to see which items require 
fieldwork to improve estimates, and so a simple sensitivity 
analysis should be carried out to determine which are the most 
important, and which are the most poorly known. 

9.2.7 Planning field caapaigns 

The scale of fieldwork that can be achieved within a project 
clearly depends on the time and money available: it is always 
possible to achieve something no matter how tight the budget! 

93 



More importantly, one must consider the longer, term, as 
discussed in the following section. 

9.2.8 Long-term .onitoring 

It is an irony of most project studies today that too little 
time is allowed to collect long-term data, yet the same region 
will probably be re-studied in a few years time, even if no 
water resources development has taken place. The moral is 
that a long-term monitoring programme should be started, even 
in short projects. 

Such monitoring will be of flows and groundwater heads in 
areas which are expected to remain undisturbed as well as 
those where developments are likely. The latter, in showing 
responses to stresses on the groundwater system, will reveal 
much about the workings of the system. 

9.2.9 Short term fieldwork 

The fieldwork will depend on the data requirements of the 
study; see 9.2.4 and 9.2.6. 

9.2.10 Initial numerical .odel 

As well as being a predictive tool, a groundwater model 
synthesises all the available data and ensures consistency of 
interpretation. Modelling often reveals extra data shortages. 
Therefore modelling should be started as early as possible in 
any study. 

9.2.11 Finalising .odels 

To enable the final, planning, stages of the study, the 
conceptual and numerical models must be finalised. This will 
occur once all field data are collected and analysed. It 
should be accompanied by a sensitivity analysis to indicate 
the range of uncertainty in predictions by the model. 

9.2.12 Water resource development plan 

The culmination of the study will be a resource development 
plan. Planners and others will have inputs to this phase of 
the work, and the model will be used as a predictive tool. As 
discussed in Section 1.4, both the model and development plan 
will be revised as development proceeds and as long-term 
monitoring data become available. 

9.3 Example - Recharge dischar,e ratios in the Nubian 
Sandstone aquifer of the Dead Sea region 

During the early 1950s, the Dead Sea Works Co needed a 
reliable water supply, in the order of magnitude of a few 
million cubic metres per year to enable the production of 
potash. A few wells were drilled into the alluvium 
(Quaternary age) and limestone dolostone aquifers (Cenomanian 
age) which proved successful. A few years later the demand 
for water exceeded the safe yield of these aquifers. A search 
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for an additional source led to drilling into the deeper 
sandstone aquifer of Lower Cretaceous age. The first 
exploration well struck an artesian flow. The piezometric 
head was found to be higher than that of the overly~ng 
limestone aquifer, while the salinity was lower (an average 
1000 ppm CI in the limestone, and 500 ppm Cr in the 
sandstone). It was thus clear that the two aquifers are 
separated in this particular region. In order to prepare a 
long term plan of pumpage from the sandstone aquifer, the 
recharge or inflow into this region had to be determined. 

The collection of hydrological data from the region itself 
(mainly oil exploration wells) and from neighbouring regions 
(water wells and springs) enabled the formulation of two 
alternative conceptual models: 

(A) Recharge from the limestone aquifer extending 
towards the northwest, underlying the southern 
Judean mountains, the annual average ~recipitation 
on which is 600 Mm. The recharge was believed to be 
through the numerous faults crossing the region. 

(B) Recharge from the Nubian Sandstone aquifer ext~nding 
towards the south under the whole Negev and Sinai. 

The key features of conceptual model A were those of a 
mountainous karstic limestone aquifer with high permeabilities 
in a semi-arid zone recharging a down-faulted sandstone 
aquifer of medium permeability. 

The key features of conceptual model B were those of a 
sandstone aquifer containing fossil water extending over vast 
regions. 

The comparable region for model A was the Judean limestone 
aquifer of the region of Jerusalem which was thoroughly 
investigated. The quantity derived by correlation with this 
aquifer gave an annual recharge of 10xlO. m3. The task was 
then to change the models developed for the other parts of 
Israel, to answer the special conditions of this particular 
region. 

The comparable region to model B was the Continental 
Intercalaire aquifer of the Sahara and the Nubian Sandstone of 
the Western Desert of Bgypt. Adopting the hydraulic 
coefficients known from these regions for calculating the 
annual subsurface inflow or recharge, the amount was found to 
be about 20xlO. m3 /year. Another 70xlO' m3 was also found to 
be available as a one-time reserve which can be mined over a 
long period of time. The task in this ca~e, was the 
development of a new model to investigate the response of an 
aquifer to extensive mining. 

The investigation of the data from the two comparable regions 
showed that the most sensitive parameter was the isotopic 
composition of the water. While the water in the Judean 
limestone aquifer showed a contemporary isotopic composition, 
that of the Nubian Sandstone fossil aquifers was more depleted 
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and had a lower deuterium excess coefficient (Issa~ and Gat, 
1981). 

The field'data to decide between the alternative models was 
achieved by the collection of water samples from all wells and 
springs in the region, and the analysis of their isotopic 
composition. The results showed that model B is the one to be 
chosen. 

A simulation numerical model·has been applied. This involved: 

(a) Definition of boundaries and boundary conditions 
(flow, water table); 

(b) Division into cells by intersecting lines and 
columns; 

(c) Definition of hydraulic coefficients T, Sand 
thickness; 

(d) Estimation of recharge-discharge for each cell 
(inflow-outflow); 

ee) Preliminary water table map; 

(f) Calibration between measured water tables at 
observation points and calculated water table, by 
changing parameters in a trial and error method. 

This model enabled evaluation of a water balance, water table 
maps, hydrograph in various cells, and analysis of errors. 

The preparation of the computer simulation model required a 
deeper analysis of the geological data. Vertical boundaries 
of the aquifer were drawn after preparation of the Lower 
Cretaceous structural map and a subsurface geological map of 
the pre-Lower Cretaceous unconformity. Horizontal boundaries 
of the aquifer were based on facies changes and structural 
barriers. 

Transmissivity and storativity values were given to the 
aquifer according to hydrological tests and geological 
similarity in the areas where there are no drillings. The 
computer simulation model supported the main water flow 
assumptions with only slight alterations in the transmissivity 
values for areas with no existing field data, in particular 
the west coast of the Dead Sea into which a discharge of the 
Nubian Sandstone waters had been assumed. 

However, the low water levels resulting from the computer 
modelling, when compared with the field data, pointed out a 
need for change in the transmissivity values in outflow areas 
of the Dead Sea. 

The main conclusions were the following: 

(i) Structural influences are important in affecting 
water flow within the Lower Cretaceous Nubian 
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Sandstone aquifer. The dominant flow direction is 
from the recharge area in the Sinai towards the Dead 
Sea and the Arava Rift Valley. 

(ii) The northern aquifer boundary is set up by facies 
change from sandstone to a shaly aquiclude, while 
the southern boundary is influenced by the 
structural uplift that elevated the Lower Cretaceous 
Nubian Sandstone above the regional water level. 

(iii) The major Lower Cretaceous Nubian Sandstone aquifer 
contains palaeowaters and is a distinctly different 
aquifer from the overlying Cenomanian. The sub
aquifer in the southern Rift Valley is 
hydrologically interconnected with the overlying 
strata, and therefore only one aquifer exists that 
transcends stratigraphic divisions. 

(iv) No significant discharge of Nubian Sandstone water 
occurs along the west coast ~f the Dead Sea. Only 
small amounts of discharge are presently occurring 
at the southern margins of the Dead Sea. 

On the basis of these conclusions, more wells were drilled 
towards the south while development towards the north was 
stopped. 

A system of monitoring pumpage, water table levels, and 
salinity was put into operation. This also included data from 
the overlying limestone aquifer and neighbouring alluvium 
aquifer. A few wells (water and oil exploration) which 
penetrated the underlying Arad Formation (sandstone of 
Jurassic age) were also monitored. 

In a more advanced stage of research, all data from the new 
wells as well as from the older wells were reprocessed by a 
more advanced numerical model. This model was based on the 
Integrated Finite Di~ference (IFD) method, the central concept 
of which was to divide the area under study into conveniently 
smaller subdomains, and to evaluate the mass balance in each 
subdomain. A regular network for the total flow region was 
constructed by applying the Thiessen method. 

The numerical model was calibrated on the past behaviour of 
the system. Results from calibration of the aquifer flow 
model point to new aspects of the groundwater flow system: 

(i) There is a connection between the Judea Group 
aquifer and the Kurnub aquifer in the fault region 
of the study area. Leakage is from the Kurnub Group 
aquifer into the Judea Group aquifer and the rate 
was found to be approximately 7xlO' m'/year. 

(ii) The Kurnub Group aquifer and the underlying Arad 
Group aquifer are connected. The leakage rate from 
the Arad Group aquifer into the Kurnub Group aquifer 
is approximately 6xlO' m3 /year. 
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(iii) A connection exists between the aquifers under study 
(Judean Group, Kurnub Group, and Arad Group) and the 
Dead Sea: 

- The amount of water!flowirig into the Dead Sea 
from the Judea Group aquifer is approximately 
15xl0' .'/year. 

- The amount of water flowing into the Dead Sea 
from the Kurnub Group aquifer is approximately 
13xl0' ml/year. 

- The amount of water flowing into the Dead Sea 
from the Arad Group aquifer is approximately 
10' m3 /year. 

(iv) The main discharge of the aquifers to the Dead Sea 
is along its west coast. 

(v) Leakage from the Judea Group and the Kurnub Group 
aquifers into the Arava gravel fill aquifer is 
approximately 20 x 10' m3 /year. 

At this stage, a long-term exploitation plan, which divided 
the pumpage between the different aquifers, was prepared. 
This plan is rechecked every year and the model is 
recalibrated according to observations from the monitoring 
system. 
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10 GBNBRAL PRINCIPLES OF TECHNIQUES FOR ESTIMATING 
RECHARGB 

10.1 Introduction 

There can be several sources of recharge to a groundwater 
system. Each source must be considered separately to estimate 
recharge, except in some restricted circumstances discussed in 
Chapter 16. Therefore Chapters 11-15 of this part of the 
manual consider the main recharge sources individually: 

11 - precipitation or direct recharge 
12 - river recharge, including perennial, seasonal and 

ephemeral rivers 
13 - interaquifer flows 
14 - irrigation losses, both from canals and fields 
15 - urban recharge 

Each type of recharge can be quantified by several methods; 
there are similarities between methods for different 
recharges. The methods have been grouped into: 

- direct measurement 
- water balance methods 
- Darcian approaches 
- tracer techniques 
- other, mainly empirical, methods 

The remainder of this introduction discusses the requirements 
of a good method and a general approach to recharge estimation 
for resource studies. Sections 10.2-10.6 outline the common 
features of each group of methods; details are given in 
Chapters 11-16. 

10.1.1 Requirements of a recharge estimation method 

There are five essential ingredients of a "good" method: 

(i) Water balance. A recharge estimate should 
explicitly account for the water that doesn't become 
recharge, so reducing the chance of over- or under
estimation. 

(ii) Recharge processes. Only a few direct measurement 
methods do not rely on knowledge of the processes 
that convert source water to recharge and on flow 
mechanisms for that water. A good method will 
reveal if the conceptual model underlying the method 
is incorrect, for example if fissures sometimes 
carry bypassing flows. 

(iii) Error of estimate~ A good method will have low 
errors associated. It will not be sensitive to 
parameters which are hard to estimate accurately. 
For example, budgetting methods estimate recharge as 
a small difference between large numbers and so have 
inherently large errors. Unsaturated conductivity 
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is difficult to estimate accurately. The problem of 
errors is discussed again in Section 10.7. 

(iv) Ease of use. Methods which require expensive or 
unusual data, or specialized (non-hydrological) 
skills are not easy to use outside of research 
projects. 

(v) Extrapolation. Recharge estimates are needed over 
long time spans for groundwater resource studies. 
Methods that can use readily available monitoring 
data, such as rainfall, to extrapolate estimates are 
more useful than those that require specialised 
observations (see also next section). 

10.1.2 Time intervals 

Each group of methods estimates recharge over a particular 
range of time intervals. Table 1.1 shows what time intervals 
are needed for groundwater resource studies. Shorter interval 
data can only be obtained by using other data to subdivide 
totals. Averages over longer periods should be obtained by 
summing values over shorter periods; because of non
linearities in recharge processes, and possible changes of 

~ 
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Infeasible 

Feasible 

Optimum time scale 

Results available by 
summation of shorter time scale. 

Extrapolation often possible using 
standard hydrometric data. 

Fig. 10.1 Feasible ti.e scales For estiaating 
precipitation recharge, based on the .etbods 
available 

Notes. (1 ) The event time scale is marked as 
optimal for water balances because the conceptual 
model is most correct then, despite the higher 
errors of estimating such a small difference. 
(2) Applied tracers could be used on any time scale 
but are most accurate over a season. 
(3) Optimal time scales are not shown for all 
methods. 
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flow direction, working directly with longer intervals may 
seriously mis-estimate recharge. An example is the use of 
soil moisture balancing models. Working with monthly data 
they usually indicate no recharge in arid and semi-arid areas, 
whereas using daily or event time steps, they will show that 
some recharge occurs. Fig. 10.1 shows the feasible and 
optimum time intervals for the various precipitation recharge 
methods. 

10.1.3 General approach for estimating recharge 

Recharge estimation must be seen as an iterative procedure. 
Initial estimates are revised and refined by comparing them to 
the results of other methods and to other data. Final 
estimates should result from calibration of a distributed 
groundwater flow model when groundwater responses in space and 
time are accurately matched. 

The best initial estimates of historical recharge are obtained 
by considering (a) the recharge source, (b) the transmission 
route for recharge, and (c1 the groundwater system. A general 
procedure is to ask the following questions: 

(i) How .uch recharge can the aquifer accept? A full 
aquifer will reject further water which must then 
find another destination. 

(ii) How much water can the unsaturated zone transmit? 
High potential recharge rates, for example from 
rivers or irrigation canals, may not be able to pass 
through low conductivity layers. 

(iii) What other destinations are there for potential 
recharge, and how large are they? 

(iv) How much potential recharge is there? 

(v) What is the actual recharge? This step considers 
the balance and destinations of all water from the 
source, based upon (i)-(iv) above. 

(vi) How do other estimates compare? Whenever possible, 
more than one method should be used. 

10.2 Directmeasurements 

Recharge cannot be easily measured directly. The measurement 
must be at depth, when water has le£t the surface layers which 
can be under the influence of evaporation or other near 
surface processes. The intervening ground must be undisturbed 
so that the conversion of surface input to recharge is not 
affected by the measurement. Thus direct measurement requires 
construction and is expensive, particularly as it only 
provides a point measurement. 

Only recharge from precipitation and canal losses ar~ measured 
directly with any frequency, although the same techniques can 
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be applied to recharge from irrigated fields. The 
construction and operation of lysimeters is discussed in 
Section 11.2, and the use of seepage meters is described in 
Section 14.2. 

Direct measurement has the advantage of an implicit mass 
balance, that is all the input water can be accounted for. 
There are unlikely to be bypassing flows or overestimates of 
recharge. The time scale of measurements is that of the 
observations, from instantaneous up to seasonal or annual. 

10.3 Water balances 

This group of methods estimates recharge as the residual of 
all the other fluxes. The principle is that other fluxes can 
be measured or estimated more easily than recharge. Examples 
include: 

(i) soil moisture budgets, in which rainfall and 
potential evapotranspiration are inputs toa soil 
moisture accounting procedure, with actual 
evapotranspiration and recharge as the outputs; 

(ii) river channel water balances, when upstream:and 
downstream flows are differenced to calculate 
recharge or - more accurately - transmission losses; 

(iii) water table rise, when the volume stored beneath a 
rising water table is equated to recharge, after 
allowing for other inflows and outflows such as 
pumping wells and aquifer throughflow. 

The advantages of water balance methods are that they use 
readily available data (rainfall, runoff, water levels), are 
rapid to apply, and they account for all water entering the 
system. Methods are available for all recharge sources; often 
they are the only feasible type of method. 

The major disadvantage is that recharge is the residual, that 
is a small difference between large numbers. Errors can-be 
high, with the errors in all the other fluxes accumulating in 
the recharge estimate. For example, high river flows can 
often only be estimated to ±25%. If recharge is 25% of flow, 
the error in estimating it is ±100%. 

Other disadvantages include the difficulty of estimating other 
fluxes. For example, evapotranspiration cannot be measured 
easily, yet it is often the largest outward flux. Physical 
properties like specific yield are central to some water 
balance methods, but are not easily defined or measured 
(Section 16.2). 

The natural time scale for water balance methods is the 
duration of a recharge event. Recharge processes are often 
non-linear, so that estimates based on longer time intervals 
should be summed over the individual events rather than 
calculated for the whole interval at once. Lon, records are 
available for much of the data used for balances (rainfall, 
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runoff), so that long time series of recharge can often be 
calculated. 

10.4 Darcian approaches 

Groundwater flow is controlled by Darcy's law: 

or 

where q 
K 
i 
Q 
A 
h 

q = K i 

Q = KiA 

seepage velocity (LIT) 
hydraulic conductivity (LIT) 
hydraulic aradient·, -dh/dx 

10.1a 

10.lb 

groundwater flow through a cross-section (L3 /T) 
cross-sectional area (LI) 
hydraulic head (L) 

When combined with an equation of mass conservation, this 
gives an equation of flow, for example, in the x-y plane below 
the water table: 

6 (T 8h) + 6 (T 6h) 
8x 6x 8y 6y 

= S 8h + q(x,y,t) 
6t 

10.2a 

or for vertical flow in the unsaturated zone above the water 
table: 

where T 
x,y,z 

q 
S 
t 
9 

K( 9) 

~ (K(S) 8h) = 69 + q(z,t) 
6z 6z 6t 

transmissivity (LIlT) 
coordinates (L) 
outflow per unit area (LIT) 
storage coefficient 
time (T) 
moisture content 
unsaturated hydraulic conductivity (LIT) 

10.2b 

Knowledge of some of hydraulic heads, pressures, moisture 
contents, hydraul ic conducti vi ty and other pro.perties and 
boundary fluxes should, in principle, enable recharge to be 
estimated. There are two broad approaches; field measurement 
and numerical modelling. 

Field based techniques usually assume steady conditions, when 
only measurements of head (or pressure) and hydraulic 
conductivity are needed to apply eqn 10.1 or its unsaturated 
equivalent. The methods work well for saturated flow, 
provided conductivities can be measured at the right scale -
laboratory values often bear little relation to large scale 
field values. Unsaturated flow is much more difficult to 
calculate from field measurements because of the sensitivity 
of conductivity values to moisture content (Fig. 11.8). 

Numerical modelling methods take transient flows and storage 
changes into account, and can include spatial variability of 
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physical properties·, of which hydraulic conductivity is the 
&ost important. However data requirements and computing load 
are high. 

The principal advantage of these methods· is that they attempt 
to represent the flow of water - the actual physical processes 
that we are interested in. This is often countered by the 
need to make simplifying assumptions in order to reduce the 
computational effort. For example, numerical models of the 
soil zone usually assume a single porosity medium with no 
spatial variation in properties. In practice many soils have 
dual porosity, with preferred pathways during high satuation, 
that is at times of recharge. 

The correct time scale for such models depends on the rate of 
fluctuation of heads, varying from seconds for rainfall into 
soil, to seasonal or longer for seepage between aquifers. 

10.5 Tracer techniques 

Both environmental and applied tracers are widely used for 
recharge estimation in arid and semi-arid areas. 
Environmental tracers can be used in both signature and 
throughput methods. Si,nature methods are when parcels of 
water are dated or labelled. Throughput methods involve a 
mass balance of tracer. Applied tracers are normally only 
used in signature methods; lateral dispersion makes it 
difficult to achieve a mass balance. Tracers are .widely used 
for precipitation, irrigation and total recharge studies, but 
not for quantifying river or urban recharge. 

Because tracers do not measure water· flow directly a number of 
problems can arise, leading to over- or under-estimates of 
recharge. These problems include secondary (unknown) tracer 
inputs, mixing and dual flow mechanisms, and only arise if the 
sources, sinks and pathways of tracer are not fully 
understood. Part of the recharge going through preferred 
pathways such as root channels or fissures may invalidate a 
tracer method. Ironically tracers are often used to detect 
such dual flow mechanisms. 

Environmental tracers sum recharge over long times in arid and 
semi-arid areas. This can be tens of years when profiling in 
the unsaturated zone, to thousands of years for aquifer wide 
tracer balances. Applied tracers are used where recharge is 
higher and work over one or several seasons. 

10.6 Other aethods 

A miscellany of other methods is in use for recharge 
estimation. These are mainly empirical, in which recharge is 
correlated with other variables (precipitation, elevation, 
canal flow). The relationship is then used (a) to extend the 
recharge record in time, or (b) is transposed to other 
catchments of similar characteristics. 

In many practical studies such transpositions are the only way 
to proceed, especially for preliminary estimates of recharge. 
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It is clear that catchments should be closely matched in 
characteristics, and that the empirical relationship is only 
as good as the recharge estimates on which it was based. A 
difficult problem is the effect of groundwater levels on 
recharge; high or perched groundwater levels will reduce 
recharge, sometimes by several orders of magnitude. Depth to 
groundwater is the most diffi~ult factor to correlate between 
catchments, and so empirical methods work best when the water 
table is deep and no perching occurs. Changing groundwater 
conditions (once resources are exploited) may change recharge, 
but empirical methods cannot estimate these changes as they 
contain no model of recharge processes~ 

Non-empirical methods used in particu1ar circumstances include 
hydraulic models of river flow (Section 12.6.3) and inverse 
modelling methods for total recharge (Section 16.4). 

10.7 Accuracy of recharge estimates 

10.7.1 Types of error 

Because recharge is not easy to measure directly, estimates of 
it are prone ~o large errors.. Four types of error can b~ 
identified and are discussed below: . 

- incorrect conceptual model (defined in Section 1.2) 
- neglecting spatial and temporal variability 
- measurement error 
- calculation error 

Conceptual model. This is the most serious and most common 
type of error. It arises when the recharge process is not 
fully understood, or simplifying assumptions are made. For 
example, it may be assumed in a particular case that excess 
irrigation water applied in parks becomes recharge, while in 
truth a low conductivity layer causes perching and horizontal 
flow to a surface drain. As another example, a monthly time 
step might be used for a soil moisture budgeting model in a 
semi-arid area resulting in zero recharge being estimated, 
whereas occa~ional short wet spells overcome soil moisture 
deficits to cause some recharge. 

It is impossible for the authors of this guidebook to identify 
and catalogue all the ways recharge can occur. All we can do 
is continually emppasise the need to use all the available 
evidence, understand the system you ~re working with, and to 
point out the most important simplifications in the various 
methods. . 

Temporal and spatial variability. Most recharge processes are 
non-linear in relation to time. For example a low intensity 
of rainfall may cause no recharge because of a high rate of 
evapotranspiration, whereas the same amount in a shorter time 
period may be sufficient to saturate the soil and cause 
recharge. Thus errors will arise'by ignoring temporal 
variations, for example by using monthly, annual or long-term 
average data. Recharge is similarly non-linear in respect of 
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spatial variations of inputs and physical properties of soils 
and aquifers. 

Measurement error is eoverned by the equipment used to make 
measurements. It can be estimated by experiment, can be 
handled mathematically (Section 10.7.2) and is the kind of 
error most usually considered. Handbooks on hydroloeical 
methods often quote the proportional error associated with 
standard measurements. 

Calculation errors can be avoided by care and checkine, 
especially of units. A particularly difficult type can occur 
with numerical computer models unless they are vigorously 
tested under a wide range of conditions. 

10.7.2 Theory of errors 

Measurement errors are the only type which can be examined 
mathematically. They can be expressed as a proportional' error 
(p) or as an absolute error (a); for example, river flow mieht 
be measured to within a proportional error ranle of ±10S, or 
within an absolute range of ±to m3 /s. 

Errors should be given as the standard error of estimate. 
That is if the variable X is beinl measured it can be 
expressed as (Xt + e.), where Xt is the true value and e. is 
the error on an individual measurement. X will be normally 
distributed with mean X, and variance a.a. The shorthand 
notation for this is 

x ... N (X" a. a ) 10.3 

The errors are also normally distributed 

ex ... N (0, a. a ) 10.4 

as are the proportional errors 

ex IX, ... N (0, p. a ) 10.5a 

10.5b 

It is a property of the normal distribution that 68S of values 
will lie within the ranee (Xt - a., X, + ax). 

With these definitions of error it is possible to consider how 
much error arises from the use of different kinds.of equation. 
Consider an additive equations such as a simplified river 
channel water balance 

where R 
U 
D 
E 

R = U - D - E 

recharge rate [L 3 /T] 
flow in river at upstream section [L3 /T] 
flow in river at downstream section [L3 /T] 
evaporation from river surface [L3 /T] 
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Replacing the estimated values by true values and errors gives 

(Rt + e.) = (Ut + eu) - (Dt + eD) - (Et + eE) 10.7 

where subscript t indicates a true value and e is the error in 
each variable. Assuming that U, D and E are independent, 
normally distributed variables, the error in R is given by 

10.8a 

or, for proportional errors 

10.8b 

Two conclusions can be drawn from eqn 10.8b for additive 
equations. First, the relative size of the variables must be 
known in order to handle proportional errors. Second if, as 
is usually the case, R is small compared to the other 
variables, the proportional error in R will be large; in fact 
it can easily exceed 100%. 

Consider now a multiplicative equation, for example Darcy's 
Law (eqn 10.1b). In this case, the error in Q is given by 

p,a = PEa + Pi a + PA a + paa pi • + paapAa + 
Pi apAa + p.·pi apAa 10.9a 

The last four terms are one or two orders of magnitude smaller 
tha~ the first three, that is 

10.9b 

and for absolute errors 

10.9c 

Thus the sizes of "the variables are needed to use absolute 
errors with multiplicative equations. Eqn 10.9b is the most 
useful, and should be compared with eqn 10.8b. It shows that 
multiplicative equations lead to much smaller errors than 
additive ones. 

10.7.3 Mini.ising uncertainty in recharge esti.ates 

Error analysis, or sensitivity analysis by differentiation, 
will show which variables in an equation lead to the highest 
errors, and effort can be concentrated on obtaining the most 
accurate estimates for these. However this approach will not 
help if the conceptual model is wrong. It is strongly 
recommended that more than one method of estimation using 
other data is used to provide an independent check. 

Calibration of a groundwater flow model against observed 
groundwater responses should always be used as the final step 
in recharge estimation (see Section 10.1.3). A groundwater 
flow model may allow prediction of isotope and other tracer 
concentrations in the groundwater system and its outflows. 
These predictions can be compared to observations, providing 
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another check on the overall conceptual model and recharae 
estimates. 
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11 PRECIPITATION RECHARGE 

11.1 Introduction 

11.1.1 Direct and indirect recharge 

A simplified view of the precipitation-recharge process is 
shown in Fig. 1.2. In essence, some of the precipitation 
returns to the atmosphere by various evaporation processes, 
some runs off laterally, and the remainder becomes direct 
recharge. This chapter is concerned with estimating this 
direct recharge, that is recharge below the point of impact of. 
the precipitation. Including moisture storage above the water 
table: 

recharge = precipitation - runoff - actual ± storage 11.1 
evapo- change 

transpiration 

An immediate conceptual difficulty is, "How far can water move 
sideways and then infiltrate before counting as indirect 
recharge?". Any such movement implies variability in spatial 
properties which can invalidate many of the estimation me'thods 
for direct recharge. On the other hand, small and numerous 
movements cannot be counted or treated individually when 
building a regional groundwater model. Examples include: 

(i) weathered, bare, hardrock or limestone terrain where 
recharge is into distinct fissures, 

(ii) surface depressions, with sizes and spacings from 
centimetres upwards, where local runoff gathers and 
infiltrates, 

(iii) bare rock outcrops in permeable terrain (eg sand or 
alluvium), where runoff infiltrates at the edge of 
the outcrop, 

(iv) the many minor, ephemeral drainage channels with 
permeable beds which may only contribute to aain 
channel flows on rare occasions; at other times all 
flow infiltrates into the bed. 

These examples illustrate that a pragmatic division into three 
is needed, (i) direct recharge at the point of impact 
(ii) indirect recharge along main watercourses, and (iii) an 
intermediate category of recharge where some horizontal, 
surface flow occurs but not involving a mapped water course. 
Most of this chapter deals with (i) direct recharge; Chapter 
12 deals with (ii) indirect recharge. We have called the 
intermediate category localised recharge (see Section 1.1.1). 
It is the least well researched of the three. The last 
section of this chapter (11.8) discusses how some information 
relevant to modelling studies might be obtained. 
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11.1.2 Methods for estimating direct recharge 

Methods for estimating direct recharge can be classified as 
follows: 

(i) Direct measurement over areas up to 100 m2. 

(ii) Totally empirical methods, which usually simplify 
eqn 11.1 to: 

recharge = f(precipitation) 11.2 

where the function may be linear or non-linear and 
may involve easily measured variables like altitude 
or catchment area. 

(iii) Water budget methods, (i) at a point or (ii) at a 
catchment scale. The former are usually soil 
moisture budgetting methods. 

(iv) Darcian approaches, that is making use of the 
equation of flow in the zone above the water table. 
These may be based on field measurements of moisture 
and head, or on numerical models. 

(v) Environmental or applied tracers which track the 
movement of parcels of water in the unsaturated 
zone. 

These methods are discussed in some detail in Sections 11.2-
11.6, and a brief summary of their appicability, ease of use, 
costs, etc is given in Table 11.1. Sections 11.7 and 11.8 
deal with variability of recharge across catchments and 
localised recharge respectively. 

Potential and actual recharge. A useful conceptual 
distinction is between actual recharge which is the water that 
reaches the water table, and potential rechar,e which is 
available, but which may ao to another destination. The 
clearest example is with a high water table, when potential
recharge (excess of precipitation over evapotranspiration) 
cannot enter groundwater and becomes runoff. If the water 
table subsequently fell, more actual recharge would occur from 
the same potential recharge. 

Possible destinations for potential recharge are runoff, 
evapo(trans)piration, storage in the soil or unsatur~ted 
zones, perched water tables or minor aquifers, and discharge 
through local groundwater systems instead of the regional 
system. Whether these apply to any particular groundwater 
system will depend upon the boundaries adopted. 

Actual recharge is needed when simulating historical 
conditions of a groundwater system. however, when modelling 
possible future conditions, for example when new boreholes 
have lowered the water table, it may be more appropriate to 
use potential recharge. Many methods of estimating recharge 
estimate potential, rather than actual. 
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11.2 Lysiaeters - direct aeasureaent 

The only practicable method of measuring recharge flux is with 
a lysimeter. This is a block of soil instrumented so that 
flows through it can be measured. The biock is isolated from 
the surrounding soil but is representative because it has the 
same ve,etation and climatic exposure. 'In order to minimise 
edge effects and average out local variation~ in soil and 
vegetation lysimeters need to be large (u~ to 10 metres in 
each of the three dimensions), and so are expensive to 
construct. Examples of their construction and use for 
recharge measurement are given by Kitching & Bridge (1974), 
Kitching et ale (1977), Kitching & Day (1979), Kitchin, et ale 
(1980) and Kitching & Shearer (1982). 

11.2.1 Design requirements 

A lysimeter design for estimating recharge should fulfill the 
following requirements: 

(i) Contain undisturbed soil. Vertical flows through 
repacked soil will not be representative. 

(ii) Be large enough to minimize edge effects and average 
small scale heterogeneities. A minimum plan area 
would be 1 m2 , the ideal would be 100 mZ • 

(iii), Be large and deep enough to en6lose complete root 
systems! This sometimes makes naturally vegetated 
IYsimeters impractical, especially in arid and semi
arid areas where roots can,be 50 m deep. 

(iv) Be surrounded by similar vegetation to avoid oasis 
effects. 

(v) Have the same hydraulic condition at the base as 
found at the same depth in the surrounding soil. 
This is discussed more fully below. 

(vi) Be watertight, except for the drainage to be 
measured. 

11.2.2 Hydraulic conditions at the base 

Vertical flow in the lysimeter will be partly controlled by 
conditions at the base and so these must be the Same as in the 
surrounding soil. If the aquifer has a shallow water table, a 
water table should be maintained in the lysimeter at the same 
depth. If the aquifer's water table is deep, suction must be 
applied at the base of the lysimeter. There are three base 
conditions in use, illustrated in Fig. 11.1: 

(i) A water table lysimeter in which water is pumped in 
or out to maintain the same level inside and out. 
Fig. 11.1a illustrates such a lysimeter on a thin 
outcrop of aquifer, where an impermeable base is 
formed by an underlying clay unit. 
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(ii) Suction drained lysimeters have a base above the 
water table with suction drainage installed just 
above the base (Fig. 11.lb). In order to keep water 
potentials and hydraulic gradients in the lysimeter 
the same as that in the surrounding soil, the 
suction applied should either be based on the depth 
to water table or the suction measured in the 
surrounding soil. The total drainage is measured 
and is equal to recharge. 

To maintain Iysimeter 
To mea surement water table 

_i 4-- IIIJ 

~~il\~~'" '" ~'" ~ -~~~ ~_~t""""I,,~~,,~ ~ 
Unsaturated 
zone of aquifer 

"Water table 

Saturuted zone I I I I 

of aquifer I : I : 
I I I I 
I I I I 

~0'I:~r-n~'O-"'~""'I:r"~1 I I ~ 
I~Permeabl. x II ~ V'>4 'XX 
;,I~! ... ~as~,~ xliii ~ ~, >l 

.( .x .x .x .x x .x ~~ xx:,t ~~ 
~ )C )! K ~)Boreholes with;< 
~ ~\k'JC.x ~5ubmersible pumps 
x X x x x lmp~:.meable sides'" '" '" " '" " ,.. '" , 

to Iysimeter 

(a) Lysimeter containing a water table 

Access ____ ~~ shaft __ ~""'If""'~ __ _ 

Unsaturated 
zone of 
aquifer 

Impermeable base 
and sides 

Perforated 
drainage pipe 

(c) Gravit~ drained l~simeter 

Drainage 
measurement 
container floating on 
water table 

(b) Suction drained l~simeter 

Raised protective 
edge to membranes 

\ 

,-". ,.....' .... ,'...., .... r...., ... ~3 impermeable 
membranes (polythene, 
PVC, butyl rubber,etc I 

(d) Trench construction for 
'ly'simeter sides 

Fig. 11.1 Design and construction ot" lrsi.eters 
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(iii) A gravity drained lysiaeter (Fig. 11.lc)~ These are 
only of use in coarse grained, peraeable soils where 
no significant capillary rise will occur and where 
conditions at depth have little influence on 
vertical flows. 

11.2.3 Lysimeter construction 

The sides of large monoliths in cemented ground can be 
constructed by excavating a trench, lining the side with 
several impermeable sheets and backfilling the trench with 
bentonite cement (Fig. 11.ld). A slurry trench technique may 
be possible in weak ground, but offers no guarantee of 
watertightness because it cannot be inspected. Sheet piling 
has been used for both large (Kitching & Day, 1979) and small 
lysimeters. Once the monolith is isolated, a trench is dug to 
expose the piles; the bottom of the piles are trimmed if 
necessary to form a neat, horizontal base and the joints 
between them are filled with bitumen or similar compounds. A 
third technique, forcing a fibreglass cylinder into the 
,round, has been developed by agriculturalists (Belford. 
1979). Cylinders, 0.8m in diameter, 1.5m deep and of 10mm 
wall thickness have been successfully installed in a va+iety 
of soils and weak rocks, using ground anchors for reaction. 

An artificial base is needed if the lysimeter sides do not 
reach an impermeable stratum. Near-horizontal sheet piles 
have been used for a few large lysimeters, but require 
specialised equipment. A more common method is to jack a 
steel plate under the bottom of the monolith from the access 
shaft or trench. In some cases the monolith has been slid 
across onto the plate. The sides and base are sealed to each 
other and most of the access trench backfilled. 

11.2.4 Instrumentation and measurements 

The minimum instrumentation for a lysimeter site is: 

- drainage collector 
- daily raingauge 
- water table observation borehole. 

Other desirable instrumentation includes: 

- soil moisture and pressure measuring devices, is 
neutron probe and tensiometers 

- climate station for potential evapotranspiration 
estimates 

- direct measurement of evapotranspiration 
- recording raingau,e. 

In a humid climate, the minimum measurements would be of daily 
drainage and rainfall, weekly measurements of water table 
level. In climates where single rainfall events are 
important, measurement frequency must be based on events. 
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11.2.5 Advantages and disadvantages of lysi.eters 

Lysimeters, as with most other methods of estimating direct 
recharge, are better suited to humid than semi-arid climates. 
Careful construction, regular maintenance and frequent 
observation are needed to ensure that leaks, bypassing flows, 
faulty drainage or evaporation do not affect the amount of 
water collected. 

Lysimeters are expensive to construct and only give point 
measurements of recharge. Kitching et ale (1977), set up two 
lysimeters within 50 metres of each oth~r in a humid zone. 
Recharge was 159 mm/y in one and 114 mm/y in the other. The 
fact that the latter recharge value is only 72 % of the former 
was not explained: does it represent true variability in 
recharge or errors in measurement? In either case it shows 
that lysimeter methods are as vari~ble as other point methods. 

The act of constructing a lysimeter will disturb the soil and 
moisture and time is needed for flows to settle back to a 
natural condition. At the extreme, this could be as long as 
the time for recharge to flush the lysimeter through; for a 
2 m deep unit with a water content of 20% and recharge of 
100 mm/y, this would be 4 years. For example, a lysimeter in 
Cyprus only recorded 5mm of recharge in its first year of 
operation, although chloride and tritium profiles suggested 
average recharge was 50 mm/y (Kitching et al., 1980; Edmunds & 
Wal ton, 1980). 

Lysimeters may be justified where there are a limited number 
of surface and soil conditions in a catchment, so that the 
results can be reasonably applied to a large area; see Section 
11.7. 

In arid and semi-arid areas, because of the variability of 
precipitation and the importance of rare events. a Ion. period 
of measurement is needed to estimate average recharge. 
However, a short re"cord from a lysimeter should provide good 
quality data to calibrate a soil moisture budgetting model 
(Section 11.4), for an area with long term meteorological data 
but with no other method of confirming the choice of model and 
potential to actual evaporation function. 

11.3 B.pirical aethods 

Many attempts have been made to find simple relationships 
between precipitation and recharge. Once derived by careful 
study, these are commonly used as 'black boxes', making 
recharge estimates without further consideration of 
hydrogeology or whether the results are feasible. The 
simplest empirical formula takes recharge as a proportion of 
precipitation: 

r = f p (notation below eqn 11.6) 

where f will probably vary with terrain and climate. The 
second level of formula includes a threshold. For example 
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Mandel & Shiftan (1981) give a formula for recharge in 
Mediterranean climates of: 

r = 0.9 (p - 360) 450 < P < 650 mm/y 11.4 

More complex formulae often do not preserve dimensionality, 
for example the Cheeturvedi formula (Si·nha&t Sharma, 1988) for 
recharge in India: 

r = 50.8 (p/25.4 - 15)0. ~ p > 380 mm/y 

or Turc's (1954) formula which includes mean annual 
temperature: 

where r 
p 
f 
T 

r = p [1 - (0.9 + p2 /L2 ) - 0 • 5 ] 

L = 300 + 25T + 0.05 T2 

annual average recharge rate (mm/y) 
annual precipitation (mm/y) 
empirical constant 
mean annual temperature (ot) 

11.5 

11.6a 

11.6b 

The origin of many formulae are lost in the darkness of 
history. In general they will have been obtained for a 
particular basin by correlation of precipitation with 
estimates of recharge obtained by other methods (water table 
rise, basin discharge, etc). 

There are t~o issues that must be resolved before an empirical 
formula can be used; 'How reliable is its derivation?' and 
'Can it be transposed to either another catchment or another 
period in time?;. For example, how accurate were the recharge 
estimates used to derive the formula; were they checked, for 
example, by calibration of a groundwater model? When 
transposing, are conditions in the new catchment (or time 
period) the same as those in the original - depth to water 
table, unsaturated zone processes, land use, topographical 
characteristics, climate and type of rainfall. . 

An illustration of the low accuracy of simple precipitation
recharge· relations can be found in a study of 63 desert 
catchments in Nevada, USA, carried out by Watson et ale 
(1976). They correlated recharge (estimated from measurements 
of groundwater discharge) with precipitation, obtaining 
results as follows: 

Precipi tation Percentage 
zone (am) recharge 

> 510 
380-510 
300-380 
200-300 

< 200 

24 
19 

-0.1 
4 
o 
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:1:15 
:1:16 
:1:6 
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The wide confidence intervals make the coefficients unusable 
for prediction, despite being derived from a large, carefully 
assembled database. 

Given the difficulties outlined above, the occasions when 
empirical formulae will be most useful are: 

(i) for reconnaissance studies, when high marlins of 
error are acceptable; 

(ii) for underexploited catchments, or those where 
groundwater conditions have little effect on 
recharge; 

(iii) for extrapolation backwards in time within the 
catchment where the formula was derived; 

(iv) when the resulting estimates can be checked and 
amended if necessary, for example when a Iroundwater 
model is to be constructed. 

Many empirical formulae have been derived and used, especially 
in project studies by consultants and others, although few 
have found their way into the scientific literature. It is 
not possible to give enoulh background in this manual on each 
formula to allow its use, and so none can be recommended. 

The use of empirical formulae has similarities to the use of 
representative basins. These well instrumented catchments 
have been set up in many parts of the world to provide 
accurate estimates of the components of the water balance, 
including recharge. The same difficulties of transposition 
will arise with representative basins as with empirical 
formulae, but at least the basic data will be of high quality. 
Setting up representative basins is discussed in a number of 
manuals and conference proceedings, including Anon (1972-3), 
Body (1982) and Toebes & Ouryvaev (1970). 

11.4 Soil moisture bUdgetting methods 

11.4.1 Introduction 

Soil moisture budgetting methods are those that measure or 
estimate the items on the riaht hand side of eqn 11.1. At its 
simplest this leads to a conceptual model like that in 
Fig. 11.2. Water is held in a soil moisture store; 
precipitation adds to the store, evapotranspiration depletes 
it. When full, excess precipitation is routed to groundwater 
as recharge. The most difficult item to measure is actual 
evapotranspiration, and in general a conceptual quantity 
called 'potential evapotranspiration' is defined. A 
budgetting procedure involving soil moisture is used to 
convert potential to actual evapotranspiration. There are 
many variations and refinements on Fig. 11.2 some of which are 
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discussed below, but at this sta,e it is important to note 
these points: 

- such models are only simple conceptual models of the 
precipitation-rechar,e process and may not be 
correct for your situation; 

- the essence of the model is the relation between 
potential and actual evapotranspiration; 

- estimates are for a uniform zone (Section 11.7). 

/ 

, IIII.I!I!,I •. ,II',' 
PrecIpitation 
I I I 1 ~ If I. I' . 

Evapotranspirati on 

, : ~ , ,!' I '.;' , 

~ 

1

* ~In1;nrnu.n 
1" \ / , 

t f~t 
__ ~:~:~'n~~'~) ___ _ 

zone of downward 
per(;olation only 

Potential ? 
';0' ...... ,.:: L _-'~
capacity 

current 
content c 

CI/ c 
o 

Actudl 
evapo'fation 

o 
current deficit 

u ~ ___ -I ... ___ --1 root constant 
f 
::J 

Vi 
'0 
E I-----~ t------t·~wilting point 

'0 a lit L.....----t ... ___ ----' 

! ... ______ -=Y=-_______ water table Recharge 

Fig. 11.2 Soil .oisture processes and a conceptual 
soil .oisture bud6ettin6 procedure 

Soil moisture bud,ettin, models were developed for humid 
climates and have less validity in arid and semi-arid zones. 
They work best for seasonal patterns of recharge, well 
developed soils which do not dry completely, when potential 
and actual evapotranspiration are of similar sizes, and with 
precipitation that is widespread and relatively uniform. 
These conditions do not apply in arid and semi-arid zones 
where these models normally underestimate recharge, often 
giving zero values. 
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The following rule of thumb may help in deciding whether soil 
moisture budgetting models will be applicable to a given 
terrain: 

Whole year: p + i > 500 11.7a 

Wet season: et p < 1.5 (p + i) 11.7b 

Dry season: et p < 3 (p + i) 11.7c 

etp , eta and (p+i) similar in area where etp data 
derived and area where model is applied 11.7d 

where et p 

eta 
p 
i 

potential evapotranspiration (mm/y) 
actual evapotranspiiation (mm/y) 
average precipitation (mm/y) 
irrigation water applied (mm/y) 

It may be possible to apply the methods for a wet season only 
on the basis that little recharge occurs in the dry season. 

Fig. 11.2 does not describe how soil moisture behaves; there 
can be vertical water flows (either up or down) when a soil 
moisture deficit exists. Nor does it describe the recharge 
process, which may be dominated by fissures, root channels or 
topographic depressions. Many models used in real situations 
need empirical adjustments to make them match field 
conditions. This section outlines the classical, humid zone 
models that are in use, and lists some of the empirical 
adjustments used for various studies. 

11.4.2 Evapotranspiration 

Good data on actual evapotranspiration is equally important as 
good precipitation data. Unfortunately actual 
evapotranspiration is rarely measured except in research 
projects when the sophisticated eddy correlation technique is 
used; a description is given by Dyer & Maher (1965). This is 
an impractical technique for most project studies, and actual 
evapotranspiration must be estimated from standard 
meteorological measurements. As mentioned above, this is 
usually done through a conceptual quantity called potential 
evapotranspiration or reference crop evapotranspiration. 
These are intended to be measures of the energy available for 
evaporating and transpiring water. 

A number of formulae have been devised for evapotranspiration, 
of which the Penman-Monteith (Monteith, 1965, 1981) is 
generally considered the best for actual evapotranspiration in 
humid climates. It is written 

eta = s H + d c' (ea - ed) Ira 
1 [s + g (1 + r./ra») 

(Notation is below eqn 11.10.) 
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It is rarely used because of the difficulty of estimatin. the 
aerodynamic and stomatal' resistance parameters; it is however 
recommended for use whenever possible. 

The Penman (1948, 1949) formula is in common use among 
hydrolo,ists and agronomists to estimate a reference 
evapotranspiration from short, green, well watered turf. It 
is written 

et, = s H + I E. 
t (s + g) 

11.9a 

where 

E. = a3 ( a1 + az uz ) ( e. - ed ) 11.9b 

(Notation is below eqn 11.10.) 

In both formulae, evaporation depends upon the vapour pressure 
deficit, which in turn depends upon the amount of evaporation. 
Therefore they do not calculate evaporation from independant 
variables, and are only strictly valid for description rather 
than prediction. For example it would be incorrect to take 
data from a climate station in a large, well irri.ated area of 
crops and apply the resulting evaporation estimate to natural 
semi-arid ve.etation; this is one reason for rule 11.7d above. 
ne Bruin (1987) discusses this and other problems in an 
excellent review of evaporation in arid and semi-arid regions. 

Despite the theoretical difficulties, the Penman and Penman
Monteith formulae are, and will continue to be, used to 
estimate actual and potential evapot~anspiration. Actual 
evapotranspiration will continue to be estimated from 
potential by the models described in this section. Manuals on 
the use of Penman should be consulted including WMO (1966), 
FAO (1976) and FAO (1977). 

Other evaporation formulae include: 

Thornthwaite (1948) using only monthly mean 
temperature, although a later version used daily 
temperatures; 

Turc (1954) using annual precipitation and mean 
temperature (see eqn 11.6); 

- Priestley and Taylor (1972), a simplification of 
Penman-Monteith; 

Thom and Oliver (1977), a revision of Penman
Monteith. 

None of these are recommended. Host use less data than Penman 
or Penman-Monteith, and none have been researched as 
thoroughly as Penman. They are unlikely to provide accurate 
enough estimates for rechar.e estimation, especially in arid 
and semi-arid areas. 
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Recently the Dutch have gone over to the use of a simple 
formula by Makkink that only requires .lobal radiation and 
temperature (Hooghart, 1987) 

etr = 0.65 s G/[l (s + g)] 11.10 

where eta 
et, 

actual evapotranspiration (kg/ml/s) 
evapotranspiration for short, well watered, green 
turf; Penman potential evapotranspiration 
(kg/m2 /s) 

etr 
al J al ,a3 

c 
d 

e. 

reference crop evapotranspiration (kg/m2 /s) 
constants 
specific heat of air (J/kg/K) 
density of air (kg/m3 ) 

saturated vapour pressure at air temperature 
(mbar) 

ed vapour pressure at screen height (mbar) 
g psychrometric constant (mbar/K) 
G global radiation at edge of atmosphere (w/mZ) 
H available energy = net radiation - soil heat flux 

- heat storage in vegetation (W/ml) 
1 latent heat of vaporisation (J/kg) 

r. aerodynamic resistance (s/m) 
r. stomatal resistance (s/m) 

s slope of saturated vapour pressure curve (mbar/K) 

It estimates a reference crop evapotranspiration which is 
converted to actual evapotranspiration by published crop 
factors. These are an essential part of the procedure, and 
would need to be evaluated for other crops and climates to 
those in The Netherlands. 

11.4.3 Penman-Grindley .odel 

The Penman-Grindley model (Penman 1950; Grindley 1967, 1969) 
is the simplest and most widely used soil moisture budgetting 
model. It was originally developed to estimate soil moisture 
deficit and actual evaporation, recharge estimates being a by
product. The soil moisture accounting is common to many 
models: 

psmdi.1 = smdi + aei - Pi 
ri = - pSllldi +1- - . -.wh~n psmdi. 1 < 0 11.11a 
smdi • 1 ,,=_psmdi • 1 - ri) 

'--- '-
Actual evap~ranspiration is derived from potential as 
follows: 

where 
smdi 

aei = pei when smdi < C or Pi ~ pei 
ael = Pi + F (pel - Pi ) 11. lIb 

when D > smdi ~ C and Pi < pei 
aei = Pi when smdi = D and Pi < pei 

soil moisture deficit at the start of day or time 
period i 
actual evapotranspiration during day i (L) 
potential evapotranspiration during day i (L) 
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precipitation during day i (L) 
recharge during day i (L) 
intermediate variable (L) 
root constant (L) 
wilting point (L) 
empirical constant 

The shape of this function is shown in Fig. 11.3, which shows 
the three parameters (C,D,F)of the model which must be 
calibrated or estimated. F is an empirical constant relating 
actual. evapotranspiration to potential when deficits are 
greater than the the root constant. All three are related to 
the vegetation cover and. as a second order effect, to soil 
characteristics. Table 11.2 gives the values of C and D 
usually used in the UK, where a value for F of lOS is adopted. 
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L, c B 

Soil moisture deficit 

Fi6. 11.3 The fora of actual -vs- potential 
evapotranspiration relationship used in various soil 
.oisture budgettin6 .odels. Based on Calder et al., 
1983 

11.4.4 Other aodels 

A number of other models have been used. They mainly differ 
from the Penman-Grindley model in the shape of the actual
potential evapotranspiration relationship, as shown in 
Fig. 11.3. They include: 

- layer models, such as those described by Calder et 
ale (1983), Palmer (1965) and Stuff & Dale (1978); 

- a linear model (Calder et a1., 1983); 
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- exponential aodels (Calder et al., 1983; Johannson, 
1987) • 

It will usually be found that the difference between models 
will be less important than the accuracy of precipitation, 
potential evapotranspiration, irrigation and cropping data. 

Table 11.2 Nonthlr root constant (e) and wiltin6 point 
(D) values ror the PelUlan-Grindler .odel in the UJl ( .. ) 

type (see n ot'e s ) 
Month 

C r 0 p 
123 4 5 6 7 8 9 10 11 12 13 14 

Jan & Feb C 
D 

Mar C 
D 

Apr C 
D 

May C 
D 

Jun & Jul C 
D 

'Aug C 
D 

Sept C 
D 

Oct C 
D 

Nov & Dec C 
D 

Notes 

25 25 
25 25 
56 56 

102 102 
76· 76 

127 127 
97 97 

152 152 
140 140 
203 203 
140 140 
203 203 
140 25 
203 25 

25 25 
25 25 
25 25 
25 25 

25 25 
25 25 
56 25 

102 25 
76 76 

127 102 
97 56 

152 102 
140 76 
203 127 

25 97 
25 152 
25 97 
25 152 
25 97 
25 152 
25 25 
25 25 

25 25 
25 25 
25 56 
25 102 
56. 56 

102 102 
56 56 

102 102 
76 25 

127 25 
97 25 

152 25 
25 25 
25 25 
25 25 
25 25 
25 25 
25 25 

25 
25 
25 
25 
56-

102 
56 

102 
56 

102 
25 
25 
25 
25 
25 
25 
25 
25 

25 
25 
25 
25 
25 
25 
59 

102 
56 

102 
56 

102 
25 
25 
25 
25 
25 
25 

25 
25 
25 
25 
25 
25 
25 
25 
56 

102 
56 

102 
56 

102 
56 

102 
25 
25 

25 56 
25 102 
25 56 
25 102 
25 56 
25 56 
25 56 
25 102 
25 56 
25 102 
25 56 
25 102 
25 56 
25 102 
25 56 
25 102 
25 56 
25 102 

f 

76 
127 

76 
12; 

76 
76 
76 

127 
76 

127 
76 

127 
76 

127 
76 

12; 
76 

127 

13 203 
51 254 
13 203 
51 254 
13 203 
13 203 
13 203 
51 254 
13 203 
51 254 
13 203 
51 254 
13 203 
51 254 
13 203 
51 254 
13 203 
51 254 

1. Values originally quoted in inches (1 in = 25.4 mm) and rounded 
to nearest mm for this table. 
2. Valid for Bngland and Wales only. 
3. Crop types are: 

1 cereals, Sept harvest 
2 cereals, Aug harvest 
3 cereals, July harvest 
4 potatoes, Sept harvest 
5 potatoes, May harvest 
6 veatables, May ha~vest 
7 vegtables, July harvest 
8 veltables, Aug harvest 
9 vegtables, Oct harvest 
10 bare fallow 
11 temporary grass 
12 permanent grass 
13 rough grazing 
14 woodland 
15 riparian (not shown) - C and D effectively infinite 

4. Based upon Grindley (1969). ~~¥ 
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11.4.5 Runoff 

On less permeable soils a significant proportion of 
precipitation may become runoff. This is usually taken as an 
empirically derived proportion 

q = f p 

or a threshold may be included 

q = f (p - pt ) 
q = 0 

if P>Pt 
if P<Pt 

11.12a 

11.12b 

or the runoff proportion may be related to the soil moisture 
deficit 

where q 
f 
p 

q = f P (1 - smd/C) 

runoff in time period (L) 
empirical factor «1) 
precipitation (L) 

11.12c 

Pt threshold precipitation below which no runoff 
occurs (L) 

smd 
C 

soil moisture deficit (L) 
empirical constant 

The factors f, Pt and C are found by calibration against 
measured runoff, perhaps from an experimental catchment. 
There may be difficulty is deciding what part of the total 
runoff is due to the soil. In a model which is lumped over an 
area, part of the runoff may come f~om particular zones, for 
example the riparian zone where the water table is shallow. 
The approach described in this paragraph has similarities to 
catchment modelling (FAO, 1978). 

An alternative method of estimating runoff is to measure the 
soil infiltration capacity and compare this with short 
duration rainfall rates; data from recording raingauges and 
measurements of infiltration rate against time are needed. 
The analysis is lengthy and complex if a representative set of' 
storm p~ofiles and sequences is to be analysed. 

11.4.6 Other empirical adjustments 

Many authors alter their models to allow for crop ripening and 
removal. Two methods are (i) to alter the actual-potential 
evapotranspiration relationship, for example by reducing the 
root constant C in the Pe~man-Grindley model or (ii) changing 
the ~~tential evapotranspiration estimates to reflect the 
state of the vegetation. 

Recharge is seen to occur in some aquifers even when there is 
a soil moisture deficit. Rushton'& Ward (1979) explored a 
number of ways of allowing such recharge in a soil moisture 
budgetting model. For a limestone aquifer in Eastern England, 
they finally chose a constant proportion of precipitation when 
it exceeded a threshold. The remaining precipitation entered 
a conventional Penman-Grindley model and could give rise to 
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additional recharge. Various other empirical estimates of 
such rapid or bypassing recharge have been used; a method 
must be chosen and calibrated to suit local conditions. 

11.4.7 Ti.e steps 

Numerous authors (eg Howard & Lloyd, 1979) have pointed out 
that the time-step used in soil moisture models is critical. 
Longer time-steps, with the same parameters, lead to lower or 
zero recharge estimates. All recent work recommends a daily 
time step for humid zones. Intervals of less than a day, eg 
ones for both day and night, or storm based intervals, may be, 
needed in arid and semi-arid areas, that is if the methods can 
be made to work at all. 

11.4.8 Calibration of models 

There is no universally correct soil moisture budgetting 
model. Numerous authors have sho~n how different models, and 
different parameters, can significantly alter the recharge 
estimate (eg Howard & Lloyd, 19i9; Alley, 1984; Calder et al., 
1983; Rushton & Ward, 1979). For any situation, a model 
should be chosen based on a conceptual model of the local 
recharge processes. This model should then be calibrated by 
one of the following methods, for point estimates: 

(i) against a lysimeter, 

(ii) against soil moisture measured by a neutron tube or 
tensiometer; 

and for areal estimates: 

(iii) against other estimates of recharge, eg from 
groundwater flow modelling, 

(iv) against a catchment water balance. 

11.5 Darcian approaches 

11.5.1 Introduction 

The flow of water in the unsaturated zone is governed by 
Darcy's Law, with the difference from fully saturated flow 
that hydraulic conductivity varies with moisture content • 

. Moisture content and hydraulic conductivity also vary with 
pressure in the unsaturated zone. This section presents a 
brief review of the theory, and then describes ho~ knowledge 
of these three parameters can be used to estimate the vertical 
flow of recharge, either by numerical modelling or by 
interpretation of field measurements. 
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11.5.2 Theory ot flow in the partially saturated:zone 

Water, whether in the fully or part~ally saturated zones, has 
a total potential, h, which is the sum of two components; the 
gravitational component, z, and the pressure component, p: 

h = z + P 

Head (m of water) o 
... -----,.....------- 0 Ground surface 

(a) Components ot 

total potential 

in the partially 
saturated zone. 

pressure~ 
(variable) 

Ora itofnal co~rlconstant) ... . ........................... . 

- Total head (m otwater) 

( b I Movement of water 
in the partially 
saturated zone 

, datum) 

water table 

\ 
_ Elevation (m) 

••••• • ••••••••••••••••••••••••••••••• water table 

'c) Zero flux 
planes 

- Elevation (m) 

- Total head (m of water) 0 
~-------~------- 0 , 

Convergent ••• •• • ••••••• 
zero flux plane t 

Divergent ••••••••••••• 
zero flux plane , 

••••• • ••••••••••••••••••••••••••••••• wa ter table 

_ Elevation (m) 

11.13 

Fig. 11.4 Head distributions and water movement in 
the unsaturated zone 
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It is convenient to work in terms of head of water, in which 
case z is the elevation relative to datum. For unsaturated 
flow, the ground surface is often' taken as the datum. The 
variation of z with depth is always the same and is shown in 
Fig. 11.4a as the gravitational component. 

In the unsaturated zone, the pressure arises from the 
capillary forces that hold water in the smaller pores; it is 
always negative, that is below atmospheric pressure. Below 
the water table, pressure is a combination of hydrostatic 
forces (the weight of water above' and flo~ forces; and is 
always positi,·e. An idealised curve is shown in Fig. 11.4a. 

Darcy's La" states that the seepage velocity is related to 
hydraulic conductivity and gradient of total head by: 

q = -k &h 
&x 

(Notation for this section below eqn 11.17.' 

11.14 

Flow is usually vertical in the unsaturated zone, and 
hydraulic conductivity depends on moisture content, so Darcy's 
law is rewritten: 

q = -ke &h ,where ke = f(k,a) 
&z 

11.15 

Thus flows depend on the profile of total potential, which is 
obtained by summing the gravitational and pressure components 
as shown in Fig. 11.4a. When total potential is constant, the 
profile is in equilibrium and no flow is occurring 
(Fig. 11.4b). When the gradient is upwards, flow is upwards, 
perhaps to satisfy evaporative demand in the root zone 
(Fig. 11.4b). Conversely, when the gradient of total 
potential is down. the flow is downwards (Fig. 11.4b). Both 
upward and downward flow can occur in the same profile, in 
response to time variant inputs (Fig. 11.4c). The zones of 
upward and downward flow are separated by a "zero flux plane", 
so called because there is no flow across it. 

In transient situations, water is taken up or released from 
storage by changing the moisture content or degree of 
saturation. A differential equation to describe this process 
can be obtained by combining Darcy's Law with a mass 
conservation equation. The result is Richards' equation 
(1931): 

11.16 

This equation is sometimes written in terms of pressure only 
or moisture content only (Freeze, 1969). There may be a sink 
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term ~equired to account for, as an example, 
evapotranspirative moisture uptake by roots. This could be 
included as S(e,z,t): . 

where q : 
k' : 

ke 
e 
h 
S 

- S (e, z ,.t) 

seepa,e velocity (L'/T) 
hydraulic conductivity (LIT) 
unsaturated hydraulic conductivity 
moisture content 
hydraulic head (L) 
rate of outflow of moisture (lIT) 

11.17 

(LIT) 

A major difficulty with flow in the unsaturated zone is the 
nature of the relationships of hydraulic conductivity and 
moisture content to pressure. Both relationships have 
hysteresis, that is are different for wetting and drying 
(Fig, 11.5). 
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11.5.3 Numerical solution of Richards' equation 

Freeze (1969) wrote one of the first finite difference 
computer models and gives a full description of his implicit 
solution procedure. He did not make any restrictive 
assumptions, and allowed for hysteresis and a dynamic water 
table. A later paper compared the model against a laboratory 
column experiment and good agreement was claimed (Freeze ~ 
Banner, 1970). 

Other authors who haye developed numerical models for 
unsaturated flow include Krishnamurthi et ale (1977), Kafri ,&' 
Ben Asher (1978), Watson (1981), Jansson ~ Halldin (19i9, 
1980), Davidson (1985), and Morel-Seytoux & Billica (1985). 
Felo.- models have been applied to real field problems, and eyen 
fewer have been applied to arid and semi-arid areas. Jansson 
and Halldin's model has been extensiyely used in Sweden, where 
a database of soil properties has b~en built up; see for 
example Johansson (1986, 1987). The Dutch have a standard 
model for areas in their country with shallow water tables 
(T~O, 1981). 

11.5.4 Difficulties when modelling unsaturated flow 

This section does not address the problems of developing a 
suitable computer code. Methods have been published, and 
codes for all types of numerical model are available at low 
cost through: 

International Groundwater Modelling Center, 
Butler University, 

Indianapolis, 
Indiana 48208, 

USA 

The discussion here concentrates on the difficulties of 
obtaining realistic results from a computer code. These fall 
into three types; (i) developing a complete conceptual model 
of the processes occurring in the field, (ii) obtaining 
reliable field data on soil properties, (iii) calibrating the 
model. 

Conceptual model. The studies mentioned above all assume that 
flow in the unsaturated ~one is vertical. This is true of 
most such modelling studies in the literature; many also 
assume that the same vertical flows ~ccur everywhere in the 
catchment. This simplistic model is Jenerally invalid for two 
reasons. Firstly, lenses and layer. of lower permeability 
materials are common. These can cause perched water tables to 
develop and induce horizontal movement of infiltrating water. 
Secondly, surface topography may be a major influence on 
infiltration, leading to large variations in recharge across 
areas of uniform soils. Freeze & Banner (1970), among others, 
noted that recharge was focussed in depressions even in a high 
permeability gravel aquifer. The numerical models outlined 
above do not usually incorporate features observed in the 
,field such as (a) drying cracks, (b) swelling of clays on 
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wetting, (c) macropores and root channels, all of :which 
dominate recharge processes in many soils. 

Data on soil properties. The three variables k, 8. and pare 
interrelated. and two of the three relationships are needed. 
They are all non-linear and often show hysteresis (Fig. 11.5). 
These relationships must be measured for each significant 
layer in order·to create a realistic numerical .odel. Methods 
are discussed by Brooks & Corey (1964), Bouwer & Jackson 
(1974), and in soil physics textbooks. 

Calibration of the model. Most models have been used for 
studies of hypothetical soils, for example in parametric 
studies. Before such models can be used to estimate recharge, 
they must be calibrated. This can be site specific or 
regional. Site specific calibration would be against field 
measurements of recharge, eg from a lysimeter or from moisture 
content or pressure in an instrumented profile. Site specific 
calibration leaves the problem of extrapolation in space, but 
should yield a realistic model for that site. Regional 
calibration, for example against a groundwater model or water 
table fluctuations, must force the unsaturated flow model to 
use "averaged" properties. These may be unrealistic. 
particularly when extrapolated in time. 

11.5.5 Use of field data froa the unsaturated zone 

There are three situations where measurements of pressure and 
moisture content in the unsaturated zone can potentially be 
used to estimate recharge: 

(i) When there is no input to the soil profile at the 
surface, and the profile is draining to the water 
table or to evapotranspiration, 

(ii) When there is input, but it is insufficient to 
saturate the soil, 

(iii) When there is sufficient surface input to saturate 
the profile. 

No input. When there is no precipitation input to a soil 
profile, evaporation rapidly lowers the moisture content and 
pressure near the surface. A zero flux plane develops and can 
be detected by tension measurements. Below the zero flux 
plane, water drains downward to become recharge (Fig. 11.6). 
The change in storage in each zone is the amount of 
evapotranspiration or recharge: 

where eta 

I' P 
eta =1: (Bi(t" 

lalr •• ad 

vt 

i = z f p 

B. (ta ,] II 

B. (ta )] Ii 

actual evapotranspiration (L) 
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r recharge (L) 
8i soil moisture content at i 
tl start of time interval (T) 
tz end of time interval (T) 
Ii length of sampling interval (L) 

zfp zero flux plane 
wt water table 

The zero flux plane and water table will move over the time 
interval (tl, tz) as shown in Fig. 11.6. The area A 
represents the volume evaporated, the area B represents the 
volume draining to the water table. Measurements of pressure 
and soil moisture have been used to estimate recharge in this 
manner. For example, Wellings (1984) gives examples for chalk 
in southern England where there is continuous drainage 
(recharge) throughout the summer despite the potential 
evapotranspiration greatly exceeding precipitation in these 
months. Cooper (1980) gives an example in eastern England 
where 43% of annual drainage occurred when there was a zero 
flux plane. 

i 
1--___ ..... 8 .......... ...--__ ..... 6 Sat .. 

} 
.......................... _ ................................ . 
. ~~!!!.~~~!........ ... . .................................. . 

z z 

Fi~. 11.6 Evaporative (A) and draina~e (B) rluxes 
rro. a prorile with no Burrace input 

Small input. The inputs of water to a soil profile usually 
vary in time, and so there are transient changes in the soil 
moisture and pressure. Field measurements of these variables 
were used by Steenhuis et ale (1985) on a plot in Long Island, 
USA, which has a rainfall of about 2000 am/yo However, field 
measurements cannot normally be made accurately enough to 
calculate unsaturated, transient flows, especially in arid and 
semi-arid areas, and can only be used in cases where steady 
state can be assumed. 

Steady state conditions will never apply near the surface nor 
in the root zone. However, a thick unsaturated zone will tend 
to dampen and coalesce se'asonal (or storm) pulses of recharge 
and so may reach an approximate steady state at depth. In 
this condition the unsaturated form of Darcy's Law (eqn 11.15) 
can be applied. 

It is generally assumed that pressure is constant with depth 
under these steady state conditions, so that the hydraulic 
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gradient is 1 and entirely due to the gravitational component 
of head. In this case: 

where r 
ke 

r = ke 

recharge rate (LIT) 
unsaturated hydraulic conductivity (LIT) 

11.19 

and both rand ke should be the same at all depths. This 
implies that layers which have different saturated 
conductivities will be at different saturations to make their 
unsaturated conductivities equal. 

The field data requirements are (i) measurements of e and p at 
several depths, (ii) ke - e relationships for the material at 
each depth. The values of pressure are used to check that 
gradients are negligible, the e values are used to interpolate 
ke from ka - e relationships. 

Sammis et ale (1982) describe briefly how the method was 
applied to a site in Arizona where the water table was 42m 
below the ground. Push tube samples were taken every 3m 
during drilling of a borehole. Pressure was found by 
inserting a tensiometer into the samples; moisture contents 
~ere measured by the gravimetric method. They give fe~ 
details of their method for unsaturated conductivity, refering 
only to papers by Millington & Quirk (1959, 1960, 1961). 
Their results are not impressive with ke estimates of 12, 790, 
0.005, 226, 0.2 and 23 mmly for various depths; under the 
method's assumptions, all these values should be the same. 

Large input. If the infiltration rate is high enough, the 
ground will become saturated. Water will move downwards under 
gravitational forces only, that is the hydraulic gradient 
dhldz = 1, provided that ponding on the surface is only slight 
so that pressure does not rise significantly above 
atmospheric. In this restricted circumstance: 

where .r 
k.at 

r = k •• t 

recharge rate (LIT) 
saturated hydraulic conductivity (LIT) 

11.20 

that is infiltration rates can be estimated from saturated 
hydraulic conductivity (eg Dreiss & Anderson, 1985). Although 
appealingly simple, this method has limited usefulness except 
when continuous applications of water are made, such as in 
irrigation schemes or river beds. Recharge will be controlled 
by the lowest permeability layer, ~hich may not be at the 
surface. 

11.5.6 Darcy's law in the saturated zone 

Measurements below the water table avoid the difficulties of 
determining the k-p-e relationships, but introduces the 
~ossibility of flow in the horizontal as well as vertical 
plane. However, there are situations in which flow beneath 
the water table is predominately vertical. Rehm et ale (1982) 
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discuss a case in North Dakota, USA, where a layered aquifer 
has one hi~h conductivity layer, in which the major horizontal 
flows occur, overlain by a lower conductivity layer containin~ 
the water table. In this case, flows in the upper layer will 
be predominately vertical, and can be estimated from 
measurements of (vertical) hydraulic conductivity and heads 
from a vertical array of piezometers. The flows may vary with 
time, and so regular or, preferably, continuous measurements 
of heads are needed. The flows calculated are not equal to 
recharge at any instant, because of storage effects as the 
water table rises and falls. However, summing the flows o¥er 
a year or longer will give a good estimate of total recharge. 

11.6 Tracer techniques 

11.6.1 Introduction 

Tracers (both isotopic and ch~mical) have been widely used in 
estimating arid and semi-arid recharge. They can be grouped 
into: 

environmental tracers, ie those that are already 
present in the geosphere, 

tracers applied by the researcher. 

Table 11.3 Principal applied and environmental 
tracers 

Tracer 

2H, D 
3H, T* 
13 C 
It C* 
18 0 
Cl 
.ICI· 
Br 
51 Cr 
58 Co 
lOCO 
131 I 

Conservative Appliedl 
Environmental 

N E 
N A & E 
Y E 
Y E 
N E 
y A & E 
y E 
Y A 
Y A 
Y A 
Y A 
Y A 

Half life 

stable 
12.43 Y 
stable 
5730 Y 
stable 
stable 

300 000 Y 
stable 
27.8 d 

77 d 
5.3 y 

8.04 d 

• Natural and manmade (nuclear bomb) sources 

The principal tracers are reviewed in Table 11.3. Among the 
environmental isotopes, 18 0 and 2H (Deuterium) are affected if 
water is evaporated. The isotope fractionation processes, 
occurring between liquid and vapour phases during evaporation, 
impose changes in the isotope composition of the water 
remaining in the soil moisture, which would need to be 
accounted for in any quantitative method. On the other hand, 
such changes often provide a useful label on the water to 
'study the origin and processes of recharge. Transpiration by 
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plants does not cause such fractionation. Tritium~ the most 
widely used environmental tracer for recharge studies, is not 
usually considered to be affected. Conservative, ie not 
evaporated, tracers are concentrated by evaporation and so 
maintain their accuracy at low rates of recharge. 

The detailed methodology and the theoretical basis for the use 
of stable isotopes are described in Stable isotope hydrology 
(IAEA, 1981). 

Environmental tracers can be assumed to be applied evenly over 
the whole land surface. Their movement in the unsaturated 
zone therefore is only in one dimension, with no lateral 
diffusion or dispersion. Applied tracers on the other hand 
are applied at a point or over a small area and so can 
disperse laterally as well as move vertically. This means 
that checks on the mass balance of an applied tracer are much 
more difficult to achieve. 

There are several ways that tracers can be used: 

(i) signature methods, in which particular parcels of 
water are labelled and traced. These method, have 
been used in th~ee different situations: 

(a) environmental tracers in the unsaturated zone, 

(b) applied tracers in the unsaturated zone, 

(c) environmental tracers below the water table; 

(ii) throughput methods, when fluxes of tracer and water 
are calculated in the unsaturated zone, usually for 
environmental tracers; 

(iii) turnover or transit time calculations, which are 
used for whole aquifers, usually with environmental 
tracers. These are explained in Chapter 16. 

The signature and throughput methods generally assume a sinvle 
flow system and piston displacement in the unsa~urated zone. 
If there are two flow systems, recharges can bypass the matrix 
of the unsaturated ZOh~. for example by flowing in fractures, 
d~·~ rootways or other macropores. All of these phenomena 
have been observed in arid and semi-arid areas and may 
invalidate the methods. Some workers have interpreted their 
field data in terms of two flow systems; an example is 
discussed below in Section 11.6.3. 

11.6.2 Signature .ethods 

General principles. Infiltrating water may be labelled (in 
time) by a particularly noticeable input of tracer. This may 
either be applied artificially, or be an environmental tracer, 
for example from an atmospheric nuclear explosion. This 
labelled water may be identified at depth in the soil profile 
at future dates, so providing information on water movement in 
the unsaturated zone. 
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Once the water at a particular depth has been dated, two 
methods are available to calculate averale recharae. At a 
time of maximum soil moisture deficit, the total water content 
above the dated depth is the total recharle over the 
intervenina years, ie: 

r = lIn J: 9z dz 11. 21a 

(The notation is below eqn 11.25.) 

In practice a summation of the sampling intervals would be 
used in place of eqn 11.21a: 

• 
r = 11m 1: 9i Ii 

i = 1 

11.21b 

The second method is a mass balance of tracer, and is only 
applied to environmental tracers, or those applied over a 
larle enough area to prevent lateral dispersion. The amount 
above the dated layer is measured: 

• 
Tp = 1: Ti 9i Ii 

i = 1 
11.22 

and equated with the input to recharge after allowing for 
radioactive decay: 

• 
Tp = 1: rJ TJ exp(dJ) 11.23 

J = 1 

Some workers estimate the relative sizes of rl using rainfall 
and potential evapotranspiration data to define annual 
weightings: 

rJ = WJ r, 1: WJ = n 11.24 

Combining eqns 11.22-11.24 lives averale recharle as: 

where n 
r 

rJ 
d 

9i 
Ii 
Ti 
Tp 
TJ 

exp(dJ ) 
n 
m 

• 
r = Tp I [1: wJ TJ exp(dJ)] 11.25 

J = 1 

number of years between silnature and sampling (T) 
mean annual recharge (LIT) 
recharge in year j (L) 
depth of dated water (L) 
moisture content in sampling interval i 
length of sampling interval number i (L) 
tracer concentration in sampling interval i (M/L3) 
tracer mass in profile (M) 
tracer concentration in rainfall in year j (M/L3) 
decay of tracer input since year j 
number of years 
number of sampling intervals 
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Wj : ratio of recharge in year j to mean recharge 

Other workers have found that assuminaequal recharge every 
year (ie r = rj) is sufficiently accurate (Allison & Hughes, 
1978). Other examples of the use of environmental tracers are 
given by Edmunds & Wright (1979) and Lloyd et ale (1981). 

For a conservative tracer, average recharge is estimated from 
eqn 11.21b. A balance of tracer can then be used to calculate 
the fraction of precipitation that becomes recharge. 

Environmental tracers in the unsaturated zone. The most 
commonly used environmental tracer for this method has been 
tritium which, as well as being produced naturally in the 
atmosphere, was introduced into the atmosph~re in large 
amounts in 1952 by nuclear tests. There was a significant 
peak, particularly in the northern hemisphere, in 1963/4 
(Fig. 11.7). Atmospheric concentrations were always much less 
in the southern hemisphere and, as atmospheric testing stopped 
in 1963, tritium levels are now falling everywhere. More 
sensitive analytical techniques have extended the usefulness 
of environmental tritium for some time, but it is now rarely 
of use for signature methods. 
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Fig. 11.7 Tritiu. concentrations in rainfall (data 
courtesy of IAEA) 

Oxygen-18 ( 18 0) and Deuterium (2H) 'are fractionated during 
precipitation and evaporation processes, a property which has 
so far p~evented their use in any tracer balance method of 
estimating recharge. They have shown useful signatures in 
some situations, but these have been in temperate, high 
recharge areas. For example Thoma et ale (1979) found 
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seasonal markers of deuterium in sand dunes; Bath et ale 
(1982) and Saxena & Dressie (1984) sometimes found cyclic 
profiles of 18 0 and ZH corresponding to seasonal rainfall and 
recharge; snowmelt often contains a distinctive 110/zH 
signature. However Allison (1988) reports that such seasonal 
peaks are not seen in arid and semi-arid areas because 
diffusion will redistribute the peaks over the very short 
interval between them. He also reports that t&e displacement 
of 18 0 and zH isotopic ratios from the local meteoric line may 
be related t6 recharge rates, but that a technique needs 
further development. 

Applied tracers in the unsaturated zone. The signature 
method is mainly used with applied tracers. Radio-isotopes 
are usually used as they can be detected at low levels, thus 
they can be introduced in small quantities without l~rge 
disturbances to soil or its moisture content. The tracer is 
introduced below the lowest depth of the zero flux plane, that 
is below the region where upward flow or evapotranspiration 
losses can occur (Fig. 11.4). The method is widely used in 
India, and Fig. 11.8 shows a typical site layout for tritium 
and Cobalt-60 (to Co) injection. 

®- Cobalt-50 tracer 
injection 

x - THO injection 

Fi6. 11.B LaTout of injection points for Tritium 
and Coba1t-60 {after Chandrasekharan et a1., 198B} 

The tracer position is determined at a future date, for 
example at the end of the wet season or one or more years 
later. The tracer may be detected by drilling a cored 
borehole and analysing the porewaters (3H), or by non
destructive measurements of radiation from an adjacent open 
borehole (toCo). Inevitably the injected tracer will have 
dispersed (Fig. 11.9). Conventionally the centre of gravity 
of the tracer profile i~ taken to show how much displacement 
there has been; the moisture contained in the soil between 
injection point and centre of gravity is equivalent to 
recharge over the time period. Examples of the use of applied 
tracers are given by Athavale et ale (1980), Sharma et ale 
(1985), Chandrasekharan et ale (1988) and Athavale & 
Rangarajan (1988). 

Environmental tracers below the water table. Because the peak 
of bomb tritium has moved out of the unsaturated zone in most 
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parts of the world, there have been recent attempt~ to use its 
distribution below the water table to estimate recharge. The 
method relies on obtaining a profile in an area where 
groundwater only moves vertically. Profiles have been taken 
on groundwater divides and in the centre of recharge mounds. 
The formulae are as above. In all three published case 
studies of alluvial aquifers (Knott & Olimpio, 1986; Larson et 
al., 1987; Delcore & Larson, 1987), less tritium has been 
found in the profile than would be expected from recorded 
inputs, even after allowance'for decay, seasonally varying 
inputs and dispersion. This suggests that there is an 
inconsistency in the conceptual model of the method or 
aquifer, for example that there are multiple flow pathways in 
granular materials, or that it has not been possible to 
estimate inputs correctly. The method needs further research. 
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Mass balances of tracer are very useful because, as discussed 
above, they can reveal if some of the tracer (and recharge) 
have moved by a different pathway, for example along fissures 
or root channels. Repetitive sampling of the same profile is 
also useful in this context. For example, Smith etal. (1970) 
showed by repetitive profiling in the English Chalk that some 
tritum was lost from the unsaturated zone, and implied that 
15% of recharge bypassed the matrix where piston flow was 
occurring. 

11.6.3 Throughput method (chloride) 

If a tracer does not have a signature that pates the profile, 
recharge can only be estimated if the concentration of the 
tracer is affected by evaporat~on processes' that reduce the 
precipitation to recharge. Conservative, ie non-evaporated, 
tracers are of course concentrated in recharge as evaporation 
proceeds, so that the flux of tracer input at the surface 
equals the flux of tracer reaching the water table. As the 
age of the tracer reaching the water table is unknown, it is 
necessary to assume a steady input of tracer at the surface~ 
Only environmental tracers have been used, as a long enough 
input is needed to reach steady state; chloride~s the most 
commonly used ion. 

Assuming no input of tracer from minerals and that water and 
tracer are transported at the same rate, the flux balance of 
tracer between surface and water table is: 

r Tr = p Tp + fd 11.26 

(Notation below eqn 11.27.) 

The natural sources of chloride are from the ocean and 
terrestrial processes. Another major source (and sink) of 
chloride is agriculture, with depositi9n from fertilisers and 
animals, and removal in crops, soil erosion and animals. 
Agricultural fluxes of chloride can dominate the balance, and 
the method should be used with care in such areas. 

Omitting dry deposition: 

wheL~ r 
Tr 

p 
Tp 
fd 

r = p Tp/Tr 

mean recharge rate (LIT) 
mean tracer concentration in recharge (M/L3) 
mean precipitation (LIT) 

11.27 

mean tracer concentration in precipitation (M/L3) 
dry deposition flux (M/L2T) 

The method therefore consists of measuring precipitation, 
tracer concentratio~ in precipitation, and tracer 
concentration profiles with depth from cored boreholes. 
Provided recharge and tracer inputs are in steady state and 
there is no secondary recharge mechanism, tracer concentration 
should increase with depth until a steady concentration is 
reached (Fig. 11.10a). This indicates that no evaporation 
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takes place from below this depth and eqn 11.27 can be 
applied. 

Profiles such as Fig. 11.10b-d must be interpreted with care. 
They indicat~ that one of the assumptlons of steady state, no 
seco.ndary pathways and no input from minerals or agriculture 
do not apply. 

Allison & Hughes (1983) interpret profiles like Fig. 11. lOb as 
a change in recharge rate at some time in the past, in their 
case due to a change in land use. Allison et ale (1985) 
regard another profile like Fig. 11. lOb· as showing a change in 
recharge rate some 16,000 years ago. In both cases, the 
recharge rates are so low as to be of little interest for 
groundwater resource modelling (see Chapter 1). 

Sharma & Hughes (1985) use profiles like Fig. 11.10c by 
assuming that concentrations at the water table can be used in 
eqn 11.27. Other examples of the use of chloride profiling 
are given by Sharma (1988) and Edmunds et ale (1988). 

Depth 

Tracer concentration 

(a) ( b) (d) 

Fig. 11.10 Schematic proriles or a conservative 
tracer. (a) Ideal case, recharge can be estimated. 
(b) Probable change in recharge history. (c) 
SecondarT pathwaTs ror recbar6e. (d) Addition or 
tracer rrom soil 

11.6.4 Sampling methods for tracers 

All methods using environmental tracers need records of their 
input, often over long periods. The isotopic composition of 
rainfall at monthly intervals for 100 selected stations 
throughout the world has been published since 1953 by the 
International Atomic Energy Authority (IAEA, 1969-1986). 
Local data are usually needed for any study, but the published 
data can be used to extrapolate short records. 

Both signature and throughput methods of using tracers need 
profiles of pore water concentration with depth. A cored 
borehole is therefore needed for each profile, unless an 
applied radiotracer is to be detected in situ from an adjacent 
borehole. . 
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Sampling for tritium is particularly difficult because samples 
can easily be contaminated, especially at low moisture 
contents when there is very little tritium present. Details 
of isotope sampling techniques are given by {ABA (1983). 

Chloride sampling is more robust because concentrations 
increase as recharge rates fall. The British Geological 
Survey have reported on a number of low cost methods of 
obtaining chloride samples. These are detailed in Section 
20.3. 

More details of field techniques are given by Athavale & 
Rangarajan (1988 and Chapter 18). 

11.7 Variability of recharge across catchments 

Recharge varies across catchments because the controlling 
factors vary, both in their nature and size. These factors 
include: 

- precipitation and other water supplies 
- geology and soil 
- vegetation and land use 
- topography and landform 
- groundwater condition. 

Because recharge is a non-linear process, it is not possible 
to use average values of each controlling factor to derive an 
average recharge. Recharge should be estimated separately for 
each homogeneous zone; the spatially varying values are of 
course essential for groundwater modelling studies. 

In general, the more detailed the subdivision into zones, the 
more accurate will be the recharge values, but the more 
expensive and time consuming will be their estimation. The 
amount of data available (maps, climate stations, Landsat 
imagery, etc) will partly determine the detail that can 
sensibly be achieved. Sensitivity analyses will help decide 
how important are variations in the controlling factors. Even 
where data on precipitation and climate are scarce, zoning on 
the basis of existing data will still be valuable. It will 
enhance und~rstanding of processe~ in the catchment, and allow 
subjective adjustments to recharge estimates. 

Table 11.4 suggests a set of factor~ that should be used to 
zone a catchment for recharge calculations. Initially, each 
factor should be mapped on a separate overlay, then the 
overlays combined to produce a master map of homogeneous 
zones. Recharge is then estimated for each zone by one of the 
methods discussed in Sections 11.1-11.6 above. 

Some authors have observed important changes in recharge 
controlling factors over very short distances «1 to 100 m) in 
apparently homogeneous terrain (eg Berndtsson & Larson, 1987; 
Nielsen et al., 1973). Others have reported significantly 
varying recharge over similarly small distances (eg Sharma & 
Hughes, 1985; Kitching et al., 1977). The importance of these 
variations has not yet been established, and there is 
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certainly no practical way to take account of them~for 
engineering studies. Three to ten repeat samples within each 
zone (as defined by the factors in Table 11.4) would certainly 
be worthwhile if they can be afforded, but first priority 
should go to obtaining one value from each zone. 

Table 11.4 Factors for classifying recharge zones 

Factor Example values or classification scheme 

Precipitation type monsoon/thunderstorm/winter/summer/etc. 

Precipitation amount 20% increase in pptn between zones. 

Irrigation type sprinkler/furrow/paddy/flood/canal/etc. 

Irrigation amount as precipitation. 

Evaporation potential 20% increase in Penman potential 
evapotranspiration between zones. 
Solar or net radiation can be used in 
arid and semi-arid areas. 

General lithology alluvium/chalk/limestone/sand/etc. 

Soil classification Important factors are infiltration 
capacity, moisture storage and depth. 
Natural vegetation or drainage density may 
be adequate substitutes if no soil data 
available. 

Land cover 

Landform 

grass/arable (crop type)/natural forest/ 
plantation/phreatophyte/urban/etc. 

floodplain/rolling hills/plateau/etc. 

Depth to groundwater 
or capillary fringe 

> root depth/ 
within reach of plants/ 
within soil zone/ 
direct evaporation possible. 

Notes 
This classification is not intended to be exhaustive. On the other 
hand, it will often be unnecessary to use all classifying factors. 

Data sources: topographic maps 
geological and soils maps 
Landsat and other satellite imagery 
aerial photography 
climate maps and meteorological stations 
precipitation records 
irrigation scheme maps and records 
field visits! 
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11.8 Localised recharge 

The introduction to this chapter pointed out that there is a 
category of recharge intermediate between direct (at the spot 
where the precipi tation falls) and indirect (along main ri ,·er 
channels). This intermediate category is called localised, 
implying some horizontal movement of water before recharging 
groundwater. This movement is on a scale too detailed to map 
for engineering studies, and therefore causes great difficulty 
in estimating recharge. Unfortunately this type of recharge 
is often the largest in arid and semi-arid areas. 

A number of situations where localised recharge will occur are 
identified in the following sections. Suggestions are made 
about the most appropriate methods for estimating recharge in 
each. 

11.8.1 Hardrock terrain 

In weathered, bare hardrock or limestone terrain, recharge is 
into distinct fissures; Chapters 7 and 8 giye some examples. 
There are few satisfactory ways of estimating the localised 
recharge component in such terrain. Tracers, Darcy's law 
below the water table, and representative basins offer the 
best possibilities. Otherwise, consider using methods of 
estimating net recharge to a region, for example measuring 
catchment discharge; these methods are discussed in 
Chapter 16. 

11.8.2 Topographical depressions 

Topographical depressions can range in size from centimetres 
to enclosed catchments of several square kilometres. Studies 
in a wide range of terrains has shown that recharge is 
focussed in such depressions, where they exist (eg, Freeze & 
Banner, 1970; Kafri & Ben Asher, 1978; Rehm et al., 1982; 
Harhash, 1980). This is true even for highly permeable 
materials. 

At the smallest and intermediate sizes, there is no 
alternative but to ignore the depressions. 

The largest sizes are typified by Qatar, where 7000 km2 or 61% 
of the total land area drains to 850 depressions; individual 
catchment areas range from 0.25 to 45 km2. Estimating 
recharge in such cases is similar to estimating it from minor 
wadis (Section 11.8.3), but is simpler. The first activity 
must be to estimate the amount of runoff. 

In Qatar, recharge was estimated by water balance methods for 
the period of detailed. observation (Harhash, 1980; Lloyd et 
al., 1987). Rainfall data and post-storm surveys of 
individual depressions were used to estimate rainfall-runoff 
characteristics; 15-25% of rainfalls over 10mm/day became 
runoff. Water level measurements showed ho~ long depressions 
took to empty by evaporation (estimated by the Penman open 
water formula) and infiltration. Allowances were made for 
soil moisture storage in depressions, which would later be 
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evaporated. Once a relationship between rainfall and recharge 
had been developed for the period of observation, it was used 
to extrapolate backwards in time when only precipitation data 
were available. 

Other techniques which have been successfully used in such 
terrain are Darcy's law, tracers and groundwater response 
(Chapter 16). 

11.8.3 Minor wadis 

In arid and semi-arid areas there are many small channels 
which carry ephemeral flows only in response to significant 
storms. These flows will often not reach the main channel, 
where flow gauging stations are usually located, but will 
infiltrate into the channel alluvium. These channels may 
drain small bare rock outcrops, in ;~hich case they will hardly 
be visible, or ~ay drain catchments of several thousand km2 in 
areas where little flow gauging is carried out. The 
particular case of "mountain front" recharge ia considered in 
Section 11.8.4. 

The most common approach to estimating recharge in these cases 
in practice is a mixture of water balance and empirical 
formula. Rainfall-runoff relationships are estimated or 
tTansposed from other areas, and the proportions of runoff 
going to each destination (evaporation, soil moisture stora~e, 
irrigation, etc) is measured, estimated or guessed; the 
residual is recharge. 

The most satisfactory approach would be to collect field data 
from a number of locations, using the representative catchment 
approach discussed in Section 11.3. This could be 
supplemented by environmental isotope and groundwater response 
data. 

11.8.4 Mountain front recharge 

Many alluvial aquifers can be described as mountain front 
systems, including alluvial fans, piedmont plains and 
subsidence basins (Section 3.2). The major sources of 
recharge 'to these systems are often along the mountain 
boundary, consisting of two components: 

(i) subsurface inflow from the mountain mass to the 
basin infill, 

(ii) infiltration of runoff in defined channels, minor 
unmapped channels, and from mountain slopes. 

These are illustrated in Fig. 3.2. 

The two components of mountain front recharge are difficult to 
separate in practice. The runoff component can be estimated 
by water balance methods, as, discussed in Section 11.8.3, but 
the subsurface flow is difficult to isolate. The best 
solution is probably to estimate the total by a Darcy 
throughflow calculation within the main aquifer. The section 
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over which flow is estimated should be well within the 
aquifer, away from the mountain boundary, for two reasons. 
All of the mountain front recharge will occur upslope of the 
section as all the wadis flows will have infiltrated. 
Secondly, it is probable that more data on groundwater 
gradients, hydraulic conductivities and aquifer cross-section 
will be available in the main body of the aquifer, so living 
greater accuracy and confidence in the results. 

This section is based upon an excellent review of mountain 
front recharge by Wilson in WRRC, 1980. 
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12 RECHARGB FROM RIVERS 

12.1 Introduction 

Recharge from rivers is probably the most difficult type of 
natural recharge to estimate. There is more variability in 
flow than in precipitation, as much variability of aquifer 
controls as for irrigation, and greater difficulties of 
measurement than either. This chapter attempts to catalogue 
approaches to the problem, but cannot cover every possibility. 
The most important part of any technique is to understand the 
hydrogeological context before making any calculations. 

12.1.1 River types 

Rivers in arid and semi-arid areas can be classified in 
several ways, for example by flow characteristics: 

(i) Perennial, that is flowing all year. This implies a 
river source in a higher rainfall catchment, or a 
river fed by groundwater. 

(ii) Seasonal, that is flowing for part of the year. 

(iii) Ephemeral rivers flow only in response to storms and 
are the classical type found in arid areas. 

An alternative grouping is by their connection to water table. 
This will affect the ability of the aquifer to accept water 
and hence may control recharge rates. Three broad types can 
be defined: 

(i) Remote from (high above) the regional water table. 
In general, perennial and seasonal rivers must be 
perched, that is the river runs in a low 
conductivity material, while ephemeral rivers need 
not be perched. 

(ii) Connected to groundwater. 

(iii) Above the water table, .but close enough for the 
water table to rise to the river in response to 
recharge. For the purposes of this chapter, this 
intermediate category has been included with (ii) 
connected rivers. 

Different methods of recharge estimation apply to 
perennial/seasonal rivers on one hand and ephemeral rivers on 
the other. Remote rivers require differences of approach from 
those connected to the water table. Rodier (1984) discusses 
the nature of arid and semi-arid rivers in various climates 
and parts of the world. 
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12.1.2 Controls on river recharge 

The amount of recharie is controlled by the river flow, the 
river bed, and the aquifer. Controlling factors may include: 

river flow: flow rate, depth, flow volume, peak 
flow, velocity, duration of flow, frequency of 
flows, temperature (affects hydraulic conductivity), 
silt content; 

river bed: antecedent conditions, width, hydraulic 
conductivity; 

aquifer: boundaries, depth to water table, hydraulic 
conductivity (especially variations in 
conductivity), moisture retention in unsaturated 
zone. 

As an example of such controls, Fig. 12.1 shows the effect of 
antecedent conditions on transmissions losses in a perched 
ephemeral river. The first flood (Fig. 12.1a) occurred when 
the channel was dry and almost all flow is lost. In the 
second event (Fig. 12.1b) there are tributary inflows between 
the two gauging stations before the main flood event arrives 
at the downstream end. These wet the channel bed and the 
transmission losses are much lower. 

Fig. 12.2 shows a cross-section through the Walnut Gulch 
channel in Arizona. The geology between river water and main 
water table is clearly a major control on recharge from remote 
rivers on alluvial materials. The following example 
emphasises this point. 

Fig. 12.3 shows the importance of low conductivity layers in 
the unsaturated zone beneath a remote river. The water table 
responds directly to flood events (Fig. 12.3b) but water is 
also stored in the unsaturated zone above two low conductivity 
layers; Fig. 12.3b shows the variation in the elevation of the 
top of one perched mound, while Fi~. 12.3c shows profiles of 
moisture content with time from ground to water table. The 
perched mounds do not finally disappear until several months 
after the flood event. 

Not all the water that leaves a river to move downwards 
becomes recharge. The distinction between transmission 
losses, deep percolation and rechar,e is useful. Transmission 
losses are the river flows that don't arrive at the downstream 
end of a river, deep percolation is the water that enters the 
aquifer, and recharge is that which crosses the water table. 
Transmission losses are reduced by bank storage and 
evaporation from the surface and temporary pools before 
becoming deep percolation. This in turn can be reduced by 
evaporation, perched water tables and underflow before 
becoming recharge. 
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12.1.3 General procedure for estiaating river recharge 

With all these factors it is clear that rec~arge cannot be 
estimated by considering the river alone. A general procedure 
would be to: 

(i) consider how much water can be accepted by the 
aquifer, that is how far the water table can rise 
and how fast water can flow away from a recharge 
mound; 
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(ii) estimate the transmission capacity of the 
unsaturated zone. it there is one. Knowledge of low 
conductivity layers (which will cause perching) will 
be essential; 

(iii) finally-consider the river flow and river bed 
processes, estimating possible deep percolation and 
all the other items of a water balance such as 
evaporation from the bed. 

Recharge from remote rivers is mainly controlled by (ii) and 
(iii). the river and unsaturated zone conditions. Rivers 
connected to groundwater are primarily controlled by (i). the 
groundwater conditions. 

12.1.4 Numerical aodellin' of groundwater systems with 
connected rivers 

The ideas of potential and actual recharge discussed in 
Sections 11.1.2 (for precipitation) and 14.1.1 (irrigation) 
are also relevant to river rechar,e, especially for rivers 
which are connected to groundwater (Rushton, 1987). 
Groundwater conditions partly control recharge from connected 
rivers. As ,roundwater conditions chan,e, for example with 
pumping from new boreholes, recharge will chan,e. Estimates 
of historical average rechar,es would not be valid under such 
changed conditions. 

Estimates of historical, ie actual, rechar,e are needed for 
calibrating groundwater models. On the other hand, for 
predictive modelling it is essential to know what the recharge 
would be if groundwater conditions changed; this quantity is 
clearly different from actual historical recharge, but may not 
be the same as potential recharge. 

The best way to proceed is: 

( i ) 

( i i) 

(iii) 

(iv) 

estimate historical recharges by one of the methods 
discussed in this chapter; 

calibrate the groundwater model treating the river 
as a specified flux boundary, that is using these 
recharges as inflows to the model; 

once the aquifer section of the model is calibrated, 
alter the model to treat the river as a leaky 
boundary, that is where the model calculates 
recharge from both river and groundwater levels. 
Rushton and Tomlinson (1979) discuss possible 
relationships to use. The .model must keep an 
account of the water left to flow downstream in the 
river to ensure that recharge does not exceed river 
flow; 

calibrate the new river part of the model to 
reproduce the historical recharges; 
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(v) use the model in predictive mode. I~'will now 
estimate recharge for future groundwater conditions. 

12.1.5 River recharge estiaation aethods 

Direct measuremen~ of river recharge is not possible. A 
number of empirical method$ have been'devised and a~e 
discussed in Se6tion 12.2. Included here are a number of 
methods based on groundwater response. Water balance methods 
are also possible for all three items, transmission loss, deep 
percolation and recharge (Section 12.3). Darcian approaches, 
that is based on the groundwater flow equation, ~re possibLe 
in theory but are difficult to use iri practice with important 
simplifications (Section 12.4). Tracer techniques have very 
limited use for quantifying river recharge (Section 12.5). 
Models of river hydraulics and of the complete hydrological 
cycle in catchments have been used for river recharge 
estimation and these are discussed in Section 12.6. Fig. 12.4 
outlines the choices for the various river conditions, and 
Table 12.1 summarises the methods outlined in this chapter. 
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12.2 Bmpirical aethods 

In an empirical method, recharge is related to one or more of 
the controlling variables, for example river flow rate. Some 
examples are shown in Fig. 12.5. 
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There are several general comments about the usefulness of 
these methods. Firstly they are likely to work best for 
transmission losses in perched rivers, for which there is less 
influence of the unsaturated zone and aquifer. Good estimates 
of recharge are needed to develop such relationships; once 
data collection networks have been installed, is it not better 
to continue to use them than to rely on a derived 
relationship? Finally, the relationships can only be 
transferred to other rivers which have the same conditions 
(see list above in Section i2.1.2). 
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Fig. 12.5 Bxaaples of e.pirieal relationships for 
transmission losses fro. re.ote rivers. (a) Norris, 
1970 (b) Burkhaa, 1970 (e) Jordan, 1977 

12.2.1 Transmission losses in epheaeral rivers 

A detailed study of perched ephemeral streams in Kansas was 
carried out by Jordan (19;7), who studied 53 events spread 
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over pairs of aauging stations on 14 rivers. He worked with 
the volumes of complete events and found that transmission 
losses correlated well wi th flow vO,lume at the upstream 
station (Fig. 12.5c). He also showed that losses along the 
channel varied exponentially 

v ... = Vo R'" 12.1 

where V ... 
Vo 

R 

flow volume at distance x downstream (L3) 
flow volume at upstream end of reach (L~) 
ratio of flow volumes 1 length unit apart 

Table 12.2 Summary of transmission loss data for 
alluvial channels in Tucson Basin, Arizona. (Based 
on WRRC, 1980, Table 5.4) 

Stream Infiltration Flow Loss Comments 
Rate (mId) (10

'
m3 /km/y) 

Santa Cruz, 0.91-2.0 Calc. from streamflow 
Continental Tucson losses 
Santa Cruz, 0.25 Calc. from streamflow 
Continental Tucson (45% of inflow) losses 
Santa Cruz, 1.9-2.2 Calc. from streamflow 
Tucson-Cortero losses 
Rillito 0.3-1. 1 Snowmelt runoff calc. 

from seepage runs 
Rillito 2.4 3.9 Snowmelt runoff calc. 

from gw level changes 
Rillito 0.63 Calc. from streamflow 

(56% of inflow) losses 
Rillito 1.3-3.3 Calc. from streamflow 
Creek losses 
Pantano 0.18 Calc. from streamflow 
Wash (72% of inflow) losses 
Pantano 1.0-1.2 Calc. from streamflow 
Wash losses 
Tanque Verde 0.33 Calc. from streamflow 
Creek (45% of inflow) losses 
Sonoita 2.4-1.8 Low on flood plain 
Creek High in stream 

channel 
Queen 0.35-5.2 Seepage measurements 
Creek (ave. >1.2) winter flow event 
Salt River 0.46-0.76 Calc. from streamflow 

losses 
Rincon 0.34 Calc. from streamflow 
Creek (92% of inflow) losses 

Other examples of empirical relationships for transmission 
losses are given by the papers from which Figs 12.1, 12.2 and 
12.5a+b were taken, and by Lane et ale (1971). WRRC (1980) 
reviewed a large number of American studies of transmission 
losses in remote ephemeral rivers. Table 12.2 summarises 
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observed loss rates. They suggested some general rules for 
transmission losses which are summarised in Chapter 3. 

12.2.2 Groundwater response in ephe.eral" rivers 

There are a number of empirical techniques based upon 
analysing groundwater response. They are typified by the 
convolution approach which is outlined below, and include a 
spectral analysis method (Gelhar et al., 1979) and a linear 
transformation of the annual distribution of rainfall (Flug 
et al., 1980). The latter two require more simplifying 
assumptions but are more mathematically complex than the 
convolution approach and so are not described here. 

All of the groundwater response methods require a good 
independant estimate of recharge for at least one event. 
Without this, the parameters of the method cannot be found. 
Therefore any results for other events will be less accurate 
than the one independant estimate. 

The convolution method has been described by Moench & Kisiel 
(1970), Hall & Moench (1972), Besbes et ale (1978) and others. 
This account draws heavily on Besbes et ale who give a 
thorough comparative study of several methods in a semi-arid 
ar.ea of Tunisia. 

The groundwater flow equation is commonly considered linear, 
that is the principle of superposition applies. If I(t) is 
the water table response to a unit input of recharge in one 
time unit, 2 I(t) is the response to 2 units of recharge in 
one timestep, and I(t) + I(t-1) is the response to two 
successive unit inputs. In discrete form: 

G(i) = Ei R(j) I(i-j+1) 12.2a 
J : 1 

which is equivalent to: 

G(i) = Ei R(i-j+1) I(j) 12.2b 
J = 1 

(Notation below eqn 12.3.) 

Besbes et ale describe two methods to find the unit response 
I(t). In one, a groundwater flow model for the aquifer is 
calibrated, then stimulated with a unit recharge and its 
response observed. (This does seem a little inverted because 
they must of course have included a river recharge estimate to 
calibrate the model!) The other method is to observe the" 
water table response to a single, la~ge, isolated recharge 
event which is treated as of unit duration. In this case 

G(t) = h(t) "- d(t) 12.3a 

and 

I ( t) = G ( t ) IV 12.3b 
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where 
G(t) 
R(j) 
h(t) 
d(t) 

I(t) 
V 

the ground~ater level rise at time t (L) 
the recharge volume in time interval j «=i) (L3) 
the groundwater level at time t (L) 
the groundwater level that would have occurred in 
the absence of recharge, from the recession curve 
(L) 

the ordinate of the unit response at time t (L-2) 
the volume of recharge (L3) 

In practice, Besbes et ale observed the initial and peak 
response and constructed the remainder using a model. 
Examples are shown in Fig. 12.6. The volume of this recharge 
event was initially estimated by a water ~able rise 
calculation using a guessed specific yield, then refined by 
calibrating the model. Other authors have used transmission 
losses to estimate recharge volume . 

• 

. ....... . 
....... ... 

-2· ••••••••• 

-5·0 ••• -3·0 ..... _-+_-+---+--~--r-··· 
1969 1970 1971 1972 1973 1969 1970 1971 1972 1973 I 

W.II Z 3 W·ell Z4 

Fig. 12.6 Groundwater responses to a single large 
recharge event, Kairowan, Tunisia (Besbes et al., 
1978). Solid lines: observed heads, Dotted lines: 
heads computed by groundwater model assuming no 
recbarge, Dasbed lines: beads computed with 
estimated recbarge 

Once the impulse response is known, eqn. 12.2 can be used to 
deconvolve the observed fluctuations in any observation well 
to estimate recharge. The system of equations is in fact 
over-determined, and a constrained least squares method is 
recommended. 

12.2.3" Rivers in contact with the water table 

Recharge from rivers that contact the water table is effected 
by conditions below that water table. In these cases, the 
empirical methods outlined above rarely work. Fig. 12.7 shows 
data for a perennial river crossing a major alluvial aquifer 
in N. Africa. There is no clear relation between transmission 
loss and river flow because of the effect of the groundwater 
system. No general relationship can be devised for these 
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rivers and recharge for each time period,must be: explicitly 
calculated. 
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12.3 Water balance aethods 

12.3.1 Channel water balance 

A water balance of the flows alon~ a river reach is the most 
strai~htforward way to estimate transmission losses. By 
careful consideration of processes, this may be extended to 
deep percolation or rechar~e. Using river flow rates, 

R = QQP - Qdowa + tQI a - tQout - E. - as/at 12.4a 

or in volume terms, 

R at = Vup - Vdowa + EVa a - EVout - Ea at - 6S 12.4b 

where Q flow rate (L3/T), V: flow volume (L3) 
Qup, Vup the flow at the upstream end of the reach 

Qdowa, Vdowa : the flow at the downstream end of the reach 
Qi a, Via: inflows from tributaries, urban effluents and 

Qo u t , Vo u t 
E 

as 

irrigation returns 
: outflows for water supply, irrigation 

evaporation from water suri~ce or stream bed 
(L3 /T) 
the chb~ge in channel or unsaturated zone storage 
(L3 ) 

Tot~l flow volumes (eqn 12.4b) should be used in preference to 
instantaneous flow rates for ephemeral rivers, as lag bet~een 
the two gauging stations will be difficult to estimate 
accurately. 

Any time period can be used with eqn 12.4a for seasonal and 
perennial rivers, but there are advantages in using a short 
period. More data points are generated, and conditions are 
relatively constant during each period. This may make the 
process controlling recharge more obvious. More importantly, 
the higher errors associated with the hi~her flows will not 
dominate the whole period as would occur if averages were 
taken over long periods, including low flow periods. Travel 
time of flood waves between gauging stations should be allowed 
for if short time peiods are used. 

Evaporation from the river surface can be estimated by 
Penman's open water method (FAO, 1977). Evaporation from 
ephemeral river beds becomes increasingly important as the 
frequency of flooding decreases. Sorey and Matlock (1969) 
carried out some small scale lysimeter experiments on 
evaporation from streambed sands. Over 19 days, total 
evaporation ranged from 5mm in a very coarse sand to 26mm in a 
medium sand. 

Advantages and disadvantages. Channel water balances are 
probably the most accurate way to estimate recharge, and often 
provide the data on which other-methods are based. They are 
essential when modelling rivers'which may receive as well as 
donate water. The data collected may have many other uses, 
including rainfall-runoff modelling for transposition to 
ungauged catchments. 
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The disadvantaaes include cost and accuracy. Setting up, 
maintaining and running river gauging stations is expensive. 
They must be able to measure larae floods accurately. In arid 
and semi-arid areas where access may be difficult, floods are 
infrequent and river beds shift, it may be too expensive. 
Rodier. Roche (1978) discuss the difficulties of measuring 
river flows in arid and semi-arid areas. 

The method is prone to inaccuracy as recharge is calculated as 
the difference between large numbers. Measurement errors on 
high river flows are commonly t25S, and for flash floods in 
arid and semi-arid areas can easily be +100S, -50S. Thus the 
possible errors in recharge estimates can be tlOOS. 

12.3.2 Water table rise 

An alternative to a surface water balance for transmission 
loss is a groundwater balance for river recharge. Observation 
wells perpendicular to the axis of the river will show the 
profile of a recharge mound. Under ideal conditions the 
volume of water in the mound is the amount of recharge. 
Several points should be noted: 

(i) For perennial or seasonal rivers, the groundwater 
flows away from the mound over the recharge season 
may be significant in re~ation to the change in 
storage. 

(ii) Groundwater flows away from connected rivers may be 
large compared to any change in storage. 

(iii) Storage in the unsaturated zone is common below 
ephemeral rivers on. alluvial aquifers. Wilson and 
De Cook (1968) found that 33S of recharge showed up 
immediately as a water table rise; the remainder 
took several months to arrive (Fig. 12.3). 
Measurements of moisture content are essential in 
such cases, for example, by neutron probe. 

(iv) The water table rise should be measured relative to 
the recession that would have occurred if there had 
been no recharge. 

(v) Specific yield is a difficult parameter to· estimate. 
It can show hysteresis, and have unexpected changes 
due to aquifer heterogeneity - see Section 16.2. 

12.4 Darcian approacbes 

There are three ways to use Darcy's law in estimating recharge 
from rivers, as follows: 

(i) using infiltration equ~tions and flow nets, that is 
desk studies of homogeneous and isotropic aquifers 
with assumed boundaryponditions, 

(ii) gathering field data on aquifer properties, moisture 
content and pressure in the unsaturated zone, and 
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piezometric heads in the saturated zone, and using 
these data in the equations of flow to analyse real 
events, 

(iii) using numerical models. 

12.4.1 Infiltration equations and flow nets 

The Darcian approach is typified by the infiltration technique 
(see Fig. 12.8). An ephemeral stream floods a dry river bed, 
separated from the water table by an unsaturated zone in which 
there is no flow initially. Infiltration occurs and a 
saturated zone extends downwards. The edge of the saturated 
zone is assumed to be sharp and to mark the division between 
flowing and stationary water; it is commonly called the 
wetting front. The Green & Ampt solution for the 
infiltration rate is 

where 
I(t) 

K 

H(t) 
L(t) 

he 

Vet) 
8 

8i 

I ( t) = K [ H ( t) + L ( t) - he) / L ( t ) 12.5a 

L ( t) = V ( t) / (8 - 81 ) 12.5b 

infiltration rate at time t (LT-l) 
resaturated hydraulic conductivity, taken as half 
of the fully saturated value (LT-l ) (Bouwer 1978) 
depth of water ponded on the surface (L) 
depth of the wetting front below the river bed (L) 
air entry head, representing the height of the 
capillary fringe (L) 
depth infiltrated up to time t (L) 
resaturated moisture content 
initial moisture content 

n////Q)7//T~ 
''/ less permeable zone·~ 
////////////////. ?"fi: 
Fig. 12.8 Idealised infiltration from a perched 
river into a homogeneous .aterial 

The infiltration approach assum~s no prefential pathways and 
no lateral flow, so would not be valid in the case of Figs. 
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12.2 and 12.3 where low conductivity layers will cause 
perching and lateral flow. The equation ceases to be valid 
once the wetting front has reached the water table, when 
horizontal flow occurs. Freyberl (1983) has looked at the 
effects of a varying wetted perimeter of the river, and shown 
that they can be important. Unfortunately it is difficult to 
generalise his results. 

A flow net can be constructed to represent the flow system 
away from a river or canal ort a cross-sectional diagram. Flow 
nets are only easily drawn for steady state flows. They can 
seriously underestimate seepage losses during times of wetting 
when much higher flows are going into aquifer storage •. 

Contours of equal head (equipotential lines) are drawn with 
equal head increments between them. They are intersected at 
right angles by flo~ lines so that each section of the grid is 
a curvilinear square (Freeze & Cherry, 1919). 

To attempt this construction it is necessary to approximate 
the position of the phreatic surface which denotes the upper 
boundary of the flow net as a flow line. The flow within each 
flow tube is calculated using Darcy's Law and the scaled 
graphical construction. 

Variations in permeability within the section result in a 
refraction of the flow lines at the permeability interface, 
and the refraction anile can be calculated using the tangent 
law (Freeze & Cherry, 1919). This allows flow nets to be used 
within a heterogeneous section, but the construction tends to 
be very approximate and should be used with great care. 

Cedergren (1977) is a recommended text, containing further 
information with examples on the construction and use of flow 
nets. 

12.4.2 Field data-based methods 

Field data on moisture content and pressure in the unsaturated 
zone beneath river beds have been collected for research 
projects on recharge estimation (for example, Fi,. 12.3). The 
author knows of no instances where such data have been 
collected for resources studies, presumably because of the 
expense and difficulty of collecting enough data to describe a 
transient process with three dimensional variability. 

Head and hydraulic conductivity data from connected rivers 
could be used to estimate flow away from the river; velocity 
measurements using tracers could also be used. These are 
discussed in more detail in Chapter 14 because they have more 
relevance to irrigation recharge. The difficulty in using 
them for rivers is the transient, three dimensional nature of 
the flow pattern. 
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12.4.3 Nuaerical aodelling techniques for river recharge 

Dillon (1982) gives a thorough review of stream-aquifer 
models, quoting over 100 references. He classifies models 
into three broad types: 

(i) Surface water models, including flood wave models 
considered in Section 12.6.1, and linear response 
models typified by the convolution approach 
discussed in Section 12.2.1; 

(ii) Groundwater models, discussed below; 

(iii) Integrated stream-aquifer models which can be 
coupled externally (eg-. output from groundwater 
model is input to surface water model with no 
feedback) or coupled internally. 

Groundwater flow models for river recharge estimation can be 
I-dimensional vertical for remote rivers Cie. infiltration or 
wetting front models), or 1-dimensional horizontal for fully 
connected rivers (ie. Dupuit-Forchheimer assumptions) or 2-
dimensional cross-section models for connected or occasionally 
connected rivers. Similar approaches are used for canal 
seepage and are discussed in Chapter 14. 

Dillon (1982) lists and comments upon the assumptions commonly 
used to make such models tractable. He reports that practical 
studies and field observations have shown that the following 
assumptions, if used, can have significant effects on 
estimated recharge: 

- homogeneous, isotropic and infinite aquifer, 
- Dupuit-Forchheimer approximation, 
- fully penetrating river, 
- constant recharge rate, 
- isothermal, 
- initially dry soil, 
- no resistance to air flow. 

Most of these assumptions can be dispensed with by using a 
more complex computer code, except of course for the first. A 
better description of the aquifer requires more (expensive) 
field data. In practice this has meant that most of these 
models have been used for theoretical or parametric studies of 
hypothetical rivers, rather than real resource studies. Case 
studies are usually published in reports rather than 
scientific journals-and so are hard to obtain. Anyone wishing 
to construct such a model should read Dillon (1982), and 
consider such aodels as Glass et ale (1977), Narasimhan et ale 
(1978), Reeder et ale (1980), Vauclin et ale (1979) and Youngs 
(1977). 

Integrated river-aquifer models. A number of authors have 
written models which link river and groundwater flows and 
heads. They'are for hydraulically connected rivers, and model 
river flow in some detail. Almost none have been used in 
groundwater resource studies, and all require a large data 
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collection, programming and calibration effort. Dillon (1982) 
reviews most of the published models at the time of writing. 

In general, this type of model is too s~phisticated for 
recharge estimation. They are concerned with the immediate 
locality of the river and with short time steps. Water may 
well enter the aquifer on this scale that never recharges the 
regional groundwater system. Such interactions only confuse a 
regional groundwater modelling effort. A pragmatic policy for 
connected rivers is to dr~w the model boundary outside this 
zone of fluctuating interaction rather than at the river bed. 

12.5 Tracer techniques for river recharge 

Environmental tracers in ground~ater seem to have little role 
in quantifying river recharge. Almost all of the groundwater 
in the vicinity of a recharging river in an arid or semi-arid 
area will have come from that river. Therefore the local 
groundwater will carry the same environmental tracers as the 
recharging water, and the two cannot be separated. 

One could imagine designing an experiment to use an applied 
tracer to estimate river recharge. The rate of spread of 
tracer below and laterally away from the bed would be measured 
in an array of sampling points along, below and away from the 
channel. The authors are not aware of such a method being 
used in practice for rivers, probably because expense of 
adequate sampling wells and the need for relatively large 
tracer injections would not be justified by the accuracy of 
the results •. Re~ated methods have been used for irrigation 
canals, and are discussed in Section 14.5. 

Of course isotopes and other tracers are very valuable in 
identifying recharge sources arid in delineating zones of river 
recharged groundwater. Some discussion of methods is given in 
Chapter 20 of the Guidebook on Nuclear Techniques in Hydrology 
(lARA, 1983). 

12.6 Surface water aodellins 

There are often more data available on surface water than 
groundwater and so many practical recharge studies have had to 
rely on surface data to predict recharge. This section 
discusses a river flood routing method and the use of ~verall 
catchment models of rainfall and runoff. The potential e~~ors 
in such methods are high as they do not usually include any 
aquifer or groundwater information, b~~ are generally used 
when data are scal~~. 

12.6.1 FloOQ ~outing .odels 

Floo~ routing models of river flows have been used to estimate 
transmission losses by Cornish (19til), Smith (1972) and Binnie 
& Partners (see FAa, 1981, Section 18.3.3.4). River level, or 
preferably flow, hydro,raphs are required for several stations 
along the river. Transmission losses and their distribution 
are estimated by calibrating a model of flood travel along the 
channel. Fig. 12.9 illustrates the method for the Wadi Najran 

166 



in Saudi Arabia. In this case a single well monitored flood 
wave was used to calibrate transmission loss rate 'and 
Manning's n in order to match recorded flood volumes. Both 
the historical 7 year river flow hydrograph and t~o 30 year 
synthetic sequences were routed through the model to estimate 
mean annual transmission loss as 86S of inflow at the upstream 
end of the aquifer. 

a) Wadi Najran catchment and alluvial 
aquifer. 
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C) Calibration of flood routing model. d) Distribution of average recharge. 

Fig. 12.9 Recharge fro. the Jiadi Najran, Saudi 
Arabia, estimated by a flood routing .odel (FAO, 
1981) 

12.6.2 Catchment aodelling 

Many practical studies have only sparse data on river flows 
and have been unable to carry out channel water balances. A 
common approach has been to develop a catchment-~ide model of 
rainfall and runoff. In some cases this has been applied to 
th~ upstream contributing catchment to provide runoff 
estimates where the river crosses the aquifer boundary. The 
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recharge process is then considered separately, perhaps using 
information on the frequency with which floods reach certain 
downstream points. In other cases the catchment model 
includes the aquifer and transmission losses are calibrated. 

Examples include several simple models among the examples in 
the appendix, and models by Singh and Chowdhury (1979), Hari 
Krishna (1982), de Vera (1984), and Broughton and Stone 
(1985). 

12.7 Examples of river recharse esti.ation 

12.7.1 Introduction 

The following examples are all recharge estimates for 
catchments where wadi infiltration is a major recharge 
component. A common trait of all the examples is the very 
approximate nature of the recharge and/or runoff estimate. 
This is only to be expected, considering the difficulty' in 
both collecting the data from what tend to be very remote 
areas, and then assessing a mean from the sum of stochastic 
episodes tending to have a large standard deviation. 

Cases 1 to 4 are taken from the same arid region of the Middle 
East and therefore have a number of features in common. The 
flow system within each starts with rainfall onto a hard rock 
upland catchment, which results in little or no direct 
recharge but allows a percentage of the precipitation to 
become runoff. The runoff flows along alluvial wadi channels, 
taking it off the hard rock catchment and across a lowland 
alluvial or sedimentary aquifer sequence. Recharge can now 
take place until the wadi reaches a discharge point or the 
water supply is exhausted. 

Average annual rainfall for the upland catchment varies from 
180-300mm/y and potential evaporation from 1400-2600mm/y. 
Rainfall in the lowland area is lower, at approximately 
100mm/y, and potential evaporation is higher; this, coupled 
with the flat topography and the depth to the underlying water 
table, results in very little recharge from lowland rainfall. 

All the examples are taken from project reports; references 
are only given where these reports are not confidential. The 
results of all 9 cases are summarised in Table 12.3. 

12.7.2 Case 1 

The hard rock upland catchment covers an area of 1650 kmz, the 
runoff from which flows across an alluvial coastal aquifer to 
the sea. It has been estimated that 8% of the runoff from the 
foot of the upland catchment is recharged to the wadi 
alluvium, the remainder recharging the coastal aquifer or 
being lost to the sea. The'percentage of runoff resulting in 
recharge is dependent on the annual rainfall; in a 1 in 5 dry 
year 80-100% of runoff results in recharge, ranging to a 1 in 
5.wet year where only 30-50% of runoff is recharged, with the 
re~t reaching the sea. 
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Table 12.3 Bechar6e data su..ary for the case 
studies outlined in Section lZ.1 

Case: 1 2 3 4 Jebbel 
Marra 

Catchment 1650 405 1000 626 2470 
Area Ckml) 

Precipitation 270 180 180 186 450-650 
C-/y) 
Runoff 17 20 29 23-34 

CS Rainfall) 
Recharge 30-100 79 80 72-100 

CS Runoff) 
Recharge 13 16 21-29 

(S Rainfall) 
Wadi Recharge 138 280-430 406-493 180-470 

(10 3 m3 /km/Y) 

Case: 6 Wadi Wadi UAE 
Jizan Dbamad 

Catchment 1800 1280 1000 4000 
Area (kml) 

Precipitation <40-100 480 527 357 
(mm/y) 
Runoff 10 13 9-13 

(S Rainfall) 
Recharge 15 31 22 

(S Runoff) 
Recharge 1.5 4 2-3 14 

(S Rainfall) 
Wadi Recharge 500 200 

(10 3 m3 /km/y) 

12.1.3 Case 2 

The hard rock upland catchment covers an area of 405 km2 and 
receives a mean rainfall of 210mm/y. A wadi system carries 
the catchment runoff across an alluvial aquifer of up to 100m 
in thickness, into which the runoff is recharged. 

Effective rainfall, equivalent to runoff for the upland 
catchments, is calculated for both this and the next example 
using the following largely empirical formulae: 

where er 
r 
y 

Sf 
et, 

n 

er = Y (r - et •• ,) + Sf 

et •• , = n et,/365 

effective annual rainfall (LIT) 
annual rainfall (LIT) 
factor dealing with small rainfall events, 
seasonal changes in transpiration, etc. 
slope factor 
annual potential evapotranspiration (LIT) 
number of rainfall days in the year. 
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The potential catchment runoff calculated by eqn 12.6 for an 
average year is 14.6x101m' or 17~ of the rainfall. Of this 
total, 3.1xlO'm'/y (21~) is used consumptively in the upper 
catchment and the remainder recharges .by two main methods, the 
proportions to each calculated from a simple uncorroborated 
model. 4.6x10'm'/y (31.5%) recharges at the foot of the hard 
rock and 6.9xl0'm3 /y (47.5%) recharges along the wadi course. 
With a wadi of approximately 50 km in length, this gives a 
recharge rate of approximately 138,000 m3 /km/y. 

12.7.4 Case 3 

This hard rock upland catchment covers an area of 
approximately 1000 km2. runoff from which is carried along t~o 
main ~adi courses. The ~adis flow out over an alluvial plain, 
the alluvial sediments varying in thickness from 2-45m and 
overlying a low permeability basement complex. The mean 
annual rainfall for the upper catchment is 180mm and this 
results in a gross runoff for the catchment of 36.5xlO'm'/y 
(20.3~ of rainfall). Of this, 29.4xlO'm3 /y is recharged 
through the wadi beds ~ithin the study area and 7.2xlO'm'/y is 
flood loss, flowing across the area boundary. The individual 
rate of recharge for the two main wadis is calculated to be 
280,000m3 /km/y and 430,OOOm3 /km/y. 

12.7.5 Case 4 

A hard rock upland catchment of 626 km2, the runoff from which 
flows inland to recharge either the wadi alluvium or, beyond 
this, an alluvial plain. 

A water balance has been attempted for a rainfall episode of 
78mm (48.9xlO'm3 ) and the balance used to estimate the 
recharge from an annual rainfall of 186mm (ll6.7xl0'm3 ). The 
wadi outflow from the hard rock was estimated using Manning's 
equation (with a roughness coefficient of 0.035) to calculate 
the flow rate as follow$: 

where . Q 
R 
A 
S 
n 

Q = (R2 I 3 A 51 I I ) In 

flow rate (m3 /s) 
hydraulic radius (m) 
cross sectional area of flo~ (ml) 
slope of the water surface (m/m) 
Manning's roughness coefficient. 

12.7 

The flows measured for the different subcatchments by this 
method ranged from 25-35% of the rainfall, and gave a total 
runoff of 14.6xl0'm3 for the rainfall episode. Recharle to 
the wadi alluvium was calculated by monitoring the flow from 
the aflaj (low angle wells tunnelled into the alluvium) and 
assuming that the outflow was proportional to the storage. 
Recharge registered by this meth~d totalled 7xlO'm3 with 
another 1.5xl0'm3 unaccounted for in the do~nstream runoff and 
either recharged or lost as evaporation. Wadi recharge 
therefore ammounted to 14-17% of rainfall, which over a 40km 
length would give an average annual infiltration of 406,000-
493,000 m3 /km/y. 
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6.1xl06m3 was estimated to flow across the alluvial plain, 
where borehole monitoring and knowledge as to the specific 
yield of the alluvium revealed that at least 3.8xl06 m3 (7% of 
rainfall) was recharged with the remaining 2.3xl06 m3 (5%) 
either recharged or lost as evaporation. For a flood plain 
area of 150 km2 this gives an infiltration rate of 5~-93mm/y. 

12.7.6 Jebbel Marra, Sudan 

This study is of a 30,000 kmz area of western Sudan, where the 
main aquifer system is formed by the alluvial valleys along 
which present day wadi flows take place. The valleys cover a· 
total area of 2470 kmz and are surrounded and underlain by low 
permeability volcanics, sandstones and Precambrian basement. 

The climate is semi-arid with a mean annual rainfall of 450-
650mm, most· of which falls between June and September allowing 
the year to be divided into a recharge and a discharge season. 
Groundwater input during the 60 day recharge season in 1976 
has been calculated by summing the increase in storage, the 
throughflow, and losses through abstraction and evaporation 
for each small alluvial aquifer over the period. The increase 
in storage, of 380x106m3 , was calculated from the measured 
rise in borehole water levels and knowledge of the specific 
yield, throughflow (2x106 m3 ) was derived with the aid of 
Darcy's Law, evaporation (78xl0 6 m3 ) calculated using the 
Penman equation and abstractions «lx106 m3 ) monitored or 
estimated. 

The bulk recharge to the alluvial aquifers was thus 460xl0 6 m3 , 

or 154mm/y. Infiltration rates for individual wadis, assuming 
wadi recharge as the major source, ranged from 180,OOOm3 /km/y 
to 470,000m3 /km/y. 

Reference: 
HUNTING TECHNICAL SERVICES, 1977. Agricultural developnent in the Jebbel 

Marra. area: annex 2, volume 1 - hydrogeology 

12.7.7 Case 6 

This project area is in a particularly arid region of the 
Middle East, with rainfall ranging from 150mm/y in the upland 
regions to the west down to <40mm/y in the eastern lowlands. 
The main aquifer, a 100m thick sandstone sequence, outcrops in 
the west and any recharge takes place here by infiltration 
through wadi runoff channels. 

The model for calculating recharge allows the first 10mm of 
daily rainfall to be either evaporated or taken up by 
depression storage and any subsequent rainfall to become 
runoff. All the runoff is then assumed to reach a wadi 
channel from where it either flows out of the area or 
infiltrates into the wadi alluvium. Surface runoff flowing 
out of the catchment is assumed to be 4% of the mean rainfall, 
the remaining runoff then being used to cancel the soil 
moisture deficit of 200mm in the wadi alluvium before recharge 
to the underlying aquifer can take place. In an average year 
the daily rainfall only exceeds 10mm on 0.66 days and results 
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in 4.8mm of runoff. For a catchment of 1800ka2 this amounts 
to 8.7xl0e m3 /y or 10% of catchment rainfall~ Of this total, 
3. 5xlOe m3 flows out of the area and 3. 9xl06 .• 3 cancels the soil 
moisture deficit, leaving 1.3xl06 m3 to recharge the 90 km2 bed 
area of wadi alluvium. 

12.7.8 Wadi Jizan, Saudi Arabia 

This project area is in the south western corner of Saudi 
Arabia, and can be considered simply as a 1280kmz hard rock 
upland catchment, runoff from which flows along a major wadi 
channel, crossing a coastal strip of Quaternary alluvial 
sediments. Some of the wadi flow is diverted to an irrigation 
project with any remaining surface water eventually flowing to 
the Red Sea. Average annual rainfall is 480mm for the upland 
catchment, falling to 150mm on the coastal plain and potential 
evaporation has been calculated as 3000mm/y using the Penman 
formula. 

The wadi has been gauged and the runoff estimated at 13% of 
the upper catchment rainfall, giving a mean annual runoff of 
80xl06 m3 /y. A water balance has been attempted for the plain, 
using this as the input volume, and possible recharge 
mechanisms analysed. 

The water table, at 6-20m below the surface within the 
irrigated area, is thought to be too deep to receive recharge 
from the intermittently flooded surface. For the same reason 
irrigation canals, which are only used for an average of two 
days at a time, are not thought to contribute and any 
percolation losses are eventually evaporated. 

Infiltration rates in the wadi bed have been measured at up to 
40cm/hr, and as the wadi is subject to longer flow periods it 
has been taken to be the major recharge source. Wadi recharge 
has been estimated for the purpose of th~ water balance at 
25xl06 m3 /y, which ov~~ a distance of 50km results in an 
inf~ltration rate of 500,OOOm3 /km/y. 

R,=-+"erence: 
SIR WILLIAM ~ at PARTNERS, 1972. Irrigation developaent in the Wadi 

Jizan 

12.7.9 Wadi Dhamad, Saudi Arabia 

The hard rock catchment in this example is adjacent and to the 
south of that in the last, and the two wadis run along an 
approximately parallel course to the sea. The upper catchment 
covers an area of about 1000kmz, for which there is a single 
raingauge. The mean annual rainfall at this gauge has been 
estimated at 527mm/y over a period of 14 years, during which 
time the maximum annual rainfall was 1253mm and the minimum, 
209mm. It can be assumed that areal variation in annual 
rainfall totals within the catchmerit are similarly extreme, 
the point being that the mean annual rainfall figure is in all 
cases only a very approximate guide to the actual catchment 
rainfall. 
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The resultant runoff was estimated in the following ways: 

(i) using the same runoff coefficient as that for the 
adjacent project, 0.13, gave a runoff of 
69.2xl0e Ill3 /y; 

(ii) using data on runoff and catchment area from 9 other 
catchments to build up a regression equation; this 
resulted in an estimated average annual wadi flow of 
59.7xl0e m3 or 11% of rainfall; 

(iii) developing a multiple regression equation, using 
data from 6 rainfall stations and a gauging station 
on the adjacent wadi to synthesize the monthly flow 
records from the gauging station emplaced at the 
source of this wadi; this gave a mean annual flow of 
46xl0'm3 or 9% of rainfall. 

Method (iii) is generally considered to be the most rigorous, 
but ironically the data on which it has been based is from an 
atypically dry six year period, leading to an underestimate of 
the mean runoff. This example serves to underline the 
vulnerability of any estimation technique to the vagaries 
prevalent in each stage of the recharge process in an arid 
area. 

There has been no direct calculation of recharge from this 
wadi flow, but the throughput for a 20km wide section of the 
alluvial aquifer was estimated to be 35xl0'm3 /y. This 
includes the contribution from the adjacent wadi, so assuming 
a steady state condition, recharge along this wadi is 
approximately 10xlO'm3/y, or 200,OOOm3/km/y over 50km. 

Reference: 
sm WIlLIAM ~ It PARTNERS, 1977. Wadi Dhamad irrigation project: 

volume 2 - main report 

12.7.10 United Arab Bmirates 

This example is from a water resources survey carried out in 
The Trucial States (now UAE), an arid region of mountains and 
desert which juts out into the Arabian Gulf from the northern 
coast of the Arabian peninsula. In common with other Middle 
Eastern regions the highest rainfall falls on the mountainous 
inland zone, with wadi outflows being the main source of 
recharge to the outwash gravels and alluvial plains of the 
lowlands lying to both the east and west. 

The catchment area governing flow to the west has been 
assessed in some detail; this covers an area of 4,OOOkmz and 
receives an average aQnual rainfall of 357mm. Recharge takes 
place on the gravel plains, cross-cut by wadi systems, which 
abutt against the mountains' western flanks. To the west lies 
a sand covered desert plain, and beyond are the coastal 
sabkhas where discharging groundwater is evaporated. Surface 
flow from the wadis rarely penetrates any great distance into 
the desert and as rainfall is low, at a mean of 110mm/y, 
recharge is thought to be largely confined to the gravels. 
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A throuahflow calculation has been attempted, alona a 65km 
wide front within the desert plain where the transmissivity 
and aroundwater aradient have been assessed fro. a number of 
exploratory boreholes. The estimate" is .then extrapolated 
across a complete section of the aroundwater flow system, 
resultina in a fiaure for the total throuahflow of 
128x10 •• '/y. Abstractions up-aradient of this section account 
for a further 70xl0.m3 /y, so assuaina the system is in 
equilibrium and wadi flow'from the upper catchment is the only 
recharae source. 14% of the upper catchment rainfall can be 
said to recharae the aroundwater system. 

Reference: 
SIR WILLIAM HALCROW & PARTNERS, 1967. Water resources survey 
of The Trucial States: volume 2 - drauaht report 
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13 INTBRAQUIPBR FLOWS 

Flows to and from other aquifers can be an important part of 
the water balance of an aquifer, and must be taken into 
account in modelling. Usually seepage is from an underlying 
aquifer with low flows and reasonably steady conditions. 
Although seepage may be small when expressed per unit area, 
large areas are often involved. 

Using Darcy's Law can give good estimates and is an approach 
easily linked to modelling. It is usually possible to measure 
hydraulic heads in both aquifers; the major uncertainty is 
knowing the hydraulic conductivity of the intervening 
material. Laboratory measured values are rarely related to 
regionally useful field values. A common approach in 
modelling is to set up a leaky boundary, and to include the 
conductivity as one of the parameters to be calibrated. 

Water balances of both the donating and receiving aquifers 
should always be used to set limits on the likely interaquifer 
flow. More accurate results will be obtained when the 
interaquifer flow is a large proportion of the water balance. 
The direction of flow can be determined by head measurements, 
hydrochemical or isotope data, or from preliminary numerical 
modelling of the system. 

Tracer techniques, particularly isotopes, are useful in 
detecting flow between aquifers. The main condition is, of 
course, that the isotopic composition of each aquifer's water 
is significantly different, say by several parts per mill in 
the case of oxygen-18. However, tracer methods rarely give 
firm estimates of the amount of inter-aquifer flow, because of 
the unknown mixing of the two waters in any sample. There may 
be a role for transit time calculations in steady state (or 
small) groundwater systems. More information is given in 
Chapter 21 of the Guidebook on Nuclear Techniques (IAEA, 
1983). 
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14 RECHARGE FROM IRRIGATION 
(with contributions by Robert Gray) 

14.1 Introduction 

14.1.1 I.portance of irrigation recharge 

Irrigation schemes are frequently a major source of recharge 
to aquifers, whether they use groundwater or surface water. 
For example, Lerner et ale (1982) estimated that the alluvial 
fan aquifer under Lima, Peru received 20% of its recharge from 
irrigation losses. There have been many studies of 
groundwater in the Indus Basin where groundwater levels rose 
at least 20m in the 30 years after irrigation began (Greenman 
et al., 1967). 
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Fig. 14.1 -Cross-section of a hypothetical 
irrigation Bche.e showing potential recharge sources 
(a) cross-section with arrange.ent of river, canals 
and drains and showing two areas enlarged below (b) 
waterlogging caused by low perBJeability layer (c) 
spray, furrow and paddy irrigation (d) enlarge.ent 
of paddy bund showing high seepage losses 
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Fig. 14.1 shows a schematic section through a hypothetical 
irrigation scheme. Losses from irrigation, which are 
potential recharge as defined in Section 11.1.2, occur in two 
overlapping areas (a) canals and (b)" fields. Canal losses are 
probably easier to estimate, and have received more attention. 
The bulk of this chapter (Sections 14.2-6) reviews these 
methods. 

Field losses will vary with the type of irrigation: flooded 
paddy, intermittently flooded field, furrow or spray 
irrigation. Drip irrigation is not considered here; if there 
are any losses they will probably be measured by the 
operators. Field losses are considered in Section 14.7. 

Recharge from irrigation schemes is sometimes underestimated 
because it is neglected. On the other hand, once irrigation 
has been recognised as a recharge source, the quantitie~ are 
often overestimated because all losses are assumed to become 
recharge. The difference between potential and actual 
recharge is discussed in Section 11.1.2. Rushton (1986, 
Chapter 23) and WRRC (1980) consider the issue in more detail 
for irrigation, and Rushton (Chapter 23) gives a good example 
of the difference in the Mehsana aquifer in Gujarat, India, 
where the water table is 20m below ground. Substantial losses 
of water were observed from the canal irrigation scheme which 
nas recently spread over the aquifer, and groundwater levels 
were expected to rise in response. This has not occurred. 
Instead waterlogging is now seen along many canals; the losses 
have formed a perched water table on top of low conductivity 
layers in the aquifer, and are evaporating or being taken away 
by drains. 

A general procedure for estimating irrigation recharge is 
discussed in Chapter 10, and is particularly important for 
irrigation because the high potential rates often exceed the 
ability of the aquifer to accept, or of the unsaturated zone 
to transit, the water. 

If actual recharge is substantially less than potential, then 
care is needed in building a regional groundwater model. 
Actual r~charge may-well depend on groundwater levels, and 
these may alter significantly in the future. The modelling 
aspects of this problem are discussed in Chapter 10. 

14.1.2 Water losses fro. irrigation canals 

The loss of water from canals can amount to a significant 
percentage of the total irrigation supply. This often results 
in the waterlogging and consequent abandonment of surrounding 
arable land, as well as representing a substantial depletion 
of the water resource. Case studies (Ahmad 1974; Worstell, 
1976; Pontin et al., 1979) reveal ~anal losses which, when 
expressed as a loss over the wetted area of the bed, vary from 
0.05 mId to 1.5 mId. Kraatz (1977) lists the estimated water 
losses from 15 canal systems around the world; seepage losses 
ranged from 3-50% of the water carried. 
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Total water loss from a canal is the sum of evaporative and 
seepage losses. Losses due to evaporation can be calculated 
by the Penman equation and will probably be in the range of 1-
10 mm/d. Seepage losses may either flow to shallow water 
tables and thence to drains and evaporation, or recharge deep 
groundwater systems. 

Canals are often lined in an attempt to cut down on losses. 
Rushton (1986) argues that even small imperfections in a 
lining allow large losses. He bases this on a numerical model 
study in which 0.4% of the lining was assumed to be missing; 
water losses were still 67% of those from the unlined model. 

Figures taken from the Periyar Vaigi Project in South India 
(Rushton, 1986) and reproduced in Table 14.1 illustrate the 
relative ineffectiveness of canal lining in that region, and 
Table 14.2 gives an example of the reduction in effectiveness 
due to a deterioration in the condition of the lining. 

Table 14.1 An example of the effect of canal lining 
on seepage losses, Periyar Vaigi Project, South 
India (Rushton, 1986). 

Type of canal 

Main canal 
Large distributary 
Medium distributary 
Small distributary 

Seepage losses (a/d) 
Unlined Lined 

0.37 
0.18 
0.09 
0.06 

0.11 
0.08 
0.06 
0.045 

Table 14.2 The effect of deterioration in lining 
condition on seepage losses, Salt River Project, 
AriBona, USA (WRRC, 1980). 

Condition of lining 

Unlined 
Concrete lined, fair condition 
Concrete lined, good condition 

Seepage losses (aid) 

0.25 
0.07 
0.003 

There are many approaches to the calculation of canal losses, 
as detailed below, but most of these contain assumptions that 
may not be valid for the canal under study. Two of the main 
assumptions are: 

(i) The canal and groundwater are in a steady state 
condition. This is rarely the case as agricultural 
needs and water supplies dictate that water levels 
are constantly changing, disrupting any steady state 
interaction with the underlying strata. 

(ii) The strata beneath the canal can be simplified into 
a one or two layer model. Variations in 
permeability with depth are shown by Rushton (19&~) 
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and Wachyan A Rushton (1987) to have a profound 
effect on the eventual recharge.' This co.plexity is 
however beyond the scope of most of the theoretical 
models presented here. 

14.1.3 Methods of esti.ating recharge fro. irrigation canals 

As with most recharge calculations, there is not a perfect 
method for all, or even individual cases. Direct .easurement 
has been used for seepage rates through canal beds (Section 
14.2). Empirical formulae are perhaps more widely used for 
this type of recharge than any other, but most formulae have 
been developed to estimate canal losses for design and 
operation purposes (Section 14.3). Water balances are 
commonly and successfully used to estimate canal losses 
(Section 14.4),' and there are a number of tracer techniques 
but these have not been widely used (Section 14.5). Darcian 
approaches include flow nets, analytical solutions .to the flow 
equations, and numerical models (Section 14.6). Table 14.3 
briefly compares these groups of methods. 

14.2 Direct .easure.ent of canal losses 

Seepage meters have been developed to measure canal losses. 
They involve a seepage bell or cylinder which is pushed into 
the sediment at the base of the canal and the infiltration 
rate measured by constant or falling head techniques. Some of 
the advantages to their 'use are as follows: 

- lightweight and easily transported, 
- relatively cheap, 
- simple to operate, 
- rapid measurement, 
- straightforward conversion to a seepage value. 

Of course the base of the canal must be sufficiently soft to 
insert the cylinder. This rules out its use on concrete or 
rock lined canals. Difficulties may also be encountered in 
gravelly or stony soils, and sandy soils may be washed from 
around the seepage cylinder by eddy currents. The soil catr be 
disturbed by insertion, giving higher infiltration rates. 
Comparison of results from seepa,e meter in, and the pondin, 
method (Section 14.4.2) has shown 30X hi,her seepa,e losses 
recorded by the seepage meter (Brockway ~ Worstell, 1968). 
Warnick (US Agric. Research Service, 1963) also compared two 
methods: pushing the seepage bell into the sediment gave 23X 
higher rates, and hammerin, the bell into position resulted in 
52X higher seepage rates than those recorded by the pondin, 
technique. 

The number of measurements taken per unit area to arrive at a 
reasonable average is dependent on the degree of heterogeneity 
in the seepage loss at the specific site. Brockway & Worstell 
(1968) working in Arizona, made one seepage measurement for 
every 100m2 of canal base. Two experienced men were able to 
perform about 40 tests per day. The cost, at $180 per km on 
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an 8m wide canal, compared favourably with the ponding method 
at '900 per km. 

In conclusion, the seepage meter gives ·a rapid and direct 
measurement at low cost, but the figures obtained are only 
point measurements and are therefore n~t best suited to 
estimating seepage losses for the whole canal. More 
appropriate uses for the meter are, for example, evaluating 
the effectiveness of a penetrable lining material prior to its 
general use, or the location of areas of heavy seepage along a 
canal length. 

Constant head seepale meter. This is the simpler of the two 
common types of meter and is illustrated in Fig. 14.2. The 
cylinder is inserted while the hose is left open to allow air 
and excess water to escape. The plastic bag is attached to 
the hose, and the bag allowed to float just below the surface. 
This should result in an equal pressure head to drive the 
seepage both inside and outside the cylinder. The bag's 
volume is measured again after a time has elapsed and the 
seepage rate is calculated from 

where q 
Vl 
Vz 

r 

q = (VI - Vz )/(x rZ t) 

seepage rate (LIT) 
initial volume (L3) 
volume after time t (L3) 
internal radius of the seepage cylinder (L) 

M_reel 
volu_ of 

_..!tor 

Plaatle_, W .. er eurfaee 

14.1 

Fig. 14.2 Constant bead seepage .eter for canal bed 
(Kraat., 1977, Fig. 14) 
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The major difficulty with this method is the preservation of 
an equal internal and external head. The effect of the 
variation in head increases for decreasing seepage rates; a 
head difference of 1 em can cause .easurement errors of the 
same order as the seepage for low seepage rates ·CUS 
A.ricultural Research Service, 1963). 

Fallin, head seepage meter. Bouwer and Rice (1963) describe 
the design and use of a fallin, head seepa,e meter. 

14.3 E.pirical methods for canals 

There are many empirical formulae used to estimate canal loss 
- that is potential rechar,e. Few of the formul~~ are 
designed to estimate actual rechar,e. The formulae are 
usually based on prolonged ~~servation of canals within a 
region, b~~ as such will not be valid for canals in other 
regions with different field conditions (Krishnamurthy & Rao, 
1969). 

In general, empirical formulae relate seepage losses to one or 
more of the following: 

(i) the soil type and condition, 

(ii) the depth or flow of water in the canal, 

(iii) the wetted perimeter. 

This last is seen in many empirical formulae, but Rushton 
(1986) argues that it is not a controlli~g factor in most 
cases. It is only appropriate when a canal is high above the 
water table so that recharge travels vertically downwards. 
This may occur when a canal starts to carry water at the 
beginning of the irrigation season and the soils below are 
dry. 

Thefollowin, features can also have a profound effect on the 
seepage loss but are rarely considered in empirical formulae: 

(iv) the depth to the re,ional water table, 

(v) layering within the soil, 

(vi) clogging of the canal base with fine sediment, 

(vii) irregular use of the canal. and the consequent 
variation between saturated and unsaturated 
conditions. 

Other authors have cited the following parameters as being 
major. factors: 

(viii) cross-sectiona1 geometry, 

(ix) canal dischar,e velocity. 
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Kraatz (1977) lists six formulae used in various 'parts of the 
world. Three examples are given in the following paragraphs, 
with some corrections and changes to units. 

The International Commission on Irrigation and Drainage (1968) 
quote the following equation, derived froa observation of 
several canals in the Punjab, India: 

where s 
c 

a 
d 

s = cad 14.2 

total seepage loss (m3 /s) 
a constant found to vary from 1.1 to 1.8 for those 
canals observed 
area of wetted perimeter (kmZ) 
canal water depth (m) 

Offengenden (FAO/Unesco, 1967) proposes the following equation 
for estimating water loss from earth canals or ditchea: 

where S 
Q 
L 

S = A.L/(100.Qa-l) 14.3 

(m3 /s) 

A,m 

total seepage loss 
discharge (m3 /s) 
canal length (km) 
empirical constants 
as follows: 

dependent on soil permeability 

A 
m 

Low 
0.7 
0.3 

Peraeabilit;y 
Medium 

1.9 
0.4 

High 
3.4 
0.5 

Egypt's Irrigation Department use the formula devised by 
Molesworth and Yennidumia (Doorenbos, 1963): 

where 

S = b P L R1/Z 

total seepage loss (m'/s) 
length of canal (km) 
wetted perimeter (m) 
hydraulic mean depth (m) 

14.4 

S 
L 
P 
R 
b soil coefficient, var;ying from 0.0015 for clay to 

0.003 for sand 

An empirical formula developed for a particular region and 
used in conjunction with field data for that region, may well 
constitute a valid corroboration of the field evidence. The 
formula should still however be regarded as a simplification 
of the seepage process, and formulae from one region are 
therefore likel;y to be totally inappropriate elsewhere. 

14.4 Water balances on canals 

14.4.1 Inflow-outflow.easure.ent 

Th~ canal is gauged at two or more points along its length, 
with the distance between gauged points var;ying from a few 
hundred metres for small flows up to several kilometres for 
larger flows. Once any intermediate inflows and outflows have 
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been accounted for, the shortfall in the output is attributed 
to seepa,e loss. 

This method is well suited to small canals of simple desi,n 
and constant flow, particularly where seepa,e losses are 
thou,ht to be lar,e and show considerable spatial variation. 
Where dischar,e varies. intakes or off takes are numerous, or 
where the flows are very large in relation to the seepage 
loss. the measurement error may well be of the same order as 
the seepa,e, making analysis difficult. The US Bureau of 
Reclamation (1967), Starosolszky (1959) and Scott & Houston 
(1959) contain more detailed information on the use of this 
method. 

Flows can be measured by current metering or other velocity 
methods which use floats or tracers, see eg WHO (1980) or 
Herschy (1978). These methods are cheap and require no 
structure, but only provide instantaneous values. Purpose 
built structures equipped with automatic recorders, provide 
the most accurate measurements. These are rarely available on 
canals, but canal control structures can be calibrated as flow 
measurement devices, see eg Bos (1978) or Tilrem (1986). 

The advantages of the inflow-outflow method are as follows: 

- both the practical and theoretical considerations 
are straightforward and rely on the minimum of 
assumptions. 

The calculated seepage loss is an average figure 
over the area of the test. 

And the disadvantages: 

- all intermediate inflows and outflows have to be 
monitored. 

Where the flow varies with time (a) a lag time has 
to be calculated between the measurement of the 
upstream and downstream flow and (b) errors are 
introduced due to the effects of bank stora,e. 

14.4.2 Ponding loss aeasureaent 

A section of the canal is isolated and the rate of fall in 
water level is measured. When evaporation losses and any 
rainfall input have been accounted for the net fall in water 
level is attributed to seepage. The rate of seepage loss per 
unit length is then calculated: 

q = ( dl - di ) (WI + Wz ) / (2 t) 14.5 

where q seepage rate per unit length (L3/T/L) 
dl ' . initial mean depth (L) 
dz mean depth after time t (L) 
WI initial mean width (L) 
Wz mean width after time t (L) 
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The construction of dams to isolate a canal section, and their 
subsequent dismantlin., may prove to be relatively costly. 
Kraatz (1977) reports the use of the pondiri. method in western 
Macedonia, Greece. Jute sacks tilled with loam soil were used 
to construct the daas, and waterti.htness was ensured by 
packin. layers of the soil between each sack layer. A stake 
driven into the canal base served to measure the tall in water 
levels. 

The dammin, of a canal' section may reduce seepa.e losses 
because fine sediment settles and al,ae may start to flourish 
after several days. This effect is most apparent on those 
canals that are normally rapid flowin,. The reduction in 
seepa,e loss can be accounted for by plotting the fall in 
canal level at re,ular time intervals, as shown in Fi,. 14.3. 
The tangent to the early time data represents the corrected 
depth-time relation, and dz c the corrected depth. 

... 
01 

i 
t, Tim. (hI 

Corrected: tangent 
to earl y data 

Fig. 14.3 Depth correction for ponding loss .ethod 

As the canal level falls, (a) water is released from bank 
stora,e, and (.b) the head difference between the water in the 
canal and the re,ional water table also taIls. Both these 
tactors reduce losses relative to those when the canal is 
tlowin.. Constantly toppin, up the canal to its initial 
hei'ht with measured volumes of water overcomes this potential 
error. 

The method can be recommended as an accurate field tech~ique 
and compares well with inflow-outflow, particularly when 
seepa,e losses are small. It is however less convenient· as 
the canal is out of service for several days, and more 
expensive than the use of seepa,e meters. Further information 
can be obtained from. Brockway & Worstell (1968) and Correia 
(1963). 
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14.5 Tracer techniques for canal seepage 

Tracer techniques have some application to the analysis of 
seepage losses. The following methods are mentioned in the 
literature: 

- bed penetration, 
- point dilution, 
- two well technique. 

The bed penetration technique was developed by Bouwer & Rice 
(1968) specifically for the measurement of seepage loss. It 
allows a number of point measurements to be made over a 
limited area. In contrast, the point dilution and two well 
techniques are better known as methods of assessing the 
filtration velocity, as part of a regional hydrogeological 
investigation. In this adaptation the filtration velocity is 
calculated along a plane normal to the canal axis and the 
seepage outflow estimated with the help of Darcy's Law. 

14.5.1 Bed penetration 

This technique was originally developed to use salt as a 
tracer. It was spread on the canal bed as crystals and left. 
An electrical conductivity probe was then inserted into the 
canal sediment and the depth of the peak conductivity reading 
denoted the distance travelled by the seepage water during the 
intervening period, from which the seepage rate can be 
calculated. 

The salt application required to achieve a pronounced 
conductivity peak is in the range of 1-5kg/m2 • Application 
from a boat, which will not cause a major disturbance to the 
canal sediments, is preferable to wading. Where the canal has 
a clay base, the sodium ion in sodium chloride will react with 
the clay, causing deflocculation and a consequent reduction in 
hydraulic conductivity. A salt which will not react, such as 
calcium chl·oride or aluminium sulphate, should be used. 

It may be possible to use other applied tracers, such as 
radioisotopes, which can be detected in situ at low 
concentrations. 

The conductivity/depth plots should be of the same form as one 
of the curves shown on Fig. 14.4. Curve A represents the 
situation where there has been rapid dissolution of the salt, 
after which low salinity canal waters re-enter the sediment. 
If salt crystals are present on the canal bottom for some 
extended period of time curve B results, whereas curve C shows 
the r~adings to be expected if the salt crystals persist on 
the surface until the electrical conductivity probe is 
inserted. The points PA and Pile, the characteristic points, 
represent the position of. the saline seepage front for use 
with the corresponding curves and the depth to be used for 
seepage rate calculations. However, if the curve shows the 
highest conductivity at the surface, falling off rapidly with 
depth (curve D), then no seepage has taken place. 
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The seepage rate is obtained from the follo~ine 

where q 
P 
d 

q = (d p)/t 

-e 
u 

.&:. -Q. 

CII 
o 

seepage rate (LIT) 
porosity 
depth of point P at time t (L) 

Electrical conductivi.ty .(meter reading) 

o 100 200 
O~----~--~'-_-=-~I----~---------

\ " ............. 9 Ie 

5 

'''' 'I / ........ A \ 
I ........... t 
/0 ' I 
, \~ P. 
1 I Ii 
I /' 

II .... .)t" P B, C ....... 
I 
I 
I 
I 
I 

14.6 

Fig. 14.4 Possible conductivitT profiles using the 
salt penetration technique 

Bouwer & Rice (1968) present a detailed appraisal of the 
technique. They found that for an accurate estimate of 
seepage rate, the point P should be allowed to advance from 5 
to 15cm into the underlying sediment, beyond which depth 
adsorption and diffusion effects make the peak more difficult 
to detect. For a seepaee rate of 2m/d this position will have 
been reached after 30 minutes, whereas at rates of 5 to 10cmld 
sixteen hours would have to elapse. It is therefore 
recommended to take probe readinJs at 30 minute intervals 
until the point P is at a suitable depth, at which time a more 
detailed analysis can be made. 

14.5.2 Point dilution: single well aethod 

This method aims to calculate the filtration (pore water) 
velocity away from the canal, by adding a known concentration 
of tracer to a borehole positioned within the adjacent strata 
and then monitoring the rate of dilution of this tracer 
(Halevy et al., 1967). Tracers which can be measured in situ 
are usually prefered. Salts, such as sodium or calcium 
chloride, can be used when the salinity of the water is low. 
The concentration can be estimated by measuring the water 
conductivity. Radioactive tracers are very suitable because 
they can easily be measured at very low concentrations, 
avoiding density induced flo~s. 

Krishnamurthy & Rao (1969) used Bromium-82, in the form of 
potassium bromide, and Iodine-131, as potassium iodide, as 
tracers to estimate seepage from the Ganga canal. These two 
are the most commonly used radioactive tracers for this 
purpose. 
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A tracer is placed in a borehole and its concentration 
measured over time. An initially well mixed tracer can be 
created by forcing air from a pipe lowered to the bottom of 
the borehole, or moving a wire spiral slowly up and down . 
within the measuring volume. The filtration velocity can be 
calculated from: 

where VI 

rl 
Co 

Ct 

a 

VI = ['It rl In(co/ct )]/(2 a t) 

filtration velocity (L/T) 
internal radius of the well screen (L) 
original tracer concentration 
tracer concentration after time t 
correction factor to allow for hydrodynamic 
distortion 

14.7 

Kol (quoted by Halevy et al., 1967) established theoretically 
that a is approximately 2 for a simple uncased borehole. 
Where the borehole is enclosed by a gravel pack (Fig. 14.5a, 
the relation between "a" and the pack is given by (Drost, 
1981): 

a = 8 Kz/(A Kz + B Kl) 14.8a 

where A and B have approximately the same numerical value and 

A = (l+Kz /Kl ) [1+(rl /r3 )Z] + (I-Kz /Kl ) [(rl /rz)Z + 
(rZ/r3)Z] 14.8b 

B = (I+Kz/Kl )[1-(rl/r3)Z] + (I-Kz/Kl )[(rl/rZ)Z -
(rZ/r3)Z] 14.8c 

where rl internal radius of the well screen (L) 

rz outer radius of the well screen (L) 
r3 radius of drilling (L) 

Kl hydraulic conductivity of the well screen (LIT) 
Kz hydraulic conductivity of the gravel pack (LIT) 

The validity of eqns 14.7 and 14.8 is based on the assumptions 
that the flow is steady state, the tracer is perfectly mixed 
within the borehole, there are no vertical flow components 
within the borehole, density currents are not present, and 
diffusion effects can be ignored. 

For the purposes of this experiment, flow can be assumed to be 
steady-state if the canal is in constant use and there is no 
great variation in discharge. The velocity at which turbulent 
flow invalidates the method varies with well construction in 
the range 20-300 mId. Diffusion becomes important at low 
velocities and should be taken into account for 
VI < 0.005 mId. To avoid density currents the concentration 
should be kept below 4.10- 4 molll and injection carried out 
after it has reached borehole temperature. 

In a single aquifer, the labelling of the total water column, 
and recording of later concentration profiles will give a 
vertical profile of the filtration velocity (Plata-Bedmar, 
1983). 
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In a heterogeneous section pressure gradients often build up 
between the different permeability strata. The open path 
produced by a borehole provides a short circuit between these 
layers, resulting in vertical flows within the borehole which 
further dilutes the tracer. Measuring these vertical, usually 
downward, velocities may provide useful qualitative 
information on hydrogeology, but the use of packers to isolate 
sections of similar permeability is necessary to quantify 
horizontal velocities. . 

<D 

Cross- sect ion showing borehole p'ositions 

f Tracer released in well 1 at time O. 

C I Row.o. 1\ 
O~--------~---t~m--~~ 

Concentration vs-Time 

Flowline'=- - - - - - -- - --------

---- ----------- --------~....----...-----
----- _ ..... - - ........ -----
Distortion of flow p'gtt,rn cgused 

~y well gnd g~p.ollillp'resentl 

(a) Point dilution (bl Two well technique 

Fig. ·14.6 Borehole tracer techniques for filtration 
velocity and canal seepage (a) point dilution with 
single borehole (b) two hole technique 
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The inaccuracies inherent in this method of calculatina 
filtration velocity are such that, after all these corrections 
have been made to the field results they still cannot be 
expected to give better than ± 50 X accuracy for absolute 
values of VI (Halevy et al., 1967). 

Fig. 14.5 shows a schematic cross-section of a canal and the 
variables involved in tracer methods. The filtration velocity 
is measured at depth intervals over the full depth of canal 
seepage influence, resulting in a velocity profile down the 
borehole. The rate of seepage loss per unit length of the 
canal is given by 

14.9 

where q 
VI i 

di 

seepage rate per 'unit length of canal (LIlT) 
filtration velocity at measurement point i (LIT) 
length of borehole over which VIi applies (L) 

The multiplier of 2 is needed if the experiment is conducted 
on one side of the canal. However, it is advisable to conduct 
this test on both sides of the canal to allow for the effects 
of asymmetry in the seepage losses and regional aroundwater 
gradients. Krishnamurthy & Rao (1969)in their study of 
seepage losses from the Ganga Canal measured seepage losses of 
I1mmld and 19mm/d for the right and left hand banks. 

Other authors have used more complex methods to estimate the 
seepage losses, (eg Krishnamurthy & Rao, 1969), but although 
these methods appear more mathematically precise, they tend to 
introduce further assumptions and result in no more accurate a 
solution than the above. 

14.5.3 Two well method 

In this method a tracer is introduced into the injection 
borehole and its subsequent arrival is monitored at another 
borehole down gradient and close enough to give a reasonable 
transit time. The breakthrough curve (plot of tracer 
concentration against time) is plotted, and the mean transit 

.time is used to calculate the filtration velocity 

where VI 

L 
t. 

p 

VI = LIt. p 

filtration velocity (LIT) 
borehole separation (L) 
mean transit time (T) 
porosity 

The filtration velocity can then be used to calculate the 
seepaae flow, from eqn 14.9. 

14.10 

This method is limited to regions with a relatively high 
filtration velocity, and its accuracy is dependent on the 
accuracy of the transit time calculation. This, in turn, is 
reliant on a simple breakthrough curve. Field tests carried 
out within a heterogeneous aquifer may.result in a 
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breakthrough curve consisting of more than pne peak, making 
analysis more difficult. 

14.6 Darcian approaches for canal seepage 

14.6.1 Introduction 

Canals have many similarities with rivers, and so the general 
points of the discussion of Darcian approaches for rivers 
(Section 12.4) apply to canals, but with differences of 
emphasis and detail. Four groups of Darcian approach have been 
used for canals: 

(i) infiltration equations and flow nets, 

(ii) gathering field data on aquifer properties and 
piezometric heads, 

(iii) analytical solutions to the equation of flow, 
usually in homogeneous and is~tropic aquifers, 

(iv) analogue or numerical models. 

Most of the Darcian techniques employ one of a limited number 
of conceptual models. The first four models were concisely 
presented by Bouwer (1965), the others by Wachyan & Rushton 
(1987) as being more realistic of field situations. They are 
shown in Fig. 14.6 and are: 

(a) The soil in which the canal is embedded is uniform 
and underlain by more permeable (considered 
infinitely permeable) material. The regional water 
table is above the top of the permeable layer. 
(Bouwer's condition A). 

(b) The soil in which the canal is embedded is uniform 
and underlain by more permeable material (as above), 
but the water table is at or below the top of the 
permeable layer (Bouwer's condition A'). 

(c) The soil in which the canal is embedded is uniform 
and underlain by impermeable material. Canals 
alternate with drains, giving a fixed head drainage 
boundary on both sides (Bouwer's condition B). 

(d) The perimeter of the canal is of mucn lower 
conductivity than the rest of the aquifer, for 
exampl~ it is lined. This can be associated with 
any of the above conditions (Bouwer's condition C). 

(e) The aquifer is assumed to be underlain 
layer of lower hydraulic conductivity, 
is underlain by more permeable aquifer 
which the main water table is located. 
one of an equally spaced series. 

by a thin 
which in turn 
material in 

The canal is 

(f) As case (e), but with water withdrawn from the upper 
aquifer across the water table. This represents 
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Fig. 14.6 Conceptual models for canal seepage used 
for many modelling studies 
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either evapotranspiration, a rising water table, or 
waterlogging and drainage. 

Wachyan and Rushton (1987) show that.the apparently small 
changes between cases (c) and (e) doubles the seepage loss. 
The difference between cases (e) and (f), ie allowing 
evapotranspiration can almost double the loss again. 

Infiltration equations and flow nets are discussed in Section 
12.4.1. The use of field data is briefly described in Section 
12.4.2; it is often more applicable to canals than rivers 
because of the more constant conditions. Analytical ~~lutions 
are described in Section 14.6.2 below, and a brief review of 
numerical models is given in St~tion 14.6.3. 

14.6.2 Analytical .eth~ds 

These methods fib~ an analytical solution to heads and flows. 
Results are often presented as formulae or graphical 
relationships. Each analytical method has a restricted range 
of operation; many have further simplifications to the models 
shown in Fig. 14.6. The variety and complexity of many of 
these methods pr.cludes their detailed analysis in this 
manual, and we only describe the range of situations for which 
they are viable. 

The Dupuit-Forchheimer equation (De Wiest, 1965) is based on 
the assumption of horizontal flow, but can be used to estimate 
losses from a canal to a shallow water table in case (c). 
Ideally, the canal should also be rectangular and fully 
penetrate the permeable upper layer, in which case the seepage 
loss per unit length can be approximated as follows: 

q = [2 k Dw (h - Dw/2)]/(L - d/2) 14.11 

(Notation with equation 14.12.) 

This equation can be adapted for use on a trapezoidal canal 
with the impermeable layer at some depth below the canal base: 

where Dw 

B 
h 
L 
d 
k 

Di 

q = [2 k Dw (h + Di - Dw/2)]/[L - (d + 8)/4] 14.12 

vertical distance between water level in the canal 
and the phreatic surface, at a horizontal distance 
L from the centre line of the canal (L) 
width of the canal at the water surface (L) 
depth of water in the canal (L) 
see Dw (L) 
width of the canal at its base (L) 
hydraulic conductivity of the layer (LIT) 
vertical distance between canal bottom and 
impermeable layer (L) 

The error in q increases with increasing ~ but reasonably 
accurate results can be obtained for values of Di less than 3 
times the width (Mahajan, 1985). 
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Many authors have tackled the problem of seepaae from a canal 
in a homogenous and i$otropic medium in case (b) above. This 
is the easiest case because the regional water table does not 
influence the seepaae losses; unfortunately it is rarely found 
in practice. Examples include: 

(i) Vedernikov (1936) gave solutions for both trianaular 
and trapezoidal cross-sections (reproduced in 
Muskat, 1946 and Barr, 1962), 

(ii) EI Nimr (1963) produced further solutions for a 
triangular cross-section, subsequently improved by . 
Bruch & Street (1967), 

(iii) Morel-Seytoux (1964) gave a solution for a 
rectangular channel section, 

(iv) Kozeny (1933) analysed losses from a curvilinear 
example. 

The following analytical methods all include the influence of 
a regional water table: 

(v) Garg & Chaw-la (1970) obtained a solution for a 
trapezoidal canal in a homogenous and isotropic 
medium with a water table at finite depth and flow 
lines to both horizontal boundaries, and vertical 
drainage. This is intermediate between cases (c) 
and (e). 

(vi) Dachler (1933) presented a semi-empirical method of 
estimating seepage for a similar section but with an 
impermeable layer at depth, case (c). Sharma & 
Chawla (1970) developed an analytical solution to 
the same problem using conformable mapping 
techniques. 

(vii) Bammad (1960) treated the case where the layer at 
depth is more permeable than the surface layer, case 
(b) • 

(viii) Bouwer (1965) developed an analytical solution for a 
canal where the hydraulic conductivity of a thin 
layer around the perimeter of the canal is much 
lower than the conductivity of the original soil, 
case Cd). 

14.6.3 Modelling techniques 

The situations shown in Fig. 14.6 can be solved by numerical 
modelling techniques, as can more complex and field based sets 
of boundary conditions. They have of course many similarities 
with river models, which are discussed in Section 12.4.3. 
Specific modelling studies of canals,include Bouwer (1964) and 
Wachyan and Rushton (1987). Detailed descriptions of methods 
are beyond the scope of this manual, but can be found in a 
number of standard texts including Rushton and Redshaw (1979), 
Wahg and Anderson (1982) and Buyakorn and Pinder (1983). Such 
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modelling studies can be very useful to understand canal
groundwater interactions; if sufficient data are available, 
they can help to quantify recharge. 

14.1 Recharle fro. irrilated fields 

Recharge by deep percolation from irrigated fields has many 
similarities with recharge by precipitation, and the same 
methods can often be used to estimate it. It is an areal 
process, water is applied at intervals, some may run off, the 
remainder becomes soil moisture where evapotranspiration 
forces are applied before the excess becomes recharge. 
However there are differences between irrigation and recharge 
which may be important in individu~l cases: 

(i) field canals ma~ be present, carrying water at all 
timt~: 

(ii) i~ flooded (paddy) irrigation, substantial depths of 
water are held on the surface leading to saturated 
conditions in at least the upper part of the soil 
profile; 

(iii) soils are commonly puddled in flooded irrigation to 
reduce infiltration rates, however the bunds between 
fields may be a highly permeable pathway for deep 
percolation (Walker & Rushton, 1984). 

Provided account is taken of such special circumstances, 
irrigated field recharge can be estimated by the same methods 
as used for precipitation recharge which are outlined in 
Chapter 11. 

Direct measurement. Lysimeters, described in Section 11.2 can 
be used in principle. There are obvious difficulties in 
cultivating the surface to be representative of the 
surrounding fields which may make their use impractical. 

Water balance methods. Soil moisture budgetting methods are 
discussed in Section 11.4. Although they cannot always be 
applied for precipitation alone in arid and semi-arid 
climates, they are more likely to be valid when there is a 
regular supply of irrigation water. 

Inflow-outflow balances of irrigated areas have sometimes 
proved successful in estimating net recharge. These will take 
account of canal inflows, precipitation and other water 
sources, while outflows to be measured include drainage and 
crop water use; the last is the most difficult. 

Darcian approaches. The Darcian approaches outlined in 
Section 11.5 (numerical modelling, field data) are equally 
applicable to irrigated fields, and may give more accurate 
results because of the more regular conditions. 

Tracers. Tracer methods are commonly used for estimating 
recharge from irrigated fields. Methods are described in 
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Section 11.6. Signature methods using applied tracers are the 
most common. 

14.8 Bxaaples of project studies of irri.ation rechar.e 

14.8.1 Introduction 

It is often necessary, as a result of the large seepage losses 
from canal fed irrigation systems, to design and build a 
drainage network to cope with the waterlogging and consequent 
salinity problems. The following three examples are all from 
projects concerned with the rehabilitation of irrigation 
schemes by the installation of drainage. 

14.8.2 Indus Plain, Pakistan 

A 600 000 hectare area of the Indus alluvial plain in 
Baluchistan, Pakistan, has been irrigated for many years by a 
network of canals. Water levels have risen as a consequence, 
until approximately 40% of the surrounding land is underlain 
by a water table less than 1.5m belo~ the surface. 

In a survey of 61 watercourses in both Baluchistan and Sind, 
the mean and optimum losses were given as shown below, but the 
method of calculation is not given. 

Watercourse 
delivery losses (X) 

Optimum 5-9 
Mean 44-45 

Field 
application losses (X) 

8-26 
30-32 

A project was commissioned to investigate the drainage 
potential of this area and the drainable water surplus 
calculated for sub-regions. The following figures show the 
drainable surplus estimated in this and earlier reports, in 
terms of mm/y over the whole area. The figures can be assumed 
to be of the same order as the recharge and give an indication 
of the high recharge values attributable to irrigation. 

Sub-region Area Drainable surplus 
(ha) (-/y) 

N. Rohri (1965) 203,000 3934 
(1969) 203,000 4096 1 

W. Nara (1965) 139,000 1920 
(1980) 189,000 3517 1 

1 Assuming 51% losses from the watercourses. 

Reference: 
SIR H. MACDONALD &: PARTNERS LTD / HUNTING 'I'EDOO:CAL SERVICES LTD, 1982. 

Left Bank outfall drain project preparation (status report). It.'POA, 
Pakistan. 

14.8.3 Noubaria Canal, Egypt 

The Noubaria Canal in northern Egypt has been established as a 
water supply since the end of the last century. The recharge 
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to the underlying Nile delta alluvium was indicated by the 
pronounced ridge in the groundwater contours around the canal, 
and a steady-state seepage loss has been assumed. More 
recently, there has,lteen a substantial irrigation development 
on the west bank of the canal, recharge from which has upset 
the steady state balance and resulted in the canal now acting 
as a discharge line for irrigation water recharged to the 
west. 

The pre-development recharge was calculated by both flow net 
analysis and, more accurately, steady state modelling of the 
original groundwater mound. The model covered a 4700km2 area, 
largely io the south and west of the canal, with two layers of 
199 nodes each. The recharge can be considered as solely 
resulting from canal seepage and the model was calibrated with 
a canal recharge of 79xl0'm3 /y. Over its 80 km length this 
gives a recharge of 980 000 m3/km/y or 2.68 m3 /m/d. 

The model was then adapted for transient flow and the effects 
of the irrigation development to the west included. Crop 
consumptive use was estimated at 20% of the total water 
supply, and surface runoff thought to vary from 10-30%, with 
the higher runoff values in the more waterlogged areas. On 
this basis the initial estimates of recharge from irrigation 
were 50-70% of the water delivered to the command area; for 
annual water deliveries of 1500-2000mm this gives a range for 
potential recharge of 750-1400mm/y. 

The annual water balance obtained from the model, using data 
from 1969 and 1976, is shown below: 

Water balance 
components (10s • , ) 

Underflow 
Potential irrig. rech. 
Total potential ,inflow 
Underflow 
Seepage to surface 
Rejected recharge 
Total resulting outflow 
Increase in storage 

1969 

1 
322 
323 

53 
10 
41 

104 
198 

1976 

1 
654 
655 

60 
63 

330 
453 
202 

The figures obtained for rejected recharge are sensitive to 
changes in the specific yield of the alluvium, .0 the balance 
cannot be said to be uniquely correct. 

Reference: 
FAO / UNDP, 1977. Control of waterlogging and salinity in the areas west 

of the Noubaria Canal, (Technical report no. 1 ). Ref. no. 
AG:DP/EGY/73/048, FAD, Rane. 

14.8.4 Case 3 

This example is from a low lying arid region of 400km2 , where 
irrigation water for the fertile alluvium is supplied by a 
canal network. For the purposes of the model the project area 
is i.ncorporated into a larger area (2400km l ), for which the 
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boundary conditions are more easily defined. The .odel is 
bounded to both the south and east by major canals and the 
general flow direction is from the south to a northern coastal 
boundary. A distributed two dimensional horizontal model was 
used, modelling the alluvial aquifer and a 10-20m thick semi
confining 'layer. 

The groundwater inflows and outflows obtained for a steady 
state simulation are as follows: 

Inflow source Inflow volume ( •• 'd) 
52 800 Canal to south 

Canal to east 
Across the western boundary 
Implied internal recharge 
Total inflow 

1 120 
10 860 
15 600 
80 380 

Outflow source Outflow volume (m'/d) 
720 Canal to south 

Canal to east 
Across the northern boundary 
Implied internal discharge 
Total outflow 

11 350 
1 200 

67 330 
80 600 

The model area is recharged by losses from the canal to the 
south, at the rate of 380 000 m3 /km/y or 1.04 m3 /m/d. 'The 
canal to the west acts as a discharge line along most of its 
length, receiving a net groundwater inflow of 10,230m3 /d. 

The implied internal recharge and discharge refers to the 
gains and losses required to balance the internal modelled and 
measured head levels and the boundary input and output. The 
process is of upward and downward flow within the low 
permeability semi-confining layer, and results in the 
waterlogging of the discharge areas. 

14.8.5 Case 4 

The following irrigation scheme, covering an area of 15kmz , is 
in an arid region of the Middle East with an average annual 
rainfall of 50-250mm and potential evaporation of ) 2000mm/y. 
Irrigation water is supplied from diverted wadi baseflow. An 
approximate water balance has been derived for the summer and 
winter seasons: 

Water balance components 
(10-.' ) 

Diverted baseflow 
Conveyance canal losses 
Available irrigation water 
Evapotranspiration loss 
Potential irrig. recharge 

Winter 

16.6 
- 1.6 

15.0 
- 7.5-15 

<7.5 

Summer 

8.3 
- 0.8 

7.5 
- 0.75-1.5 

6.0-6.75 

The balance has been derived using the following criteria: 

(i) Canal seepage losses are taken to be 10% of the 
supply, based on earlier field observation. 
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(ii) Actual evapotranspiration loss is taken as 50-100S 
of potential' loss where potentia~ loss is lOOS of 
the available water. A reasonable AE would be 75S 
of the PEe 

(iii) During the summer the irrigated area is only lOS of 
the winter area. The evapotranspiration loss is 
consequently assumed to be a factor of 10 lower, and 
the remaining water is potential recharge. 

A recharge of 9xlO
'
m'/y or 600 mm/y was chosen as the initial 

input to a two dimensional horizontal groundwater model. The 
first simulation resulted in a marked head loss over the area. 
As a result of further borehole information the model was 
altered to represent a two aquifer system and the Dlodel was 
subsequently re-run showing an improvement in the correlation 
between measured and simulated heads. 
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15 RBCHARGB DUB TO URBANIZATION 

15.1 Introduction 

Urbanization can radically alter the entire water balance of 
an area (Fig. 15.1). Water is i.ported into all large urban 
areas, increasing all items of the water balance. A micro
climate may develop, particularly in humid zones, with changes 
in temperature, humidity, wind speed and air clarity. These 
chan.escan lead to changes in precipitation, potential and 
actual evapotranspiration (Hall, 1984). 

The increase in impermeable area changes the surface and 
groundwater hydrology. Infiltration and direct recharge 
decrease. Surface runoff is increased, although this water 
may become indirect recharge from a river bed. Where 
groundwater levels are high, sewers will collect groundwater. 

Imports of 
wat.r to city 

."" r 

llnc:r.as.d 
pr.cipitation 

MICROCLIMATE 

r.duction in ar.a for 
evapotranspirat i on 

in dir.c~ 
r.charge 

leaking water lIIoins.always discharg. water 
as und.r pr.ssur. 

, ..... I-----Incr.o." in r.charge _______________ ~.II4___!)ec;rea ... in r.charge~ 

Fi6. 15.1 Urban eFrects on 6roundwater and surFace 
water brdrolo6T 

Urbanization introduces several new sources of recharge: 

septic tanks and leaking sewers 

- leaking water mains 

- over-irrigation of domestic and municipal gardens 

deliberate recharge of effluent 

- deliberate recharge of storm runoff 

unintentional recharge of effluent and storm runoff 
discharged to rivers. 
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Table 15.1 gives two examples of arid and semi-arid aquifers 
which are strongly influenced by these additional sources of 
recharge. The Doha data are hydrological estimates; the Lima 
values have been confirmed by groundwater flow modelling. The 
Lima case is presented in more detail in" Section 15.5.1, and a 
case study of Bermuda (annual precipitation 1460 mm) is given 
in Section 15.5.2. 

Many of the effects of urbanization outlined above are beyond 
the scope of this manual. " The remainder of this chapter will 
concentrate on water supply; that is water mains, septic tanks 
and sewers. Only brief comments and reference to other work 
will be made for the other potential recharge sources. 

Table 15.1 Examples of aquifers with increased urban 
recharge 

Year 
Area of aquifer (km2) 
Total recharge (10 3 m3 /d) 
Recharge from: 

cross boundary flows 
rivers 

irrigation losses 
park irrigation 

leakage of mains 
sewers and septic tanks 

rainfall 
Total urban recharge (mm/yr) 

Doha 
Qatar 

1982 
294 

92 

ne 
ne 
ne 
38 
25 
18 
11 

100 

Lima 
Peru 
1985 
400 
1155 

171 
410 
196 
55 
323 
ne 
o 
>350 

Taken from Lerner (1988). ne = not estimated, or 
included with another recharge component. 

15.1.1 Whether to estimate urban effects on recharge 

Sections 15.2-15.4 show that many detailed data can be needed 
to estim~te the effects of urbanisation on recharge. The 
question naturally arises whether the effort needed justifies 
the resulting improvement in accuracy of a groundwater model. 
The answer depends on the accuracy required (a reconna-isance 
study needs lower accuracy than a design study), on the size 
of the urban area, on the ratio of water supply to 
precipitation and other recharges, and on the nature of the 
city. No firm rules can be laid down, but the following 
examples may serve as guidelines. 

The annual amount of water imported into a city for water 
supply may range between 300 and 5000 mm, the latter applying 
to very dense urbanization such as" central Hong Kong. If 
sewage is exported from the city then, as a first estimate, 
25% of this imported water will become recharge because it 
leaks from the pipe network. In humid areas this recharge may 
balance the loss of precipitation recharge caused by 
impermeable areas, and the overall effect of urbanisation on 
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recharge will be small. However in arid and semi-arid areas 
leakage recharge will always be significantly larger than 
precipitation recharge. 

In cities where sewage is not exported, as much as 90% of 
imported water may recharge groundwater. 

Cities which use local groundwater or roof catchments for 
water supply generally have smaller effects on recharge than 
those that import water. 

The following guidelines may help in deciding whether to 
quantify the effects of urbanization (they are not designed to 
estimate recharge): 

(i) Urbanization effects should always be quantified if 
the city covers more than 25% of the aquifer because 
variations in spatial distribution will become 
significant. 

(ii) The difference bet~een total urban recharge and 
recharge to the same ground without the city will 
probably be within 25% under the following 
conditions: 

- rainfall in range 500-1000 mm/yr 
- water supply of same order of size as rainfall 
- water supply imported from outside city 
- about 25% leakage from water mains 
- sewerage system removing waste water from city 
- storm or combined sewers collecting runoff 
- moderate housing density. 

(iii) A rough estimate of urban recharge can be obtained 
by multiplying natural recharge by the following 
factors: 

,rainfall> 1000 mm/yr 
- rainfall < 500 mm/yr 
- rainfall < 250 mm/yr 
- all water supplied by groundwater 

from within city 
water supplied by roof catchments 
septic tanks used for waste water 
no storm sewers for runoff 
undersized storm sewers 
high housing density 
low housing density 

- multiply by (water supply/rainfall) 
- multiply by (%age leakage rate/25) 

x 0.75 
x 2 
x 4 

x 0.25 
x 2 
x 4 
x 2 
x 2 
x 2 
x 0.75 

(iv) If the net factor from (iii) is more than ±25% then 
detailed estimates should be considered for 
modelling purposes. 
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15.1.2 Groundwater q~alit7 in urban a~eas 

Urban areas almost always lower the quality of the groundwater 
below them and there are certainly high risks of pollution. 
Potential sources of pollution include: 

- septic tanks and leaking sewers 

- waste "disposal (landfill) sites 

- industrial premises, where spillages and leaks of 
chemicals can be common 

- road and rail networks, where accidents and 
spillages of wastes and chemicals occur 

- oil and chemical pipelines. 

Therefore, even if recharge is high in urban areas, the 
resulting resources cannot always be relied upon as a source 
of potable water. Examples of polluted groundwater in 
Bermuda, Milan and Birmingham are given by Thomson & Foster 
(1986), Cavallaro et ale (1986) and Lloyd et ale (1988} 
respectively; most other cities have polluted their 
groundwater to some degree. 

15.2 Methods of estiaatinl urban recharge 

Many of the urban sources of recharge are steady or have 
random fluctuations unrelated to precipitation. They are 
often small and are usually at unknown locations. These 
factors prevent the use of most of the m~+'hods outlined in 
Chapter 10. Water bb!ance techniques are the most useful. 

It is possible in principle to use tracers to estimate various 
components of urban recharge. For example, imported water 
which is put into supply may have different concentrations of 
solutes from the local groundwater. Mass balances of solute 
based on averages of widespread sampling may indicate 
proportions of imported water. However there are no reported 
case histories of such a method and the potential errors are 
high. For example, leakage from water mains is often 
localised, and its effects may be missed in a sampling 
programme. It may only mix in the top part of the groundwater 
body, invalidating sampling in open holes where the waeer 
column is mixed. In all cities water supply and so urban 
recharge is growing; samples will neither represent the 
current position nor a steady state, but an average over an 
unknown number of years. However tracers have successfully 
been used to identify sources of urban recharge (Lerner, 
1986). 
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15.3 Water supply and sewage 

There are a great many components of the balance of water 
supply and sewage in an urban area (Fig. 15.2). Recharge is 
only a small component, made up as follows: 

recharge = leakage from water mains 15.1 
+ external losses from consumers' properties 
+ leakage from sewers 
+ flow to septic tanks 
+ deep percolation from domestic irrigation 
+ deep percolation from municipal irrigation 
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/ ~ ~rovers /Indusl,.,al, , effluent~prlvate ,. • 

/·r.:,0refWJIH u I 0 0 o. I disposal '~\t~~~:rs 
• ~ "....... .., external leaks soakawcys J./ /. 
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Fig. 15.2 Flows of water supply and sewage in a 
city 

Considering all these components individually, with their 
associated errors, can lead to a large accumulated error in 
the recharge estimate. To reduce errors, it is preferable to 
consider the overall balance and estimate net recharge as 
follows: 

net recharge = imports of water 15.2 
+ local abstractions of groundwater 
- consumptive use 
- effluent leaving area 

Different approaches are needed for small, medium and large 
communities. Sections 15.3.1-2 discuss small and medium 
communities respectively. Section 15.3.3 discusses the 
components of water supply and sewage which will need to be 
considered for large communities and in some other cases. 
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15.3.1 Baall co .. unities 

In arid and semi-arid areas, individual farms and villa,es 
usually rely on local groundwater supplies. Waste water is 
disposed of to the ground surface or to 'septic tanks. Thus 
most of the groundwater taken out is recharged locally. For 
modelling purposes, the net effect is of a small withdrawal 
equal to the consumptive use: 

net withdrawal = population X consumptive use 
per person 15.3 

In the absence of local information, consumptive use can be 
assumed to be 20 l/head/d (loosely based on Tables 5.1 and 
5.2, Dangerfield, 1983). The quantities will normally be too 
small to justify more detailed study. 

15.3.2 Medium sized communities 

Larger communities import water, either from more distant 
groundwater sources or from perennial surface water sources. 
The net effect is normally an increase in groundwater 
quantities in the urban area (matched by a decrease in 
~esources elsewhere). 

I·f the waste waters are recharged locally, for example through 
septic tanks, then net recharge can be estimated as: 

net recharge = imports - consumptive 15.4 
of water use 

This assumes that imports of water are measured and that 
consumptive use can be estimated (see later). Considering the 
components of recharge (eqn 15.2) is rarely likely to improve 
the accuracy because of the need for complete and accurate 
data on all components. 

Table 15.2 DailT consumption or ~ater in various 
cities (l/bead/d) 

City 

Cairo 
Sydney 
Mexico City 
Baghdad 
Jerusalem 
Jerusalem 
Houston 
Amman 
Haifa 
Barcelona 

Date Total Domestic 

1958 
1970 
1969 
1969 
1969 
1979 
1970 
1969 
1979 

·1979 

180 
446 
323 
172 
165 
290 
950 

64 
101 
267 

227 

210 

69 
190 

Reference 

vdL 
vdL 
vdL 
vdL 
vdL 
HeR 
vdL 
vdL 
HeR 
HeR 

vdL = van der Leeden, 1975. HCR = Reed, 1980. 
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The amount of water imported clearly depends on the population 
and the amount of local supplies. It will also depend on the 
the way water is distributed; consumption is hiaher when water 
is piped to individual homes than when it is delivered by 
tanker or to communal standpipes. Standard of living and the 
condition of water mains affects total consumption. It is not 
possible to provide "typical" values that could be applied in 
the absence of local data, as the ranae of consumption values 
in Table 15.2 shows. Where imports are not measured, it will 
be necessary to consider the components outlined in eqn 15.1. 

Consumptive use of potable water in a city (that is water 
evaporated or put into industrial products), has three main 
components; personal domestic use, evapotranspiration if 
potable water is used for irrigation, and industrial use. 
Personal domestic use is about 20 l/head/d. If either of the 
other two components is significant, the approach of eqn 15.4 
may be too inaccurate, and.all the components qf eqn 15.1 must 
be considered, as discussed in the following paragraphs. 

15.3.3 Components of water supply and sewage recharge 

Leakage from water mains cannot be measured directly. There 
are two common practices for estimating leakage. Firstly it 
can taken as a proportion, L, of the water supplied: 

leakage = L X supply 15.5 

Typical values of L are 25-35% but values of 10-60% have been 
reported. Secondly, leakage can be estimated as the 
difference between supply (input to the system) and use 
(output from the system): 

leakage = supply - use 15.6 

Eqn 15.5 is easier to apply but has higher potential errors. 
Its accuracy depends on the accuracy of L, which is either 
guessed, transposed from another city, or estimated for a 
small area using eqn 15.6. Therefore this section will 
concentrate on the use of eqn 15.6. 

The way in which eqn 15.6 is used will depend on how water use 
is measured in a city, for example whether domestic consumers 
are metered, and on the t~me period chosen. Over periods of a 
day, month or year, eqn 15.6 can be written as: 

leakage = total supply 15.7 
- bulk transfers out of area 
- Ul x metered industrial and domestic use 
- unmetered industrial and domestic use 
- municipal use 

where Ul is a factor to allow for the commonly occurring 
under-recording of meters which ranges from 1-10% 
(Dangerfield, 1983). Unmetered use is frequently estimated 
from population and per capita consumption. The latter varies 
areatly between cities (Table 15.2) and local, or at least 
national, information is essential. In this context, 
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municipal use includes ,street cleaning, .firefightirig and 
sometimes irrigation of parks and roadside verges. Phillips 
(1983) Jave estimates of 2 l/head/d for aunicipal use in the 
UK, with 'some of the principal uses being street cleaning 
(0.25), firefightin, (0.06) and building (0.83 l/head/d). 

It is a common assumption that leakage is roughly constant 
throughout the day. Therefore more accurate estimates of 
leakage are obtained by apply~ng eqn 15.6 at times when use is 
small, and when leakage is a large proportioB of supply. This 
is typically in the early hours of the morning, and 
corresponds with a common technique in the water supply 
industry of 'minimum night flow' (MNF) measurements. MNFs are 
measured by adjusting valving so that all flow to a district 
is through one point where it is measured. ·The lowest flow 
rate is then recorded, usually at 02:00-04:00. Ideally, all 
meters are read at the same time to determine use. In this 
case, eqn 15.6 is written as: 

leakage = MNF 
- bulk transfers out of area 
- refilling of reservoirs and 

domestic water tanks 
- Uz x metered use 
- urunetered use 

15.8 

Municipal use is negligible at these times of day. A 
different factor, U2, for under-recording of meters applies at 
night because meters behave differently at low flow rates. 

A common approach to unmetered domestic usage in the UK is to 
adopt a MNF value of 2 l/property/h. However Philip (1985) 
reported values from individual houses of 0.5-9.0 
l/property/h. If meters are not read during the MNF exercise, 
metered night use must be taken as a proportion of average 
metered supply. Philip (1985) showed for the UK that 
industrial and commercial night use was typically 50% of 
average rates, a surprisingly high value. If there is no 
information on night use, take leakage to be 50% of MNF 
(Lerner, 1986). 

External losses on consumers' properties make up the second 
component in eqn 15.1. The nature and accounting of leaks on 
the consumers' side of their meter or stop valve varies 
between cities and local knowledge is essential. In some 
cities, leaking water flows to the sewers and can be included 
in potential sewer recharge. In other cases, a good proportion 
of the leaks are within or onto the ground and can be 
considered as recharge. 

Estimates of the leakage from water mains, as produced by 
water supply authorities, may not take into account leaks from 
the service pipe connecting the water main to the house, and 

. these are often the leakiest parts of the system. This will be 
reflected in high values of legitimate night use per property, 
which includes this type of leakage as a component. It would 
then be prudent to assume a lower value of night use within 
each property, of perhaps 2 l/property/h. 
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Septic tanks can be assumed to recharge all the water they 
receive. If they are the only aeans of waste water disposal, 
then water supply recharge is best estimated as (total supply 
- consumptive use) to avoid discovering the components. . 

Sewers. All the published quantitative work on the 
interaction between sewers and groundwater is about 
infiltration into the sewers (eg Pluhowski & Spinello, 1978, 
Steketee & Heinecke, 1984). This is a major variable when 
designing sewer networks and treatment works (Escritt, 1984). 
Infiltration into sewers below the water table can be high; 
Hannigan (1984) reports a 450mm diameter sewer collecting 
9m3 /d/m. It is reasonable to assume that high leakage rates 
are possible for sewers above the water table. In a study of 
the Triassic sandstone aquifer under Liverpool in the UK, 
storm sewer leakage was about equal to water main leakage 
(University of Birmingham, 1984). A number of groundwater 
quality studies have shown that sewers do leak, but have not 
estimated the flows involved (Hornef, 1985; Seyfried, 1984; 
Duyvenbooden & Loch, 1983). 

Estimating the amount of sewer leakage is difficult. Details 
of sewer construction, their "leakiness" and the properties of 
the adjacent soils will be unknown. Inflows and outflows to 
sewers are rarely measured, and leakage is likely to be within 
the measurement error of flows. One view is that leakage may 
be low because sewers are generally unpressurized (Lerner, 
1986) but there is as yet no firm evidence for this. The 
difficulties of estimating sewer leakage emphasise the value 
of taking an overall approach to a city as outlined above. 

Deep percolation from over-irrigation is briefly discussed in 
Section 15.4.5 below. 

Roof catchments are widely used on islands to capture a high 
proportion of rainfall and conserve water resources. If 
septic tanks are used to dispose of waste water, the use of 
roof catchments will increase recharge because the consumptive 
use of water will be lower than the evapotranspiration that 
would have occurred. An example from Bermuda (Thomson & 
Foster, 1986) is summarised in Section 15.5.2. 

15.4 Other urban rechar,es 

15.4.1 Direct recharge 

Urbanisation increases the impermeable area. If the storm 
runoff from this impermeable catchment is channelled to storm 
sewers and away, then direct recharge will be reduced by 
urbanisation. However there are circumstances when recharge 
is not reduced but increased. Some Dutch work (van Dam & van 
de Ven, 1984) has shown that surfaces covered"with bricks and 
tiles (such as pavements and car parks) are remarkably 
permeable. In addition the surface covering reduces 
evaporation. 

If storms are rare there may be no storm sewer system; runoff 
will infiltrate along the edges of the impermeable areas, or 
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along nearby drainage channels and depressions. Thus total 
recharae from rainfall may be the same or hiaher than if the 
city was not present. 

Soakaways are often used to dispose of storm runoff. They may 
be for domestic properties only, for road drainage, or for 
general drainaae. In all cases they will increase the amount 
of direct recharae. 

If direct recharge is potentially significant, careful studies 
of storm runoff will be needed to quantify the effect of the 
city; these are beyond the scope of this manual, but are dealt 
with in standard texts such as Hall (1984). From the point of 
view of a model with nodal areas of 1 km2 or more, the exact 
location of recharge is immaterial. In this case, precise 
details of runoff routes are not needed, and an overall 
balance of storm flows may be sufficient. 

15.4.2 Increased surface water flows 

Flows in rivers may be increased by both storm runoff and 
effluent discharges, both of which may cause increased 
recharge through the river bed. In principle such recharges 
can be estimated by the methods discussed in Chapter 12. 

15.4.3 Recharge basins for storm runoff 

In some urban areas storm runoff is channelled to retention or 
recharge basins. The purpose may be to delay or dispose of 
runoff to prevent flooding downstream, or to increase 
groundwater resources. As an example, recharge basins on Long 
Island, New York are described by Seaburn & Aronson (1974). 
Storm water management techniques are beyond the scope of this 
manual. The reader can find methods for estimating or 
measuring storm runoff in standard texts (e.g. Hall, 1984) 
which can be used in water balance approaches to recharge 
estimation. Methods using Darcy's law are discussed in 
Chapter 12~ 

15.4.4 Bffluent recharge 

The city's effluent may be disposed of by recharging through 
special lagoons, discharging to a river bed, spraying or 
spreading, or exceptionally, through boreholes. Such 
deliberate artificial recharge is beyond the scope of this 
manual. Standard texts include Todd (1980) and Dept. Econ. 
and Social Affairs (1975). Many of the methods outlined in 
Chapter 10, including water balances, Darcian methods and 
tracers, may be applicable. 

15.4.5 Over-irrigation 

Parks and gardens are 'irrigated for aesthetic rather than 
commercial reasons. The irrigation is often done by unskilled 
people. The amount of water applied rarely depends on plant 
water needs, but on the affluence of consumers, pricing 
policies for water supplies and, in the case of municipal 
parks, on bureaucratic procedures. For these reasons over-
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irriaation is normal with many aultiples of the potential 
evapotranspiration beina applied. Excess water percolates 
deep to recharae aroundwater. Quantities can, in principle, 
be estimated by any of the methods described in Chapter 14. 

15.5 Case studies 

15.5.1 Liaa, Peru 

Lima, the capital of Peru, stands on the combined alluvial 
fans of the Rimae and Chillon rivers. The aquifer covers 
about 400 km2 and is up to 500m thick. Over half of the 
surface is now urbanised, with the remainder used for 
irriaated agriculture. 

Rainfall is too low to provide recharge and the groundwater 
system is entirely replenished by river water by a variety of 
routes including: 

direct from the river 

- from river to canal to irrigated land, with excess 
irrigation becoming recharge 

- from river and boreholes to the potable supply 
network, with substantial leakage losses becoming 
recharge 

from river, via canal or tanker, to parks for 
irrigation. with excess becoming recharge. 

Water balance methods were used to estimate the various 
recharges; these estimates were further refined by calibration 
of a groundwater flow model. Leakage from water mains is of 
most interest at present-and was estimated as follows. 
Minimum night production of water for the whole city was known 
for a few dates and was about 69S of average production. 
Gross leakage was estimated by deducting estimates of: 

(i) leaitimate niaht-time consumer consumption, for 
which no local data was available and so a range of 
2-13% of average supply was adopted; 

(ii) bulk transfers out of the area, measured as 2S of 
averaae supply; 

(iii) refilling of service reservoirs at night, found by 
measurement of a few and extrapolation to be 5-10% 
of average supply. 

Only part of the aross leakage becomes recharge because some 
leaks within consumers' premises and flows to the sewers. The 
first estimate of recharge from leakage was 40% of average 
supply, but this has been revised downwards ~n the modelling 
studies to 30%. As can be seen in Table 15.1, recharge from 
leakage is still the second largest recharge to the aquifer, 
proyiding about 28% of the total. 
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Further details of the Lima study can be found in Lerner et 
ale (1982), Lerner (1986) and Wild & 'Ruiz (1987). 

15.5.2 Ber.uda 

This summary of the effects of urbanisation on groundwater 
recharge in Bermuda, a limestone island in the Caribbean, is 
based on a paper by Thomson & Foster (1986). 

The islands of Bermuda are'formed from a sequence of 
Pleistocene aeolian limestones. There are five known fresh 
groundwater lenses, of which the largest is the central lens 
(Fig. 15.3a). It has a fresh water nucleus up to 10m thick 
which covers 630 ha, and a substantial brackish fringe. The 
1-99% salinity transition zone is 5-6m thick under much of the 
lens, but thicker near the coasts (Fig. 15.3b). 

Fresh ~ater has always been regarded as a valuable commodity 
in Bermuda. Rainwater is collected from roof catchments 
(covering a prescibed 80% of roof area) and stored in large 
underground tanks. With the high rainfall of 1460 mm/yr, this 
system provides the primary water supply for almost all 
households. Only 8% of households are sewered, the remainder 
discharging to soakaways. 

More. than 150 boreholes are used to abstract 4500 m3 /d from 
the central groundwater lens which is supplied (after 
treatment) to municipal and commercial establishments. 

The calculation of recharge is summarized in Fig. 15.3c. The 
starting point is naturally vegetated grass and woodland, from 
which a soil moisture model estimates 75% of average rainfall 
is evaporated, leaving a recharge of 365 mm/yr. The small 
agr~cultural area is thought to have higher recharge of 440 
mm/yr because of the sparser and occasionally absent cover, 
and less well developed root system. 

Recharge in the urban area depends upon housing density, which 
will change the ratio of roof+road to vegetated areas. Three 
different densities have been identified. The vegetated parts 
are assumed to have the same recharge rate as naturally 
vegetated areas (365 mm/yr). Rainfall on roofs and roads 
either passes direct to drainage soakaways, or via domestic 
water supply systems to waste water soakaways; in both cases a 
loss of 10% has been assumed. On this basis, annual recharge 
in the urban area varies between 410 and ;40 mm, that is up to 
twice natural recharge. 

The paper by Thomson & Foster (1986) gives information on the 
existing and potential pollution of Bermuda's groundwater. In 
summary, there are already significant levels of nitrate and 
some microbiological pollution. A definite risk of pollution 
by synthetic organic chemioals has been identified. 
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16 NBT RBCHARGB OVBR A RBGION 

16.1 Introduction 

The previous chapters have dealt with the various components 
of recharge to an aquifer, based on the origin of the water 
(precipitation, irrigation, etc) and its route to groundwater. 
Alternative approaches are to estimate the total recharge, or 
the recharge net of some of the outflows which are less easy 
to calculate. 

Such approaches seek to avoid describing any of the complex 
processes controlling recharge and groundwater movement, such 
as evaporative losses from the unsaturated zone, rivers with 
both influent and effluent reaches, and phreatophyte 
evapotranspiration. 

There are four types of methods described in this chapter: 

(i) Storage change or water table rise, ie 

total = change in x 
recharge saturated 

volume 

specific 
yield 

+ outflows 16.1 

(ii) Discharge from the aquifer, that is assuming that 
the measured discharge of groundwater across the 
boundary of a study area is equal to the net 
recharge inside the study area. 

(iii) Inverse techniques, that is inverting the 
groundwater flow equation to solve for recharge 
instead of groundwater heads. 

(iv) Tracer techniques, either estimating residence time 
of water in an aquifer, or modelling the 
distribution of several tracers throughout an 
aquifer. 

All the methods have advantages and disadvantages as discussed 
below. Numbers (i), (ii) and (iv) are useful as checks on a 
water balance for the aquifer calculated by considering all 
the components of recharge, by the methods outlined elsewhere 
in this manual. The methods are only accurate for groundwater 
systems which are in hydraulic equilibrium. A summary of the 
methods outlined in this chapter is given in Table 16.1. 

16.2 Water table rise 

The total recharge to an aquifer is often estimated from the 
volume of water stored as the water table rises during the wet 
season. The method clearly only applies to aquifers with a 
well defined recharge season. Allowances are made for pumping 
wells and other discharges as required, and recharge is 
estimated as: 

r = (5s + tQA 5t + VD) / A St 16.2 
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where r 
8s 

Q. 

8t 

A 
VD 

total recharge per unit area eL) 
volume of water stored between lowest and highest 
water table positions eL3) 
abstraction rate from wells pumping during the 
water table rise (L3/T) 
the time interval between high and low water table 
positions (T) 
area of the aquifer (LZ) 
the volume of water discharged to springs, river 
bed seeps, etc fL3) 

The volume of water stored is calculated by (i) mapping and 
contouring water level rises, (ii) measuring areas between 
contours, (iii) summing the aquifer volume within which the 
variation in water level takes place and (iv) converting to 
volume of water using the aquifer's specific yield, as 
follows: 

where S)
Ci 

Ac 

8 s = Sy Ei 0 • 5 (Ci + Ci + 1 I Ai 

specific yield 
value of contour i of water table rise (Ll 
area between contours Ci and Ci +1 (LZ) 

16.3 

7he method is appealing because of its simplicity and because 
it appears to be a direct measurement of total recharge. 
There are conceptual difficulties with the meaning of 
"specific yield" and "water table" that can cause the method 
to give unrealistic results, and a number of problems of 
practical application that need attention. These are 
discussed below; most of the points can be referred to 
Fig. 16. 1 . 

Specific yield is defined as the amount of water per unit area 
released from storage for a unit fall in water table level. 
However, lower permeability materials show time-dependent 
effects in drainage and imbibation; time to equilibrium may 
reach years for some clays, a common constituent of alluvial 
aquifers. Hysteresis, with different wetting and drying 
properties are common (Fig. 11.5). During wetting, residual 
air will be left until it dissolves. 

Figure 16.2 shows schematically how changes in lithology can 
cause unexpected and variable specific yields. Such 
lithological variations are common in alluvial aquifers. 
Meaningful estimates of specific yield are difficult to 
obtain, with a range of 0.02-0.40 possible by different 
methods for the same alluvial material (Rushton, Chapter 23). 
In general, a "drainable porosity" measured in the laboratory 
over a reasonable number of samples is the appropriate value 
to use. Estimates from. pumping tests are often noticably 
different because they are derived for short- times. It is 
common in groundwater flow modelling, which is concerned with 
medium to long-term changes, to find that specific yields from 
pumping tests do not work. If no laboratory measurements are 
available, it is better to use the "standard" values which are 
often found in textbooks, as for example in Tables 16.2 and 
16.3. 
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Table 16.2 Average values of specific rield. Taken 
fro. Todd, 1980 

Material Grain size Specific yield (S) 

Gravel coarse 23 
medium 24 

fine 25 
Sand coarse 27 

medium 28 
fine 23 

Dune sand 38 
Silt 8 
Clay 3 

Loess 18 
Sandstone medium 21 

fine 27 
Siltstone 12 
Limestone 14 

Table 16.3 Values of specific rield in the zone of 
water table fluctuation as used in recharge 
calculations in India. After Sinha. Shar.a, 1988 

Material Range of specific yield (X) 

Sandy alluvium 
Valley fills 

Silt/clay rich alluvium 
Sandstone 
Limestone 

Highly karstified limestone 
Granite 
Basalt 

Laterite 
Weathered phyllites, shales, 
schists and associated rocks 

12-18 
10-14 
5-12 

1-8 
3 
7 

2-4 
1-3 
2-4 

1-3 

The water table is defined as the position where the porewater 
pressure is equal to atmospheric. A common simplification is 
often made that the aquifer is fully saturated below the water 
table, and unsaturated above. This is of course not true, 
with a saturated capillary fringe and positive moisture 
contents above the water table depending on a negative 
pressure (Fig. 16.2a). For shallow water tables (eg A in 
Fig. 16.1) only a small amount of water can go into storage 
before the water table reaches the surface because the ground 
already contains moisture. Gillham (1984) discusses near 
surface effects of capillary fringes. This effect also occurs 
when the water table rises through a change in lithology to a 
finer pored material with greater moisture retention (B in 
Fig. 16.1; Fig. 16.2b). 

The water table reaches its peak, not when recharge has 
stopped, but when outflows and lateral movements of 

219 



groundwater exceed the rate at which water is arriving at the 
water table. Two particular cases are "illustrated at C and D. 
Perched water tables (C) may form on low permeability layers 
or lenses above the aain water table. These will impede the 
flow of recharge and may spread it well beyond the time of the 
peak water table. A deep unsaturated zone (D) will cause.a 
similar effect, delaying and spreadina out the recharge. 
Recharge rates may fall as a new growing season starts, or as 
rainfall declines at the end of the season. 80th may cause 
the water table to decline before recharge actually stops. 

Water table rise .ethods are commonly used in heavily 
exploited aquifers, as only these have sufficient observation 
wells. Problems arising from heavy pumping, which is often 
seasonal to provide irrigation water in the dry season, may 
include: 

(i) major abstractions (e.g. E in Fig. 16.2) may induce 
inflow from perennial water courses (A) which"will 
reverse during the recharge season, 

(ii) the groundwater catchment boundary (F) may alter 
during the recovery of the water table, 

(iii) many observation wells will be pumped in the dry 
season (E) and part of their water level recovery 
will be due to the seasonal stopping of abstraction 
and the subsequent redistribution of water levels in 
the aquifer, 

(iv) wells may be pumped throughout the year at varying 
rates (G), 

(v) unpumped observation wells (H) may be strongly 
influenced by nearby pumped wells, 

(vi) deep boreholes (I) may draw from confined or semi
confined layers at "depth. Piezometers, or wells 
open in these layers, will show much larger 
drawdowns (J) than the water table. Long after 
pumping has stopped, these piezometers will show 
significant drawdowns and there will be vertical 
flow fro. the water table aquifer to the deeper 
layers. This is particularly applicable to alluvial 
deposits. 

Contouring of groundwater is usually subjective because there 
is rarely enough data to define all the features. For this 
reason, repeat contourings of an area should be carried out by 
the same hydrogeologist to ensure that the same biases appear 
in both maps. 

Objective and repeatable methods of contouring and estimating 
volumes exist. They include computer contouring packages and 
geostatistical techniques such as kriging (Clarke, 1979; 
Gambolati & Volpi, 1979; Lovell et al., 1972). Two 
disadvantages with such methods are their complexity and their 
reliance on computers. More importantly, they cannot use the 
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subjective information (eg position of pumping wells, faults, 
rivers) that an experienced hydrogeologist would take into 
account in hand contouring. Such methods are probably only 
appropriate for straightforward aquifers with many well
distributed data points. 

The discussion above on the possible errors in the water table 
rise method may seem overlong and pessimistic. It has been 
included because the method is in widespread use, and its 
apparent simplicity conceals many simple conceptual models of 
groundwater processes. The aost important of these are (i) a 
single aquifer with no vertical flows, (ii) specific yi~ld. 

Another method of estimating total recharge is to calibrate a 
distributed groundwater flo", model, matching predicted changes 
in groundwater levels against measured. This can be seen as 
an alternative version of the water table response method 
discussed above. 

16.3 Discharge froa the basin 

For an unexploited aquifer, 

average discharge = average net recharge 

For an exploited aquifer, "'hich in general will not be in 
steady state in an arid/semi-arid environment, 

average = average net + rate of storage 
discharge recharge depletion 

16.4 

16.5 

Thus an estimate of discharge over the aquifer boundaries 
provides an estimate of net recharge. The possible routes of 
discharge f·rom a groundwater basin include springs, rivers, 
lakes and seas, sabkas, evapotranspiration, abstraction by man 
and storage changes. These are discussed in the following 
paragraphs. 

Springs are discrete discharge points, usually at changes in 
lithology. Flows can' often be measured. Water use by 
vegetation on the banks of the spring and its watercourse is 
often significant; gaugings downstream may require correction 
for such channel losses. 

Rivers receive groundwater either at discrete points or as 
diffuse seepage. Surface water flows must be separated from 
groundwater outflows by hydrograph analysis. River-aquifer 
interactions can be complex, andhydrograph separation made 
difficult by bank storage and subsurface flows in the riparian 
zone. Methods of separation are discussed by Todd (1980), 
Wright, (1980), Chow (1~64) and other hydrological text books. 

Lakes and seas also receive groundwater at discrete points and 
as diffuse seepage. Measurements will be possible only in 
exceptional circumstances. Lee (1977) describes a method of 
measuring diffuse seepage through lake beds. Otherwise, 
arcian estimates based on hydraulic head and permeability 
measurements are most likely to provide satisfactory data. 

221 



Sabkas or salt pans are discharge areas for groundwater 
systems where all discharge is evaporated. Often there is no 
water visible at the surface with the unsaturated upward flow 
of groundwater evaporated at or below the surface. Direct 
measurement of evaporating fluxes is possible in principle but 
is unlikely to be practicable (Section 11.4.2). Darcian 
estimates of groundwater flow either in'the aquifer towards 
the sabka or vertically upwards in the evaporation area are 
possible. 

Inverted chloride profiling may provide estiaates of upward 
flow; normal chloride profiling is discussed in 
Section 11.6.2. Stable isotopes ( 18 0 and ZH) are enriched at 
the evaporating front and in principle can be used to estimate 
evaporation rates. There are theoretical problems of ensuring 
a steady state exists, and has existed for sufficient time to 
develop a characteristic profile, and that isotope profiles 
are not distorted by occasional precipitation. There are many 
practical difficulties, including (a) sampling without 
contamination, heating, or evaporative losses; (b) extracting 
enough moisture from a zone which has a very low moisture 
content, and of measuring isotope ratios in local rainfall and 
water vapour. The theory of the method is given by Barnes & 
Allison (1983), practical examples by Allison & Barnes (1985), 
'Sonntag et ale (1985) and Yousfi et ale (1985). Allison et 
a1. (1985) concluded: 

"110 and 2H profiles appear to be promising tools 
for quantitative estimation of groundwater discharge 
•• w. however some further work needs to be done to 
develop the technique fully." 

Evapotranspiration by vegetation may be a significant 
discharge of groundwater in arid and semi-arid areas. This 
may be shallow rooted vegetation drawing water through the 
unsaturated zone or phreatophytes tapping the water table 
directly. The former must be estimated in the same ways as 
evaporation in sabkas; it may be necessary to allow for 
seasonal changes or cropping. Estimating phreatophyte 
evapotranspiration is notoriously difficult, as it varies by 
several o~ders of magnitude between species, and also varies 
with the maturity of the plant, groundwater salinity and the 
depth to the water table. Some examples of evapotranspiration 
rates are given in Table 16.4, and an illustration of the 
relative sizes of evaporation and phreatophyte transpiration 
is given in Table 16.5. 

FAO irrigation arid drainage paper 37 (1981) lists five 
different methods of es~imating phreatophyte 
evapotranspiration of which the transpiration well method is 
prefered. Maximum and minimum water levels are .easured in 
piezometers both within a phreatophyte stand and outside its 
influence and the variation in levels is related to 
phreatophyte uptake and specific yield. 

Abstractions by man are through wells, boreholes or drainage. 
A proportion of the water taken for irrigation or domestic use 
may well return to the aquifer locally. 
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Storage changes would not normally be considered as a 
discharge. However, in arid and semi-arid areas where 
recharge is low or erratic, springs and other discharges may 
be sustained by slowly declining water levels in between 
sporadic bursts of recharge. These may be as·frequent as once 
in two years, or as rare as once in 1000 years (Edmunds & 
Wright, 1979). In this circumstance, measured discharges will 
overestimate recharge and allowances must be made for the rate 
of loss of storage. 

Table 16.4 EXaJ8ples of groundwater use bT 
phrea tophTtes • After Robinson, 1958 

Scientific (and common) Depth to 
name water table 

Annual 
water use 

(m) 

Alnus (alder) ? 
Baccharis glutinosa 0.6 
(batamote) 1.9 
Cynodon dactylon 0.6 
(bermuda grass) 0.9 
Juncus balticus (wiregrass) ns 
Prosopis velutina (mesquite, velvet) 

Sporobolus airoides 
(sacaton, alkali) 

? 
0.6 
1.2 

Table 16.5 A co.parison of water uptake bT 
phreatophTte transpiration and evaporation. 
Hughes & McDonald, 1966 

(-) 

1600 
3100 
1400 
~70 
720 

2400 

1000 
1220 
1050 

Arter 

Method of 
water loss 

Depth to water 
table (.) 

Annual water 
loss (_) 

Evaporation from class A pan 2515 
Evaporation from bare soil tank 0.9 176 
Transpiration by Pluchea servicea (arrowweed) 

1.7 2716 
Transpiration by Atriplex (saltbush) 

1.6 730 

16.4 Inverse techniques 

The flow of groundwater can be represented by an equation that 
includes (i) groundwater heads, (ii) aquifer properties, (iii) 
recharges and boundary fluxes. Knowing the boundary 
conditions and two of these sets of data allows solution of 
the equation for the third. Conventional groundwater models 
solve for groundwater heads, inverse models solve for aquifer 
properties or, more unusuallr, recharge. 
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For steady state flow, the equation of flow is: 

where x 
Y 
h 
T 
r 

horizontal co-ordinate (L) 
horizontal co-ordinate (L) 
hydraulic head (Ll 
transmissivity (LIlT) 
recharae (LIT) 

16.6 

Using a finite difference or finite element discretisation, 
and including the boundary conditions leads to (in matrix 
notation) : 

A h = r. + rat 16.7a 

A direct solution for the unknown flows is: 

r. = A h - rat 16.7b 

where A 

h 

coefficients involving transmissivity and constant 
head boundary conditions (n by n matrix) 
groundwater heads (n) 
unknown recharaes (n) 
known parts of recharae or discharge (n) 

although less obvious solution techniques will give more 
stable and useful results as discussed below. 

Inverse techniques to find aquifer properties were a popular 
research field in the late 1970's. Three problems occur with 
most methods; great sensitivity to errors in water level and 
recharae data, low sensitivity in unstressed areas of an 
aquifer, and non-uniqueness of solutions. These problems are 
well discussed by Cooley & Sinclair (1976), Neuman (1980), 
Yakowitz & 'Duckstein (1980) and McElwee (1982) and have meant 
that inverse techniques have had little practical application. 

Few authors have attempted inverse techniques to estimate 
recharae. In general they can be expected to suffer from the 
same problems identified for aquifer property solutions above. 
However, Smith & Wikramaratna (1981) and Wikramaratna & Reeve 
(1984) point out that constraining where recharge can occur in 
a model removes much of the uncertainty and leads to a much 
improved solution. In arid and semi-arid areas, recharge may 
only occur in certain areas, for example as mountain front or 
wadi recharge (Fie. 16.3). Smith & Wikramaratna '(1981) have 
formulated an algorithm for a least squares estimate of 
recharae anj applied it to a hypothetical example based upon 
the coastal plain aquifer of Oman. Wikramaratna & Reeve 

. (1984) extend the technique to allow.ore constraints on the 
recharge estimates, but at a very heavy price in computing 
costs. Neither paper treats a real aquifer, and it is 
probable that the errors in any real data would make such a 
case almost indeterminant. 
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Fi6. 16.3 Schematic view of an arid coastal plain 
aquifer, showing how recharge is constrained to 
certain areas (Smith & Wikraaaratna, 1981) 

Such inverse techniques are appealing to the computer 
literate, and appear to show great sophistication to the 
illiterate. However, their mathematical complexity conceals 
simple conceptual models of aquifer and recharge behaviour. 
They assume steady state, ignore the soil and unsaturated 
zones, and assume field measurements of transmissivity are 
applicable to regional groundwater flow. With caution, they 
may provide some limits to other estimates of recharge, but 
are not generally recommended. 

16.5 Aquifer wide tracers 

There are a number of ways that the concentrations of 
environmental tracers throughout an aquifer can be used to 
estimate net recharge. Although the methods are inter
related, it is useful to subdivide them into groups as 
follows: 

(i) Mathematical transit time models 

(ii) Mixing cell models of single tracers 

(iii) Mixing cell models of multiple tracers 

The methods differ in the mathematical formality of their 
approaches, data requirements and complexity of computation, 
as described below. 

16.5.1 Mathematical transit tiae models 

Comprehensive reviews of this approach are given by 
Haloszewski & Zuber (1982), Zuber (1986) and Yurtsever 
(Chapter 25 in IAEA. 1983). The models relate the mean age of 
water leaving a groundwater system to the mean transit time of 
a tracer through alternative mathematical models of" the way 
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the tracer moves through the system. In steady state, the 
mean age of water leaving the system is given by: 

where a 
V 
R 

a = VIR 

aean age of water (T) 
volume of mobile water in system (L3) 

recharge rate (L3 /T) 

The mean transit time of·a tracer is: 

16.9 

t Cr (t) dt 16.10 

where t, 
t 

er (t) 

Cr (t) dt 

mean transit time of tracer (T) 
time (T) 
concentration of the tracer at observation point 
due to an impulse injection (M/L3) 

Kreft & Zuber ~1978) argue that t, = a only for an ideal 
conservative tracer which is injected and measured in flux. 
Concentrations in flux are obtained by sampling a spring or 
borehole, and can be contrasted with resident concentration 
obtained by analysing pore waters of rock cores. 

In order to use data resulting from a continuous, and possibly 
varying, input concentration, we need to derive the weighting 
function or impulse response of the system and use the 
convolution integral. The impulse .response could 
theoretically be obtained by normalising CI Ct), but it is not 
normally possible to apply an impulse of tracer and wait long 
enough to observe the complete output response. Therefore a 
number of conceptual models have been developed, and their 
impulse responses theoretically determined. Details can be 
obtained in the references cited above. 

The method consists of the following: 

(i) measuring input and output concentrations of tracer 
over a suf~iciently long period, preferably at least 
as long as the expected turnover time, 

(ii) choosing an appropriate groundwater flow and tracer 
sampling model, and so the form of impulse response, 

(iii) solving the convolution equation for the numerical 
values of th~ parameters of the impulse response, 
including a, usually by trial and error comparison 
of measured and predicted output values, 

(iv) estimatina the volume of mobile groundwater and 
hence the recharge rate (eqn 16.9). 
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The method has a number of limitations on its usefulness: 

(i) a single distributed r~charJe is usually assumed. 
Maloszewski & Zuber (1982) briefly discuss two 
sources with different concentrations of tracer, but 
require additional field data to distinJuish them. 

(ii) If the input concentration is constant, the output 
will also be constant unless radioactive tracers are 
used to provide time dependant data. 

(iii) For long transit times, the input concentrations are 
not well known and only a short portion of the 
output will have been measured. Thus determination 
of weighting functions and parameters will be rather 
imprecise. 

These limitations make the method best suited to a small or 
rapid transit groundwater system with a single input and 
single output. Maloszewski & Zuber (1982) interpret several 
rainfall-fed springs. Allemmoz & Olive (1980) interpret 
tritium data in a situation where there is only recharge from 
ephemeral rivers. 

16.5.2 Single tracer aixing cell models 

The limitations of the mathematical transit time models can 
sometimes be overcome by using distributed, empirical models 
of tracer movement. The aquifer is divided into cells, based 
upon (i) hydrogeological units, (ii) location of recharges and 
discharges, (iii) presumed flow lines. The movement of tracer 
and water between inputs, cells and outputs is modelled using 
mass conservation and assuming each cell is fully mixed~ The 
various fluxes in the model are adjusted by trial and error 
until the model predicts the same distribution of tracer as 
observed in the aquifer. Examples include Campana & Simpson 
(1984) and Campana & Mahin (1985). 

It is common practice (althou,h not necessary) to assume that' 
the aquifer is in hydraulic steady state, that is there is no. 
change in the water stored in each cell with time, in which 
case the mass balance for each cell is: 

16.11 

A mass balance of tracer is carried out for each cell for each 
time step: 

where 
. QI • j 

Ql, t 

C •• t. \ 

Vi Ci, \ + 6t = tJ QI, J CI. J ,t at 
+ tt Ql,t Cl,k,t at + Vi Ci,t 16.12 

flow into cellI from cell j; Ql,J = -QJ,I (L3 /T) 
flow k into cell I from outside the aquifer 
(rechar,e, well, etc) (L 3 /T) 
concentration associated with flux QI,J at time t 
(M/L3 ) 
concentration associated with flux ~ ,t (M/L3) 
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c •. , 
VI 
at 

concentration in cell I at tiae t Ut/L'.) 
volume of water in cell, I ·(LI) 
time step length (T) 

The model is not based on the groundwater flow or tracer 
transport equations. One consequence is that the .odel 
suffers from numerical dispersion, that is the speed at which 
tracer spreads through the model depends partially on cell 
size and length of time step. The amount of numerical 
dispersion can be adjusted by using differing rules for 
computing the outflow concentration from each cell. Under the 
simple mixing cell rule, the inflows are mixed with the cell 
contents before the outflow is taken at the new concentration. 
The modified mixing cell rule takes the outflows before the 
inflows. It is possible to take intermediate positions 
between the two mixing rules to achieve a desired degree of 
dispersion. 

As Maloszewski & Zuber (1982) point out, the model has a large 
number of parameters (Q •• J and VI) which can be adjusted to 
achieve a match with field data. These parameters must be 
constrained as far as possible by other data if any reliance 
is to be placed on the final calibration. 

All of the aquifer wide tracer models require that the tracer 
inputs are known for a substantial time. The mixing cell 
model requires them to be known for the time it takes to flush 
the whole aquifer, unless a set of initial concentrations can 
be specified for all points. For a large aquifer, this 
effectively restricts the model to cases where constant input 
concentrations and fluxes can be assumed, that is groundwater 
systems in a natural or under-exploited state. Good dat.a are 
required on input and output concentrations and on the 
distribution of tracer throughout the aquifer. 

16.5.3 Multiple tracer .ixing cell .odels 

The single tracer model described above can in principle be 
extended to many tracers simultaneously. This will make the 
solution overdetermined, that is there will be more than 
enough information to solve for intercell flows directly. 
However all field data contain some error, and this extra 
information can be used to find a "best" solution in the 
presence of errors. 

Consider that the n cell volumes are known and there are, say, 
five unknown flows for each cell. If there are, say, 10 
tracers then approximately lin equations can be written to 
solve for the 5n unknowns. 

This approach is set out by Adar & Neuman (1988) and Adar et 
ale (1988) who use a quadratic programming algorithm to find a 
weighted least squares solution for recharge to a semi-arid 
alluvial aquifer. For each cell, mass balances of water and 
tracers can be written. In matrix notation for one cell, this 
is: 

B. = Q. - D. 16.13 
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A weighted mean squares criterion can be formed over all cells 
from eqn 16.13 as: 

where Q. 
D. 
B. 

W 
J 

• 7 
J = t.=1 B. W B. 

vector of inflows 
vector of outflows; n per cell, N cells 
(k + 1) vector of error terms 
(k + 1)(k + 1) diagonal matrix of weightings 
objective function to be minimised 

16.14 

where ~ is a weighting matrix introduced to account for any 
available prior knowledge about errors, reliability of 
tracers, etc. Eqn 16.14 is subj-ect to the constraints that 
all flows are positive and that outflow from one cell is equal 
to inflow to its neighbour. 

The case modelled by Adar (1984) was of the alluvial aquifer 
underlying Aravaipa Creek in Arizona. He subdivided the 
aquifer into 5 cells, and used 14 tracers (conductivity, Mg, 
Ca. Na. K, HCO" Cl, F, Li, 2H and 110) which were assigned 
weights between 0.1 and 1.0. A chemical speciation program 
(WATEQF) was used to check mineral saturation and hence 
provide one check on whether the tracers were conservative. 
He concluded that the model worked well provided that the 
sources of recharge had been correctly identified and located. 

The applicability of the multiple tracer mixing cell model (as 
of the single tracer model) is in general to undisturbed 
groundwater systems or those with a low turnover time. 
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17 INTRODUCTION TO THE CASH STUDIES 

Concepts and theoretical backgrounds of techniques for 
estimatina natural recharae have already been covered by the 
previous chapters. The seven case studies added to this 
manual serve to illustrate the practical difficulties 
encountered while applyina th~ different methods. With the 
exception of Johansson's study they all refer to arid or semi
arid reaions, and all were presented and discussed durin, the 
workshop on estimatina natural recharae held in Antalya, 
Turkey, from 8 to 15 March 1987 (Simaers, 1988). The 
selection reproduced here is based principally on educational 
criteria and does not imply any critical appraisal of the 
presented results. 

The cases relate to the following hydrogeological provinces 
described in Part II: 

- alluvial basins: Rushton (northwestern India), 
- sand and sandstone: Edmunds et ale (Cyprus, Sudan), 
- limestone and dolostone: Bredenkamp (Transvaal, 

R.S.A.), 
- plateau basalts: Athavale and Rangarajan (southern 

India), 
- granitic terrain and gneisses: Athavale and Rangarajan 

(southern India), Thiery (Burkina Faso), Houston 
(Zimbabwe). 

The study by Johansson refers to glacial deposits in Sweden. 

The following methods, described in Part III were used: 

Water balance: 
- Soil moisture bud,etting (Section 11.4): Rushton, 

Johansson, while Thiery and Houston combine this method 
with a lumped-parameter recharge-runoff simulation 
model (Section 12.6), 
baseflowanalysis (Section 16.3): Houston, 
water table rise (Section 16.2): Bredenkamp, Rushton. 

Darcian approaches: . 
- unsaturated flow (Section 11.5): Johansson (the model 

also describes snowmelt and soil freeze-thaw 
processe$), 

- regional numerical model (Section 12.4): Rushton. 

Tracer techniques: 
- signature methods (Section 11.6.2): Rushton with 

environmental" isotopes, Athavale and Ran,arajan using 
applied tritium, 

- throughput meth9ds (Section 11.6.3): Edmunds, Houston 
using chloride. 

Empirical methods: 
- precipitation recharge (Section 11.3): Bredenkamp. 

In some of the case studies results from different methods 
could be compared. Houston used tracer, baseflow and soil 
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moisture budaettina techniques, while Rushton, in his 'study on 
irriaated fields, applied a variety of aethods because of the 
complexity of the problem. 

Some authors could "calibrate" their methods. Bredenkamp was 
able to calibrate his e.pirical formula with'reoharae 
estimates collected by other methods, while Edmunds et al had 
tritium and lysimeter data at their disposal for comparison 
wi th the chloride concentrations at' the CY9rus si tea. 
Johansson compared the t'esults of soil moi'sture budaettlna and 
unsaturated flow·analysi's, both calibrated'with aroundwater 
level measurements. The case study presented by Thiery 
illustrates the problem of inadequate data during model 
calibration. 

As a conclusion, it is obvi.ous that the most reliable results 
are obtained if all the available data are used and a variety 
of methods can be applied. 
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18 NATURAL RECHARGE MEASUREMENTS IN THE HARD ROCK 
REGIONS OF SEMI-ARID INDIA USING TRITIUM INJECTION -
A REVIEW 

R.N. Athavale 
International Crops Research Institute for the Semi-Arid 
Tropics (ICRISAT), Patancheru P.O. 
Andhra Pradesh 502 324 
India 

R.Rangarajan 
National Geophysical Research Institute (NGRI) 
Hyderabad 
Andhra Pradesh 500 007 
India 

18.1 Introductio~ 

The semi-arid tropics (SAT) are areas where monthly rainfall 
exceeds potential evapotranspiration for 2 to 7 months in a 
year and the mean monthly temperature is above 18o e. The 
areas with 2 to 4.5 wet months are called dry semi-arid 
tropics and those with 4.5 to 7 wet months are called wet-dry 
semi-arid tropics. 

Out of a total area of 2 x 10' km2 of SAT in India, about 
0.7 x 10' km2 is covered by vertic soils derived from Deccan 
Trap Basalts and almost all the rest is covered by alfisols or 
related soils. Practically all of the SAT region of India is 
underlain by granites, basalts and indurated pre-Cambrian 
sediments. The undependable monsoonal rainfall is 
characterized by storm events and gaps and the farmer has to 
depend on supplemental irrigation from dug wells or shallow 
borewells for the sustainance of his crops. 

The phreatic zone is the principal aquifer in the SAT region 
of India. It is located in the weathered mantle or overburden 
and the fracture zones in hard rocks underneath, extending to 
a depth of about 40m. 

In view of the the importance of groundwater in supplemental 
irrigation in SAT agriculture, it is necessary that the exact 
quantum of annual replenishment (recharge) to the groundwater 
reserves in river catchments is evaluated, so that the safe 
yield is determined and the resource is properly managed and 
equitably distributed amonst the users. 

18.2 Natural recharge measurement using injected tritium 
techniques 

The primary source of recharge is deep percolation of a 
fraction of the rainfall, after the soil profile is saturated. 
The secondary sources of recharge are: 

(i) Percolation along streams, canals and lake beds 

,(ii) Return flow of irrigation water, derived from 
surface or subsurface sources, and 

235 



(iii) Artificial recharge throuah spreading at· suitable 
sites or injection in wells. 

Tritium (~), a radioactive isotope of hydrogen, is a soft 
beta emitter, having mass 3 and a half-life of 12.6 years. It 
exists in the form of the water .olecule and as such it is an 
ideal tracer for studying groundwater. Its use in recharge 
measurement involves injection of tritiated water at a certain 
depth in the unsaturated zone of the soil column, and study of 
the vertical movement that this tracer undergoes during the 
next hydrological cycle. The application of artificial 
Tritium tracer in recharge measurement is based on an 
assumption of the piston-flow model for water movement in the 
unsaturated zone. The piston flow model, proposed by 
Zimmerman et ale (1967a and 1967b), and by Muninch (1968a and 
1968b), assumes that the percolating soil moisture moves 
downward in discrete layers, and any addition of a fresh layer 
of moisture at the surface, would push down an equal amount of 
water immediately below and so on, till the last such layer 
in the unsaturated zone will be added to the saturated regime 
or the water table. 

18.3 Field and laboratory procedure 

In the Tritium injection technique, the moisture at a certain 
depth in the soil profile is tagged with tritiated water. The 
tracer moves downward along with the infiltrating moisture due 
to subsequent precipitation or irrigation. A soil core is 
collected from the injection site after a certain interval of 
time and the moisture conte~t and tracer concentration are 
measure~ from various depth intervals. The displaced position 
of the tracer is indicated by the peak in its concentration. 
The peak may be broadened because of other factors such as 
diffusion, irregularities in water input and streamline 
dispersion. The centre of gravity of the profile is assumed 
to correspond to the displaced position of the tagged layer. 
Moisture content of the soil column, between injection depth 
and displaced depth is the measure of recharge to groundwater 
over the time interval between injection of tritium and 
collection of soil profile. 

The various catchments in which recharging measurements have 
been carried out are sho~n in Fig. 18.1. Tritium injections 
at representative sites in each catchment were made before the 
onset of monsoon, i.e., in general in the first week of· June. 
Selection of injection sites was made on the basis of geology, 
soil type, topography, drainage pattern and also 
approachability. The number of injection sites was decided on 
the basis of the area and also on the feasibility of 
completing field and laboratory work within the ·snecified 
time. -

At any injection site, a relatively flat patch of land was 
selected, sufficiently distant from big trees, but near 
important landmarks such as milestones and electrical poles. 
The site sometimes had a thin cover of grass or shrubs. In 
cases where a non-agricultural site was not available, a 
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ploughed or unploughed farm plot, having no facility for well 
or canal irrigation. was selected. 
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Fig. 18.1 Geological .ap of semi-arid ~outb India 
showing recbarge .easure.ent catchments 

The depth of injection varied from catchment to catchment but 
within the range of 60 cm to 80 cm. 2.5 ml of tritiated 
water, having an activity of 10 microcuries per ml was used in 
each injection. Five injections (total 125 microcuries of H) 
were made within each site. A 1.25 cm diameter hole was made 
down to desired depth with a drive rod and the hole backfilled 
with local soil after tritium injection. Four injections were 
placed symetrically on the circumference of a circle having a 
diameter of 10 cm, and the fifth injection was made at the 
centre of the circle. Each injection site location was 
precisely determined through triangulation so that it could be 
found easily again for vertical collection of soil profiles at 
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the end of the monsoon. Soil profiles having a depth interval 
of 10 cm or 20 cm were generally collected in November
December down to a maximum depth of 3 m. Duplicate injections 
were made at a few sites for studying reproducibility. A 
second collection from a few injection points was made at the 
end of the hydrological cycle, to study the effect of 
evaporation and transpiration during the post-monsoon lean 
period. 

Table 18.1 Mean values or precipitation recbarge 
for bard rock covered catcb.ents in $e.i-arid India 
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In the laboratory, the moisture content in about 25 g of soil, 
taken from each sample, was determined on a torsion balance 
heated by an infrared lamp up to 105o C" The rest of the 
sample was subjected to partial vacuum distillation" 4 ml of 
the distillate was mixed with 10 ml of scintillator solution 
and the Tritium activity was counted using a liquid 
scintillation spectrophotometer. These field and laboratory 
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procedures are described in detail by Athavale et al, (1978 
and 1980). 

The tritium activity of each 10 or 20 cm depth interval of a 
profile was plotted against depth along with moisture content. 
Grain size analysis of the soil core material was carried out. 

18.4 Results and discussion 

The results of recharge measurements carried out in various 
catchments in the SAT region of South India are presented in 
Table 18.1. Some of the results are already published by 
Athavale et al, 1980 (for Sl. no. 1 in Table 18.1), 1983a (for 
51. no. 2 and 3) and 1983b (for Sl. no. 4). The work in 
Vedaveti catchment (51. no. 5) and in Noyil, Ponnani and 
Vattamalaikarai catchments (51. no. 6,7,8,) was carried out at 
the request of the Central Ground Water Board of Govt. of 
India and the results have been communicated to them. 
Rangarajan and Ramesh Chand (1987) have carried out recharge 
experiments for Chitravati and Kunderu catchments. 

As can be seen from this table, the area of these catchments 
varies from 500 km2 to 8500 kmz • On average, each recharge 
measurement site represents an area of 50 to 200 km2 . 
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Recently some detailed studies on two small catchments (51. 
no. 11 and 12) have been carried out. In the case of these 
catchments the density of recharge measurement was one site 
per 2 to 4 km2. In these cases the measurements have been 
carried out for two monsoons (Rangajaran et al., 1987; 
Rangajaran & Ramesh Chand, 1987b). Results of recharge 
measurements for Aurepalle catchment for 1984 and 1985 are 
reported here in detail as an illustration. In the case of 
Manilla catchment, 1985 results are presented and the samples 
collected in November 1986 are' being processed. 
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Fig. 18.3 Tritiu. and .oisture content variation 
with depth at 4 injection sites in Aurepalle 
catchment 

18.5 Recharge measurements in Aurepalle catchment 

Tritium injection studies were carried out in the Aurepalle 
catchment during two hydrological cycles, 1984 and 1985. This 
catchment, covering an area of approximately 64 km2 is located 
in granites and has a cover of alfisols. The weathered zone 
thickness varies from a few metres up to 20 metres, with an 
average value of about 8-10 m. Recharge measurements at 15 
sites injected in June 1984 gave a mean value of 31.9 mm, 
which is 6.2% of the 1984 annual rainfall of 563 mm. Input to 
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groundwater system due to direct percolation of precipitation, 
was estiaated as about 2 x 106 m3 • 

Recharge aeasurements were repeated in the 1985 hydrological 
cycle. The mean value of recharge measured at 12 sites was 
found to be 17 mm, which is only 3% of the total rainfall of 
583 am. 

Fig. 18.2 shows a drainage map of Aurepalle catchment and 
tritium injection sites for 1984 and 1985. Typical tritium 
vs. depth profiles in the case of four injection sites from 
this catchment are presented in Fig. 18.3. The recharge data 
for 1984 and 1985 are presented in Table 18.2. 

Table 18.2 Recharge due to .onsoon precipitation in 
Aurepalle catch.ent during 1984 and 1985 

1984 1985 
81 Site Recharge 81 Site Recharge 
no. (-) no. (-) 

1 near Konapur -2 1 near Konapur 5 
2 Akuthotapally- 2 Lambaditanda 22 

Konapur -15 
3 S of Akuthotapally 39 3 Akuthotapally-Konapur 8 
4 Dodlapahad 10 4 Akuthotapally-Konapur 19 
5 Singampally II 43 5 N of Akuthotapally .. 
6 Nallavarpally 70 6 Aurepalle 17 
7 Aurepalle- 7 Singampally 33 

Chinnamadgul 103 
8 Singampally I 78 8 S of Singampally 39 
9 Reddipuram 16 9 Turkalkunta 25 
10 Reddipuram (repeat) 16 10 Reddipuram-

Chinnamadgul 8 
11 Chandrayanpalli- 11 Reddipuram-Kalkunda 15 

Kalkunda 37 
12 Kalkunda NE 8 12 near Irven 12 
13 Ajalapuram-

Chinnamadgul 5 
14 near Ajalapuram 31 
15 Irven 24 

Mean of 14 sites 31.9 Mean of 12 sites 17.3 

18.6 Bffect of rainfall pattern on recharge 

Infiltration and runoff due to a precipitation event depend 
upon the amount and intensity of rainfall as well as the 
antecedent moisture condition of the soil profile. The 
cumulative recha~ge due to a monsoonal season, made of several 
precipitation events, is also considerably dependent on the 
characteristics of the events as well as their spacing. This 
is well brought out in the study of precipitation recharge 
over the two hydrological cycles 1984 and 1985, in the case of 
the Aurepalle catchment. 
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Fig. 18.4 Rainfall pattern in Aurepalle catchment 

The annual rainfall values for 1984 (563 mm) and for 1985 (583 
mm) are almost equal but there is a great deal of difference 
in the rainfall pattern of the two consecutive years, as can 
be seen from Fig. 18.4. The 1984 monsoon is characterised by 
two major storm events, occ'urring during the 29th and 41st 
standard weeks. These events resulted in a rainfall of 115.6 
mm and 139.6 mm respectively and accounted for nearly 45% of 
the annual rainfall. The mean recharge value for 1984 was· 32 
mm. In the case of the 1985 monsoon, two storm events 
totalling 120.1 mm and 149.4 mm also accounted for 46% of the 
total rainfall. However, these events occurred during the 
38th and 40th standard'week, a situation giving'rise to higher 
runoff than the 1984 storm events, which were separated by 
about 11 weeks. Thus the average recharge due to the 1985 
monsoon (17 mm) is lower than due to 1984 (32 mml by about 
50%, as a result of the rainfall pattern. Similarly, the 
recharge would be more than the 32 mm average figure, if the 
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same amount of precipitation is more evenly distributed than 
in 1984. 

This case illustrates the need for generating recharae data in 
a small catchment for a period of about 5 years and for 
preparing a rainfall pattern:rechar.e .odel, which would then 
be able to predict the rechar.e directly from rainfall data. 

18.7 Effect of .rain size on rechar.e values 

A mechanical .rain size analysis of the Boil material 
collected beneath the injection depth was carried out in the 
case of all catchments. The soil was soaked in water in a 
beaker for about a day. The wet sample was first washed with 
a standard sieve of size 60 ~m so that all particles less than 
60 ~m in size and representing the silt-clay fractions were 
removed. The remaining sample was dried in an oven and 
further sieved into the sand (60 ~m to 2 mm mesh) and gravel 
() 2 mm mesh) fractions CAthavale et al., 1978). 
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The recharge values of individual sites were then plotted 
against the average sand content (volume percent) below the 
depth of injection. An example of such a study for 2"6 sites 
in the Lower Maner catchment (SI. no. 1 of Table 18.1) is 
shown in Figure 18.5. A best fit curve drawn through the" 

243 



points has one asymptote at about 70S. A more or less linear 
correlation between recharge values and "sand content seems to 
be valid for two separate seaments of the curve. One of these 
is in the sand percentage range of 20-40 and the other is in 
the range 55-65X. 

18.8 Diffusion of injected Tritiua activity in soil and 
variability of rechar.e rates 

In order to study the extent of lateral spreading of injected 
tritium activity in the soil due to diffusion, an experiaent 
was conducted in clayey soils at one site in Lower Maner 
Catchment C no. 1 in Fig. 18.1 and Table 18.1 h Soil cores for 
this study were obtained from the point where Tritium was 
originally injected and also from points at distances of 0.5, 
1.0 and 2.0 m from the injection point. The tracer was 
injected in April, 1976 and samples were collected in July, 
1977 CAthavale et al., 1978). Tritium activity was present up 
to a lateral distance of 1.0 m, while it was beyond the" 
detection limit at the distance of 2.0 m. The cumulative 
Tritium activity of profiles at distances of 50 cm or 100 cm 
was found to be 0.26 and 0.005 times the activity at the 
injection point. 

"The values fit into the exponential law of diffusion. For the 
experiment lastina for 15 months Ct = 450 days) the diffusion 
constant for clayey soil at site Dhawanda was found to be 
1.21x10-s cm2 s-1. This is within the range of reported values 
for diffusion rates in clays. 

In the case of the Tritium injection method, we have measured 
the reproducibility error as ± lOS. Availability of such 
estimates of experimental error in the case of other methods 
used for recharge estimation is desirable. 

Table 18.1 presents data on deep percolation or recharge in 
the case of 12 catchments, covered by vertic soils and 
alfisols and underlain by basalts, granites, gneisses, 
schists, quarzites, sandstones and shales. Theannual 
rainfall values ranae from 390 mm to 1250 am and the average 
recharae values from 6.5 mm to 100 am. A broad correlation 
between the rainfall and recharge amounts exists although this 
correlation is greatly influenced by other factors such as 
soil type, topoaraphy and hydrogeological conditions, in 
addition to the annual effect of rainfall pattern, as shown in 
the case of the Aurepalle catchment. 

The cumulative effect of the various factors leading to 
scatter of recharge values can also, at best, be expressed as 
standard errors of the average value. In the case of 
Aurepalle catchment (Table 18.2) the values are 31.9 ± 33.0 
and 17.3 ± 11.0. 

18.9 Conclusions 

The Tritium injection technique is found to be a comparatively 
quick and reliable method in estimating groundwater recharge 
due to precipitation having a peaked monsoonal character in 
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the semi-arid tropical region. These recharge values are in 
good agreement with those obtained using various other 
techniques. Recharge values in a catchment are greatly 
influenced by the pattern ~f seasonal rainfall. There is, 
therefore, a need for conducting recharge measurements for a 
period of about 5 years in representative catchaents covered 
by alfisols and vertisols, in order to prepare a data based 
model for direct deteraination of recharge from the rainfall 
record for any specified year. Systematic recharge 
measurements over large areas would provide a useful basis for 
optimal utilisation of the replenishable but limited 
groundwater reserves of semi-arid tropical regions. The 
recharge measurements will also form a primary data base for 
artificial recharge programs which would be needed for meeting 
the increasing demand for groundwater by farmers of the semi
arid tropical regions. 
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19 QUANTITATIVE ESTIMATION OF GROUNDWATER RECHARGE 
BY MEANS OF A SIMPLE RAINFALL-RECHARGB RELATIONSHIP 

D.B. Bredenkamp 
Directorate Geohydrology 
Department of Water Affairs 
Private Bag X313 
Pretoria 
South Africa 

19.1 Introduction 

Since 1963 the Bo Mopolo dolomite region (Fig. 19.1) has been 
studied with the object of estimating groundwater recharge and 
to determine the exploitation potential of different dolomite 
compartments. 

SCALE 
~km 

GROOTFONTEIN 

COMPARTMENT 

RIVER 

• DOLOMITIC SPRINGS 

® WONDERGAT SINKHOLE 

- DIABASE DYKES 

Fig. 19.1 Nap showing Bo.e or the Bo Nolopo 
dolo.ite co.part.ents, South Arrica 

The Grootfontein compartment, recently supplemented by the 
Molopo eye is the main water supply to Mafekeng/Mmabatho. 
Several methods were employed to estimate its groundwater 
recharge, e.g. 

~ water balances 
- use of natural isotopes and tritium profiles 
~ aquifer modelling 
- rainfall-recharge equations 

This paper deals with the application of a simple recharge 
equation which provides estimates of the variability and 
av.eraJe Jroundwater recharge. This is demonstrated by 
comparinJ results with estimates that were derived by other 
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methods as well as in the reconstruction of the discharge of 
dolomitic springs from annual recharge estimates. 

19.2 Rainfall recharle equation 

19.2.1 Develop.ent 

The development of a recharge equation was initially attempted 
using daily rainfall and climatic data (Bredenkamp et al., 
1974) but was superseded by models based on monthly input data 
(Bredenkamp, 1978) with a substantial improvement in the 
simulation. This prompted annual models to be tested yielding 
equally good and often better results. 

The outcome of an evaluation of different rainfall recharge 
equations provided the following simple relationship: 

REII) = AIRF(I) - B) - SMD 19. 1 

where REII) denotes the recharge for year I; RF(I} is the 
rainfall for year I; A,B are lumped parameters to be optimized 
and SMD represents the accumulated soil moisture deficit which 
is also an integrated parameter. 

B represents the threshold rainfall which has to be exceeded 
to effect recharge. Parameter A determines the proportion of 
the excess that constitutes recharge whilst B also determines 
the variability. Any negative outcome of eqn 19.1, i.e. 
rainfall below B, is regarded as soil moisture deficit, but 
this is only allowed to accumulate to a set maximum value C. 
The optimisation however showed that for most instances C = 0 
implying that soil moisture deficit can be disregarded in the 
dolomite if annual rainfall values are used to simulate 
recharge. 
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WONDERGAT HYDROGRAPH 

Fig. 19.2 Hydrograph of the Wondergat sinkhole 
which was used to reconstruct annual-recharge 

19.2.2 Reference recharge values 

The groundwater hydrograph of the Wondergat sinkhole (Fig. 
19.2) was used to reconstruct annual values of recharge as an 
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effective rise of the water table, according to the method 
proposed by Bredenkamp et ale (1974) and Bredenkamp (1978). 

By incorporating the "nQ recharge" recession, the difference 
between the actual water level and the level to which it would 
have declined, had no recharge taken place, was assumed to 
present the recharge. The "no recharge" response of the 
Wondergat was composed of the 1960/1 and 1979/80 recession 
limbs of the hydrographs. Although monthly recharge 
equivalents were obtained they were combined to yield annual 
recharge values. This was done to overcome the rainfall 
recharge lag and because annual estimates of recharge are 
adequate for most quantitative groundwater assessments. 

The Wondergat annual recharge ~quivalents are shown in Fig. 
19.3. These assess their ability to achieve good simulation. 
The difference between the reference and simulated values were 
squared and summed (F value in Table 19.1) to compare the 
performance of models. The correlation coefficient reflects 
the degree of correspondence attained. 

o 

CD 

o 

WONOERGAT 
SIMULATION OF RECHARGE 

c:::::J Simulated values 
!ZZ2I Reference values 

. 

n 

~I! ~~ nr:l IJJ~ ~ 11 I~ 
~4 59 64 9 " 79 

YEARS 

Fig. 19.3 Recharge values derived from annual 
rainfall and reference recharge values reconstructed 
as a water level rise 

19.2.3 Optimisation 

Although convergence of the F-value was sensitive to variation 
of B in eqn 19.1, it was hardly affected by adjustment of A. A 
unique solution of A could only be achieved if either porosity 
of the aquifer is known or if an independent estimate of the 
average recharge is available. 

249 



A finite element model study of the Grootfontein aquifer 
indicated a porosity of about 0.028. Using this porosity 
value A and B were found by optimisation to be 0.35 and 360 
respectively (Table 19.1). However values for A of 0.32-0.36 
and B of 340-360 also produced acceptable simulations. 

Table 19.1 Conver6ence of F for different values 
A, B and C in recharge for.ula, eqn 19.1 

A B C Siaulated Residuals 
recharae (-) squared F 

Annual version 
0.30 320.0 0 83.0 58.58 
0.30 340.0 0 77.0 59.90 
0.30 360.0 0 71.0 63.98 
0.30 380.0 0 65.1 70.74 
0.30 400.0 0 59.3 80.07 
0.35 320.0 0 96.8 63.65 
0.35 340.0 0 89.8 58.05 
0.35 360.0 0 82.8 56.20 
0.35 380.0 0 75.9 58.01 
0.35 400.0 0 69.2 63.35 
0.40 320.0 0 110.7 87.19 
0.40 340.0 0 102.7 72.62 
0.40 360.0 0 94.7 62.96 
0.40 380.0 0 86.8 58.09 
0.40 400.0 0 79.0 57.84 
0.35 360.0 10 82.8 56.20 
0'.35 360.0 20 82.8 56.20 
Monthly version 
0.40 60.0 0 81.7 65.2 

Notes. Porosity = 0.028 in all cases. Correlation 
coefficient in range 0.794 - 0.796. 

of 

In the optimisation of the monthly version of eqn 19.1, a 
value for A = 0.40 and B = 60 was obtained. As is shown in 
Table 19.1 (F-value) the monthly model is almost as aood as 
the annual version and the differences between siaulated 
rechar,e values for aonthly and annual simulations are 
surprisin,ly small as is indicated in Fil. 19.4. Fi,. 19.3 
shows the comparison between simulated and reference "recharge 
values using annual rainfall in eqn 19.2. 

19.3 Model verification 

Substituting the values of A and B that were obtained by 
optimisation into eqn 19.1 gives: 

RE(I) = 0,35 (RF(I) - 360) 

Validation of this rainfall rechar.e relationship and its 
general application were sought by verifying results with 
recharae estimates obtained by other methods. 
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Fig. 19.4 Comparison of recharge values obtained 
using annual and monthly rainfall in eqn 19.2 

19.3.1 Water balance calculations 

The boundaries of the Grootfontein'compartment (165 kmZ) are 
well delineated, and influent and effluent leakage can be 
assumed to be equal. This allows groundwater recharge to be 
estimated using a simple water balance over two periods (see 
Table 19.2). 

Table 19.2 Recharge to Grootfontein compartment 
using a si.plified water balance 

Period 

Sep.80-Aug.82 
Sep.82-Aug.83 

Puapage Change Rainfall 
in storagea 

( 10. lB. ) ( 10·.· ) (_ ) 

27.0 
13.5 

o 
6.26 

735+467 
480 

-assuming aquifer porosity 0.028 

Calculated 
recharge 

(-) 

164 
48 

Using these recharge and rainfall values yields A = 0.285 and 
B = 311. 

The response of the Grootfontein aquifer has been successfully 
simulated by a finite element model (FEM) (Van Rensburg, 1985) 
and although further refinement is to be carried out the 
following recharge values were obtained from a water balance 
incorporating all grid elements (Table 19.3). 

Using ~he recharge value in column 3 yields A = 0.227 and B = 
323, which is in close agreement with the previous' estimates 
of these parameters. 
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Table 19.3 Co.parison of recbarge esti.ates br FBH 
and eqn 19.2 ( .. ) 

Hydrological Raini'all Recharge- Recharge using 
year usina F1Dt eqn 19.2 

1980/81 735 114 131 
1981/82 467 42.5 37 
1982/83 480 36 42 
1983/84 314 -2.3 -16 

-assuming aquifer porosity 0.028 

The different sets of values obtained for A and B are not very 
critical as is indicated by the following comparison of 
recharge estimates (Table 19.4). There is good correspondence, 
except for rainfall values close to the threshold value ,B. 

Table 19.4 Co.parison of recharge esti.ates using 
different constants in eqn 19.1 

Rainfall Recharge (mm) Recharge (18m) 
(-) (A = 0.35; B = 360) (A = 0.285; B = 310) 

400 14 25.6 
500 49 54 
600 84 82.6 
700 119 111 

The variability in recharge that is not accounted for by eqn 
19.2 is not surprising if one considers variability of 
rainfall intensity, its duration and spatial distribution, and 
the heterogeneity of the recharge area. 

Attempts to obtain a better simulation by weighting A and B 
with climatic indices, such as the ratio of actual evaporation 
to average evaporation and days of rainfall, did not effect a 
significant improvement. 

19.3.2 Reconstruction of the flow of doloaite springs 

By means of the annual estimates of recharge that were ~erived 
from the recharge equation, the flow of a number of dolomitic 
springs was reconstructed according to the method proposed by 
Bredenkamp (1987). 

The method employed is that proposed to recontruct the flow of 
the springs at Pretoria Fountains (Bredenkamp et ale 1985). 
The average effective area necessary to sustain the spring 
flow is calculated by means 'of the average recharge: 

Q = RE x Area 19.3 

where RE is the average recharge and Q the average flow of the 
spring. 
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The calculated average area enables the annual recharge 
values, estimated from eqn 19.2, to be converted to annual 
flow rates. These were distributed incorporati~g carry-over of 
flow from the preceding years. In the case of Maloney's Eye 
which is a prominent dolomitic spring west of Krugersdorp, the 
followina relationship produced a good simulation of the 
spring flow: 

Q(I) = O.333(2Q(I-l) + O.3QR(I-l) + O.3QR(I-2» 

where Q(I) is the flow for year I and QR(I) is the recharge 
converted to an annual flow rate by means of eqation 19.3. 

Fig. 19.5 shows the measured and simulated flow rates for this 
spring and although 1:1 correspondence is not obtained, 
fluctuations are synchronous for most of the record. The 
simulated flow during the high rainfall period of 1976-78 is 
significantly lower than the measured values, possibly 
indicating an addition of groundwater from adjacent 
compartments during the years of excessive rainfall. 

~~--------------------------------------------, 

MALONEYS EYE 
SIMULATION OF FLOW 

~ Simulated usinQ annual recllarQe 

~ Measured flow 

20 30 40 50 

YEARS 

60 70 80 90 

Fig. 19.5 Comparison between the reconstructed and 
measured flows of Maloney's Eye 

In a more refined study the simulation of several dolomitic 
springs was carried out by Bredenkamp and Zwarts (1987). 

19.4 General rainfall-recharge equation 

Quantitative estimates of the average annual recharge which 
had been obtained for different dolomite regions were used to 
verify the applicability of eqn 19.2 in estimating the average 
annual recharge for different areas. A comparison of these 
estimates (Table 19.5) reflects a high degree of 
correspondence. 
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Table 19.5 Comparison of recharge for different 
areas in relation to esti.ates using eqn 19.2 

Locality C&tc'-t!t Lont-t.,. Recharg. Rechar .. Methods used for r'Kharge esti_tion 
(Bredet*_ et-al 1987) 

1. 

Z. 

1. 

14. 

15. 

16. 

17. 

I •. 

Zl.!urbekOlll 

Gllnsbokfontein 

Bank 

Steenkoppies 

Holfoote;n 

leliprhier 

Grootfontein 

GrootfonUin 

area Av. Rainfall 
aZ • 

130 

64 

154 

177 

75 

470 

165 

165 

67Z 

665 

640 

630 

630 

700 

560 

546 

(Eq. Z) us;", other 
_ _tNcIs (.) 

109 

107 

9. 

94.5 

94.5 

119 

71 

65 

104 

16 

109 

103 

91.5 

134 

65 

Ground-water balance and c"-ical balance 

lwater balance over t..o periods 

I"tll II1Ithod; Average F1aw of spring; Inferred 
frOll! spring flow 

I

Average flow of spr;',.: Darcy equation 

water balance 

IBased on 2 RID recharge per rain'all event 

water balance 

water balance finite el~t IIIOdel 

19. Molopo eye 590 77 Reconstructed flow of spring 

1,0. Pretoria/Rietylei 30 612 In 104 lwater balance 

69.5 

87 

111. Sishen 390 11 31 IFinite element Simulation 

!,2. Sabie 33.4 1 250 311 287 IBased on "ow from Clrainage tunne' 

In. Pretoria Fountains 30 675 110 108 IAveralle flow of Founta'ns-east springS 

1,4. leu"--n 346 11 Average "ow of lCuru.n eye 
I ____________________________________________________ ~I-----------------------------------
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Fig. 19.6 Comparison of average annual recharge 
estimates for different. regions with annual 
precipitation 

However by simply plotting the recharge estimates, (column 4 
in Table 19.5) against ·average annual precipitation 
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(Fig. 19.6) a linear relationship with the following values 
for A and B is obtained: 

RE = 0.30 (RF - 313) 
A B 

whereRE is the average annual recharge and RF denotes the 
average annual rainfall. 

19.4 

The high correlation coefficient (r = 0.989) reflects 
excellent agreement between the recontructed and reference 
recharge values. This indicates that eqn 19.4 rather than eqn 
19.2 is the general rainfall-recharge relationship for all 
dolomite areas in the summer rainfall regions of South Africa. 

19.5 Linear rainfall-recharge relationship for no~-dolo.itic 
aquifers 

In a similar quantitative study of groundwater recharge for a 
shale aquifer in the Pretoria-Rietondale area (Bredenkamp, 
1987), annual recharge values were derived from an 
interpretation of the hydrographs of three monitoring 
boreholes, again according to the method that was used for'the 
Wondergat (c.f. section 19.2.2). 

As is indicated by Fig. 19.7 a linear relationship between 
rainfall and recharge once more emerges. The recharge equation 
which is obtained by taking the average of three hydro graph 
interpretations then becomes: 

RE(I) = 0.20 (RF(I) - 395) 19.5 

which indicates that 20S of rainfall in excess of 395 mm 
constitutes recharge for this shale aquifer as compared to 30S 
of rainfall in excess of 313 mm for dolomite aquifers. 

Too few quantitative recharge estimates for non-dolomitic 
aquifers are available to check if eqn 19.5 could also be 
adopted on a regional basis, but from the results that were 
obtained for the dolomite this seems justifiable. 

19.6' Conclusions and reco .. endations 

For dolomitic areas in the summer rainfall regions of South 
Africa, the average recharge as well as the annual variability 
of recharge, could be estimated by means of eqn 19.4. 

A similar linear relationship, however, with an adjusted value 
for slope (A) and threshold value (B), was found to apply in 
the ca,se of a shale aquifer as well. 

The method shows great potential as an easy means of 
estimating recharge which is often difficult if not impossible 
to obtain reliably by other techniques. Ascertaining the 
values of A and B should be pursued for different areas and 
various types of aquifers. It seems more than likely ,that 
equations similar to 19.4 and 19.5 would be forthcoming for 
other regions of the world. 
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rainFall For .onitoring boreholes in the Pretoria
Rietondale area 
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20 SOLUTE PROFILE TECHNIQUES FOR RECHARGE ~STIMATION 
IN SEMI-ARID AND ARID TERRAIN 

W.M. Edmunds, W.G. Darling and D.G. Kinniburgh 
Hydrogeology Research Group 
British Geological Survey 
Crowmarsh Gifford 
Wallingford 
Oxfordshire, OXIO 8BB, U.K. 

20.1 Introduction 

Conventional methods for recharge estimation have limitations 
when applied to arid and semi-arid regions; the use of Tritium 
profiles is also not always applicable. Unsaturated zone 
solute profiles, using a reference solute such as chloride, 
offer an alternative technique. Sampling may be undertaken by 
percussion drilling, augering or from dug wells; the methods 
developed are described and examples discussed. Recharge 
estimates using chloride profiles from Cyprus (420 mm mean 
annual rainfall) are in good agreement with results estimated 
from Tritium profiles and indicate a mean annual recharge of 
around 50 mm/y. In Central Sudan (180 mm mean annual 
rainfall), good agreement was found between adjacent 

'unsaturated zone chloride profiles and these indicated a net 
annual direct recharge via interfluve areas of around 1 mm/y. 
It is concluded that solute profiles offer a cheap and 
effective tool for estimating direct recharge in porous 
lithologies of semi-arid regions and also for investigating 
recharge history, providing input data for chloride are 
available. In more arid regions, however, a component of 
discharge may occur during hyperarid episodes. Further 
validation of moisture composition using stable isotope 
techniques is required under such conditions. 

20.2 Model for the use of solutes to estimate recharce 

A working hypothesis for the use of solutes to evaluate the 
direct component of recharge is illustrated in Fig. 20.1. 

The input of solutes to the aquifer depends initially on the 
total atmospheric fallout per unit time, made up of rainfall 
(Fp ) and the net dry deposition (Fd) fluxes. Both the 
rainfall amount (P) and local composition of the total 
deposition (Fp + Fd) may be determined for a given sit~, 
although the regional variation in both quantities must be 
considered if recharge estimation is required for large areas. 

Solutes will be dispersed on and transported through the upper 
soil during the rainy season at rates depending. on the 
rainfall intensity. These solutes will undergo concentration 
as a result of evapotranspiration eEl. Solutes may be removed 
from solution by plant uptak~, by mineral precipitation, or by 
adsorption. Similarly solutes may be released by decay of 
dead plant material, by mineral dissolution or by desorption. 
In the absence of a knowledge of these ancillary fluxes, only 
those constituents for which there is no net release or 
storage by the soil or rock matrix may be-uied. Chloride is 
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state, moisture and solute transfer should take place towards 
the water table. The amount of solute crossin. the ZFP would 
be expected to vary in relation to antecedent rainfall over 
one or more seasons and some oscillation in the solute profile 
would then occur. A detailed discussion of the transmission 
of solutes across the ZFP is given in Wellings and Bell 
(1980). The average composition of interstitial water in this 
profile (C.) will, under steady state conditions, be 
proportional to the concentration factor, P/(P-E), assuming no 
loss of solute to minerals and that the water and ~inert~ 
solutes are transported at the same rate. 

In the steady state, the water balance equation can therefore 
be given by: 

Rd = P - E - S 20.1 

where Rd is the direct recharge flux and S is the surface 
runoff flux and all quantities in eqns 20.1-20.6 are time- and 
space-averaged. Providing surface runoff is negligible (S ~ 
0), this leads to: 

Rd = P - E 20.2 

Similarly the solute balance is given by: 

20.3 

where Fp and Fd are the average precipitation and net dry 
deposition fluxes (= input), respectively, and F. and F. are 
the net steady state output fluxes in the drainage water and 
the net flux of the solute precipitated or adsorbed by 
minerals (dissolution and desorption give a negative flux), 
respectively. F. is given by the output water flux multiplied 
by the solute concentration (approximately averaged), i.e.: 

20.4 

where C. is the average concentration of the reference solute 
in the below-ZFP water. If we assume F. = 0, then eqns 20.3 
and 20.4 combine to give : 

20.5 

or on rearranging: 

20.6 

Hence the amount of direct recharge can be estimated from a 
knowledge of the volume-averaged concentration of the 
reference solute in the rainfall (Cp ) and in the deep 
interstitial water (C.), the long-term average annual 
precipitation (P), and the net dry deposition flux of the 
reference solute (Fd). Note that if Fd = 0, then the fraction 
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of the rainfall contributing to direct .recharge is· simply 
given by the ratio Cp/C •• 

To recapitulate, the steady state model. is subject to certain 
asumptions: 

( 1 ) 

( 2 ) 

( 3 ) 

since there is a time lag in solute input to the 
unsaturated zone and its output to the saturated 
zone, it must be assumed that no major climatic 
change has occurred over this period; 

that there have been no external, e.g. fertiliser, 
additions nor recent changes in atmospheric 
pollution; 

that there is no net change in storage of the 
"reference" solute above or below the ZFP, either by 
(a) plants or animals; or (b) by mineral 
precipitation/dissolution or adsorption/desorption. 
In the first instance this assumption should be 
valid if there have been no significant natural 
vegetation changes or changes in agricultural 
practices. 

In principle, it may be possible to use as a reference any 
solute that is not released by weathering or removed by 
precipitation; even interacting solutes, e.g. cations on clay, 
in theory, may be able to be used since the quantity of 
exchangeable ions are often effectively constant and need not 
lead to a net change in storage. In practice the most inert 
solutes are likely to prove the most reliable and for this 
reason chloride has been used here for the recharge 
calculation although S04, N03 and SECZ5 (specific electrical 
conductance at 2S·C) have also been considered. It is 
possible that only a restricted portion of the unsaturated 
zone profile may be usable for recharge estimation (Fig. 
20.1). For example, the presence of certain lithologies, e.g. 
residual marine bands, may release chloride. The possible 
development of solute marine bands is summarised in Fig. 20.2. 
Profiles 1 and 2 represent steady state drainage under 
different vegetation/soil conditions where evapotranspiration 
rates differ. Profiles 3 and 4 represent two possible cases 
where solute compositions have been modified by reaction 
and/or changes in storage. Only the upper part of profiles 3 
and 4 would be of value in recharge calculations and, in 
certain reactive lithologies, no steady state profile may be 
developed at all. 

The drainage compositions, C.I-Z, would be expected to be 
similar to those encountered at the surface of ·the water 
table. However the composition of the saturated flow will 
have been modified by the incoming lateral flow with higher 
salinity. 

Therefore, water table samples taken from shallow wells are 
unlikely to be reliable for accurate recharge estimates. 
However, since chloride is not lost during drainage and 
saturated flow, the shallow groundwater chemistry, or river 
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baseflow, can always be used in areas of active recharge to 
derive a minimum figure for total recharge (Eriksson, 1976) 
and could be more widely used in regional water balance 
studies. , 
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Fig. 20.2 Idealised solute concentrations developed 
during percolation in profiles (41- 4. Steady-state 
sections are indicated by solid line 

20.3 Methodology 

Sampling of the unsaturated zone has so far been carried out 
using three different methods depending on the lithological 
nature of the terrain and the logistics. As the project has 
developed, the simpler techniques have proved to be the more 
effective. 

Dry percussion drilling In Cyprus, profiles of up to 30 m 
were obtained by a wireline percusion technique, drilling dry, 
using a claycutter with a one-way valve. Metal casing was 
advanced every metre to avoid contamination. Samples were 
bulked every 20 cm and collected in polythene bags; drilling 
progress was typically 4 m per working day. This technique 
was attempted in Sudan but was unsuccessful due to the more 
indurated and clay-rich nature of the terrain, as well as 
logistical problems. 

Power augering The principle technique used in Sudan involved 
using a Land Rover- mounted, petrol driven lightweight auger 
with 2-inch diameter flights. Samples were obtained to a 
maximum of 10 m by this method which proved the limit in this 
terrain (sandy clays overlying Cretaceous sandstone). The 
sampling method adopted involved the collect~on of comminuted 
sandy material delivered in sequence at the surface; each 
metre of material was then quartered and stored in polythene 
bags. Slight heating of samples occurred during drilling 
which might have caused some water vapour loss but this was 
not considered ~o be significant. Isotope measurements were 
made on these samples and no fractionation was observed. 
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Dug well aamplins In order to take advantage of traditional 
construction methods, a dua well samplina proaramme was 
organised in Sudan. Initially, side wall samplina of a 
recently dug well at 25 cm intervals ~o d~pths of 30 m or 
greater was carried out using both a portable electric drill 
and an adze. However this technique proved to be 
operationally difficult and ran the risk·of prior loss of 
moisture and capillary migration of solutes to the side wall. 
This technique was abandoned in favour of the "low technology" 
solution which is now being routinely used. Well-digging 
teams collect fresh material from the well at pre-determined 
intervals and/or at the end of each day's shift. Samples are 
collected in glass fruit bottling jars with rubber seals. 
Supplementary samples have also been obtained from shallow 
pits and excavations (up to 2 m). 

Samples obtained by any of the above techniques have been used 
for soil moisture and solute determinations; however only 
percussion drilling and dug well sampling methods are suitable 
for isotopic determinations (including Tritium). Typically 
50 g samples of moist disaggregated sediment are dispersed and 
elutriated in 30 ml aliquots of distilled, demineralised water 
for at least an hour, with occasional stirring; the optimum 
period is determined for each lithology to ensure effective 
elutriation. Supernatant solutions are then filtered (0.45 
~ml prior to analysis. 

Moisture content and SECzs have generally been determined in 
the field and in this way, it is p~ssible to make preliminary 
interpretation of soil moisture conditions and recharge 
estimations using SECzs. Laboratory ~nalysis was carried out 
for CI and NO, using automated colometry; sulphate and cations 
were analysed if required by ICP-OES. Moisture was extracted 
for stable isotope determination by azeotropic distillation 
with toluene. In nearly all instances, agreement between 
duplicates was within ±2 0/00 for aZH and ± 0.2 0/00 for a 1l o; 
duplicates falling outside this range were repeated until 
satisfactory. Isotopic analysis was carried out by 
conventional mass spectrometry, namely the reaction of 10~1 
water with heated Zn shot for aZH and the equilibration of 
5 ml wate~ with COz of known isotopic composition for 8 11 0. 
Some Tritium analyses of sandy material were carried out as an 
independent check of the results from the solute profiles. 
Water samples were obtained by vacuum distillation. 

20.4 Results 

20.4.1 Cyprus 

Recharge investigations were carried out on the Akrotiri 
peninsula in the extreme south of the island of Cyprus. 
Drilling was carried out in unconsolidated deposits of Recent 
age comprising mainly ·fine grained sands, where the 
unsaturated zone was at least 10 • thick. These studies were 
linked with a long-term lysimeter study of recharge (Kitching 
et al., 1980). Vegetation varied from arassland to forest; 
twelve boreholes were drilled in an area of 6 kmz in locations 
representative of all land use types. The sites drilled 
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Fig. 20.3 Chloride profiles (log Cl) fro. eight 
boreholes drilled at Akrotiri, Cyprus 

Vertical arrows indicate the profile length over 
which steady-state conditions are considered to 
exist. Horizontal arrows indicate the likely 
maximum depth of the zero flux plane (ZFP). Mean 
chloride concentrations for the intervals are given 
in mgl- 1 • 

represented undisturbed conditions with some animal grazing 
but with no inputs of artificial fertilisers. Of the twelve 
boreholes drilled, eight provided profiles to depths (15 • -
29 m) suitable for interpretation (Fig. 20.3), the others 
being abandoned due to drilling breakdowns of various kinds. 
A detailed discussion of the results is given in Kitching et 
ale (1980), Edmunds and Walton (1980) and Edmunds (1983), but 
a summary of the essential features is given here: 

(1) Below a certain depth, chloride concentrations reach 
a relatively constant value. This depth (generally 
2-3 m) is interpreted as the effective zero flux 
plane for solutes. 

(2) At depth, a nearly constant interstitial water 
chloride concentration, CI , is developed in all 
profiles with the possible exception of AK 7. There 
are fluctuations about this mean value but there are 
no significant trends with depth. Indeed, the 
amount of variation about the mean value gives an 
indication of the reliability that can be placed on 
the recharge estimate derived from a profile. The 
mean chloride concentrations also vary from profile 
to profile and this is thought to reflect genuine 
variation in the rate of recharge. 

(3) Steady state conditions are found to persist to the 
water table (e.g. AK 5) or to the maximum depth' 
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drilled (AK 8, 2, 9). In other boreholes there is 
an indication of chloride addition from the aquifer: 
in AK 3 there is an abrupt increase in chloride 
which coincides with a marine -horizon (shelly 
gravels) and the profile below this cannot be used. 
In AK 4 there is a suggestion of continuous uptake 
of chloride through the succession, and only a 
limited portion of the profile has been used. 

(4) Distinct peaks are apparent within the steady state 
sections of some profiles (e.g. AK 2), which 
indicate that homogenisation by dispersion does not 
take place. The peaks of AK 2 and possibly other 
profiles have an apparent periodicity of less than 1 
m and are considered to represent cyclic, mainly 
annual, inputs of solutes from the soil zone 
(Edmunds and Walton, 1980). 

Those sections of the solute (chloride) profiles that were 
used in recharge calculations are indicated in Fig. 20.3. 
They represent an integrated record of recharge over a period 
of time ranging from 1978 back to the late 1940's. 

Table 20.1 Mean annual rainfall (3 rear and 25 
rear) for stations at Akrotiri (Cr.prus) with the 
average chloride deposition (wet and drr) over the 
three rear period 1911-80 

Year Rainfall Mean total deposition 
(-) of chloride (kg/ha/y) 

AKROTIRI (RAF) 
1977/78 455 55 
1978/79 246 43-
1979/80 506 77 
AKROTIRI VILLAGE 
1977/78 426 66 
1978/79 235 57 
1979/80 564 96 

MEAN VALUE 406 (25 y) 66 (3 y) 

The 25 year mean annual rainfall value for Akrotiri (406 mm) 
was used for calculations and the 3 year mean chloride 
deposition flux including that of dry deposition is given in 
Table 20.1. The 3 year mean chloride deposition flux was used 
in conjunction with the 25 year rainfall value in the recharge 
calculations. There is some fluctuation in the chloride 
deposition both over the period of investigation and between 
the two stations. This is reflected in the total rainfall 
figures. The use of long term means in this technique is 
advantageous since the profile itself represents the average 
input over a number of years. The recharge estimates for the 
eight boreholes are given in Table 20.2. 

At all eight locations, recharge was estimated to be in the 
range 10-94 mm/y. The variability is consistent with changes 
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in topography and vegetation cover between sites with the 
highest values occurring in areas of sparse vegetation and low 
recharge '~10 ma) taking place where bush vegetation exists. 
The results compare well with the indepedent recharge 
estimates obtained from the Tritium peak analysis. 

Table 20.2 Data used fro. Fill. 20.3 for rechar6e 
esti.ation (el) • Co.parative results fro. Tritiu. 
profiles, (I H), are /liven for reference 

Borehole AK2 AK3 AK4 AK 5 AK6 AK7 AK8 AK9 

Profile 2.4- 2.4- 3.2- 2.0- 10.9- 1.7- 3.7- 2.0-
Interval(m) 17.3 16.1 6.9 28.3 14 0 9.4 16.0 16.5 

Length (m) 14.8 13.7 3.7 26.3 3.1 7.7 12.3 14.3 
Cs· (mg/l) 119 122 83 200 126 650 70 90 
log C. 2.076 2.086 1.920 2.301 2.100 2.813 1.845 1.954 
Rd (CI) 
Rd (3H) 

(mm/y) 56 55 80 33 53 10 9-1 74 
(mm/y) 52 ;;3 N/A 22 N/A N/A 62 75 

• Cs is the mean interstitial water chloride 
concentration estimated by elutriation of samples 
from the profile intervals indicated in Fig. 20.3. 

20.4.2 Sudan 

Estimation of direct recharge was carried out as part of a 
wider study of the recent and palaeorecharge history and water 
resources of central Sudan (Darling et al., 1987). Profiles 
were obtained by augering and from dug wells at interfluve 
sites in the vicinity of Abu Delaig ; 100 km ENE of Khartoum. 
Abu Delaig lies on a wadi system draining into Wadi el Hawad. 
Profiles were therefore obtained from indurated sediments 
including cemented sandstones in contrast to the 
unconsolidated deposits found in Cyprus. 

This area is on the Sahel margin and renewable sources of 
groundwater are principally found in the Nile valley where 
there is groundwater recharge from the river Nile and along 
the wadi lines. Isotopic and ~eochemical studies demonstrate 
that much of the water being exploited from the deeper Nubian 
aquifer is palaeowater, recharged during the mid-Holocene 
(Darling et al., 1987). There appears to be little or no 
recharge via the wadi system to the deep regional aquifer at 
the present day. 

Rainfall records are available for Abu Delaig from 1938 to the . 
present day. Over the 2.9-year period -1938-1967, the mean 
annual rainfall at Abu Delaig was 225 mm but in the period 
1971-1985 the corresponding value was only 154 mm. 'l'~e period 
of study, 1982-1985, was the most arid on record with only 
about 15 mm recorded in both lSR3 and 1984. Rainfall was 
sampled for ~bemical analysis during each of the years 1982-
1985 and the mean concentrations of chloride are summarised in 
Table 20.3. These values represent the bulk deposition during 
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the rainy season and it is assumed that during the dry season 
there is no input to or removal of chloride from the surface. 
A value of 5 mgl- 1 Cl has therfore been adopted for Cp , 

although, as discussed below, this may not be valid as a long
term average. 

Table 20.3 Chloride concentrations or rainrall 
(.ean annual average) at Abu Delail, Sudan, ror the 
period 1982-1985 ~~1-1} 

Year Total rainfall Mean CI (weighted average) 

1982 192 6.1 
1983 15.5 10.6 
1984 15.2 5.6 
1985 118 2.4 

Volume weighted 4 year average: 4.9 mgl- 1 

Four solute profiles from the unsaturated zone at Abu Delaig 
illustrate the results for Sudan (Fig. 20.4) which are 
described in detail elsewhere (Edmunds et al., in 
'preparation); hole A is a hand dug well and G, M, Q are auger 
hoies. All profiles were obtained in November 1983 some three 
months after the very poor rainy season. 

The moisture contents, plotted on a.dry weight basis, range 
from 2% to 11% and strongly depend on lithology, with the 
highest values occurring in clay-rich.horizons. The overall 
solute distribution is given by SEC2s which reflects the total 
mineralisation of the moisture profile. The chloride and 
nitrate profiles are also illustrated. Results are expressed 
as elutriate concentrations and then as calculated pore water 
concentrations after correcting for the dilution durin, 
elutriation. After correction, it was found that estimated 
pore water SEC2s values varied from 2190 to 79430 pS cm- 1 , 
equivalent to a total mineralisation from about 1300 mgl- 1 to 
values rather above sea water concentrations. These corrected 
SEC,s values should only be interpreted in a semi-quantitative 
sense because of the lack of strict proportionality between 
SEC,s and concentration. Nevertheless, they give a good 
indication of the general trend in mineralisation of the 
interstitial water down a profile. 

Chloride concentrations generally mirror SECzs indicating that 
Cl is an important constituent of the total mineralisation; 
sulphate is also present as a major solute, particularly in 
the upper section of the profiles (Edmunds et al., in prep). 
Nitrate is also an important constituent of profiles 0, M and 
Q on the southern side of the wadi with highest concentrations 
up to 1000 m,l-1 NO,-N' in pore solutions. This-is in contrast 
to hole A on the northern side of the wadi where background 
levels closer to 10 m,l-1 NO,-N are found. The variation in 
nitrate concentrations is not yet fully explained but is 
likely to relate to different vegetation or cultivation on 
either side of the wadi; it is unlikely therefore that in this 
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location nitrate could form a suitable reference solute for 
recharge estimation. 

HOLE G 
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Fig. 20.4 Moisture and solute profiles for one 
dugwell (A) and three augers at Abu Delaig, Sudan 

Data shown are: moisture content (M.C.) on dry 
weight basis; specific electrical conductance (ECz 5 ) 

of the elutriate; chloride concentration of the 
elutriate (Cl); nitrate concentration for the 
elutriate (N~-NJ; log of specific electrical 
conductance of soil moisture after correction for 
moisture content (LOG EC); log chloride 
concentration of the soil moisture after correction 
for moisture content (LOG eLl; log concentration of 
nitrat-e in soil moisture after correction for 
moisture content (LOG N~ J. 
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Chloride concentrations increase with depth over the first 1-2 
m and below this reach near constant values. They may be 
interpreted as typical recharge profiles with a zone of 
fluctuating "moisture content above a zero flux plane at about 
2 m depth. The absence of any salt accumulation indicates a 
net recharge for these profiles and a steady-state portion of 
several metres can be observed in each profile. None of these 
profiles reaches the water table but data are available from 
several dug wells in the vicinity where much lower chloride 
concentrations are observed (~n the range 40-60 .g CI 1-1). 

Table 20.4 Hean chloride concentrations in 
interstitial Haters fro. profiles at Abu Delaig 
(Sudan) and the corresponding estiaates of direct 
recharge 

Profile Interval (m) Mean Chloride No. of Rd. 
(.gl-1 , Meas. (-, 

A 1.0 - 9.80 1288 39 0.78" 
B 1.05 - 2.85 1738 8 0.58 
C 1.05 - 5.00 2239 20 0.45 
D 2.24 - 4.20 2228 8 0.45 
E 0.80 6.95 783 25 1.28 
G 2.05 - 8.80 1675 27 0.60 
H 0.80 - 3.30 1208 10 0.83 
J 0.15 - 2.80 1120 8 0.89 
K 0.80 - 2.30 971 6 1.03 
M 0.80 - 5.30 1936 18 0.52" 
N 1.55 - 1.80 3936 22 0.25 
p 0.55 - 3.00 173 10 5.78 
Q 0.80 - 6.55 1845 23 0.54 
S 1.30 - 4.30 1663 9 0.60 

Mean chloride concentrations were obtained after 
correction for the dilution resulting from 
elutriation. 

The mean chloride concentrations have been calculated for the 
steady-state sections of all 14 profiles taken from an area of 
some 6 kmz of interfluve terrain (Table 20.4). The 
interstitial chloride concentrations range from 1000 to nearly 
4000 mgl- 1 and there is some correspondence between 
concentration and site location. The highest value (N) occurs 
in a profile taken from a sandstone ridge above the main wadi 
where some run-off might have occurred. The lowest value CK) 
is from a relatively clay-rich profile from flat lying ground. 
Using steady-state interstitial water chloride concentrations 
(C.), a mean chloride concentration in rainfall (C p ) of 
5 mg1- 1 and the long-term averag~ rainfall (p),"·~alues for Rd 
are calculated. Excluding the wadi profile, these lie in the 
range 0.25-1.28 mm/y. A regional long-term average (Rd) of 
0.72 mm/y may be calculated for the direct component of 
recharge via interfluve areas in this area of Sudan. 
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20.5 Discussion 

A main advantage of the chloride profile technique is that 
results are derived in pa~t from long-term data, compared with 
direct measurements of flow in the unsaturated zone where 
results are typically obtained on an annual basis. The 
solutes in the unsaturated zone act as a totalising rain gauge 
with storage of moisture over decades or centuries. Profiles 
therefore can act as a means of obtaining long-term averages 
of recharge and also as a means of detecting climatic change 
(Edmunds and Walton, 1980; Allison et al., 1985). In 
exceptional circumstances, where the data are not smoothed by 
the dispersion it may be possible to discern annual increments 
in the profile. This can be seen in the case of the chloride 
profile AK 2 (Fig. 20.3) .where individual annual peaks are 
visible (Edmunds and Walton, 1980); using\the SECz5 profile 
from the same borehole gives a good correlation with the 
oscillations in rainfall since the 1940's. 

The chloride profiles from Sudan, indicating much lower net 
recharge rates, indicate that water is stored in the 
unsaturated zone for much longer periods. Using a value for 
the porosity of 30%, saturation at 25% and a recharge rate of 
1 mmly, a 25 m profile can be storing wat~which has been in 
transit for about 2000 years. The shape of some profiles from 
Sudan indicates that slightly less saline water is found with 
increasing depth which may be a reflection of slightly higher 
recharge rates in earlier centuries. An alternative 
explanation could be that there is a component of upward water 
vapour in these profiles and this is suggested by isotopic 
results (8 1S O, 8 2 H) from some of the profiles in Sudan 
(Darling et al., 1987). In particular, the isotopic 
composition of the deepest moisture is similar to that of 
lower salinity water contained in the saturated zone. 
However, although discharge (loss of water vapour) may be 
occurring during certain periods net recharge is indicated on 
the basis of the chloride profiles. The profiles might 
therefore represent the complex result of both processes, with 
recharge only activated during episodes of higher rainfall. 
Resolution of this problem requires further data from similar 
areas especially from those with higher mean annual rainfall. 

Just as important as measuring and obtaining a reliable figure 
for the mean interstitial water chloride concentration, is the 
reliable estimation of atmospheric inputs. This is 
particularly difficult in most semi-arid regions where long
term records of the chloride composition of rainfall and dry 
deposition are practicaly non-existent. In the present study, 
reliable data have been obtained for total solute deposition 
over periods up to 4 years, and as indicated, the rainfall in 
Sudan during this study was well below the long-term average. 
Longer runs of 4ata would improve the reliability of the 
recharge estimates. There is also the problem that rainfall 
samples can contain dust and that both rain and dry deposition 
are therfore likely to be sampled together during the rainy 
season. The effective rainfall chemistry used for recharge 
estimate purposes in Sudan is rather higher in chloride than 
that expected from its continental position. In this study it 
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has been assumed that, during the rainy season all chloride is 
washed into the profile, and that dust is "on the move" durin. 
the dry season; thus net deposition is insi.nificant except 
during the rainfall episodes when s~mpling of bulk deposition 
took place. 
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21 RAINFALL - RUNOFF - RECHARGE RELATIONSHIPS IN THB 
BASEMENT ROCKS OF ZIMBABWE 

J. Houston 
Hydrotechnica 
Penawern Court 
High Street 
Shrewsbury SYI ISR, U.K. 

21.1 Introduction 

As a result of the recent drought in Central Africa an 
accelerated programme of drought relief was commissioned by 
the Government of Zimbabwe and the European Economic Community 
in Victoria Province, Zimbabwe (see Fig. 21.1~. Over an area 
of 22000 kml, 282 boreholes were sited, drilled and equipped 
with handpumps. The area is one of variable relief on the 
edge of the Zimbabwe plateau and extends down toward the river 
Limpopo valley. The area is underlain by Basement granites 
and gneisses. The principal aquifer is composite composed of 
weathered regolith of low permeability, high storage, 
overlying fissured bedrock of high permeability and low 
storage. 

o , 

Fig. 21.1 Project location .ap, Hasavingo, Zi.babwe 

No borehole hydrographs are available to indicate that 
recharge to Basement aquifers is taking place in the project 
area. However, surface water hydrographs show considerable 
baseflow from aquifers in every year for which records are 
available. This is strong evidence for recharge. 
Hydrochemical evidence also indicates the probability of 
active recharge. Furthermore, by analo,y with other areas in 
central Africa 'Foster et al., 1982; Houston, 1982) it would 
appear likely that recharge will occur whenever the annual 
rainfall exceeds a threshold value. Lateral recharge from 
other aquifers or surface water is also a possibility, but is 
likely to be on a localised scale and is not considered 
further here. 
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21.2 Bydr~eteorololY 

Within the project area there are 22 rainfall stations with 
daily data in one case dating back as far as 1900. Only three 
stations have class A pans for evaporation and records only 80 
back as far as 1964. No systematic data is available for the 
calculation of evapotranspiration by an energy balance method 
such as Penman's so that it has been necessary to convert pan 
evaporation to evapotranspiration using monthly conversion 
factors determined empiricalliy elsewhere in Africa (Aune, 
1970; Heederick et al., 1984; Pike, 1971; Riou, 198~). 

--- Caltour of rY1!a\ ard annl rainfall in rmli metres 
(Department dMeta:rdogical s.viaIs 1968) 

Fill. 21.2 lIean annual rainfall for Victoria 
Province 

The map of mean annual rainfall produced by the Department- of 
Meteorological Services in Zimbabwe is summarised in Fig. 
21.2. It is clear that rainfall is orographically controlled 
and dependent upon the south-east Trade winds bringing .oist 
air up the Limpopo valley from the Indian Ocean during summer. 
Summer lasts from October to March when the Inter-Tropical 
Convergence zone moves south over northern Zim~abwe. 

Changes in diurnal and seasonal rainfall are shown in Fig. 
21.3 for Masvingo over a thirty year period. The rainy season 
usually starts in the second half of October and lasts for 
five months to the end of March. The most reliable months for 
rainf~ll are November, December and"January. The daily 
intensity is also greatest during these months and greatest 
during the afternoon. This means that the bulk of the 
rainfall is concentrated in a relatively short time span, 
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enhancing the potential for both runoff and recharge to 
aquifers but limiting it to short periods of the year. 

Longterm variations in rainfall are "also of importance to 
recharge estimates. The mean seasonal rainfall at Masavingo 
over 84 years since 1900 is 623 mm but there; is variation 
between 40% and 220% of this figure. The mean annual rainfall 
for the project area as a whole, found by integrating the 
areas on the rainfall contour map is 728 mm. 

The variation in annual rainfall is shown in Fig. 21.4. The 
periods 1905-25, 1951-55 and 1970-80 were wetter than normal 
whilst the periods 1925-35, 1945-50 and 1965-70 were drier 
than normal. The intensity of any dry period can be 
determined from the steepness of the descent of the graph in 
Fig. 21.4b. The recent drought intensity has never been 
matched since records began but was almost matched in 1949-51. 
However the antecedent rainfall was much less in both 1949-51 
and 1968-73 than in 1981-84. Assuming that recharge to 
Basement aquifers is largely precipitation dependent, this 
suggests that although groundwater levels may be falling 
sharply now they may not be as low as they were around 1950 
and 1970. 

Over the entire period there is no evidence for a trend toward 
drier conditions. However, there is some evidence to suggest 
poorly developed periodicities or rainfall cycles. The 
evidence comes from the autocorrelation and powe~ spectrum of 
the annual rainfall series (see Fig. 21.5). The most 
significant " periods are of 23 years (with a harmonic at 11.6 
years) and a shorter cycle of 14 years (with harmonics close 
to 7 and 3.5 years). Both of these periodicities are commonly 
found elsewhere in Africa (Houston, 1982; Lamb, 1982) and 
India (Vines, 1986). A reconstruction of the principal 
periodicities suggests that low rainfalls may continue to be a 
feature through the 1980's with a return to generally wetter 
conditions by the mid 1990's. 

Mean monthly values of pan evaporation and potential 
evapotranspiration are shown in Fig. 21.6 for a ten year 
period.· Evapotranspiration reaches a peak during the rainy 
season but the potential for excess rainf~ll contributing to 
runoff or recharge is clearly seen, despite the fact that on 
an annual bas~s evapotranspiration amounts to an average 
1246 mm. 

21.3 Baseflow analysis 

Within Victoria province four gauging stations are available 
with average daily flow data for periods varying from 8 to 17 
years. Catchment areas vary from 100 to 5390 km2, all largely 
on granitic and gneissic rocks. 

The baseflow component of the river hydrographs shows up 
clearly on both arithmetic and semi-logarithmic plots (see 
Fig. 21.7). 
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Fig. 21.5 Time series analysis of annual (seasonal) 
rainfall at Hasavingo for the years 1900 to 1983 
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Fig. 21.6 Hean .onthly values of evapotranspiration 
and rainfall at Hasavingo for the years 1914 to 1983 

Baseflow discharge represents water which has percolated 
through the soil and vadose zones to the groundwater table but 
which subsequently discharges to rivers by means of gravity 
drainage. The simplest water balance for a catchment is given 
by: 

discharge = recharge + change in storage 

Thus over periods of equivalent storage, recharge to 
groundwater is given by the baseflow component of the 
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hydrograph. Each component of thebydrograph can be 
approximated by a relationship of the form 

as shown by Barnes (1939), where Qo and Qt are the discharges 
at the beginning of the measurement period and after time t 
respectively and K is the recession constant. In the case of 
baseflow, K is a function of the aquifer transmissivity, 
storage and catchment geometr~. 
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Fig. 21.1 The relationship between rainfall, runoff 
and baseflo~ for the Hzero catch.ent 

All hydrographs examined exhibited a critical change of slope 
at extreme low flows, with marked increase in the rate of 
recession. The critical change in slope represents an 
increase in the rate of depletion of active storage in the 
catchment. Since it always occurs at the same discharge level 
for each catchment it also occurs at the same groundwater head 
distribution each time. It is considered likely that at this 
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critical point an upper zone becomes depleted and a lower zone 
becomes active with different aquifer characteristics. This 
lower zone would have higher permeabilities and the critical 
level must thus represent the change from regolith aquifer 
discharge to underlying fissured bedrock aquifer discharge. 
It is also important to notice that baseflow continues 
thoughout the dry season in all catchments in five out of six 
years, pointing to the importance of the regolith as a storage 
unit. 

A regression analysis between the baseflow and rainfall was 
carried out for each catchment. The slope of the regression 
line represents baseflo~ as a proportion of rainfall and the 
intercept of the regression line with the rainfall axis at the 
point where baseflow is zero gives the minimum critical 
rainfall for baseflow to have occurred (see Table 21.1). 

Table 21.1 Catchment characteristics for four 
stations 

Station Chiredzi Mzero Musokwesi Lundi 

Catchment area kmz 1029 100 246 5390 
Mean rainfall mm 818 1055 1126 79i 
Mean baseflow mm 31 51 32 6 
Baseflow as S rainfall 4.7 8.5 4.3 1.9 
Minimum rainfall for 
recharge mm 15i 452 379 463 
Recession constant .990 .994 .991 .996 
Period of· record 66-77 61-78 69-78 70-78 

21.4 Hydrochemical analysis 

The variation in electrical conductivity of ,roundwaters is 
shown in Fig. 21.8. Regolith ,roundwaters display a tendency 
for values less than 150 mmhos/cm to be associated with high 
rainfall and runoff areas. All major ions show a similar 
pattern as a result of their general linear relationship with 
electrical conductance. 

In the case of chloride, the principal source in ,roundwaters 
is from the atmosphere since there are no evaporite sources 
and there is unlikely to be any large contribution from the 
granite and gneiss host rocks. Based on this assumption the 
ratio of chloride in rainfall to that in groundwater is 
proportional to recharge thus: 

recharge mm = rainfall mm x rainfall Cl mill 
groundwater Cl mg/l 

The relationship between chloride and rainfall is shown in 
Fig. 21.9. There is some suggestion here that ,roundwaters 
from areas of gneiss tend to have a higher chloride content. 
For each rock type a significant relationship exists between 
rainfall and chloride content strongly suggesting that 
recharge is a function of rainfall. 
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Fig. 21.8 The electrical conductivity of regolith 
groundwaters in comparison with mean annual rainfall 
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Fig. 21.9 The relationship between chloride ion 
concentration in .roundwate~ and rainfall at the 
sa.e sample site. Rainfall interpolated from 
isopleth lIIap 

The chloride content of rainfall in Zimbabwe is not known but 
by analogy with similar areas might be expected to be about 
0.5 mg l-J (Foster ~t al., 1982); Using this value and 
rainfall values for the area, estimates of recharge can be 
made (see Table 21.2). The results show that for granite 
aquifers recharge is likely to vary from 2-3~ rainfall. For 
gneiss aquifers recharge rates of only O.5-1~ of rainfall are 
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calculated. This may suggest another source of chloride in 
gneiss aquifers. 

Table 21.2 Hean chloride content and rechar.e as a 
percenta.e or rainrall ror dirrerent geological and 
rainfall environ.ents 

Rainfall 
(-) 

500 
i28 

Granite 
Cl recharge 
(a,l-l) (X) 

28 
15 

1.8 
3.3 

,21.5 Recharse-runoff simulation 

Gneiss 
Cl recharge 

( .. 1-1) (X) 

104 
59 

0.5 
0.9 

In order to assess recharge more accurately a simulation model 
was used which requires rainfall and evapotranspiration data 
as input and produces estimates of recharge and runoff as 
output. It is essentially a routing model for flow through 
the soil and unsaturated (vadose) zones to the water table and 
to runoff. At its heart is the calculation of soil moisture 
deficits by the method of Penman (1949) and Grindley (1967) 
which in their simplest form are given by: 

SMDt + 1 = SMDt + Et - RFt for SMDt>O 

SMDt+l = Et - RFt for SMDt <0 

where SMDt is the soil moisture deficit at time t, E is the 
evapotranspiration component and RF is rainfall. The model 
requires the estimation of a root constant which operates a 
negative feedback mechanism by limiting evapotranspiration 
when soil moisture deficits are high. Any rainfall in excess 
of evapotranspiration and soil moisture requirements is routed 
downwards to the vadose zone subject to the infiltration 
capacity where a fraction becomes interflow runoff and the 
remainder recharges groundwater. 

A great variety of such models have been produced for 
temperate climates where the results have been found to be 
generally good (Calder et al., 1983) but tend to underestimate 
recharge when used on a monthly timestep basis (Howard and 
LLoyd, 1979). Houston (1982) has shown that such models are 
equally applicable to 'dry tropical climates providing 
reasonable assumptions are made. Furthermore, the error in 
using monthly time steps as opposed to daily is less than 
other potential errors, for instance that involved in 
determining evaporation. 

Using monthly rainfall and evapotranspiration data obtained as 
previously described, a simulation model was developed and 
calibrated on the period 1974 to 1983, a period when the 
average rainfall was 727 mm, close to the overall mean for 
Victoria province. A flow diagram for the simulation model is 
show~ in Fig. 21.10 for run number 11. Runs 1 to 10 were used 
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to test the sensitivity of the model by varying such factors 
as the infiltration capacity, the fractions of direct recharge 
and interflow. the maximum volumes held in surface detention 
and soil moisture storage, and the root constant (finally 
fixed at 100 mm). All values employed are considered to be 
realistic in the circumstances operating in Victoria 
province .. 

Fig. 21.10 Flow diagram for recharge-runoff 
si.ulation .odel 

The output was checked against the Lundi river hydrograph as 
shown in Fig. 21.11. In general the results are good 
confirming the validity of the model. However, 'in detail the 
actual data from the Lundi river suggests that there is 
slightly more interflow and baseflow than the model predicts. 
This would have the effect of reducing recharge to groundwater 
marginally. The results of the model (given in Table 21.3) 
suggest that some errors may be present in the first year of 
simulation. Since the runoff is underestimated recharge is 
overestimated. After the first year the results settle down 
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and mean recharge over an eight year period amounts to 22 mm 
equivalent to 2.5% of rainfall. 

3 

jAdld tDtg from I 
. lLrdRM!r' . 

Fig. 21.11 Results of recharge-runoff siaulation 
.odel 

Table 21.3 Results of recharge-runoff si.ulation 
.odel for an idealised base.ent aquifer in Victoria 
Province 

Year 1975 1976 1977 1978 1979 1980 1981 1982 1983 
Rainfall mm 1511 720 763 919 521 634 905 441 211 
Recharge mm 82 11 39 27 8 9 12 7 3 
Recharge as % 
of rainfall 5 .. 4 1.5 5.1 2.9 1.5 1.4 1.3 1.6 1.4 

21.6 Recharge to basement aquifers 

It is possible to compare the results of. recharge estimated by 
three completely independent methods. In order to do this the' 
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results of each estimate have been plotted as recharge against 
rainfall in Fig. 21.12. From this it can be seen that the 
results compare very well. Over much of Victoria province 
recharge amounts to 2-5% of the rainfall·on a long term basis. 
On a Province-wide basis with mean annual rainfall of 728 mm, 
recharge amounts to 12 mm/annum equivalent to 12000 
m3 /annum/km2 . . 
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Fig. 21.12 Relationship· between recharge and 
rainfall 

In detail however, there is considerable variation in recharge 
resulting largely from the uneven distribution of rainfall 
both in space and time. On a spatial basis, those areas above 
700 mm rainfall are more likely to receive significant 
recharge than those below 700 mm. Also, below 400 mm it is 
questionable whether recharge ever occurs. On a temporal 
basis recharge tends to be correlated with rainfall such that 
recharge is limited to short periods within the year and a few 
years wi t·h heavy rainfall are more important in producing 
recharge than many years of average ,rainfall. 

If a conservative estimate of recharge is assumed t~ be 2% of 
rainfall in an area of relatively low rainfall which, for 
Victoria Province would be at~ut 500 mm/annum,then it can be 
seen that recharge amounts to 10 mm/annum. For a rural 
development scheme the average demand of a handpump is 6500 
m3 /annum assuming 0.5 lis over a 10 hour pumping day, 360'day 
year. If it is assumed that the yield is totallY reliant on 
precipitation recharge then an area of 0.65 km2 is required 
for its sustenance at, the recharge.rate of 10 mm/annum. 'This 
is equivalent to a radius of 450 m around the borehole. Based 
on equilibrium conditions and average aquifer charcteristics 
for Basement rocks, the cone of depression due to a handpump 
would extend to at least 1000 m around the borehole and 
therefore recharge is not likely to be a limiting factor in 
resource development except in special circumstances. 

282 



21.7 Discussion 

It is quite clear that in any assessment of recharge in 
similar environments it will never be adequate to assess 
recharge based on a short data length. Since the necessary 
data for a full recharge evaluation is rarely available it is 
also important to use a variety of techniques for cross 
reference and to investigate more closely that aspect of the 
hydrological cycle, namely rainfall, which is more frequently 
better documented and can lead to a greater insight into 
potential recharge patterns. 

Reliable estimates of recharge to aqifers in central Africa 
are not common, but it is worthwhile briefly considering two 
other estimates. In an area on the edge of the Kalahari in 
Botswana, Foster et ale (1982) suggest that precipitation 
recharge is unlikely when the mean annual rainfall falls below 
450 mm and the sand cover is greater than ~ m. In a much 
wetter area (mean annual rainfall 937 mm) of Zambia, Houston 
(1982) showed that recharge was not only dependent upon 
rainfall but also upon the vegetation type. Thus in areas of 
natural forest where evapotranspiration was high, recharge 
amounted to 80 mm or 9% of rainfall, whereas those areas of 
cleared ground with crops produced 281 mm of recharge or 30% 
of rainfall. In both areas of Zambia infiltration rates were 
extremely high and runoff negligible. 

The conclusion drawn from this is that for large areas of 
Africa, recharge is dependent on rainfall both spatially and 
temporally. It is tentatively considered that rainfall below 
400 mm is unlikely to produce recharge and above this value 
the amount of recharge will depend upon factors such as soil 
and vegetation type. 
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22 TWO GROUNDWATER MODBLS FOR BSTIMATION OF NATURAL 
DIRECT GROUNDWATER RBCHARGB - A COMPARATIVE STUDY IN 
SANDY TILL 

Per-Olof Johansson 
Department of Land Improvement and Drainage 
Royal Institute of Technology 
S-100 44 Stockholm 
Sweden 

22.1 Description of the study area 

The study was performed in moraine terrain close to Emmaboda 
in southeastern Sweden (Fig. 22.1). The sandy till covering 
the area is on average 4 m deep "and underlain by granitic 
bedrock. The area is situated in the catchment area of the 
River Lyckebyan. The aquifers in the sandy till are small but 
still important as water supplies for small villages, farms 
and single households~ 

Fig. 22.1 Hap of the study area, SE Sweden 
(dot = observation tube) 
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Groundwater levels have a yearly maximum in spring after 
snowmelt and a minimum in autumn. The aroundwater is shallow. 
The yearly average groundwater level in the 11 observation 
tubes, run by the Geological Survey of Sweden (SGU), is 
approximately 1 m below ground surface and the yearly 
amplitude about 2 m. The groundwater level fluctuations are 
well correlated in time. A factor analysis already gave an 
explained relative variance of 93~ by the first variable. 
However the analysis also indicated considerably greater 
fluctuations in the other' tubes. 

The investigations were concentrated on the immediate vicinity 
of observation tube No. 7 within the Rarsbo subarea. The 
groundwater level fluctuations at Rarsbo are extremely well 
correlated and could be said to be representative for the 
subarea. Observation tube .No. 7 is located on a gentle slope 
close to a water divide and between a small grassland and a 
deciduous forest. 

Close to the tube a 2.0 m deep pit was dug in August, 1984. A 
plough layer extended down to 20 cm and was underlain by a B
horizon do~~ to 40·cm. The C-horizon was divided into two 
sub-horizons (40-100, 100- cm), where gravel and stones were 
more frequent at depth. Four vertical, parallel core samples 
(length: 5-10 cm, diam.: 7.2 cm) were taken at three different 
depths, for analyses of texture, water retention properties 
and saturated hydraulic conductivity in the laboratory (Figs. 
22.2, 22.3). Despite a slow successive saturation from below 
during a period of 14 days, it was impossible' to saturate the 
samples completely. The water constant at saturation was 4.4-
5.7% lower than the corresponding porosity values calculated 
from the dry bulk and solid densities. The groundwater table 
was 1.5 m below the ground surface at the time of sampling. 

Precipitation and snow depth are measured by the Swedish 
Meteorological and Hydrological Institute (SMHI) at R6rsbo. 
The other climatic data needed in the modelling (air 
temperature, vapour pressure, wind speed and cloudiness) were 
taken from SMHI's station in Vaxj6, 50 km NW. Average monthly 
precipitation and air temperatures are shown in Table 22.1. 

Table 22.1 Average .onthlr precipitation 
(uncorrected) and air te.peratures Fro. the'stations 
R8rsbo and V&xJ8 respective1r, run br8MHI (based 
on data From 1968-1985 and 1951-1980 respectivelr) 

J F M 
P(mm) 42 27 35 
T(OC) -2.8 -3.0 0.4 

A M J J A S 0 
34 44 47 64 45 54 50 

4.6 10.3 14.7 15.8 15.2 11.3 7.1 
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Fig. 22.2 Grain size distribution for the soil 
profile at SGU's obs. tube no. 7, Emmaboda 
(1) = 0-40 em, (2) = 40-100 em, (3) = 100 em 

Ksat (x 10-6 mS 1 ) 

63.00 -*M-- 0- 40cm 
-&- - - 40 - 100cm 
-,-- -- ~100 
••••••••• changed 

CUrie for ~100 cm 

o 10 20 30 40 so 60 
WATER CONTENT (vol.%) 

Fig. 22.3 Measured pF-values and fitted curves for 
the different layers (for the changed curve, see 
text) 
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22.2 Methods 

22.2.1 Bstiaation of aroundwater recharae fro. one
di.ensiona1 soil water .odellina 

A soil water flow model, with appropriate submodels for the 
boundary conditions, calculated groundwater recharge from 
inflow data. The model used was a one-dimensional soil water 
and heat model developed by Jansson and Halldin (1979). A 
detailed description of the model was given by Jansson and 
Halldin (1980) and only some main features will be given here 
together with adaptations to the studied problem. 

The soil water flow, expressed in the units employed in this 
study, reads: 

BelBt = -BIBz [k(BSIBz +1)] - s 22.1 

where e = volumetric water content (cm3 /cm3 ); t = time (min); 
k = unsaturated hydraulic conductivity (cm/min); S = soil 
moisture tension (em water), positive in unsaturated soil; z = 
depth (cm) and s = sink term (I/min). Eqn 22.1 is solved by 
an explicit forward difference method. The water conten~ -
tension relationship is treated by a modified form of the 
·analytical function given by Brooks and Corey (1964) and 
possible hysteresis effects are ignored. The unsaturated 
hydraulic conductivities are calculated from the water 
retention curves and measured values of saturated hydraulic 
conductivity as proposed by Mualem (1976). 

For the upper boundary condition submodels are available for 
precipitation, snow dynamics, interception and 
evapotranspiration. Measured precipitation is corrected for 
wind, wetting and evaporation losses. The fru~tion of frozen 
water in the precipitation is calculate~ from the temperature. 
The snow routine haz separate accounts for liquid water and 
total water equivalent and the accounts are connected by a 
melting-freezing function. Evapotranspiration is calculated 
as a sum of actual transpiration and wet surface evaporation. 
The interception is treated as a threshold storage for the 
whole vegetation. The potential transpiration is calculated 
by the Penman-Monteith equation. The root water uptake is 
treated as a sink term and the potential transpiration may be 
reduced due to low water content. The reduction is performed 
separately for each depth where the normalised root density is 
above zero. No water uptake by roots in the groundwater zone 
is allowed in the model. 

If the whole soil profile is unsaturated, the lower boundary 
condition consists of a unit gradient percolation. If a 
groundwater level is present above the bottom of the profile, 
a groundwater outflow (q,r) is calculated from: 

q, r = ql max ( 0, Z 1 - z •• t) + qz max ( 0, Zz - z •• t ) 

22.2 

where ql, qz = maximum peak and baseflow respectively; ~ •• t = 
level where the soil water tension is nil and ZI, Zz = levels 
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where peak and baseflow respectively ceases. ql,qa, Zl,Za are 
obtained from calibrations. 

The heat flow is calculateq as the sum of conduction and 
convection using the general heat flow equation solved by an 
explicit forward finite difference method. Air temperature is 

,given as the upper boundary condition when snow is absent. 
During situations with snow cover the thermal properties of 
the snow are taken into account. The lower boundary can be a 
temperature or a constant heat flow from below. The different 
thermal properties for organic and mineral soils, different 
water contents and unfrozen and frozen conditions are 
considered. Soil frost treatment is based on a function for 
freezing point depression and on analogy between freezing
thawing and drying-wetting capillary processes. Unfrozen 
water below zero degrees is thus associated with a soil 
moisture tension and an unsaturated conductivity when 
interaction between heat and water flow is allowed. Freezing 
gives potential gradients which force water to flow according 
to the prevailing conductivity. 

Climatic data from SMHI's stations at Rarsbo and Vlxj8 were 
used as driving variables. The precipitation data were 
corrected for wind, wetting and evaporation losses by 1% for 
'rain and 21% for snow. The lower boundary condition was given 
as an existing groundwater table and a groundwater outflow 
(cf. eqn 22.2). The soil profile was divided into a number of 
compartments to account for numerical requirements and for 
observed vertical heterogeneity. In the root distribution 
adopted, the deepest ,roots reach 1.5 m below ground and 85% 
were located above 0.5 m. 

The model was tested against observed groundwater level data. 
A dry and wet period were chosen for the tests (Oct. 1970-Feb. 
1972 and Nov. 1979-0ct. 1980). The tests were performed 
separately for winter and summer periods. The winter periods 
were used to settle the groundwater flow parameters ql, qa, Zl 
and zz of eqn 2 (15.0 mmld, 0.4 mmld, 0.4 • and 3 ml. The fit 
for the summer periods was obtained by adjusting the surface 
resistance and its seasonal variation in the Penman-Monteith 
equation. 

It appeared to be impossible to get good fit for the dry 
summer 1971. The simulated groundwater table was too shallow 
and the recovery in autumn was delayed. Changes in the 
assumed root distribution improved the fit for this year but 
caused disagreements for wetter years. Another factor of 
importance for predictions of the groundwater level was the 
upward capillary water transport. Earlier simulations 
(Johansson, 1986) showed that this transport was very 
sensitive to changes in water retention properties at low 
tensions. By asauminl a higher air-entry value (30 cm) for 
the deepest layer, in contradiction to estimations from the 
laboratory determination of the pF-curve (Fig. 22.3), the best 
agreement was obtained independent of year. 

Groundwater recharge was in the simulations defined as the 
accumulated flow across the compartment boundary immediately 
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above the groundwater table. For a long period of. time, when 
changes in storage may be neglected, the aroundwaterrecharge 
will be equal to the accumulated groundwater outflow. 

22.2.2 Soil .oisture budget .odel 

The most commonly used .odel of the unsaturated zone, for 
estimation of groundwater recharge, is a single reservoir 
model (see, e.g., Penman, 1949; Grindley, 1967 and 1969; 
Eriksson and Johansson, 1978; Howard and Lloyd, 1979 and 
Rushton and Ward, 1979). Conceptually the size of the 
reservoir is meant to represent the amount of water contained 
in the root zone between the field capacity and wilting point. 
At every time step, precipitation minus evapotranspiration is 
added to the reservoir. When the reservoir is full, the 
surplus will go to groundwater recharge. The 
evapotranspiration usually takes place at potential rate until 
a certain soil moisture deficit is reached. The actual 
evapotranspiration then decreases and reaches zero when the 
reservoir is empty. 

Some earlier comparative studies suggested an underestimation 
of the groundwater recharge calculated with this model and an 
inability to represent the recharge dynamics as reflected in 
groundwater level fluctuations (Smith et al., 1970; Fox and 
Ru~hton, 1976 and Kitching et al., 1977). Rushton and Ward 
(1979) tested different ideas of by-pass flow to the 
groundwater zone when the reservoir was not full. 

Results from the model are of very limited value without 
calibration and validation, since there is a substantial 
uncertainty in input data (precipitation and potential 
evapotranspiration). 

Considering the soil water retention and flpw properties in 
the study area, and the groundwater level fluctuating from 
immediately below ground surface almo~t down to the bedrock, 
it did not seem possible to determine a single site reservoir 
with the physical representation outlined above. However, it 
was considered to be interesting to test and compare this 
commonly uaed method against the simulations by the one 
dimensional soil water flow model and against observed 
groundwater level fluctuations. 

The soil moisture budget model was applied in the R6rsbo area, 
where simulations with the one-dimensional soil water flow 
model had been performed earlier. The soil moisture budget 
model was calibrated and compared with the SOIL simulation 
giving the highest recharge for the period 1970-1984. The· 
same climatic input data were used. (1969, which was the 
first year with rainfall data available from R6r$bo, was 
excluded since the results from the soil moisture budget 
modelling might be biased by the choice of the initial value 
of water content in the soil moisture reservoir.) 
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The structure of the soil moisture bud8et model proaramme was 
taken from Nilsson (1983). The relation between potential and 
actual evapotranspiration was given by: 

AE = PE(S/SFC)C 22.3 

where AE = actual evapotranspiration; PE = potential 
evapotranspiration; S = actual soil moisture storaae; SFC = 
maximum soil moisture storage and C = coefficient obtained 
from calibration. The snow routine was based on a degree-day 
approach. The concepts of no groundwater recharge before the 
soil moisture reservoir was full and allowing a fraction of 
rainfall or snowmelt for recharge also when a deficit existed, . 
were both tested. The fraction forming recharge depended on 
the deficit (Fig. 22.4). The latter concept is often adopted 
in runoff modelling (see e.g. Bergstr8m, 1976). 

GWR/P 

1.0 
-¥ -1, if S·SFC 

~R -0, if S<SFC 

o~~----------~~~ SOIL MOISTURE 
o SF( 

Fig. 22.4 Different concepts for tbe relation 
between groundwater recharge and water content in 
the soil moisture reservoir (ON.R = groundwater 
recharge; P = precipitation and snow.melt; S = 
lIlaXilIlUlIl water content in the soil .oisture 
reservoir; SFC = maxilIlum water content in the soil 
moisture reservoir; B = coefficient obtained fro. 
calibration) 

22.3 Results 

22.3.1 Bstimation of groundwater recharge fro. the soil water 
modelling 

The period 1969-1984 was simulated using the model parameters 
for g~oundwaterflow and evapotranspiration obtained from the 
tests (simulation A). The sensitivity of the simulated 
groundwater level to displacement in the water balance, 
between evapotranspiration and groundwater outflow, was also 
tested for the same period. The parameter for maximum 
groundwater baseflow was put to 50 and 200% respectively of 
the value used in the first simulation (simulations B and C). 
These changes were. compensated by simultaneous adjustments of 
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the evapotranspiration accordina to' the tests using the 
original calibration periods. 

The correlations between simulated and observed groundwater 
levels were high for all three simulations (r = 0.92, 0.89 and 
0.94) (Fig. 22.5). A closer examination revealed that during 
winter simulation C mostly gave a too rapid decline of the 
groundwater level, but a considerably better fit during summer 
19i9. For this same year, simulations A and B gave much too 
deep groundwater tables and the recoveries in autumn were too 
late. Generally all three simulations had a tendency to give 
too deep groundwater tables in summer and too late recoveries 
in autumn. 
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Fil. 22.5 Observed and si.ulated Iround~ter 
levels, 1969-84, at sau's obs. tube No. 1, ~aboda 
(1) si •• A, (2) si •• B, (3) si •• C, (4) observations 

The different distributions between evapotranspiration and 
groundwater outflow in the simulations gave considerably 
different values for the groundwater recharge (Fig. 22.6). 
The average yearly evapotranspiration for the period was 440, 

292 



465 and 399 mm respectively and the resulting aroundwater 
recharge 159, 134 and 197 ma. 

All three simulations had March and April as the main recharge 
months, 37-53% of the yearly total. The simulations Band C 
and as a comparison, the runoff at SMHl's station in 
KAttilsmala '785 kmZ) in the river Lyckebyan are shown in Fig. 
22.7. Simulation C gave the most evenly distributed recharge 
allowing a significant net recharae also durina June to 
September. For June the other simulations gave a net 
transport from the groundwater due to capillary rise. 
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Fig. 22.6 Groundwater recharge, 1969-84, at SGU's 
obs. tube No. 1, E .. aboda 
(1) sim. A, (2) sim. B, (3) sim. C 
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Fig. 22.1 Seasonal variation of groundwater 
recharge according to the si.ulations Band C and 
runoff at SMHI's station at KMtills.ala in the river 
LTCkebT8n, (1) si. B, (2) si •• C, (3) runoff 
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The simulated upward transport from the .roundwater zone was 
also appreciable, amountin. to a yearly avera,e of 29, 36 and 
17 mm respectively for the simulations. Durin, single years 
it was more than 30 IUD also for the "leas,t evapotranspiration 
simulation", and could for sin.le months amount to 10 mm. 
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~ 
~ 30 z 
Q 

~ ..... 20 
~ 
u 

10 &&J 

~ 

1980 

Fig. 22.8 Precipitation and observed (crosses) and 
, si.ulated ground~ater levels (dasbed line), Hay-Aug. 

1980 (SHHI's'station at R8rsbo and SGU'. obs. tube 
No. 1, ~aboda) 

From observations of risin, .roundwater levels, it was obvious 
that groundwater recharge also occurred during sh'ort periods 
most of the summers. Such a period occurred in July 1980 
(Fig. 22.8). According 'to simulation A, the groundwater 
recharge was 15 mm during the period July 7 ~ 23. The 
groundwater outflow was 4 mm. The water table rise from 1.69 
to 0.91 m below ground then was caused by a chanle in 
groundwater storage of 11 mm, correspondin, to,a specific 
yield of 0.014. The precipitation durion, July 1 - 23 was 118" 
mm. An autumn recovery may be exemplified by data from Oct. 
24 - Nov. 8, 1974. A rechar,e minus outflow of 20 mm caused a 
water table rise from 2."89 to 0.78 m below ground resu1tin, in 
a specific yield of 0.009. Studies of rises when the water 

294 



table was more shallow e.g., for Dec. 8 - 12, 1980, aave 0.32 
m of water table rise (0.47 to 0.15 m below ground) from 10 mm 
increase of groundwater storage, corresponding to a specific 
yield of 0.031 . 
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Fig. 22.9 Annual and .onth1y recharge, 1910-1984, 
at RBrsbo (SGU's obs, tube No.1) simulated by two 
diFFerent variants of the soil moisture budget 
method and by one-dimensional soil water Flow model 
(a) (1) soil moisture budget .ethod with no recharge 
when reservoir deFicits existed, (2) soil moisture 
budget method with a Fractional recharge also when 
deFicits existed, (3) one dimensional soil water 
flow simulation (SOIL) 
(b) monthly averages of groundwater recharge for the 
period 1970-1984 (symbols as above) 
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22.3.2 Soil .oisture budget .odel 

The concepts with no groundwater recharge before the soil 
moisture reservoir was full and allowing. a fraction of 
rainfall or snowmelt for recharge also when a deficit existed, 
were both tested. Several tests, with different sizes of the 
reservoir and the coefficient determining the fractional 
recharge, ·were performed. Results fro. one simulation based 
on each concept will be discussed, both giving approximately 
the same average annual recharge, for 1970-1984, as the SOIL 
simulation giving the highest recharge. Using the "no 
recharge before full reservoir" concept, the reservoir had to 
be about 150 mm,while 250 mm gave the best result together 
with a value of 5.0 for the coefficient B for the other 
concept. The average annual recharge was 194 and 195 mm 
respectively. 

Studying annual and average monthly recharge, the simulation 
with recharge also when a reservoir deficit existed showed a 
better agreement with the SOIL simulation (Fig. 22.9a,b). 
Still substantial deviations were present for single years. 
The largest deviation, 25-30%, appeared for the years 1976-
19ii. No systematics in the deviations, coupled for example 
to dry and wet years, could be observed. 

Looking closer to the dynamics, it was obvious that 
groundwater recharge during the summer was underestimated when 
no reservoir deficit was accepted. No recharge was simulated 
in situations when rising groundwater levels were observed. 
Recharge in autumn was also delayed compared to rising 
groundwater levels and sometimes completely missed before 
winter. Both summer recharge and autumn recovery were better 
reproduced in the simulations where recharge was allowed, also 
when the soil moisture reservoir was not full. 

This case study is based on material published earlier by 
Johansson (1987, 1988). 
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23 RECHARGE IN THE MEHSANA ALLUVIAL AQUIFER, INDIA 

Prof. K.R. Rushton 
School of Civil Bngineering 
University of Birmingham . 
Birmingham, B15 2TT, U.K. 

23.1 Introduction 

This case study is chosen to illustrate how recharge estimates 
can be made for an alluvial aquifer. A variety of techniques 
are discussed including soil moisture balances, the use of 
tritium as a tracer and the water table fluctuation method. 
As the discussion proceeds it will become apparent that none 
of the techniques provides a complete understanding of the 
recharge processes; consequently a numerical model of the 
aquifer system is also developed to obtain an alternative 
estimate of recharge. 

The Mehsana alluvial aquifer in Gujarat, western India, has 
been exploited for many centuries, Fig. 23.1a. Until the 
availability of power driven pumps, the quantities of water 
drawn from large diameter wells never caused a significant 
lowering of the water table. However, the availability of 
motor driven centrifugal pumps in the shallow wells resulted 
in the steady lowering of the water table, Fig. 23.1b. Due to 
the continuing fall in the water table, boreholes were drilled 
deeper into the aquifer; in many situations the piezometric 
heads (PH) of the deeper aquifers were found to be several 
metres above the water table, Fig. 23.1c. 

(a) 

1930's 

Phreatic Aquifer 
(sand and gravel) 

Clay (with a little sand) 

(b) 

1950's 

Aquifer (sand with clay layers) 

WT 

(c) 

1960~s 

Obs. well 

II 
II 
II 
II :1 

PH 

WT 

(d) 

1980's 

WT--tllt--

I' 
II 
I' 

" 

WT 

,. Ptf"--

(e) 

1980's 

II 
/I 
II 'I II ________________________________________ ~I~'-----------------------

Clay with a IUle sand) 

P represents centrifugal pump. WT indicates water table. PH Indicates piezometric head 

Fig. 23.1 Changing .ethods of exploiting the 
Hehsana aquifer, India 

rhe success of this exploratory drilling,and the small 
irawdowns observed during the initial pumping tests of the 
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wells in the deeper aquifers suaaest'ed that the lower aquifers 
would provide a plentiful supply of water. Consequently, many 
of the dug wells were converted to dug-cum-bore wells and a 
large number of deep tubewells were also constructed. The 
optimistic predictions of the probable aquifer yield were not 
realised. As more wells were drilled the pumping levels fell; 
reductions of 50 m or more were not uncommon, Fig. 23.1d. 
Steady falls in the water table have also continued. 

At one stage it did appear that the decline in water tables 
could be reversed when canal irrigation extended over part of 
the area. It was anticipated that the water lost from the 
irrigation system would travel quickly to the water table 
resulting in a rise in the water table. In practice, there 
has been little effect on the decline of the water table 
whilst water-logging is developing in certain areas. 

This background has been presented to indicate that the over
exploitation in this aquifer is serious and that a realistic 
quantification of the recharge is essential before any steps 
can be taken to remedy the situation. Furthermore, the, 
recharge to the aquifer cannot be determined by adopting only 
one technique; instead it is necessary to consider all 
available information in an attempt to gain an adequate 
~nderstanding of the recharge processes. 

23.2 Details of the aquifer syste~ 

The Mehsana alluvial aquifer extends over an' area of about 
3000 km2 with the ground elevation falling from 180 m in the 
northeast to about 76 m in the southwest, Fig. 23.2 (Rushton 
and Tiwari, 1988). Average annual precipitation varies from 
about 900 mm on the higher ground to 500 mm over the lower 
ground. Maximum daily temperatures range between 420C and 
300 C with a mean annual potential evapotranspiration of more 
than 1500 mm. There are two main rivers, the Sabarmati which 
flows throughout the year due to reservoir releases and the 
non-perennial Rupen River. Canal irrigation is being 
developed over the northeastern part of the study area. 

The aquifer system can be described as consisting of a 
phreatic aquifer and a complex sequence of sand, clayey sand 
and sandy clay lenses. A simplified cross section is 
contained in Fig. 23.3. From a number of observation"wells 
which tap different depths within the aquifer it is possible 
to gain an insight into the current flow mechanisms. Fig. 
23.4 shows that there are small fluctuations in the water 
table (Observation well P) with rises occurring during the 
rainy season of June to September and falls during the dry 
season. The response of the deeper aquifer piezometers, C1 
and C2, is different. Recovery in levels commences in March 
and continues at a relatively con~tant rate until October; -
this response is primarily due to the variation in pumping for 
agriculture wh~ch is maximum during the period October to 
March but is far lower during the hot season and monsoon 
season from March to October. 
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299 



100 P C, Cz 

a 

100 

~ Clay and sandy clay 

o Sand with some clay 

:§ 
"0 • ! .. 
.! 
; 
"0 c: 
::J 
0 
CI 

p 

80 

70 

60 1983 1985 
Monsoon~ ____ -M~ __________ ~~~ ________ ~~ 

Fig. 23.4 Seasonal bydrograpbs at various deptbs 

23.3 Sources of recharse 

There are a number of potential sources of recharge to the 
aquifer. These include: 

rainfall and irrigation recharge, 
losses from canals and rivers, 
losses from irrigated fields. 

This section indicates how the potential recharge due to these 
various sources is estimated; the magnitude of the actual 
recharge which reaches the aquifer will be considered in a 
subsequent section. 

23.3.1 Rainfall and irrisation recharge 

As far as the ground is concerned there is little difference 
between rainfall and the application of water to the fields 
during irrigation. The convential method of estimating the 
recharge due to rainfall is to use a soil moisture balance 
technique as described in~Section 11.4. Since there are only 
a few rainy days during the monsoon season and also "because 
irrigation only occurs on a restricted number of days, it is 
essential to perform the calculation each day. The basis of 
the method is that a daily calculation is made of the 
conditions in the soil zone. 

Conditions within the soil are expressed in terms of a soil 
moisture balance. When precipitation or irrigation occurs, 
some of the water may become runoff and the remainder of the 
water usually infiltrates into the soil zone. Of the water 
that enters the soil zone, some will be transpired by the 
crops and the remainder is stored within the soil zone. On 
days when there is no infiltration, the evaporative needs of 
the plants are met by the withdrawal of water from the soil 
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zone. However if the soil zone is fully saturated and there 
is an excess of available infiltration, the soil .ay become 
free draining with the result that recharge to the aquirer 
equals the excess infiltr.tion. For relatively coarse soils 
this is a reasonable approximatior.. 

In the Hehsana region the~e are about 30 days each year when 
there is a hi~h rainfall. For only about half of these is the 
soil fully saturated. Consequently, according to the soil 
moisture balance technique, recharge occurs on about 15 days 
each year. For the return flow to the aquifer due to 
irrigation, recharge only occurs when the irrigation is of 
such an intensity that the soil is fully saturated. This 
depends on the availability of the water; for farmers towards 
the top of the irrigation scheme this may occur during most 
waterings whereas the tail-end farmers rarely have enough 
water to fully saturate the fields. 

23.3.2 Effect of farming practice 

The above approach provides a reasonable estimate of the 
recharge for the coarser soils of the higher ground. However, 
in the lower ground of the Mehsana area, where the intensity 
of farming is far higher, the farming practice means that the 
above approach is not satisfactory. Many of the fields are 
used at times of plentiful water for flooded rice irrigation. 
Consequently, there is a less permeable layer within the soil 
which prevents the soil from becoming free draining. Another 
common practice is that during periods of heavy rain, the 
farmers ensure that any runoff is diverted to a low-lying 
field which is then used to grow flooded rice. This limits 
the recharge. Furthermore, because fields in the Mehsana area 
are irrigated using comparatively expensive well water, the 
farmers are careful in the use of water, pumping only 
sufficient water to prevent the soil from drying out but not 
enough to saturate the soil. Consequently, little of this 
irrigation water becomes recharge. Detailed recharge 
calculations show a wide variety of recharge intensities over 
the area. During drought years the rainfall or irrigation 
recharge over the entire region is effectively zero. During 
average rainfall years, the recharge over higher ground with 
the higher rainfall and coarser soils approaches 150 mm/T 
whereas in the lower lying ground the recharge is very small 
due to the farming practice. In years with a high rainfall, 
the recharge for the higher ground can exceed 300 mm/y and the 
recharge in the lower areas approaches 100 mm/y. 

23.3.3 Recharge due to losses from canals 

The conventional approach in estimating the recharge is to 
calculate the loss from a canal as a function of the wetted 
perimeter (Wachyan and Rushton, 1987). For main and secondary 
canals a typical value is 0.2 m3 /d/ml , most of this loss 
becoming groundwater recharge. For a canal with a base of 
2 m, depth of water 1 m and sides of 450 the loss equals 
0.97 m3 /d/m. 
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This approach ignores two important features of the underlying 
strata which strongly influence the losses from canals, 
namely: 

- the hydraulic conductivity including layered effects, 
- the groundwater heads. 

Losses from a canal do increase with the hydraulic 
conductivity and are strongly influenced by the nature of the 
layering and the groundwater heads. For a situation such as 
that illustrated in Fig. 2~.5 where there is a low 
conductivity zone about 10 m below the bed of the canal, the 
loss to groundwater equals 1.91k m3 /d/m where k is the 
hydraulic conductivity of the main aquifer. Where canals have 
been constructed in the more permeable areas, the hydraulic 
conductivity is at least 1.0 m/d, which is equivalent to a 
loss almost double the value quoted at the beginning of this 
section. Even if the canal is lined, the losses are likely to 
exceed 70 % of this value (Wachyan and Rushton. 1987). 

Free water surface Low conductivity layer 

-------

. Centre line between canals 

Fig. 23.5 Influence of hydraulic conductivity on 
canal losses 

23.3.4 Losses from rice fields 

Another example of losses to aquifers due to irrigation occurs 
with flooded rice fields. Detailed field and model studies 
(Walker and Rushton, 1984) have shown that substantial 
quantities of water can pass through the bunds of rice fields 
to the underlying aquifers. This occurs because the puddled 
layer does not continue under the bund. 

For a typical rice field with an area of 2000 mZ the loss can 
be expressed in the same form as an equivalent of water and 
equals approximately 40k m3 /d where k is the hydraulic 
conducivity of the bund. Therefore for soils with a 
moderately high hydraulic conductivity of 1.0 m/d the loss 
distributed over the area of the rice field is equivalent to 
20 mm/d; this loss is significant both in terms of the poor 
efficiency of water use and in the high recharge which it 
produces. However, for clay soils the loss is small and 
indicates why the recharge due to irrigation in Central . 
Mehsana is small. Furthermore, the loss from the rice field 
depends on the depth of water; the figures quoted above refer 
to a depth of water of 16 cm which is typical for canal 
irrigation schemes. When groundwater is used with daily 
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waterings, the depth of water may only be 5 cm and the losses 
through the bunds then become significantly less. 

23.3.5 Co .. ents 

This section has illustrated how physical models can be used 
to estimate the potential recharge through the soil zone or 
from canals or irrigated rice fields. To estimate the 
potential recharge over the whole area it is necessary to 
divide the area into zones and perform separate calculations 
for different rainfall intensities and different crop and soil 
types. Additional calculations are necessary to estimate the
magnitude of recharge due to canals and flooded rice fields. 

23.4 Estimating recharg~ by tracer~ 

A variety of different tracer methods have been used to 
estimate the magnitude of the recharge to the ~ehsana alluvial 
aquifer. Direct estimates of recharge have been made using 
environmental tritium and a greater understanding of inflows 
to and outflows from this aquifer have been made using i4e, 
3zSi and uranium. 

23.4.1 Environmental tritium 

Sukhija and Shah (1976) carried out an investigation into the 
change in environmental tritium profiles over an interval of 
two years. Three of their sites lie within or close to the 
study area, Fig. 23.2. They each relate to a different type 
of area: 

Balol is on the lower ground where there is intense 
agriculture, the soil is a sandy loam, 

- Sankeswar has a sandy soil and is in the arid zone 
in the vicinity of the Rann of Kutch. 

- Taranga is on the higher ground where the topsoil is 
a coarse sand, 

Fig. 23.6 shows the tritium concentration in the precipitation 
in the south of the region; peak concentrations occurred in 
1963-64 and have fallen steadily. Tritium profiles for the 
three sites are plotted in Fig. 23.7, values are quoted for 
1967 and 1969. The figure also contains profiles of the soil 
moisture content. Two alternative methods of estimating the 
recharge are used. Each is based on the assumption that the 
tritium moves at the same rate as the water. Further, a 
piston flow mechanism is assumed in which the younger water 
causes the older water underneath to move down~ards. 

In the peak method, the movement of the peak due to the 
1963/1964 rainfall is traced. The recharge is computed by 
finding the amount of water present from the surface downwards 
to the tritium peak position. This is compared with the 
precipitation since 1963 to the time of the investigation; the 
ratio of these two determines the recharge rate. 
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In a second method, called the total tritium method. a balance 
between tritium fallout and tritium accumulated in ~roundwater 
is obtained; the difference is attributed t9 
evapotranspiration and runoff. The ratio of tritium in the 
groundwater to total tritium in the precipitation equals the 
ratio between recharge and total precipitation. Tritium 
concentrations are corrected for radioactive decay and the 
calculation covers the period from 1952 to the date of the 
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investigation. Recharge estimates for the period 1967 to 1969 
are listed in Table 23.1. 

This table shows that the two methods of estimating the 
recharge from the tritium profiles give similar results at 
Balol and Sankeshwar. The precipitation at Sankeshwar is less 
than at Balol and the recharge values show a similar trend. 
When expressed as a percentage of the rainfall, the recharge 
values are between 3-4%. This percentage is lower than the 
value that is normally used in India, but from knowledge of 
the field conditions such a low value is not unexpected. 

Table 23.1 Recharge esti.ates For 1961 to 1969 
using environ.ental tritiu. .easure.ents 

Site 

BalDI 
Sankeshwar' 
Taranga 

Annual recharge (am) 
Peak method Total method Mean 

28 
17 
58 

25 
13 

>27 

26 
15 

An examination of the tritium profiles at Taranga indicate 
that the downwards movement is so rapid that it is difficult 
to use the total tritium method. Even the use of the peak 
method is open to question since the profile hardly extends to 
the peak. The recharge estimate of 58 mm/y is higher than at 
the other sites but it is still smaller than estimates 
indicated by other methods for the higher ground with the 
coarse soil. 

As an alternative to the environmental tritium method 
described above, it is possible to inject tritium in the 
ground. Injected tritium studies which have been carried out 
in the study area are described by Gupta and Sharma (1984). 
Recharge rates were estimated to be 9S of the rainfall. 

Tritium measurements provide point estimates of the recharge. 
Usually they refer to areas without growing crops and 
furthermore, a site is usually selected where the soil profile 
is relatively uniform. Consequently the results are unlikely 
to be representative of most of the study area which is under 
agricultural production. Nevertheless, the tritium technique 
does provide useful information for overall assessment of the 
recharge. 

23.4.2 Other tracers 

Tracers have proved to· be useful in learning more about the 
likely flow paths within the aquifers; th~ results can provide 
information to check the recharge estimates. Gupta et ale 
(1981) use the ratio of 32Si and llC which have half lives of 
300 and 5730 years respectively. Different ratios of these 
parameters can be used to estimate whether the water deeper in 
the confined zones originates mainly from horizontal flow from 
more distant recharge zones or from vertical flow through the 
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less permeable layers. Vertical flow is found to be very 
important in the Mehsana alluvial aquifer. 

Uranium isotopes have been used ta le~rn more about the 
interaction between phreatic aquifers and the Sabamarti River. 
Information has been gained about the flows from the aquifer 
to the river; this can provide insights about the possibility 
of the river recharging the aquifer. Borole et al. (1979) 
used Z38U concentrations and the 23.U/23.U activity ratio in 
boreholes and in the river to est~mate the flows from the 
aquifer to the river. Using a simple mixing model, estimates 
have been made of the flow from the aquifer to the Sabarmati 
River. Along one stretch of the river the measured uranium 
concentrations in the river were found to be less than those 
for the river water flowing into that stretch. This suggests 
that water flows from the river to the aquifer but it was not 
possible to estimate the magnitude of the flow. 

23.5 Water table fluctuations 

Estimates of the recharge are frequently made on the ~ise in 
the water table during the rainy season. The concept is 
simple; the water table rise is multiplied by the specific 
yield to give the recharge. Fig. 23.8 shows the water table 
fluctuation in a dug well in the Mehsana region; values are 
quoted for May which is before the start of the monsoons, 
October which coincides with the end of the monsoons and 
January which is the middle of the dry season. Water table 
rises for years with higher ra~nfall are generally about 2 m 
and during years with lower rainfall the rise is closer to 
1 m. 
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The next step is to estimate the specific yield. Pumping 
tests have generally led to the value of 0.02 to 0.05 whereas 
text books (Todd, 1980) suggest drainable porosities of 0.15 
to 0.2 for sandy or sandy clay soils. However, when note is 
taken of the unsaturated conditions within the zone of water 
table fluctuation the actual meaning of the specific yield 
becomes less clear (Section 16.2). If water is pumped from 
shallow wells during the monsoon season, this must be added to 
the recharge estimate. 

Despite the difficulty in determining both the magnitude of 
the water table fluctuation and the appropriate value of the· 
specific yield, the water table fluctuation method, together 
with estimates of other sources of recharge is often used as a 
means for determining the recharge to an aquifer. Table 23.2 
refers to a recent attempt at assessing the recharge 
components for the Mehsana alluvial aquifer. Two areas are 
considered, Visnagar which is on the higher ground with a more 
sandy soil and Central Mehsana where soils have a higher clay 
content. 

Table 23.2 Recbarge estimation for two areas'in tbe 
Mebsana alluvial aquifer. Results are quoted as 
1(JI r per ;year for a typical ;year 

Recharge source Visnagar Central 
Mehsana 

1. Monsoon recharge 89 45 
2. Discharge from shallow 

wells during monsoon 24 18 
3. Canal losses 6 0 
4. Return flow from irrigation 7 0 
5. Seepage from lakes 4 5 
6. Influent seepage from rivers 15 1 

These quantities are estimated in the following manner: 

(1) Monsoon recharge for the Visna,ar area is calculated 
from the area of 488 km2, an ,annual water table 
fluctuation between 1979 and 1983 of 5.55 m and a 
specific yield of 0.033. For Central Mehsana the 
corresponding figures are 398 km2, 3.78 m and 0.03. 

(2) Discharge from the shallow wells can be estimated 
from the number of wells and the method used for 
withdrawing the water. 

(3) Canal irrigation has only extended to the Visnagar 
area. Branch canals have a total length of 25 km 
with an average wetted peri~eter of 10 m whilst the 
distributaries extend over 32 km with a wetted 
perimeter of 6 m. For an operating season of 250 
days and an assumed loss of 0.056 mId per unit area 
of canal base or sides, the total loss is calculated 
as 6.2 x 10'm3 per year. 
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(4) Return flow from irrigation is estimated as a 
proportion of the canal water delivered to the 
farmers' fields. 

(5) Seepage from lakes could be a major source of 
inflow. However, because there is an accumulation 
oof silt in the beds of lakes, the loss is assumed to 
be only 0.005 mId per unit plan area for a period of 
60 days. For Visnagar the area of the lakes is 13 
kmZ and for Central Mehsana the area is 17 kmZ • 

(6) Losses from rivers are estimated using Darcy's Law. 
The Rupen River passes through both the areas. In 
the Visnagar region the length of the river is 12 km 
and assuming a transmissivity of 680 mZ/d and a 
hydraulic gradient of 0.005, the total loss during 
365 days is 15 x 10. m3 per year. For the Central 
Mehsana area the corresponding values are 8 km~ 275 
mZ/d and 0.006. 

Many comments could be made about these estimates. For 
example, the values of the water table fluctuations are 
difficult to obtain when results such as those of Fig. 2B.8 
are examined. In fact, the quoted values of 5.55 and 3.78 m 
°are based mainly on the extreme fluctuation in one year. The 
quoted values for the specific yield are also open to question 
since they are determined from relatively short pumping tests 
rather than on the longer term drainage due to the fall in the 
water table. 

Canal losses are almost certainly an underestimate for years 
when there is sufficient water to maintain flow for as long as 
250 days. In addition return flow from groundwater irrigation 
is significant in the more permeable Visnagar area. Seepage 
from lakes as quoted in Table 23.2 also appears to be 
underestimated; most of the lakes empty in two to three months 
which can only be accounted for by a higher loss to the 
aquifer. 

Of all the calculations, the losses from the rivers is 
probably the least reliable. The calculation assumes that 
water flows horizontally from a river which fully penetrates 
the aquifer. In fact the river is perched above the aquifer 
with the true water table at 10 or more metres below the 
river. The actual flow pattern is similar to that of Fig. 
23.9. Furthermore, the actual flows in the river are small or 
zero durin. much of the dry season and therefore the values 
quoted in Table 23.2 are up to ten times the actual values. 

Further critical comments could be made about the results of 
Table 23.2. However, the important positive comment is that 
Table 23.2 does provide an attempt to identify and quantify 
all the possible sources of recharge. The main inadequacy is 
that some of the calculations have been performed without 
identifying clearly the physical nature of the flow processes. 

There is, however, a further limitation in the approach 
discussed above for estimating the rainfall recharge. This 
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approach assumes that during the recharge season the aquifer 
acts as a "bucket" which does not leak. In practice there are 
other inflows and outflows. These include: 

- lateral flow in the aquifer, 

- abstraction from the unconfined aquifer (this has 
been included in Table 23.2), 

- vertical leakage from the water table aquifer 
through clay layers into the underlying aquifers. 
This vertical flow is indicated by the difference 
between the groundwater heads in the shallow and 
deep aquifers, Fig. 23.4; this vertical leakage 
occurs throughout the year. 

From the above discussion it is clear that the use of the rise 
in water table during the rainy season is likely to lead to 
unreliable predictions of the rainfall recharge. However, the 
long-term trend in the water table elevation. which for the 
well hydrograph of Fig. '23.8 is about 0.3 m/y, can provide 
valuable information about the aquifer response. This will be 
considered with the use of mathematical models. 

vertical flow continues after river stops flowing 

- ---- "" 
water table 

Fig. 23.9 Recharle fro. a perched river 

23.6 Actual and potential rechar.e 

The difference between actual and potential recharge becomes 
clear when note is taken of the change in aquifer conditions 
as canal irrigation extended to part of the area during the 
last ten years; the development is not yet completed. Since 
the losses from canals to the aquifer are high, it was 
anticipated that a rapid recovery would occur in the water 
table levels. In the areas where the aquifer is a coarse 
sand, some recovery has been noted. However, elsewhere the 
water table continues to decline at the same time as 
waterlogging is occurring in the vicinity of the canals. 

The reason for this behaviour is that clay layers in the 
unsaturated zone restrict the downwards movement of water with 
the result that water is ponding on these clay layers 
(Rushton, 1986). Therefore actual recharge reaching the water 
table does not equal potential recharge which arises from 
losses from the canal irrigation. 
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Fig. 23.10 illustrates a typical situation. The potential 
recharge due to the canal irrigation is at least 5 mm/d. 
Between the ground surface and the water table there is a 
sandy-clay layer which is 2 m thick ·of hydraulic conductivity 
0.0008 mId. Water collects above the clay layer to cause a 
perched water table 1.5 m above the clay layer. The vertical 
hydraulic gradient is therefore 3.5/2.0 and the actual 
recharge can be calculated from Darcy's law to be 1.4 mm/d. 

potential recharge 
/ 

8011 zone " , f 
perched water table 

lower 
permeability 
zone 

main aquifer 

l·Sn;-:- --~ 

phreatic surface (aquifer water table) 
- ------;::,------

Fig. 23.10 Potential and actual recharge in an 
alluvial aquifer 

This difference between actual and potential .recharge is 
highlighted by the conditions in ·the vicinity of canals but it 
does occur elsewhere in the study area. Therefore all the 
previous estimates, whether obtained from water balance 
calculations or from tracers, must be modified if there are 
less permeable layers present in the unsaturated area. 

23.7 RecharBe estimated from .athematical .odels 

The previous sections have described attempts at estimating 
the recharge using a variety of techniques, and with each 
there is some uncertainty. This uncertainty is increased by 
the influence of the clay lenses which limit the actual 
recharge and also create significant vertical gradients within 
the aquifer. This section presents a brief description of a 
mathematical model representing flow conditions in a typical 
vertical section which can be used to provide an indirect 
estimate of the recharge. 

The mathematical model represents a section of the Mehsana 
aquifer, 10 km wide snd extending for a distance of about 60 
km in the general direction of the flowlines; the outline of 
the modelled area is shown in Fig. 23.2. From all the 
available borehole data a representative cross section is 
devised, Fig. 23.3. This cross-section is modelled using a 
fini te difference technique; the mesh di visio'ns are chosen so 
there are roughly equal numbers of mesh intervals in the 
horizontal and vertical directions. Hence the horizontal mesh 
spacing is 2 km and the vertical mesh spacing is 15 m. The 
coefficients of the finite difference equations depend on the 
relative proportions of sand and clay in each interval. 
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The time-instant technique is used whereby the model 
represents the average conditions within the aquifer during a 
particular month. For instance; during October the 
abstraction has not built up to the peak and it is therefore 
approximately equal to the average annual abstraction rate. 
In this model, this abstraction is withdrawn from more 
permeable layers with three withdrawal points on each vertical 
line of nodes. The boundary conditions are chosen as follows: 

- no flow crossing the lower boundary 

- saline water is present in the south-west; there is 
no pumping and therefore this boundary approximates 
to a no-flow condition 

- during the month the movement of the phreatic 
surface (or water table) is small compared to the 
groundwater head variation within the confined 
aquifer. Therefore the phreatic surface is 
represented as a specified head. 

This condition on the phreatic surface required further 
consideration. The term phreatic surface is used instead of 
water table to emphasise that this is the surface below which 
'the whole of the aquifer is saturated. In an earlier model 
this boundary was represented as having a known flow. The 
consequence was that the groundwater heads were too high 
leading to a phreatic surface which was above ground level. 
This was one of the first indicators that the actual recharge 
at the phreatic surface was less than most of the estimates of 
the potential recharge. Therefore the alternative approach of 
representing the phreatic surface as a specific head is 
adopted with the quantity of water drawn from the phreatic 
surface calculated from the resultant vertical head gradient. 

When these conditions are imposed, the numerical model 
reproduces the vertical gradients of the groundwater heads. 
For example, at a piezometer nest with the phreatic surface at 
83 mOD, the measured groundwater head in a piezometer 220 m 
below ground level is 49.2 m and the value according to the 
model is 52.6 m. 

It is also possible to determine from the model the vertical 
flows from the phreatic surface; Fig. 23.~1 represents the 
vertical flows in the Hehsana area. The average value of this 
vertical flow is 0.65 mm/d. This is the amount of water 
moving downwards from the phreatic surface. It originates 
from: 

- recharge to the phreatic surface, 
- water released due to a fall in' the phreatic surface. 

The second of these components can be deduced from the long
term average fall in the phreatic surface, which in the 
Central Hehsana area is approximatelY 0.9 m each year. With a 
long-term specific yield of 0.2, this annual fall is' 
equivalent to 0.50 mm/d. Consequently the recharge actually 
reaching the phreatic surface is the difference between the 
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vertical flow of 0.65 amId and the water released" from storage 
at the phreatic surface of 0.50 maId. This estimated recharge 
of 0.15 maId or 55 mmly is of the saae order as the estimate 
deduced from the tracers. As with all "the methods described 
previously, there are major uncertainties about this approach. 
In particular, the recharae estimate depends on an assumption 
about the amount of water released from storaae. This 
uncertainty could be overcome by developin, a time-variant 
numerical model, but for the. complex Mehsana alluvial aquifer 
such a model would involve further uncertainties. 

abstraction from whole region 

:0 
Mehsana Region E 

.§ 
, 

0 • 0 
.! 
!; 
• 
0 = 0·4 • • J: 
0. 

~ 
i 0·8 

Fig. 23.11 Vertical groundwater flows, Hehsana 
aquifer 

23.8 Discussion 

This.case study is concerned with the rechar,e estimation for 
a complex alluvial aquifer. Due to the intensive irrigation 
over much of the area, recharge can occur due to both 
precipitation and return flow from irrigation. Some recharge 
can also occur from rivers.· " 

A wide variety of methods have been used. Each provides 
valuable information but no one method provides a complete 
answer. The one certain conclusion about the Mehsana alluvial 
aquifer which is confirmed by each of the methods is that the 
quantity of water pumped from the aquifer is far higher than 
the recharge. 
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24 ANALYSIS OF LONG DURATION PIBZOMETRIC RBCORDS 
FROM BURKINA FASO TO DETERMINE AQUIFBR RECHARGB 

Dominique Thiery 
Bureau de Recherches G~oloaiques et Hini~res 
D~parte.ent Bau 
B.P. 6009 
45060 Orl~ans Cedex 
France 

24.1 Introduction 

The marked interannual variability of rainfall in the African 
Sahel causes still greater variability in aquifer recharae and 
piezometric levels. The severe drouaht encountered since the 
1970's has often resulted in substantial drops in water level, 
despite slight seasonal recovery. Lona-duration observation 
data are only rarely available althouah data sequences 
coverina 5 to 10 years·can be used to analyse the possible 
evolution in water level for various rainfall scenarios. 

An observation well was sunk to a depth of 20 m in a granite 
aquifer in Ouagadouaou (Burkina Faso). The well is screened 
from 6 to 20 m, and taps 5 m of aranitic sand, 4 m of 

·weathered granite, and 5 m of fresh granite. It has been 
monitored since 1978 by the ICHS, which has related data 
covering an eight year period from 1978 to 1985. These data 
were subjected to detailed analysis using a lumped-parameter 
model, the aim being to extend the data sequence. 

24.2 Available data 

24.2.1 Piezometric levels 

Water levels in the leHS observation well in Ouagadougou were 
manually monitored by the ICHS between 1978 and 1985 (Diluca 
and Muller, 1985). Fig. 24.1 shows a continuous fall of 0.45 
mly in the average levels. A rise in level of about 0.80 m 
every year is nonetheless recorded for several months in 
autumn before levels fall again. 

ii.1 
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0 7.1 • ... ... 
:I • 
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Fig. 24.1 Bvo1ution in ",ater level in the ICHS 
observation ",e11 in Ouagadougou (Burkina Faso) fro. 
1918 to 1985 
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24.2.2 Bydrodynaaic characteristics 

No data are available, only one very short duration pumping 
test having been undertaken in May 1978· near the study area. 
In particular, the storage coefficient (or effective porosity) 
is not known, although it can be estimated at between 1 and 8S 
on the basis of the rock type. 

24.2.3 Rainfall 

Daily rainfall figures from 1959 to 1985 (27 years) were 
provided by ORSTOM and ICHS. Average annual rainfall for the 
1959-1985 period was 825 mm, but only 690 mm from 1978 to 
1985. The number of days of rainfall was 73 per annum for the 
1959-1985 period, but only 60 per annum from 1978 to 1985. 
Monthly rainfall figures are also available for the 1929-1958 
period. 

24.2.4 Potential evapotranspiration (PET) 

The monthly values applied for the model were calculated in 
Ouagadougou using Turc's formula. Only the interannual means 
(for an unspecified period) could be taken from an atlas 
(Lemoine and Prat, 1972). The total annual PET is 2084 mm. 

24.3 The lumped parameter model 

BRGM's model was used to calculate the balance of rainfall, 
potential evapotranspiration, runoff and infiltration. This 
lumped parameter hydrological model makes it possible to 
produce a local balance in daily time-steps and to calculate 
the actual evapotranspiration (ETR), runoff, infiltration and 
spot water-table level. The model is described in detail by 
Roche and Thiery (1984), the basic principles being briefly 
reviewed below. 

Rain PET 

RUMAX I ~_J _____ . ~-l= __ 
Retention 
capacity 

. 1 
Effective rainfall 

t= ~7:_ J --:-=. -Ii·:"::=' 
-- ~:::-:.._ ~naff 

THG !r--
p.rcolation 

~~t~~r 
- "..!..== .TG -- -_. --

Fig. 24.2 Principle of the GARDENIA .odel used to 
simulate piezo.etric levels 
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The GARDENIA model consists of three superimposed layers (Fig. 
24.2). The first (RU) is characterised by its retention 
capacity CRUMAX, or maximum soil moisture deficit), and 
represents the retention effect in the first few metres below 
the soil surface. This layer is supplied by rainfall, and is 
emptied by evapotranspiration. No runoff or infiltration 
occurs before this layer is saturated. This layer takes 
account of the effects caused by the interception in surface 
depressions, and schematizes the "valve effect" of unsaturated 
soil depending on the degree of humidity. 

The second layer (H) is characterized by two parameters, a 
half-percolation time (THG), and an equal runoff-perqolation 
level (ReIPER). This layer transfers water/to the water table 
through the unsaturated zone, and controls distribution 
between runoff and infiltration: the higher the level in this 
layer (as a result of heavy rainfall), the greater the runoff 
proportion. When the level of the layer is the same as the 
equal runoff-percolation level, infiltration equals runoff; 
when the level of the layer is lower infiltration is greater 
than runoff. 

The third layer (G) is characterised only by the half 
recession time, and represents an exponential aquifer 
recession. Thiery (1985) has shown that this scheme 
corresponds for practical purposes' to an aquifer bounded on 
one side by an impermeable rectilinear barrier and on the 
other by an imposed-level rectilinear barrier. If the 
observation well is positioned sufficiently far away from the 
imposed-level boundary, the piezometric level is deduced from 
the level G in layer G by the formula: 

PL = G/STO + BL 

where PL is the piezometric level, G is the level in the 
layer, STO is the unconfined stora~e coefficient or specific 
yield or equivalent effective porosity, and BL is the base 
level. 

Four parameters are therefore to be determined: 

(1) the retention capacity (RUMAX), which alone controls 
the value of actual evapotranspiration derived from 
potential evapotranspiration (PET) 

(2) the half-percolation time (THG), and the equal 
runoff-percolation level (RUIPER) which control the 
runoff proportion and the delay-time between excess 
water in the soil and a rise in the aquifer level 

(3) the half-recession time (TG) which governs the rate 
of aquifer recession 

and also two amplitude parameters: 

(1) the base level (BL) 

(2) the storage coefficient or effective porosity (STO). 
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In order to calculate the balance" under valid conditions. 
sequential data (not necessarily simultaneous) for the 
following parameters should ideally be available: 

(1) runoff 

(2) piezometric level and storage coefficient for the 
unconfined piezometric fluctuation surface. 

The parameters of the model are in this case adjusted in order 
best to reproduce the two sequences of data. In practice, as 
is the case in the example cited: 

(1) data for the runoff are not always available (except 
where runoff can be assumed to be nil or negligible) 

(2) the unconfined storage coefficient is inadequately 
known (or sometimes a confined aquifer storage 
coefficient, quite unrelated to aquifer recharge). 

It may be thought, a priori, that data on the piezometric 
level may be used alone to determine the retention capacity 
(RUMAX). If the value assumed for the model is too lQw, the 
levels calculated will affect the rainfall sequences too soon 
and too frequently. If this value is too high, the effect of 
piezometric levels will occur too late and in some cases not 
at all. 

This distribution of runoff and infiltration for effective 
rainfall can therefore be calculated in unique solution form" 
using the non-linear scheme for reservoir H, which does not 
give a fixed infiltration percentage but smooths the effect of 
heavy effective rainfall. Regulation of this smoothing of 
heavy effective rainfall (by means of the RUIPER parameter) 
will therefore regulate distribution between infiltration and 
runoff. 

Infiltration will thus be transformed into variation in the 
piezometric level by the half-recession time (TG). the 
amplitude being inversely proportional to the storage 
coefficient. 

This type of calibration poses no problems where piezometric 
levels vary rapidly in relation to sequences of isqlated and 
non-periodic rainfall. In practice, as is discussed in 
Section 24.4, piezometric levels are often cushioned from the 
direct effects of rainfall and react only to a true "rainy 
season" rather than to a sequence of isolated rains. The 
sequence of water levels therefore describes a pseudo-sine 
curve in response to the pseudo-sine curve for the" smoothed 
rainfall. Calibration consists of reproducing the pseudo-sine 
curve for water levels. with a time-lag in relation to the 
rainfall curve. If the storage coefficient is inadequately 
known, the variations in level cannot easily be reduced to 
millimetres of recharge and, as will be seen, "a unique 
solution for calibration is likely to be no longer possible. 
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24.4 Calibration of .odel 

It has been seen that evapotranspiration is only governed in 
the model by a single parameter: the soil retention capacity 
(RUMAX). This parameter is therefore essential because it 
allows determination of the effective rainfall, or rainfall 
minusETR. ~his effective rainfall is itself distributed 
between runoff and recharge by the RUIPER parameter 
(associated with the half-percolation time THG). The rate of 
recession is only governed by the half-recession time TG. 

It thus emerges that two parameters are of fundamental 
importance for the calculation of recharge: 

(1) The soil retention capacity (RUMAX) 

(2) The equivalent-runoff level (RUIPER). 

24.4.1 Determination of soil retention capacity 

Six calculations were made by fixing the soil retention 
capacity at 0, 10, 20, 40, 70 and 100 mm respectively. 
Fig. 24.4 shows the value for effective rainfall (runoff + 
infiltration) obtained for the 1978-1985 period as a function 
of retention capacity. Fig. 24.3 shows that the best results 
are obtained for a retention capacity of less than 40 mm. At 
capacities of 40,. 70 and particularly 100 mm, the quality of 
calibration deteriorates, some years (1984 and 1985) 
displaying no rise in level. Fig. 24.4 shows that the 
effective rainfall calculated is highly dependent on the 
retention capacity, decreasing from 482 mm/y for nil retention 
to 196 mm/y for a retention of 20 Mm. 

24.4.2 Determination of runoff proportion 

The runoff proportion is governed by the RUIPER (equal runoff
percolation level) and THG (half-percolation time) parameters. 
Six calculations were made for three retention-capacity values 
(10, 20 and 30 mm) associated with two storage coefficient 
values (IX and 4%). Fig. 24.5 shows that the six simulation~ 
are acceptable, all typified by correlation coefficients 
ranging from 0.965 to 0.980. Ajustments obtained with a 
storage coefficient of IX or of 4~ are equally satisfactory, 
the optimum retention capacity being 10-30 mm in both cases. 
The overall storage coefficient cannot therefore be determined 
more precisely by simple analysis of natural variations in 
water level. 

Fig. 24.6 shows variation in surface runoff associated with 
the six hypotheses used in calculation. It is very clear ,that 
runoff varies markedly from hypothesis to hypothesis, being 
much more sporadic for a retention capacity of 30 mm than for 
a retention capacity of 10 mm, and being about 50% higher for 
a storage coefficient of 1% than for a storage coefficient of 
4%. 

Assuming a storage coefficient of IX, ·the average annual 
recharge is 23 to 45 mm/y when retention capacity is chosen 

317 



between 10 and 30 mm.Assuming a storage coefficient of 4%, 
the computed annual recharge would be ;5 to 142 mm/y . 
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Fig. 24.6 Surface runoff simulated for three 
retention-capacity values and two storage 
coefficients 
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24.5 Data extension 

24.5.1 Uniqueness of calibration 

When it is seen that calibration has no unique solution, i.e. 
that various sets of parameters allow equally satisfactory 
simulation for a short period of observation (1978-1985 in 
this case), it is tempting to assume that a unique solution 
could be obtained for a longer period. This hypothesis 
effectively presumes that a long observation period (at least 
four or five times the half-recession time) should integrate 
years J of very high and very low rainfall, together with 
exceptional rainfall sequences. The parameters must in this 
case cover the entire range: the level of soil retention must 
be nil at some periods and saturated at others, and the 
aquifer level must reach sufficiently low readings to identify 
recession and base level. 

In order to check the hypothesis, the entire observation 
period (1959-1985) for daily rainfall in Ouagadougou was used, 
and evolution in the aquifer level was simulated using the 
various sets of parameters identified. Results are given in 
Fig. 24.7, which shows that, for the 17 year period, the 
levels calculated using the the various sets of parameters are 
virtually identical. It is therefore concluded that a long 
observation period does not improve the possibility of 
establishing a single set of parameters or a single recharge 
value. 
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Fig. 24.7 Simulation of the 1959-1985 period for 
the three retention-capacitr values and a storage 
coefficient of 1S 

For purposes of a well-defined calibration, it is therefore 
believed that a sequence of piezometric observations is 
insufficient, even when the value of,the stora~e coefficient 
is known. It is effectively necessary also to have access to 
"direct" and "delayed" runoff measurements and/or to 
measurements of the capilla~ity and water content in the 
unsaturated zone. This will provide all the elements in the 
balance, i. e. : 

(1) runoff (measured) 
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(2) infiltration and evapotranspiration based on 
measurements in the unsaturated zone 

(3) variation in t~e aquifer level (measured) 

24.5.2 Reliability of the .odel 

The model is calibrated on the eight years between 1978 and 
1985. Before being used to extend data, it is necessary to 
check the model's behaviour by extrapolation (see Thiery 
1988a, for instance). For three retention capacities (0, 20 
and 40 mm), calibration for the first four years was made, the 
levels for the last four years being calculated without 
modifying the calibration. The reverse operation was also 
undertaken (calibration based on the last four years being 
checked for the first four years). Fig. 24.8 shows that 
results are very satisfactory. Calibration for the 1978-1981 
period competently forecasts water levels for 1982 to 1985, 
although the latter are clearly lower than those for the 
calibration period. Calibration for the 1982-1985 period 
also, althoug~ less satisfactorily, allows calculation of 
levels for 1978 to 1981. 
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Fig. 24.8 Control of .odel calibration 
(a) calibration based on the 1978-1981 period, 
(b) calibration based on the 1982-1985 period 

24.5.3 Simulation of return to more abundant rainfall 

Analysis of annual recharge calculated for 1959-1985 shows 
that, for all sets of parameters, the 1981 recharge is very 
close to average recharge for the period as a whole. A 
sequence of ten years from 1985 was therefore simulated on the 
basis of the 1981 rainfall in order to observe the type and 
rate of aquifer reaction. Fig. 24.9, based on four hypotheses 
of calculation, shows a very slow rise, the aquifer taking 
more than ten years to reach a new equilibrium (on which 
seasonal fluctuation is superimposed). A single average year 
like 1981 will only produce a slight rise in water level after 
one year, and will not 'alone recharge the aquifer for several 
years, as mig~t be assumed. 

In order to place the period of study (1978-1985) in its 
context, the entire rainfall sequence from 1929 to 1985 was 
used. The model was accordingly readjusted for monthly 
rainfall figures (the only data available for 1929-1958), and 
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very satisfactory calibration was obtained, with a correlation 
coefficient of 0.96. 
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Fig. 24.9 Simulation of a period of ten average 
years (identical to 1981) from 1985 

The entire period was then simulated. In order to show the 
effect of a return to more abundant rainfall, it was assumed 
that the 57 year sequence from 1929 to 1985 will be repeated 
from 1985. Fig. 24.10 shows that levels for the 1978-1985 
period are the lowest since 1929, and that, if a wetter 
sequence occurs after 1985, a rise in water level to an 
average value will occur over a period of 7 to 10 years. 
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Fig. 24.10 Simulation of tbe 1929-1985 period 
prolonged by a 57 year rainfall sequence ident-ical 
to tbat for 1929-1985 

24.6 Conclusions 

It is shown that a very simple lumped-parameter hydrological 
model of rainfall and water levels allows the correct 
reproduction of a piezometric sequence in semi-arid climatic 
conditions. For a detailed evaluation of the recharge, it is 
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necessary to have access, in addition to a piezometric 
sequence (even if a long-duration one), to the storage 
coefficient and to a sequence of measurements for runoff 
(direct and delayed) or for capillarity and humidity in the 
unsaturated zone. 

The various calibrations made show that the water retention 
capacity which allows optimum simulation of the piezometric 
sequence is between 10 and 30 mm. Assuming that the storage 
coefficient is equal to 1%, the computed annual recharge for 
the period 1978 to 1985 is estimated at between 23 and 45 
mm/y. Despite the fact that calibration has no unique 
solution, a single extension of aquifer levels is obtained on 
the basis of a long sequence of rainfall data. The model thus 
allows extrapolation of levels for 1929-1977 based on rainfall 
figures. It shows that levels for the observation period 
(1978-1985) are the lowest in the 57 year period of historical 
rainfall records, and can easily be explained by natural 
climatic variation. 

Two scenarios were simulated for the period after 1985. The 
first assumes a succession of years identical to 1981 (in 
which recharge was close to the average for the entire 
period). The second assumes repetition of the 1929-1985 
·sequence. Both scenarios show that the aquifer, which is not 
at this point in time in a critical state, should rise 
regularly and return to an average level in 7 to 10 years 
time. 

It is thought that when water content observations are also 
available a semi-lumped parameter model (Thiery, 1988b) could 
help to obtain a unique calibration. When suction records in 
the unsaturated zone are available, a hydrodynamic model of 
the unsaturated zone (Thiery, 1988c) should give more accurate 
results. 
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25 RBCOMMBNDBD BOOKS 

This guidebook cannot hope to include all the information 
needed to understand hydrology, hydrogeology and recharge 
estimation. Nor can it detail all the techniques required, 
especially those outside the direct field of recharge. 
Therefore the authors have compiled the following list of 
recommended texts. Wherever possible, books and manuals from 
international agencies have been selected, as these are often 
available free or cheaply in developing countries. Addresses 
of the relevant agencies are also included. Widely available 
commercial literature has been selected if possible. Those 
marked * are especially recommended in relation to groundwater 
recharge studies. 

25.1 General hydrogeology 
S.N. DAVIS & R.J.:1. DE WIEST, 1966. H,vdrogeo10gy. John Wiley & Sons, 

New York, Chicester. 
* R.A. FREEZE & J.A. CHERRY, 1979. Groundwater. Prentice-Hall, 

Englewood Cliffs, New Jersey. 
C.W. FE'ITER, 1988. Applied hydrogeology (2nd edition). Charles E 

Merrill Publishing Co., Columbus, Ohio. 
D.K. TODD, 1980. Groundwater hydrology (2nd edition). John Wiley & 

Sons, New York, Chicester. 

25.2 Groundwater hydraulics 
H. BOU'WER, 1978. Groundwater h.vdro10g,v. MacGraw-Hill. 
G.P. KRUSEMAN & N.A. DE RIDDER, 1981. Analysis and e~·a1uation of 

pumping test data. Bulletin 11, IIBI, Wageningen. 
A. VERRUYT, 1982. Theory of groundwater flow (2nd edition). 

MacMillan, London. 

25.3 Groundwater modelling 
J. BCONSTRA & N.A. DE RIDDER, 1981. Numerical modelling of 

groundwater basins. UBI publication 29, IlRI, Wageningen. 
J.D. BREDEHOEFT (ed), 1982. Groundwa ter models. Studies and Reports 

in Hydrology 34, UNESOO, Paris. 
K.R. RUSH'IDN &t S.c. REDSHAW, 1979. Seepage and groundwater flow. 

John Wiley &t Sons, New York, Chicester. 

25.4 Hydrology and hydrometry * FOOD AND AGRICL'L'lURE <EGANlSATION, 1981. Arid zone hydrology. 
Irrigation and drainage paper 27, FAO, Rome. 

l«)RLJ) MF:rEOROILGICAL ORGANISATION, 1981. Guide to hydrological practices 
(4th edition). 2 volumes. WM) Publication 168, ~, Geneva. 

WORLD MF:rEOROILGICAL ORGANISATION, 1980. Manual on stream gauging. 2 
volumes. Operational hydrology repOrt 13. WM) Publication 519, wr-D, 
Geneva. 

R.W. HERSCHY (ed), 1978. Hydrometry - principles and practices. John 
Wiley & Sons, New York, Chicester. 

25.5 Hydrogeological provinces 

A. BURGER & L. DUBERTRET (eds), 1984. Hydrogeology of karstic 
terrains: case histories. International contributions to 
hydrogeology, vol. 1, Heise, Hannover. (Mixed English and 
French. ) 
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P.E. LaMOREAUX (ed), 1986. Hydrology of li.estone terranes: 
Annotated bibliograpby of carbonate rocks 3. International 
contributions to hydrogeology, vol •. 2, Heise, Hannover. 

P.E. LaMOREAUX, D.M. WILSON & B.A. MEMON (eds), 1984. Guide 
to tbe bydrology of carbonate rocks. Studies and Reports in 
Hydrology 41, UNESCO, Paris. 

I. LARSSON (ed), 1984. Groundwater in bard rocks. Studies 
and Reports in Hydrology' 33, UNESCO, Paris. 

25.6 Rechar,e 

* I. SI~RS (ed), 1988. Estimation of natural groundwater 
recharge. NATO ASI Series C, Vol. 222 (Proc. of the NATO 
advanced research workshop, Antalya, Turkey, ~arch 1987.) D. 
Reidel Publ. Co., Dordrecht. 

WATER RESOL~CES RESEARCH CE~TER, 1980. Regional recharge 
research for southwest allul..-ial basins. Final report on USGS 
contract 14-08-0001-18257. Dept of Hydrology and Water 
Resources, University of Arizona, Tuscon, Arizona 85721, USA. 

25.7 Isotope hydrology 

* INTERSATIONAL ATOMIC ENERGY AGENCY, 1983. Guidebook on 
nuclear techniques in hydrology. Technical Report Series, no. 
91, IAEA. Vienna. 

25.8 Addresses 

FAO: Distribution and Sales section, FAO. Via delle Terme 
di Caracalla, 00100 Rome, Italy. 

Heise: Verlag Heinz Heise, PO Box 2746, D-3000 Hannover 1, 
Federal Republic of Germany. 

IABA: Division of publications, IAEA. Wagramerstrasse 5. 
PO Box 100, A-1400 Vienna, Austria. 

ILRI-: International Institute for Land Reclamation and 
Improvement, PO Box 45, 6700 AA Wageningen, The 
Netherlands. 

UNBSCO: Division of Water Sciences, UNESCO, 7 Place de 
Fontenoy, 75700 Paris, France. 

WHO: Publication and Sales Unit. WMO, PO Box 5, 1211 
Geneva, Switzerland. 

326 



REFERENCES 

ABDULRAZZAK, H J, SCH1AN, A V & ABU-RIZAIZA, 0, 1988. Bstimation of 
natural groundwater recharae under Saudi Arabian arid climatic 
conditions. In: I. SiDmers (eel), 125-138. 

ABDULRAZZAK, M J .. KREL-SEY'lUJX, H J, 1983. Recbarae frma an ephemeral 
stream followi.n& wetting front arrival. to the water table. Water 
Resour. Res. 19, 194-200. 

ABOUKHALED, A, 1982. Lysimeters. Irrigation and drainaare paper 39, FAD, 
Rome. 

ADAR, E H, NEUMAN, S P & WCX>I1IISER, D A, 1988. Bstimation of spatial 
rechar,e distriootion using environmental isotopes and hydrochemical 
data. I. Mathematical model and application to synthetic data. J. 
HYdrol. 97, 251-277. ' 

ADAR, E H &. NEUMAN, S P, 1988. Estimation of spatial recharge 
distribution using environmental isotopes and hydrochemical data. II. 
Application to Aravaipa. Valley in southern Arizona, USA. J. Hydrol. 
97, 251-277. 

AHMAD, N, 1974. Groundwater resources of Pakistan, Ripon Printing Press, 
Lahore, 295 pages. 

AIREY, P L et al., 1983. Isotope hydrology of Great Artesian Basin, 
Australia. Int. Conf. GrolJl'ldl.1ater and Man, Sydney, AWRC Conf. No., 8, 
Va!. 1, 1-11. 

AILEl-K>Z, H &. OLIVE P, 1980. Recharge of groundwater in arid areas: Case 
of the Djeffara Plain in Tripolitania, Libyan Arab Jamahiriya. In: 
Arid zone hydrology; Investigations with isotope techniques. IAEA, 
Vienna, 6-9 Nov. 19-78, 181-192. 

ALLEN, AD&. DAVIDSON W A, 1982. Review of gro1ll'¥iwater resources in 
fractured rocks in western Australia. In: Papers of the groundwater in 
fractured rock conference, Canberra, Aug. 31-Sep. 3. AWRC Conf. Sere 
No.5, 1-12. 

ALLEY, W H, 1984. On the treatment of evapotranspiration, soil moisture 
accounting and aquifer recharge in monthly water balance models. 
Water Resour. Res. 20, 1137-1149. 

ALLISON, G B, 1981. The use of natural isotopes for measurement of 
groundwater recharge. In: Proc. of the Groundwater Recharge Conf. 
1980. AWRC, Conf. Ser. No.3, 203-214. 

ALLIBrn, G B, 1988. A review of some of the phySical, chemical and 
isotopic techniques available for estimatina aroundwater recharae. In: 
I. SiDmers (ed), 49-72. 

ALLIBrn, G B I. BARNF.S, C J, 1985. Estimation of evaporation from the 
normally 'dry' Lake Frome in South Australia. J. HYdrol. 78, 229-242. 

ALLISCfi, G B, FONTES, J-cb &. saMl'AG, C, 1985. Conclusions and 
recoomendations on the usefulness of studies 9f the isotopes 180, 2H 
and 38 in water in the l.UlS8.turated zone. In: Stable and radioactive 
isotopes in the study of the unsaturated. soil zone, IAEA-'I'FD:XX; 357, 
IAEA, Vienna, 179-181. 

ALLISON, G B .. HUGHES M W, 1972. Comparison of recha.r,e to grourxlwater 
under pasture and forest using environmental trititn. J. Hydro!. 17, 
81-.·95. 

ALLISON, G B and~, H W, 1974. Environmental trititDll in the 
unsaturated zone: estimation of recharae to an unconfined aquifer. 
Proc. SyaIp. Isotope Techniques in Groundwater Hydrology, vo!'I, 57-72. 
IAEA, Vienna. 

ALLISON, G B .. HUGHES, M W, 1977. The history of tritium fallout in 
southern Australia as inferred from rainfall and wine samples. Earth 
Plan. Sci. lA!tters 36, 334-340. 

327 



ALLI~, G B &. 1ItDIFS, M W, 1978. '!be use of enviroaaenta.l chloride and', 
trititm to estiDate total recharge in an unconfined aquifer. ·Aust. J. 
Soil·Res.16, 181-195. 
~, G B,,'& 1llDJ!S, M,W, 1983. 'lheuse of natural tracers as 

indicators ,of soil water IIlOvement, in a te.perate' saai-arid'·region. J. 
Hydrol. 60, .157-173. ' 
~, G B., S'IOm, W J &. HUGHES, M W, 1985. Recbarire;;in 'karst and dl.me 

elements of a semi-arid landscape as 'indicated by natural isotopes and 
chloride. J. HydrOl. 76, 1-25. 

ANON, 1972-3. Results of research on representativeard experimental 
basins. ·Proc. Wellington Symp. Sb.dies and Rep>rts in Hydrology 12, 
UNF3X>, Paris. 

ANeJ-l, 1972. 'lhe hydrogeology of the Lomon Basin, with special reference 
to artificial recharge. Water Resources Board, Reading. 

ANON, 1980. An interim report on sl.1lllDB.rY results of around water resource 
evaluation stldies in Upper Betwa river basin, India, Tech. paper No. 
10, Indo-British Betwa Ground Water Project, Central Ground Water 
Board, Government of India, 105-107. 

ARAfoIX>, 1959. A study of the Wasia aquifer in eastem Saudi Arabia" 
Aramco, Riyadh. 

ATIIAVALE, R N, 1985. Nuclear tracer teclmiques for measurement of natural 
recharge in -hard rock terrains. In: Proc.' Intenational workshop on 
rural hydrogeology, &. hydraulics in fissured basement zones. Dept. 
Earth Sciences, Univ. of Roorkee, Roorkee, India, 71-80 • 

. ATHAVALE, R N, CHAND, R &. RANGARAJAN, R, 1983a. Ground water 
recharge estimates for two basins in the ,Deccan trap basalt formation, 
Hydrological Sciences Journal, 28,4,12/1983,'525-538. 

ATHAVALE, R N, CHAND, R, MURALI, D H, HURALIDHARAN, D &. MURT!, 
C S, 1983b. Measurement of ground water recharge inHarvanka basin, 
Anantapur district, Proc. of Seminar on Assessment of Ground water 
resources, III, 'Central Ground Water Board, New Delhi, 275-290. 

ATHAVALE, R N, HURT I , C S, &. CHAND, R, 1978. Estimation of 
recharge to the phreatic aquifers of Lover Maner Basin by using 'the 
tritiun injection method, Tech. Report No. GU9-NH1, National 
Geophysical Research Institute, Hyerabad. 

A'llIAVALE,R N·,KJRl'I, C'S I: CHAND, R, 1980.'EstiJDfltion of recharge to the 
phreatic aquifer' of the' Lower Maner· Basin, India~ 'by using the trithm 
injection method.J •. Hydrol. 45, 185-202. 

ATHAVALE, RN I:RMmRAJAN, R, 1988. Nattn'Bl recbarae measurements in the 
bard-rock regions of semi-arid India using triti\8 injection -a 
review. In: I. SiDmers (ed), 175-194. (See also Chapter 18 of this 
book. ) 

AUNE, B, 1970. Tables for canp1ting potential ~tion from the Penman 
equation. Zambia Met. Dept. 

AWRC (AUSTRALIAN ·WATER ~ CXXJNCIL), 1975. Groundwater -resOurces of 
Australia .... Al,Jstralian Govern. Pub!. Service.; canberra. 

BABCXXX, H H I: alSHINl, E H, 1942. Recharge to ~ter from floods in 
a typical deseri., wash, Pinal Co. Arizona. 'Trans. ArItl!r. GeoJitYB, Union 
23 pt. 1,. ,reports of papers, 49-56. 

BARNES, B S, 1939. 'l'he structure of discharge-recession cUrves. 'Am. 
GeoJilys. Union Trans. , 20, 721-725. 

BARNES, C J& ALLJS(.'fi, -G B, 1983. The distribution-of deuteritm and· 
oxygen-18 in dry soils (1, 'lheol'y). J. Hydrol. 60, 141-156. 

BAm, AH, DARLING, W G &'BRUNSDEN, A P, 1982. The stable isotopic 
composition of-infiltration moisture in the unsaturated zone of the 
English Chalk. Stable Isotopes (H L Schmidt .et -ale (ed), Elsevier, 
Amsterdam, 161-166. 

328 



BELFam, R K, 1979. Collection and evaluation of J..arce soil monoliths for 
soil and crop studies. J. Soil Sci. 30, 363 .... 373. 

BERGS'IRaM, S, 1976. Developoent and application ofa conceptual runoff 
model for Scandinavian catchments. Dept. of water Resources 
Enaineerm., Lund Institute of TechnoloQ/University of Lund. 

BERNDTSSON, R & ~, H, 1987. Spatial variability of intil traticm in a 
semi-arid environment. J. 1f1dro1. 90, 117 .... 133. 

BESBFS, H, DELHCH1B, J P &.DB HARSILY,G, 1978. BstillBting recharge from 
eJilemeral streams in arid regions: a case study at Kairouan, Ttmisia. 
Water Resour. Res. 14, 281-290. 

OODY, D N (chair), 1982. Application of results frail· representative and 
experimental basins. St1.dies and Reports in Hydroloay 32, UNESro, 
Paris. 

OOLELLI, E, 1951. Coefficients d'infiltration, coefficients 
d'evaporation. Etude d'un cas precis dans les calcaires greseux 
(Pleistocene et Quaternaire de la cote du Maroc). IAHS, Assemblee de 
Bruxelles, T4, 12-15. 

BOROLE, D V, GUPI'A, S K, KRISHNASWAMI, S, DATTA, PSI. DESAI, B I, 1979. 
UranilD isotope investigations and radiooarbon measm-ements of ri ver
gro~ter systems, Sa.bjmna.ti Basin, Gujarat, India. Isotope 
Hydrology, 1,. IAEA, Vienna, 181-200. 

InS, M G, (ed.), 1978. Discharge measurement structures. 2nd edition. 
Working group on small bydraulic stnactures, ll..RI, Wageningen. 

BOUWER, H, 1964. Resistance network analoJs for salvinJ ground water 
problems. Grotmd Water 2, No.3, 26-32 • 

BOUWER, H, 1965. Theoretical aspects of seepage from open charmels. J. 
Hyd. Div. ASCE 91, HY3, 37-59. 

OOUWER, H, 1969. Theory of seepage from· an open channel. Advances in 
Hydrosciences, Vol. 5, Academic Press, New York. 121-172. 

OOUWER, H, 1978. Groundwater bydrolOjy. McGraw-Hill, 480 pages. 
BOUWER, H & JACKSON, R D, 1974. Determining soil properties. In: 

Drainage for agricul ttn"e (edited by J.. van Schilfaaarde), Am. Soc. 
Agronomy, Madison, Wis., 611-672. 

OOUWER, H & RICE, R C, 1963. Seepage meters in seepaae and recharge 
st1.dies. J. Irrig. Drain. Di v. ASCB 89 t lRl,· .17-42. 

OOUWER, H & RICE, R C, 1968 •. Salt penetration; technique for seepage 
measuretaent. J. Irrig. Drain. Di v. ASCE 94. ; IR4 • 481-492. 

BREDENKAMP, D B, 1978. Quantitative estimatioo of arouodwater recharge 
with special reference to the use of natural. radioactive isotopes and 
hydroloJical simulation, Technical report no. 77. Department of Water 
Affairs, South Africa. 

BREDENKAMP, D B, 1981. Kloantitatiewe I'8Dli.np van ~teraanvullinJ 
vo!gelUl eenvoudige bidrologiese madelle. Trans. areal. Soc., S.A., 84, 
153-160. 

BREDENKAMP, D B, 1987. Quantitative estimation ,ofatroundwater recharge in 
the Pretoria-Rietondale area. Technical report DO. : 3508, Department of 
Water Affairs, South Africa. 

BREDENKAMP,' D B, 1987. Case studies of quantitative .. estimates of 
groundwater recharge. Technical report inprepa.ration, Department of 
Water Affairs, South Africa. 

BREDENKAMP, D B, 1988. Quantitative estimation of. atroundwater recharge in 
dolanite. In: I. SiDmersJed), 449-.460. ' -(See also' Olapter 19 of this 
book. ) 

BREDENKAMP, D B, FOSTER-, MB J.&. WIECI1ANS.F: E. 1985. Dolomitic aquifer 
southeast of Pretoria as an "emergency, arot.ll'¥h.ter . supply. Proc. 17th 
Int. Congr. IAH, 1985, Tucson, 761. 

329 



BREDBNKAMP, D B and VOGEL, J C, 1970. Study of a dolaaitic aquifer with 
Carban-14 and TrititB. Proc. Symp. Vienna, Isotope Hydroloey 1970, 
IAFA, Vienna, 349. 

BREDENKAMP, D B, SCHUrl'B, J M and 00 TOIT, G J, 1974. Recbarae of a 
dolaaitic aquifer as detel'lllined fran TritilB profiles. Proc. Symp. 
Vienna ( 1974t t "Isotope Teclmiques in ~ter IbdrolOQ", IAEA, 
Vienna, 73-96 • 

BREDENKAMP, DB,' and ZWARTS, A, 1987. Reconstruction of the flow of 
springs by JDeanB of annual recharge estimates. Technical report no. 
3525, Directorate Geohydrology, Department of Water Affairs, Pretoria, 
South Africa. 

BRIGGS, PC .. WERRE, L L, 1966. Infiltration and recharae from the flow 
of April 1965 in the Salt River near Iboenix, Arizona. Arizona State 
Land Dept. Water Resour. Report No. 29, 12 paaes. 

BR!XXWAY, C E .. ~, R V, 1968. Field evaluation of seepaae 
measurement methods. In: Proc.· 2rd seepage'symp>sitB. US Agric. Res. 
Service. Iboenix, Arizona. ARS-41-147, 121-127. 

BR!X)I{S, R H .. <nmY, A T, 1964. Hydraulic properties of porous media. 
Colorado State University, Hydrology Paper 3, Fort Collins, Colorado. 

BROUGIITON, W C I. S'roNE, J J, 1985. Variation of nmoff with watershed 
area in a semi-arid location. J. Arid Environ. 9, 13-25. 

BRUCH, J C &. STREET, R L~ 1967. Seepaae fran an array of triangular 
channels. J. Eng. Mech. Di v. ASCE 89, EM3, 63-82.' 

BtJRIX)N, D J, 1961. Grotmdwater developnent and conservation in Syria. 
. . FAOfflAP report 1270. 
BURDON, D J, 1977. Flow of fossil ground.water. With discussion by L. 

Clark. Quart. J. Eng. Geal. 10, 97-124. 
BURXHAM, DE, 1970. A method for relating infiltration .rates· to 

streamflow rates in perched streams. USGS Prof. Paper 700-D, 
D266D271. 

CABLE, D R, 1980. Seasonal patterns of soil water recharae and extraction 
on some desert ranges. J. Range ~ement 33(1), 9-16. 

CALDER, I R, HARDING, R J &. ROSIER, P T W, 1983. An objective assessment 
of soil-moisture deficit models. J. HYdroI. 60, 329-355. 

CALF, G F, 1978. An investigation of recharge to the Namai Valley aquifers 
using environmental isotopes. Aust. J. Soil Res. 16,197-207. 

CALF, G F .. HAB1RtBHL M A, 1983. Isotope hydrology and hydrochemistry of 
the Great Artesian Basin, Australia. In: Isotope hydrology, IAHA, 
Vienna (only abstract available). 

CAMPANA, ME .. MAHIN, D A, 1985. !t:xiel-d.erived estimates of groundwater 
mean ages, recharae rate~, effective porosities and storaae in a 
limestone ~fer. J. Hydrol. 76, 247-264. 

CAMPANA, ME .. SlMPSCJtl, E S, 1984. ~ter reside!D! times and 
recharge rates using a discrete-state canpartment model. and 14C data. 
J. HYdrol. 72, 171-185. 

CARBON, B A, BOBTRl'S, F J, FARR~, P .. BERESFam, JD, 1982. Deep 
drainage and water use of forests and pastures grown on deep sands in 
a Mediterranean environment. J. HYdro!. 65, 53-64. 

CARD, R .. EAGLESJN. P S, 1981. Estimating aquifer recharae due to 
rainfall. J. Hydrol. 53, 185-211. 

CAVAJ.J..AflD, A, CXHW>I, C, DE FELICE, G &. GRASSI, P, 1986. Underground 
water pollution in Milan and the Province by induStrial chlorinated
organic compounds. In: J F de L G Solbe (ed), Bffects of Land Use on 
Fresh Waters, Ellis Horwood Ltd, Chices~r, ~, 68-84. 

CEDERrnmN, H R, 1977. Seepage, drainage and flow nets. 2nd ed. Wiley, New 
York. 

330 



CHANDRASEKHARAN, H, NAVADA, S V, JAIN, S K, RAO, S H i. SINGH, Y P, 1988. 
Studies on natural recharge to groundwater by isotope techniques in 
arid Western Rajasthan, India. In: I. SiDmers (ed), 205-220. 

CIDi, V T, 1964. Handbook of applied hydrology. ~ll. 
CLARKE, I, 1979. Practical geostatistics. Applied science publishers, 

London. 129 paaes. 
COLVIlLE, J S, 1984. Estimation of aquifer recharge ani flow fran natural 

tritium content of groundwater. J. Hydrol. 67, 195-222. 
<:XHfANDER, D P, 1983. Ground.water exploration and developoent in the 

Western Fortesue valley, North West Australia. In: Int. Conf. on 
Groundwater and Man, Sydney, 1983, 21-28. 

<XX>LEY, R L It SINCLAIR, PI, 1976. Uniqueness of a model of steady state 
groundh~ter flow. J. HYdrol. 31, 245-279. . 

<XX>PER, J D, 1980. Measurement of moisture fluxes in tmSaturated soil in 
Thetford Forest. Report No. 60, Inst. HYdrol., Wallingford. 

OORREIA, J F, 1963. A study of the factors affecting seepage and methods 
for evaluating losses due to seepage in small irrigation charmels. J. 
Soil Water Cons. 18, 5-16. 

CUNNINGHAM, A B &. SINCLAIR, P J, 1979. Applications and analysis of a 
coupled surfac~ and Jrol.D'ldwater model. J. HYdrol. 43, 129-148. 

DACHLER, R, 1933. Die Wasserwirtschaft, 110 pages. 
DANGERFIElD, J B (ed.), 1983. Water supply and sanitation in developing 

cO\mtries. Water practice manual vol. 3, publ. IWES, London. 
DARLING, W G, ErKJNDS, W H, KINNIBURGH, D G and Kara.:"B, S, 1987. Sources 

of recharge to the basal Nubian Sandstone aquifer, Butana area, Sudan. 
Proc. Symp. Isotope Hydrology 1987. IAEA, Vienna. 

DATTA, P S, GOEL, P S, RAHA, &. SANGAL, S P, 1973. GrO\md water 
recharge in Western Uttar Pradesh, Proc. Ind. Acad. Sci., LXXVIII, 1, 
1-12. 

DAVIDSON, H R, 1985. Numerical calculation of saturated-tmSaturated 
infiltration in a cracked soil. Water Resour. Res. 21, 709-714. 

DE BRUIN, H A R, 1988. Evaporation in arid and semi-arid regions. In: 1. 
Sinners (ed), 73-88. 

DE RIDDER, 1972. Groundwater resources, Final report. FAO, Rome, 219 
pages. 

DE VERA, M R, 1984. Rainfall-nmoff relationship of sane catchments with 
karstic geomorphology under arid to semi -arid conditions. J. Hydrol. 
68, 85-93. 

DE VRIES, J J, 1983. Holocene depletion and active recharge of the 
Kalahari groundwaters - a review and an indicative JDOdel. J. Hydrol. 
70, 221-232. 

DE WIEST, R J H, 1965. Geohydrology. Wiley, New York. 
DELCORE, H R i. LARSON, G J, 1987. Application of the tritium interface 

method for determining recharge rates to unconfined drift aquifers, 
II. Non-haoogeneous case. J. Hydrol. 91, 73-81. 

DFDLANKAR, S B, 1980. 1be Deccan basalts of Maharashtra, India - 1beir 
potential as aquifers. Gro\.D1d Water 18, 434-437. 

DEP1'. ECXlN. AND SOCIAL AFFAIRS, 1975. Groundwater storage and artificial 
~ge, Natural Resouces/Water Sere 2, United Nations, New York, 
270· pages. 

DILLON, P, 1980. Simple models of groundwater recharge for ephemeral 
streams. In: Proc. Groundwater Recharge Conf. 1980, Aw"RC Conf. Ser. 3, 
60-71. 

DIlLON, P J, 1982. Stream-aquifer interaction models: a review. Proc. of 
the fbdrology and Water Resources Symposillll,' Melbourne, May 1979, 
132-138. . 

DILlDN, P & LIGGE.Tl', J A, 1983. An ephemeral stream-aquifer interact~on 
model •. Wat. Resour. Res. 19, 621-626. . 

331 



DIUJCAy C & KJLLER, W, 1985. Evaluation hydrog~logique des ptojets 
d 'bydraulique en terrains crista.1.lins du bouclier ouest-africain. ICHS 
hydrogeological series. 

DINCER, T, 1980. Use of environmental isotopes in arid zone hydrology. In: 
Arid zone hydrology, Investigatimm with isotope techniques. IAFA, 
Vienna, 6-9 Nov. 1978, 23-30. 

DINCER, T, AL-MUGRIN, A .. zn.r.mRMAN, U, 1974. Study of the infiltration 
and recharge through the sand dunes in arid zones wi t.h special 
reference to the stable isotopes. and thermonuclear tritiun. J. Hydrol. 
23, 79-109. 

IXXImNBOS, J, 1963. A literature survey of seepage in canals. Prelim. 
report, IIBI, Wageningen. 

IXXImNBOS, J & PRl1ITl', W, 1974. Guidelines for the prediction of crop 
water requirements. Irrigation and Drainage paper 25, FAD, Rome. 

InmING, R A, PEARSON, F J & SMI'llI, D a, 1979. 'Dle flow mechanism in the 
Chalk based on radio-isotope analysis of grol.1l1dwater in the London 
Basin. J. Hydrol. 40, 67-83. 

DREISS, S J & ANDERSON, L D, 1985. Estimating vertical soil moisture flux 
at a land treatment site. Ground Water 23, 503-511. 

DROST, W, 1981. 'Dle application of single well techniques in ground.water 
investigations. Interamerican symposium on Isotope Hydrology (Proc. 
Symp. Bogota, 1980), IAN, 317-336. 

DROST, W, et al., 1968. Point dilution methods of investigating 
grotmdwater flow by means of radio-isotopes. Water Resour. Res. '4, 
125-146. 

IXJYVENBCX)DEN, W V & UXdI, J P G, 1983. Nitrates in the Netherlands - a 
serious threat to groundwater. Aqua (J. IWSA), No.2, 59-60. 

DYER, A J & MAHER, F J, 1965. Autaoatic eddy flux measurement with the 
evapotron. J. Applied Met. 4(5), 622-625. 

EIM..lNDS, W H, 1983. Use of geochemical methods to determine current 
recharge and recharge history in semi-arid zones. In: Proc. IIeme 
symposium a:rabe sur les resources en eau, Rabat 1981. 282-301. Arab 
Centre for Semi-Arid Zones and Dry Lands (ACSAD), Damascus. 

ElHJNDS, W H & WRIGHT, E P, 1979. GrolO1dwater recharge and paleoclimate 
in the Sirte and Kufra basins, Libya. J. Hydrol. 40, 215-241. 

EIM.JNDS, W H, DARLING, W G .. KINNIBlJBGH, D G, 1988. Solute profile 
techniques for recharge estiDBtion in semi-arid and arid terrain. In: 
I. SiDmers (ed), 139-157. (See also Chapter 20 of this book.) 

EIHJNDS, W H, DARLING, W G and KINNIBURGH, D G (in prep.). Recharge to 
the shallow aquifer system at Abu Delaig, Sudan. -

EIHJNDS, W H and WAL'l'al, N R G, 1980. A geochemical and isotopic approach 
to recharge evaluation in semi-arid zones - past and present. In: 
Arid Zone Hydrology: Investigations with Isotope' Techniques, 47-68. 
IAEA, Vienna. 

EL NIMR, A, 1963. Seepage from parallel trapezoidal canals. J. Eng: Mech. 
Div. ASCE 89, ~, 1-11. . 

ERIKSSON, E, 1976. 'Dle distribution of salinity in groundJ.Bters in the 
Delhi region and recharge rates of ground water. In: Interpretation of 
Environmental Isotope and Hydrochemical Data in GrolllldJeter Hydrology, 
171-178. IAFA, Vienna. . 

ERIKSSON, E. & JOHANSSON, S, 1978. Gotlands grundvattenresuserser. Avd. 
F8r Hydrologi, Uppsal.a Universitet, 13 pages. 

ESCRITI, L a, 1984. Sewerage and s~e' treatment: international practice, 
edi ted and revised by W D Haworth. Wiley, Chichester. 

EVANS, D D, SAl+IIS, T W I. WARRICK, A W, 1979. Transient movement of water 
and solutes in \DlS8.turated flow systems: Tucson, Arizona, Phase 2. 
Project Completion Report, CNn' Project No. a-040-ARIZ, Univ. Arizona, 
Dept. Hydrology and Water Resources, 40 pages. 

332 



FAD (FOOD AND AGRICULTURE ORGANISATION), 1976. Agro-meteoroloaical field 
stations. Irrigation and Drainage Paper 27,. FAD, Rcme. 

FAD, 1977. Crop water requirements. Irrigation ard Drai.naCe Paper 24 
(revised), FAO, Raoe. 

FAD, 1978. Mathematical models in hydrology. Irrigation ard Drainage Paper 
19, FAD, BaDe. 282 pages. 

FAD, 1981. Arid zone hydrology. Irrigation ard DrainaCe paper 37, FAD, 
Rome, 271 pages. 

FAD/UNF.S(X), 1967. Irrigation, drainage and salinity: an international 
source book. Ch. 10, Irrigation systems and lIIBll8gement. 
Hutchinson/FADlUnesco, London. 

FETH, J H, 1964. Hidden recharge. Ground Water 2, 14-17. 
FLEISHER, J N E, 1981. TIle geohydrology of the dolomite aquifers of the 

Malmani subgroups in the south-western Transvaal Republic of South 
Africa. Ph D thesis, Dept. of Geohydrology, University of the Orange 
Free State. 

FLUG, H, ABI-GHANEM, G V &. DUCKSTEIN, L, 1980. An event-based model of 
recharge from an ephemeral stream. Water Resour. Res. 16, 685-690. 

FONTES, J CH, RXJCHON, P, SALmGE, J F &. ZUPPI G M, 1980. Environmental 
isotope study of groundwater systems in the Republic of Dijbouti. In: 
Arid zone hydrology, Investigations with isotope techniques, IAEA, 
Vienna, 6-9 Nov. 1978, 237-262. 

FORKASIEWICZ, J, 1982. Grand Bassin Artesien Australien. Hydrogeologie 
Bull. BRGM, 197-212. 

FmTER, S S D, 1988. Quantification of n-o~-ater recharge in arid 
regions: a practical view for resource developnent and management. In: 
I. Sinmers (ed), 323~338 • 

FmTER, S S D, BA'lH, A H, FARR, J L &. LEWIS, W J, 1982. TIle likelihood of 
active groundwater recharge in the Botswana Kalahari. J. Hydro!. 55, 
113-136. 

FOX, LA. &. RUSHroN, K.R, 1976. Rapid recharge in a limestone aquifer. 
Ground Water, 14, 21-27. 

FREEZE, R A, 1969. The mechanism of natural groundwater recharge and 
discharge,· 1. One dimensional, vertical, lUlSteady, tmSaturated flow 
above a recharging or discharging groundwater flow system. Water 
Resour. Res. 5, 153-171. 

FREEZE, R A, 1970. Three dimensional transient, saturated-tmSaturated. 
flow in a groUl'ld.water basin. Water Resour. Res. 7, 347-366. 

FREEZE, R A, 1972. Role of subsurface flow in generating surface nmoff. 
1. Baseflow contributions to channel flow. Water Resour. Res. 8, 
609-623. 

FREEZE, R A &. BANNER, J, 1970. The mechanism of natural grotll'¥iwater 
recharge ard discharge, 2. Laboratory collBl experiments and field 
measurements. Water Resour. Res. 6, 138-155. 

FREEZE, R A &. CHERRY, J A, 1979. Groundwater. Prentice-Hall Inc., New 
Jersey, 595 pages. 

FREYBURG, D L, 1983. Modelling the effects of a time-dependant wetted. 
perimeter on infiltration fran e}ilemeral channels. Water Resour. Res. 
19, 559-566. 

FRITZ, P &. FONTES, J CH, 1980. Handbook of environmental isotope 
geochemistry. Vol lA, '!be 'terrestrial environment. Elsevier, 
Amsterdam, 545 ~es. . 

GAMBOLATI, G &. VOLPI, G, 1979. Groundwater contour mapping in Venice by 
statistic interpolators. 1. '!beory. Water Resour.Res. 15, 281-290. 

GARG, S P &. CHAWLA, A S, 1970. Seepage from trapezoidal channels. J. Hyd. 
Div. ASCE 96, HY6, 1261-1282. 

333 



GAT, J R, 1984. Role of the zone of aeration in the recharge and 
establishment of chemical character of desert grounduaters. In: Recent 
investigations in the zone of aeration, Proc. Int. Symp., ~ch, West 
Gel'Dl8llY, 487-497. . 

GELHAR, L W, <RES t G W &. DUFFY, C J, 1979. Stochastic methods of 
analysing aroundwater recharge. In: Hydrology of areas of low 
precipitation. Proc. of the Canberra Symp •• December 1979. IAHS-AISH 
Publ. No. 128, 313-321. . 

GILLHAM, R W, 1984. the capillary fringe and its effect on ~ter table 
response. J. Hydrol. 67, 307-324. 

GIScmBR, C E, 1976. Hydrology of the Sahara. Can desert encroachment be 
stopped. In: Rapp, A, Le Houerou, H N &. Lundholm, B (eds). Ecoloaical 
Bull. No. 24, Swedish Natural Sci. Res. ColD'lCil, 83-101. 

GLASS,J P, CHRISTENSEN, B A &. RUBIN, H, 1977. Analysis of transient 
groundwater flow from seepage ponds. Proc. 3rd Int. Hydrology Symp., 
Fort Collins, Colorado, 246-256. 

GOLDSCHMIIYr, M J &. JAOOBS M, 1958. Precipitation over and replenishment of 
the Yarqon and Nahal Hatteninim underground catchments. Hydrol. Paper 
No.3, Hydrol. Service, Min. of Agric., Israel. 

GONFIANTINI, R, (l)NRAD, G, FONTES J CH, SUAZAY, G &. PAYNE, B R, 1974. 
Isotopic study of the continental intercalaire aquifer and its 
relationship with other aquifers of the northern Sahara •. In: Isotope 
hydrology 1974, Symp. on isotope techniques in aroundlolClter hydrology, 
Vienna, Vol. I, 227-241. 

GREENMAN, D W, SWARZENSKI, W V &. BENNEIT, C D, 1967. Gro\Jl1Cb.;ater hydrology 
of the Punjab, West Pakistan, with emphasis on problems caused by 
canal irrigation. USGS Water Supply Paper 1608-H, 66 paaes. 

GRINDLEY, J, 1967. '!be estimation of soil moisture deficits. Meteorol. 
Mag. 96, 97-108. . 

GRINDLEY, J, 1969. The calculation of actual evaporation and soil 
moisture deficits over specified catchment areas. MeteoroL Off. 
Bracknell, Hydro!. Mem. no. 38, 3 pages. 

GUPI'A, J P, 1979. Some observations on the periodic variations of moisture 
in stabilized and tm.stabilized sand dunes of the Indian desert. J. 
Hydol. 41, 153-156. 

GUPI'A, J P &. ~, P, 1984. Soil moisture transport through the 
tmSaturated zone: tritium tagging stuiies in Sabarmati Basin, western 
India. Hydrol. Sci. J. 29, 177-189. 

GUPI'A, S K, LAI, D &. SHARMA, P, 1971. An approach to determining pathways 
and residence time of groundwaters: dual radiotracer dating. J. 
Geophys.· Res., 86, 5292-5300. 

HABERMEHL, H A, 1980. The Great Artesian Basin, Australia. JIfi J. Aust. 
Geology &. Geop,.ys. 5, 9-38. 

HABERMEHL, M A, 1983. Hydrogeology and hydrochemistry of the Great" 
Artesian Basin, Australia. In: International Conf. on GroundJ.Bter and 
Man, 5-9 Dec., Sydney, Vol. 3. Aust. Water Resour. Council Conf. Sere 
No. 008, 83-98. 

HALEVY, E, et al., 1967. Borehole dilution techniques - a critical review. 
In: Isotopes in hydrology, IAEA, Vienna, 531-564. 

HALL, M J, 1984. Urban Hydrology. Elsevier Applied Science, London. 
HALL, F R &. K>ENCH', A F, 1972. Application of the convolution equation to 

stream-aquifer relationships. Water Resour. Res. 8, 487-493. 
1Wfo1AD, H Y, 1960. See~e losses from parallel canal syStems. J. Eng • 

Mech. Di v. ASCE 86, EM4, 43-50. 
HANNIGAN, P B, 1984. Infil tration cut dramatically after pipe repairs. 

WaterjEngineering and management, April 1984, 27-28. 

334 



HARHASH, I, 1980. Rlmoff rainfall and recharge evaluation in Ql,tar 1972-
79. FJD, RaDe, Tech. Note 7, Water Res. and Agric. Devel. Project, 
Govt Qatar, 84 pages. 

HARI KRISHNA, J, 1982. A parametric model to estimate runoff fran 
agricultural watersheds in the semi-arid tropics. J. Hydrol. 55, 
43-51. 

BARR, H B, 1962. Groundwater and seepage. ~-Hill, New York. 
HEEDERICK, J.P, GA'DIURlJ, N, HAJANGA, F.I. &. VAN DONGEN, P.G, 1984. Water 

resources assessment study in the Kiambu District, Kenya. lARS, 
Proceedings of the Harare Symposilm, 95-110. 

HEINDL, H cl }l)LLANDER, R, 1984. Some aspects of a new groundwater model 
for the Nubian Aquifer System. In: Berliner Geowissenschaftliche 
Abhandltmgen, Reihe A, Band 50, Berlin, 221-231. , 

HENDRIKS, H R, SEYHAN, E &. Sn-tmRS, I, 1987. Determination of grid scales 
of landscape variables for hydrological regionalisation. In: 
International geomorphology, 1986, Part II, V Gardiner (ed), 125-143. 

HERSCHY, R W (ed), 1978. Hydrometry, principles and practices. Wiley, New 
York. 

HILLEL, D &. TADrtDR, N, 1962. Water regime and vegetation in the central 
Ne~ev highlands of Israel. Ecology 43, 33-41. 

HILLEL, D, 1982. Introduction to soil physics, Academic Press, 364 pages. 
HIMIDA, I H, 1970. 'nle Nubian artesian basin, its ~ional hydrogeological 

aspects and paleohydrological reconstruction. J. Hydrol. (New Zealand) 
9, 89-116. 

HODGE, C &. DUISBERG, P C, (eds), 1963. Aridity and man. MAS Publ. No. 74, 
Washington, D.C., 119 pages. . 

HODNETT, H G &. BElJ.., J P, 1981. Soil physical processes of groundwater 
recharge through Indian black cotton soils. 'Dle Natural Environment 
Research Colmcil, Institute of Hydrology, England. 

HCXX:aJART, J C, (ed), 1987. Evaporation and weather. Proc. and 
Information 39, TNO Conmi ttee for Hydrological Research, The Hague, 
98 pages. 

HORNEF, H, 1985. Leaky sewers - problems and responsibilities. 
Korrespondenz Ab-lasser, 32 (10), 816-818. (In German). 

HOUS'roN, J F T, 1982. Rainfall and recharge to a dolomitic aquifer at 
Kabwe, Zambia. J. Hydrol., 59, 173-187. 

HOWARD,. K W F &. LLOYD, J W, 1979. The sensi ti vi ty of parameters in the 
Penman evapbration equations and direct recharge balance. J. Hydrol. 
41, 329-344 

HUGHES, G H cl ~, C C, 1966. Determination of water use by 
phreatop.ytes and hydroJilytes. J. Hyd. Div. ASCE 92, HY2, 63-81. 

HUNTLEY, D, 1979. Grol.Uldwater recharge to the aquifers of northern San 
Louis Valley, Colorado. A remote sensing investiaation. Colorado 
School of Hines, Golden, Dept. of Geology. 

HUYAKORN t P S cl PINDER, G F, . 1983. Computational methods in subsm-face 
flow. Academic Press, New York, 473 pages. 

IAEA (INTERNATIONAL A'lUfiC ENERGY AGENCY), 1969-1986. Environmental 
isotope data. World survey of isotope concentration in precipitation. 
Techpical Report Series, IAEA, Vienna: 
Data for 1953-63 in Tech •. Rep. 96, published 1969 
Data for 1964-65 in Tech. Rep. 117, published 1970 
Data for 1966-67 in Tech. Rep. 129, published 1971 
Data for 1968-69 in Tech. Rep. 147, published 1972 
Data for 1970-71 in Tech. Rep. 165, published 1973 
Data for 1972-75 in Tech. Rep. 192, published 1979 
Data for 1976-79 in Tech. Rep. 226, published 1983 
Data for 1980-83 in Tech. Rep. 264, published 1986 

335 



IAEA (INTERNATIONAL AnHIC ENERGY AGENCY) ,1981. Stable isotope hydrology 
- Deuterium and Oxygen-18 in the water cycle. Tech. Rep. Series No. 
210, IAEA, Vienna. 

IAEA (INTERNATIONAL AnHIC ENERGY AGENCY), 1983 •. Guidebook on nuclear 
techniques in Hydrology. Technical Report Ser. No. 91, IABA, Vienna. 
439 pages. 

IlLANGASEKARB, T H & KEEL-SEY'roUX, H J, 1984. Desian of a physically-
. based distributed parameter model for arid zone SlU"face-arotmdwater 

management. J. HYdrol. 74, 213-232. 
INI'ERNATIONAL aH1ISSIoo 00 IRRIGATIoo AND DRAINAGE, 1968. Controlling 

seepage losses from irrigation canals: war ldwide survey 1967. New 
Dehli, 100 pages. 

ISSAR, A, GAT, J R, KARNIELE, A, NATIVE, R &. MAZOR, H, 1985. Groundwater 
formation under desert condition. In: Stable and radioactive isotopes 
in the st\.dy of the misaturated soil zone. Proc. Final Meeting of the 
joint IAEAlGFS co-ordinated Research Progranne for studying the 
physical and isotopic behavior of soil moisture in the zone of 
aeration. Organized by IAEA and held in Vienna, 10-14 Sep. 1984, 35-54 

ISSAR, A & GAT, J R, 1981. Environmental isotopes as a tool in 
hydrogeological research in an arid basin. Grotmd Water 19, 490-494. 

ISSAR, A & GlLAn, D, 1982. Grotmdwater flow systems in the arid 
crYstalline province of Southent Sinai. Hydrol. Sci. J. 27, 309-325. 

JANSSON, P-E I; HALLDIN, S, 1979. Model for armual water and energy.flow 
in a layered soil. In: Halldin (ed), Comparison of forest water and 
energy exchange models, Int. Soc. for Ecological Modelling, 
Copenhagen. 

JANSSON, P-H I; IWLDIN, S, 1980. Soil water and heat model. Technical 
description. Swedish Coniferous Forest Project, Uppsala, Tech. Rep. 
26, 81 pages. 

JOHANSSON, P-o, 1986. Diurnal grotmdwater level fluctuations in sandy till 
- a model analysis. J. Hydrol. 87, 125-134. 

JOHANSSON, P-o, 1987. Estimation of gro\.U'lChater recharge in sandy till 
wi th two different methods using groundwater level fluctuations. J. 
Hydrol. 90, 183-198. 

JOHANSSON, P-o, 1988. Methods for estimation of· natural grotmdwater 
recharge directly from precipitation - caoparative studies in sandy 
till. In: I.SiDlners (ed), 239-270. (See also Chapter 22 of this 
book. ) 

JOHNS'IDN, C D, 1987. Preferred water flow and localised recharge in a 
variable regolith. J. Hydrol. 94, 129-142. 

JORDAN, P R, 1977. Stream flow transmission losses in westent Kansas. J. 
Hyd. Div. ASCE 103, HY8, 905-919. 

KAFRI, U I et al., 1986. '!he hydrogeology of the dolomite aquifer in the 
Klip River Natalspruit basin. Technical report no. 3408, Directorate 
Geohydrology, Department of Water Affairs, Pretoria, South Africa. 

KAFRI, U & BEN ASHER, J, 1978. Ccmputer estimates of natural recharge 
through soils in sou"thent Arizona, USA. J. Hydro!. 38, 125-138. 

KAUFMANN, W J &. '1UDD D K, 1962. Application of tritium tracer to canal 
seepage measurements. Tri thun in the physical and biological sciences 
1, IAEA, Vienna 83. . 

KEPPEL, R V &. RENARD, K G, 1962. Transmission losses in ephemeral stream 
beds. J. Hyd. Div. ASCE 8, HY3, 59-67. Discussion (by H V Peterson) 
339:"343. 

KHOURI, J, 1982. Hydrogeology of the Syrian steppe and adjoining arid 
areas. Quart. J. Eng. Geol. 15, 135-154. 

KITCHING, R & BRIOOE, L R, 1974. Lysimeter installation in sandstone at 
Styrrup, Nottinghamshire. J. Hydro!. 23, 219-232. 

336 



KI'OCHING, R &. DAY, J B W «eds), 1979. Two day meeting on lysimeters. Rep. 
Inst. Geol. Sci. 79/6, 50 pages. 

KI'OCHING, Rt mIJNDS, W H, SHEARER, T R, WALTON, N R G &. JACOVIDES, J, . 
1980. Assessment of ~e to aquifers. Hydol. Sci. Bull. 25, 217-
235. 

KI'OCHING, R & SHEARER, T R, 1982. Construction and operation of a large 
undisturbed. lysimeter to measure recharge to the cha.l..k aquifer, 
England. J. Hydrol. 58, 267-277. 

KI'OCHING, R, SHEARER, T R &. SHEDIreK, S L, 1977. Recharge to the Blmter 
Sandstone determined fran lysimeters. J. Hydrol. 33, 217-232. 

KNCYrl', J F &. OLIMPIO, J C, 1986. Estimation of recharge rates to the sand 
and gravel aquifer using environmental tri tillD, Nantucket Island, 
Massachusetts. USGS Water Supply Paper 2297, USGS, Federal Center, 
Box 25425, Denver, Co 80225, USA. 

KNUTSSON, G, 1988. Humid and arid zone grOl,mm..-ater recharge - a 
compa.rati ve analysis. In: I. Sinmers ( ed), 493-504. 

KOZENY, J, 1933. Theorie tmd Berechnung der Brunen. Wasserkraft t.md 
Wasserwirtschaft 28, 88-92, 101-105, 113-116. 

KRAATZ, 0 B, 1977. Irrigation canal lining. FAO Land. and. Water Developnent 
Sere No.1, 199 pages. 

KREFr, A &. ZUBER, A, 1978. On the physical meaning of the dispersion 
equation and its solutions for different initial and boundary 
conditions. them Eng. Sci. 33, 1471-1480. 

KRISHNAMURTHY, K &. RAO, S H, 1969. Theory and experiment in canal seepage 
estimation using radio-isotopes. J. Hydrol. 9, 277-293. 

KRISHNAMURTHI, N, SUNADA, D K &. lDNGENBAUGH, R A, 1977. Mathematical 
modeling of natural groundwater recharge. Water Resour. Res. 13, 
720-724. 

LAMB, H.H, 1982. Climate, history and the modern world. Methuen. 
LANE, L J, DISKIN, H H &. RENARD, K G, 1971. InpIt-output relationships 

for an ephemeral stream. channel system. J. Hydrol. 13, 22-40. 
LARSON, G J, DEUX>RE, M R &. OFFER, S, 1987. Application of the tritium 

interface method. for determining recharge rates to \.mConfined drift 
aquifers, 1. Homogeneous case. J. Hydrol. 91, 59-72. 

LAtJr, P, AUSTIN, H P, R)l)Y, D N, FAITH, D P, CXXDSPEED, H J &. PAIN, T, 
1982. Hydrologic classification of sub-basins in the Macleay valley, 
New South Wales. CSIH> Div. of Water and Land Resources, Canberra, 
Tech. Memo 82/13. 

LAWRENCE, A R &. OHAmofAGUNAWARDENA, H A, 1983. Vertical recharge to 
confined limestone in northwest Sri Lanka. J. Hydrol. 63, 287-297. 

LEE, D R, 1977. A device for measuring seepage flux in lakes and 
estuaries. Limnol. Oceanogr. 22, 140-147. 

L»DINE, L. & PRAT, J. C, 1972. Cartes d' evapotranspiration potentialle 
calcu1~ par la formula de L.Turc pour les pays membres du CIEH. 
Ouagadougou, January 1972. 

LERNER, D N, 1986. Leaking pipes recharge grol.1lldwater. GrOl,md Water, 26 
(5), 654-662 

LERNER, D N, 1988. Unaccotmted for water - a groundwater resource? Aqua 
(J.IWSA), Feb 1988. 

LERNER, D N, MANSELL-mJLLIN, H, DELLOW, D J &. ll.OYO, J W, 19Z2. 
. Groundwater stuiies in Lima, Peru. From: Optimal appliCation of water 

resources, Proc. Exeter Symp. Juij'" 1982. IAHS Publ~ No. 135, 17-30. 
LEVIN, H, GAT J R &; ISSAR A, 1980. Precipitation, flood and grOlmdwaters 

of the Negev highlands: an isotopic sttxiy of desert hydrology. In: 
Arid zone hydrology, Investigations with isotope techniques. IAEA, 
Vienna, 6-9 Nov. 1978, 3-22. 

LIMAYE, S D, 1986. GrourdHater recharge in volcanic terrain with special 
reference to basalt (Deccan Trap) of India. Special report, 19 pages. 

337 

J 



LLOYD, J W, 1980. Aspects of environmental isotope chemistry in Eastern 
Jordan. In: Arid zone hydrology; Investiaations with isotope 
techniques. IAEA, Vienna, 6-9 Nov. 1978, 193-204. 

LLOYD, J W, 1986. A review of aridity and ~ter. Hydrological 
Processes 1, 63-78. 

LLOYD, J W, HARKER, D &. BAXENDALE, R A, 1981. Recharge mechanisms and 
grotmdwater flow in the chalk and drift depoSits of Bast Anglia. 
Quart. J. Eng. Geo1. 14, 87-96. 

lLOYD, J W, PIKE, J G, ~, B L &. CHIDLEY, T R E, 1987. Th.e 
hydrogeology of canp1ex lens o conditions in Quatar. J. Hydrol. 89, 
239-258. . 

LLOYD, J W, LERNER, D N, ~, H 0 &. FORD, H, 1988. Quantity and 
qua1i ty of groundwater beneath an urban Conurbation - Birmi.ngham, UK. 
Proc. UNESCO Intern. Symp. on Hydrological processes and water 
management in urban areas, Duisburg, April 1988, 445-452. 

lDVELL, R E, DUCKSTEIN, L &. KISnL, C C, 1972. Use of subjective 
information in the est~tion of aquifer parameters. Water Resour. 
Res. 8, 680-691. 

LYNCH, S D et aL, 1984. Groundwater management at the Sishen mine by 
fini te element modelling. Proc. Int. Conf. on Groundwater Technology, 
Johannesburg, South Africa. 

MAHAJAN, N H, 1985. Canal leakage models. Unpublished MSc thesis, 
Birmingham Univ., Dept. of Geology, UK. 

MALOSZEWSKI, P &. ZUBER,. A, 1982. Determining the turnover time of 
groundwater systems with the aid of environmental tracers. 1. Models 
and their applicability. J. Hydro1. 57, 207-231. 

MANDEL, S &. SHIFTAN, Z L, 1981. Groundwater resources: investigation and 
deve10pnent. Academic Press, London. 

MARTIN, G &. KRAPP, L, 1978. '!be hydrogeology of the UDm °Er Radhuma 
dolomite aquifer. Natural Resour. Dev. 8, 13-33. 

MARGAT, J, 1982. Aquifere du continental interca.l.aire du bassin 
sedimentaire du Niger (Mali, Niger, Nigeria). Hydrogeologie BulL 
BR.GM, 177-183. 

MATUX:K., W G, 1966. Sewage effluent recharge in an ephemeral channeL 
Water and Sewage Works 113, 224-229. 

MATVEEV, B K, 1958. Geofiziceskimetody izucenija dvizenija podzemnych 
vod. Gosgeotehidzat, Moscow. (in Russian) 

ftk:ELWEE, C D, 1982. Sensitivity analysis and the groundwater inverse 
problem. Grotmd Water 20, 723-735. 

MEIGS, P, 1953. World. distribution of arid and semi-arid homoclimates. In: 
Arid zone hydrology, Unesco, 203-210. 

MERD, 1958. Hydrological investigations of the Na'aman spring region. 
Water Planning for Israel Ltd report. 

MILLINGl'ON, R J &. QUIRK, J P, 1959. Permeabili ty of porous media. ° Nature 
183, 387-388. 

MILLINGroN, R J &. QUIRK, J P, 1960. Transport in porous ~a. Int. 
Congr. Soil Sci. Trans. 7th, Madison, Wisconsin, 1 (3), 97-106. 

MILLIN<rn)N, R J &. QUIRK, J P, 1961. Permeability of porous solids. 
Trans. Faraday Soc. 57, 1200-1206. 

MJENCH, A F &. KISIEL, C C, 1970. Application of the convolution relation 
to estimating recharge from an ephemeral stream. Water Resour. Res. 
6, 1087-1094. 

foDNTEITH, J L, 1965. Evaporation and environment. Symp. Soc. Exp. BioI. 
19, 205-214. 

l-[)N'fEITH, J L, 1981. Evaporation and surface temperature. Quart. J Royal 
Meteoro1. Soc. 107, 1-27. 

K>REL-SEYTOUX, H J, 1964. Domain variations in channel seepage flow. J •.. 
Hyd. Div., ASCE 90, HY2, 55-79. 

338 



foDmL-SEY'roUX, H J, 1975. A canbined model of water table and river stace 
evolution. Water Resour. Res. 11, 968-972. 

KEEL-SEY'roUX, H J &. BILLICA, J A, 1985. A two phase numerical model for 
prediction of infiltration: applications to a semi-infinite soil 
collBl. Water Resour. Res. 21, 607-615. 
~, H, 1963. Water power developaent: vol. 1, low head power plants. 

Akadem.iai Kaido, ~ian Academy of Sciences, 322-323. 
KJALl!M, Y, 1976. A new mcdel for predictinl the hydraulic conductivity of 

unsaturated porous media. Wat. Resour. Res., 12, 513-522. 
MUNNICH, K 0, 1968a. Moisture movement measured by isotope tagaing, 

Guide book on Nuclear techniques in hydrology, IAEA, Vienna, 112-117. 
HUNNICH, K 0, 1968b. Use of Nuclear techniques for the determination of 

ground water recharge rates, Guide book on Nuclear techniques ~n 
hydrology, IAEA, Vienna, 191-197. 

r-IJRALIDHARAN, D, ATIIAVALE, R N &. MURTI,C S, 1988. Comparison of recharge 
estimates from injected tritium technique and regional hydrological 
modelling in the case of a granitic basin in semi-arid India. In: 1. 
SiDmers (ed), 195-220. 

MUSKAT, H, 1946. The flow of homogeneous fluids through porous media. J W 
Edwards Inc., Arm Arbor, Michigan. 

NARASINHAM, T M, NJruMAN, S P &. WI'lHERSPCX)N, P A, 1978. Finite element 
method for subsurface hydrology using mixed implicit-explicit scheme. 
Water Resour. Res. 15, 863-877. 

NEUMAN, S P, 1980. A statistical approach to the inverse problem of 
aquifer hydrology. 3. Improved solution method and added perspective. 
Water Resour. Res. 16, 331-346. . 

NIELSEN, D R, BIGGAR, J W &. ERR, K T, 1973. Spatial variability offield 
measured soil-water properties. Hiliardia 42, 215-259. 

NILSSON, T, 1983. Dokumentation av subrutin flSr beriikning av potentiell 
grundvattenbildning. Avd. far Hydrolo,i, Uppsala Universitet, 7 pages. 
(lmpublished) • 

NORRIS, S E, 1970. TIle effect of stream discharge on streambed leakage to 
a glacial outwash aquifer. USGS Prof. Paper 700-D, D262-D265. 

OAKES, D B, 1981. A numerical model of a stream aquifer system subject to 
delayed rainfall recharge. Trans. Geo!. Soc. S. Africa 84, 135-144. 

00STQ0!, 1977. Republique de Haute-Volta, Precipitations journali~res de 
l'origine des stations 1\ 1965. ICHS. Ouagadougou. 

0l'KUN. 0, 1971.' Paleozoic sandstone aquifers in Satdi Arabia. Int. Ass. 
Hydrogeologists, Mem. 9, Congr., Tokyo, 16-21. 

anruN, 0, 1972. Observations on Mesozoic Sandstone aquifers in Sauii 
Arabia. Int. Geol. Congr., 24th Session, Montreal, Sec. 11, 
lI1droaeology, 28-35. 

PACHUR &; BRAUN, 1980. The paleoclimate of the Central Sahara, Libya and 
the Libyan desert. In: The paleoecology of Africa and the surrounding 
islands, 351-363. A.A. Balkema, Rotterdam. 

PALMER, W C, 1965. Meteorologic drought. Res. Pap. US Weather Bur. 45, 58 
pages 

PBX, A J &; WILL:£AroB)N, D R,(eds), 1987. Hydrology and salinity in the 
Collie River basin, Western Australia. J. Hydro!. .(special issue) 94, 
198·j.ges. 

PENMAN, H L, 1948. Natural. evaporation from open water, bare soil and 
grass. Proc. R. Soc. London, Sere A 193, 120-145. 

PENMAN, H L, 1949. The de~ of transpiration on weather and soil 
cond.i tions • J. Soil Sci. 1, 74-89. 

PENMAN, H L, 1950. The water balance of the StoUr catchment area. J. 
Inst. Water Eng. 4, 457-469. . 

PHILIP, J H, 1985. Better 8OCOlmting for unaccounted for water. J.~, 39 
(6), 475-484. 

339 



PHIU"IPS, F H, TBC1l'MAN, K N, BENTLEY, H W, DAVIS, S N &. ~ D, 1984. 
Chlorine-36 fran at.mosPleric nUclear weapon testing as a hydrolo&ic 
tracer in the zone of aeration in arid climates. In: Recent 
investigations on the zone of aeration, Proc. Int. Symp., "-mich, West 
Germany, 47-56. 

PHIU"IPS, J H,1983. Water usaae and the quantification of UIl8CCOtmted 
water in a tmiversally metered area. J. IWJm 37, 325-335. 

PIKE, J .G, 1971. Rainfall and evaporation in Botswana. UNDP/FAO Botswana. 
tech. Doc. 1. 

PINDER, G F &:. SAUER, S R, 1971. NuDerical simulation of floodwave 
modification due to bankstor&ge effects. Water Resour. Res. 7, 63-
70. 

PLATA-BEJXtfAR, A, 1983. Single well techniques using radioactive tracers. 
Tracer methods in isotope hydrology, IAEA TECDOC 291. 

PIl.JHOWSKI, E J &:. SPINELLO, A G, 1978. Impact of stream base flow and 
grotmdwater recharge on Long Island, New York. J. Res. USGS 6, 
263-271. 

PONTIN, J M A, et al., 1979. Prediction of seepage loss fran the enlarged 
Ismalia Canal. Report No. on 28, HRS, Wallingford. . 

PRIESTLEY, C H B' &:. TAYlDR, R J, 1972. On the assessment of surface heat 
flux and evaporation using large scale parameters. Monthly Weather 
Review 100, 81-92. 

RANDALL, A D, 1978. Infiltration from tributary streams in the 
Susquehanna River Basin, New York. J. Res. USGS 6, 285-297. 

'RANGARAJAN, R, HODLUR, G.K, ATHAVALE, R.N,& RAO, T.G. 1987. 
Estimation of recharge to the pu-eatic aquifers of Aurepalle 
watershed, Mahaboolmaaar district by tritium tagging method, Tech. 
report: National Geophysical Research Institute, Hyerabad. 

RANGARAJ AN, R, &. RAMBSH CHAND, 1987 •. Ground water recharge to 
Kl.D'lderu and Chi travati basins of Rayalaseema. region of A. P., Tech. 
Report, National GeoJilysical. Research Institute, Hyerabad. 

REED, E C, 1980. Report on water losses. Aqua (J.IWSA), No.8, 178-191. 
REEDER, J W, FREYBERG, D L, FRANZINI, J B &:. REMSON, I, 1980. Infiltration 

tmder rapidly varying surface water depths. Water Resour. Res. 16, 
97-104. 

REHM, B W, r-DRAN, S R &. ~, G H, 1982. Natm-al arotmdwater 
recharge in an upland area of central. North Dakota, USA. J. Hydrol. 
59, 293-314. 

RICHARDS, L A, 1931. Capillary conduction through porous medium. Physics 
1, 318-333. . 

RIOO, C, 1984. Experimental study of potential evapotranspiration in 
central Africa. J. Hydrol., 12, 275-288. 

ROBINSON, T W, 1958. Pbreatojilytes. USGS water supply paper 1423, 84 
pages. 

BtnIE, P A & THIERRY, D, 1984. SiDulation globale de bassins 
hydrologiques. Introduction" la ~lisation et description du ~le 
GARDENIA. BRCM report 84 SGN 337 FAU. 

RODIER, J, 1985. Aspects of arid zone hydrology. Chapter 8 in: J C Rodda 
(ed), Facets of Hydrology II. John Wiley and Sons, Chicester. 

RODIER, J &. RCCHE, H, 1978. River flow in arid regions •. Chapter 13 iIi: R 
W Herschy (ed), Hydrometry, Principles and Practice, John Wiley and 
Sons, Chicester. 

~IG, A, 1972. Study of the' differences in effects of forest and 
other vegetative covers on water yield. Final Report, Project A-10-FS-
13, Min. of Agriculture, Israel. 

BOVEY, C E K, 1975. Numerical model of flow in a st~aquifer system. 
Colorado State Uni v., Fort Collins, Hydrology Paper no. 74. 

340 



RlJSIflQl, K R, 1986. Surface water-groundwater interaction in irriaation 
schemes. Conj\.D'lCtive Water Use (Proceedings of the Budapest Sympositml, 
July 1986), IAHS PUbl. No. 156, 17-27. 

Rt.JSIllU.l. K R, 1988. Numerical and conceptual models for recharge 
estimation in arid am semi-arid zones. In: 1. Si.alllers (ed), 223-238. 
(See also Chapter 23 of this book. ) 

Rt.JSIllU.l, K R cl RElElAW, S C, 1979. Seepage and grol.lrKheter flow -
l1UIIIIerical analysis by analog and digital methods. Wiley, New York, 339 
pages. 

Rt.JSIllU.l. K R &: Ta1LINSON, L H, 1979. Possible mechanisms for leakage 
bebeen aquifers and rivers. J. Hydrol. 40, 49-65. 

Rt.JSIllU.l, K R, &: TAWARI, S. C , 1988. Mathematical modelling of a multi
layered. alluvial aquifer. Instn. Engineers, India. 

Rt.JSIllU.l, K R &: WARD C J, 1979. 11le estimation of ground.water recharge. 
J. Hydrol. 41, 345-361. 

SALATI, E, LEAL, J H &: CAMPOS M H, 1974. Envirorunental isotopes used in a 
hydrogeological study of northeastern Brazil. In: Isotope hydrology 
1974, Symp. on Isotope Techniques in Groundwater Hydrology, Vol. I, 
IAEA, Vienna, 259-282. 

SAfoM[S, T W, EVANS, D D &: WARWICK, A W, 1982. Comparison of methods to 
estimate deep percolation rates. Water Resour. Bull. 18, 465-470. 

SAVATXXD, AN&: SARRaI'-REYNAULDS, J, 1982. Apports des analyses chimiques 
et isotopiques a la connaissance du mode de recharge des nappes 
aquiferes - alimentation des nappes en Haute-Volta. Comptes rendus du 
10 Congres National des Soc. Savantes, 123-134. 

SA"mNA, R K &: DRESSIE, Z, 1984. Estimation of groundwater recharge and 
moisture movement in" sandy fonnations by tracing natural oxygen-18 and 
injected tritium profiles in the unsaturated zone. Isotope Hydrology 
1983. Proc. Symp. Vi erma , IAEA, 139-150. 

SCHOELLER, 1948. Les modifications de la composition chique de l'eau dans 
Wle meme nappe. IAHS, Assemblee d'Oslo, 124-129. 

SCOTT, V &. HOUSTON, C, 1959. Measuring irrigation water. Berkeley, Calif., 
Calif. Agric. Exp. Station, extension service. Circular no. 473. 

SEABORN, G E &: ARONSON, D A, 1974. Influence of recharge basins on the 
hydrology of Nassau and Suffolk coWlties, wng Island, New York. USGS 
Water supply paper 2031. 

SEYFRIED, C 5, 1984. Municipal sewage treatment. umwelt. No.5, 413-415 
(in German). 

SHAOORI, A, MICHAELI, A &: ROSENWEIG, A, 1965. Hydrology studies on a 
representative karst catchment in Israel. IAHS Publ. 66, 333-346. 

SHARMA, H D cl CHAWlA, A S, 1979. Canal seepage with boundary at finite 
depth. J. Hyd. Div. ASCE 105, HY7, 877-897. 

SHARMA, K H, CRESSWELL, I D &. WATSON, J D, 1985. Estimates of natural 
groundwater recharge fran the depth distribution of an applied tracer. 
Proc. 21st Int. Assoc. Hydraulic Res., Melbourne, 65-70. 

SHARMA, H L, 1988. Recharge estimation from the depth~stribution of 
environmental chloride in the unsaturated zone - Western Australian 
examples. In: 1. SiDmers (ed), 159-173. 

SHARMA, H L &: HUGHES, H W, 1985. Groundwater recharge estimation using 
chloride, deuteriun and oxygen-18 profiles in the deep coastal sands 
of Western Australia. J. Ibdrol. 81, 93-109. 

SHARMA, P &. GUPfA, S K, 1985. Soil water movement in semi-arid climate -
an isotopic investigation. In: Stable and radioactive isotopes in the 
stl.dy of the \mS8.turated soil zone. Proc. Final Meeting of the joint 
IAEA/GSF co-ordinated research progranme for studying the physical and 
isotopic behavior of soil moisture in the zone of aeration. Organized 
by IAEA and held in Vienna, 10-14 Sep. 1984, "55-70. 

341 



SHATA, A A, 1982. HydrogeoloQ of the Great Nubian Sandstone basin, Egypt. 
Quart. J. Rna. Geol. 15, 127-133. 

SINGH, V P &: CIDIDHURY, P K, 1979. A mathematical model for nmoff in 
arid lands. In: IOdroloay of areas of loW precipitation. Proc. of 
the Canberra Symp., December 1979. IAHS-AISH Publ. No. 128, 181-189. 

Snr-mRS, I (ed), 1988. Estimation of natural ~ter recharge. NATO 
ASI Series C, Vol. 222 (Proc. of the NATO advanced research workshop, 
Antalya, Turkey, March 1987.) D. Reidel Pub!. Co., Dordrecht. 

SINHA, B PC&: SHABMA, S K, 1988. Natural groUl'ldwater recharge estimation 
methodologies in India. In: I. SilDers (ed), 301-311. 

SIV APALAN, M &: l«X)J), E F, 1986. Spatial heterogeneity and scale in the 
infiltration response of catchments. In: Scale problems in hydrology, 
V K Gupta et al., (eds), D. Reidel Publ. Co., 81-106. 

SMIT, P J, 1978. Groundwater ~e in the dolomite of the Ghaap Plateau 
near KurtmI8l'l in the northern cape, Republic of South Africa. Water S. 
A. 4, 81-92. 

SMITH, D B, WEARN, P L, RICHARDS, H J &: Raffl, P C, 1970. Water movement 
in the unsaturated zone of high and low permeability strata by 
measuring natural tritium. In: Isotope Hydrology, IAEA, Vienna, 73-87. 

SMITH, P J &. WIKRAMARA'INA, R S, 1981. A method for estimating recharge 
and boundary flux from groundwater level observations. Hydrol. Sci. 
Bull. 26, 113-135. 

SONNTAG, C, 1984. Autochtoneous groundwater in the confined Nubian 
sandstone aquifer •. From: Berliner Geowissenschaftlich Abhandll..Jl'lgen, 

. Reihe A, Band 50, Berlin, 124-134. 
SONNTAG, C, CHRIS'lMANN, D &. MUNNICH, K 0, 1985. Laboratory and field 

experiments on infiltration and evaporation of soil water by means of 
deuterium and oxygen-18. In: Stable and radioactive isotopes in the 
study of the tmSaturated soil zone, lAEA-TECDOC 357, IAEA, Vienna, 
145-159. 

SONNTAG, C, '1'H<XofA, G, MUNNICH, K 0, DINCER, T &. KLITZSCH, E, 1980. 
Environmental isotopes in North African groundwaters and the Dahna 
sand-dune study, Sauii Arabia. In: Arid zone hydrology; Investigations 
with isotope teclmiques. IAEA, Vienna, 6-9 Nov. 1978, 77-84. 

SOREY, M L &. MATLOCK,' W G, 1969. Evaporation from an ephemeral streambed. 
J. HYd. Div. ASCE 95, HY1, 423-438. 

STAllMAN, R W, 1963. Computation of groundwater velocity from temperature 
data. USGS Water Supply Paper 1544-H, H36-H46. 

STALIl1AN, R W, 1965. Steady one dimensional flow in a semi-infinite 
porous mediUlll with sinusoidal surface temperature. J. Geophys. Res. 
70(12), 2821-2827. 

STAROSOLSZKY, 0, 1959. ConIoOn errors in measurement of irrigation water. 
Trans. ASCE, 124. Paper No. 2980. 

STEENmJIS, T S, JACKSON, C D, KUNG, S K J &. BRl1rSAERl', W, 1985. 
Measurements of groundwater recharae on eastern Lana Island, New York, 
USA. J. Hydrol. 79, 145-169. 

STEKETEE, C H &. HEINECKE, T L, 1984. 1be key to effective infiltration and 
inflow control. Public Works, June, 1984, 88-92. 

STEPHENSOO, G R &. ZUZEL, J F, 1981. Groundwater recharge characteristics 
in a semi-arid environment of southwest Idaho. J. H1drol. 53, 213-227. 

STEPHENS, DB&. mDiL'IDN, R, 1986. Soil water movement and recharge 
through sand at a semi-:arid site in New Mexico. Water Resources· 
Research 22(6), 881-889. 

snJFF, R G &. DALE, R F, 1978. A soil moisture budget DXXiel accounting for 
shallow water table influences. Soil Sci. Soc. Am. J. 42, 637-643. 

SUKHIJA, B S &. RAO, A A, 1983 .• Environmental tritilBll and radiocarbon 
stuiies in the Vedavati River basin, Karnataka and Ancira Pradesh, 
India. J. Hydol. 60, 185-196. . 

342 



SUKHIJA, B S &: SIWI, C R, 1976. Conformity of groundwater recharge rate by 
tritium method and mathematical modelling. J. Hydrol. 30, 167-178. 

THIERY, D, 1985. Pourquoi tm modtUe 4. reservoirs permet-il de simuler 
correctement Ie tarissement d'tme nappe ou d'tme source? BRGM 
technical record EAU 85/23, October 1985. 

THIERY, D, 1988. Analysis of long duration piezometric records from 
Burkina Faso used to determine aquifer recharge. In: 1. SiDmers (ed), 
477-489. (See also Chapter 24, this book.) 

THIERY, D, 1988a. Forecast of changes in piezometric levels by a lumped 
hydrological model. J.Hydrol., 97, 129-148. 

THIERY, D, 1988b. Modelisation hydrologique semi-globale par simulation 
couplee des variations de stock en eau dans la zone non-saturee et de 
l' evolution des ni veau piezometriques. Calmunication au 4ene SY,mposium 
International sur l'applcation de l'analyse des systenesa la gestion 
des ressources en eau. Rabat (Maroc), October 1988. 

THIERY, D, 1988c. Calculation of natural aquifer recharge from rainfall 
with an unsaturated zone model. Paper presented to the AIRH 
International Symposium on Interaction between groundwater and surface 
water. Ystad, Sweden, May 30-June 3, 1988. 

THOM, AS&: OLIVER, H R, 1977. On Penman's equation for estimating 
regional evap:>ration. Quart. J. Royal. Meteorol. Soc. 103, 345-357. 

'l'Ha1A, G, ESSER, N, SONNTAG, C, WEISS, W, RUDOLPH, J &: LEVEQUE, P, 1979. 
New technique of in-situ soil-moisture sampling for environmental 
isotope analysis applied at Pilat sand dune near Bordea\DC. Isotope 
Hydrology 1978. Proc. Symp. Neuherberg, IAEA, Vol. 2, 753-766. 
~, JAM &: FOSTER, S S D, 1986. Effect of urbanization on 

grotmdwater of limestone islands: an analysis of the Bermuda case. J. 
Institution of Water Engineers and Scientists, 40, 527-540. 

THORNTHWAITE, C W, 1948. An approach towards a rational classification of 
climate. Geographical Review 38, 55-94. 

THORNTHWAITE, C W &: MATHER, J R, 1955. The water balance. Pub!. 
Climato!. Lab. Climato!. Drexel Inst. Techno!. 8, 1-104. 

TILREM, 0 A, 1986. Methods of measurement and estimation of discharges at 
hydraulic structures. wr-D Operational Hydrology Rep:>rt 25, wrwD, 
Geneva, 38 pages. 

TIXERONT et a1., 1951. Bilan d'eau des massifs calcaires en Ttmisie Gaz 
des captages, de Ttmis et de Bizerte. IAHS, Assemblee de Bruxelles, 
T4. 

TNO, 1981. Water resources management on a regional scale. Proc. of 
Technical Meeting 37, Nov 1980. Proc. and Informations 27, TNO, The 
Hague. 

TODD, D K, 1980. Groundwater Hydrology (2nd ed. ). Wiley, New York. 
TOEBES, C &. <X.JRYVAEV, V (eds), 1970. Representative and experimental 

basins. An international guide for research and practice. Studies 
and Rep:>rts in Hydrology 4, UNESOO Press, Paris (English and French 
editions available). 

TURC, L, 1954. Le bilan d'eau des sols: relations entre les 
precipi tations, l' evaporation et l' ecoulement. Ann. Agron. 5, 491-
596. 

TURC, L~ 1961. Evaluation des besoins en eau d'irrigation. 
Evap:>transpiration potetialle. Ann. Agronomique, 1961, 12. 

UNESOO, 1953. Reviews of research on arid zone hydrology. Arid zone 
programme - 1, 212 pages (Maps 392, 393 - UN, 1952). 

UNESOO, 1958. Climatology - reviews of research. Arid zone research, No. 
10, 177 pages. . 

UNESOO, 1977. Developnent of arid and semi-arid lands: obstacles and 
prospects. MAB Technical Notes 6, 42 pages. 

343 



UNESOO, 1979.' Map of the world distribution of arid regions: explanatory 
note. MAB Technical Notes 7 J 54 paaes. 

UNESOO, 1984. Guide to the ~ololY of caroonate rocks. Studies an4 
Reports in Hydrology 41, Unesco, Paris 343 paaes. 

UNIVERSITY OF BIBMINGHAM, 1984. Saline groundsater investigation. Phase 2 
- No~ Merseyside. Final report to the North West Water Authority 
(lmpublished report). 

US AGRICULTURAL RESBARCH SERVICE, 1963. Proceedinas of the seepage 
symposiun. Aloenix, Arizona. ARS-4190, 180 pages. 

US AGRICULTURAL RESERARCH SERVICE, 1968. Proceedinas of the 2nd seepage 
symposiUD. Aloenix, Arizona. ARS-41147, 150 paaes. 

US BUREAU OF RECLAMATION, 1967. Water measurement manuaL 2nd edition, 
Denver, Colorado. 

VACHAUD, G, VAUCLIN. H &. OOI.a1BANI, J, 1981. Bilan hydrique dans Ie Strl
Tlmesien. 1. Caracterisation experimentale des transferts dans la zone 
non saturee. J. Hydrol. 45, 21-38. 

VAN DAM, C H &. VAN DE VEN, F H H, 1984. Infiltration in the pavement. 
Proc. 3rd Int. Conf. on urban storm drainage, Gothenburg, Sweden, 
Vol.3. 

VAN DER LEEDEN, F, 1975. Water resources of the world. Water Infonnation 
Centre, New York. 

VAN RENSBURG, H J, 1985. 'n Ondershoek na die benutting van grol'ld.loJater in 
die Grootfontein kanpa.rtment (Wes Transvaal). Unpublished H.Sc. 
dissertation, UOVS, Bloemfontein, South Africa • 

. VAN' T WOUIYI', B D,. WHITl'AKER, J &. NICOlLE, K, 1979. Groundwater 
replenishment from riverflow. Water Resour. BulL 15, 1016-1027. 

VAUCLIN, H, KHANJI, D &: VACHAUD, G, 1979. Experimental arxi numerical 
study of a transient two dimensional unsaturated"';saturated lol8.ter table 
recharge problem. Water Resour. Res. 15, 1089-1101. 

VAUCLIN, H &. VACHAUD, G, 1981. Bilan hydrique dans Ie Sud. Tunesien. "II. 
Modelisation numerique et prevision des transferts hydriques en sol 
stratifie. J. Hydrol. 49, 53-73. 

VEDERNIKOV, V V, 1936. Seepage from tri~ar arxi trapezoidal canals. 
Machine Zapiski Moskovskogo Institua Inzhenerov Vodnogo Khozyaitsva 
No.2, 248-288. . . 

VERHAGEN, B 'Ill, SMI'l1I, P E, KDEXlRGE, I &: ~, Z, 1979. Tri titlll 
profiles in Kalahari sands as measure of rain-water reCharge. In: 
Isotope hydrology 1978, Vol II, .!ABA, Neuherberg, 19-23 Jlme 1978, 
733-751. 

VINES, R G, 1986. Rainfall patterns in India. J. Climat., 6, 135-148. 
WACHYAN, E, 1986. Losses from lined and \mlined canals. Unpublished MSc 

thesis, Birmingham Uni v ., Dept. of Ci v. Eng., UK. 
WACHYAN, E &. RUSH'IDN, K R, 1987. Water losses from irrigation canals. J. 

HYdroI., 92, 275-288. 
WALKER, S H &. RUSH'IDN, K R, 1984. Verification of lateral percolation 

losses from irrigated rice fields by a nuoerical model. J. HydroL 71, 
335-351. 

WALLACE, DE&. RENARD, K G, 1967. Contrib.rt.ion to regional lol8.ter table 
from transmission losses of ephemeral stream beds. Trans. ASAE 10, 
786":'789 and 792. 

WANG, H F &. ANDERSON, H P, 1982. Introduction to groundwater modelling. W 
H Freeman, USA, 274 pages. 

WATSON, K K, 1980. Numerical analysis of natural ~ter recharge 
under intermittent surface inputs. AWOC Groundwater Recharge Conf., 
Townsville, Australia, 98-107. 

WATSON, Ph, SINCLAIR, P &. WACOONNER, R, 1976. Quantitative evaluation of 
a method for estimating rechai-ge to the desert basins of Nevada. J. 
Hydrol. 31, 335-~57. 

344 



WELLINGS, S R, 1984. Recharge of the upper chalk aquifer at a site in 
Hampshire, England. 1. Water balance and unsaturated flow. J. 
HYdroI. 69, 259-273. 

WELLINGS, SR· cl BELL J P, 1980. Movement of water and nitrate in the 
unsaturated zone of uppel7 chalk near Winchester, Rants., England. J. 
HYdroI. 48, 119-136. 

WIKRAMARATNA, R S cl REEVE, C E, 1984. A modelling approach to estimating 
aquifer recharge on a regional scale. Hydrol. Sci. J. 29, 327-337. 

WILD, J cl RUIZ, J-C, 1987. Lima. groundwater modelling revisited. 
Presented to National Hydrology Sympositm, University of Hull, UK, 
Sept 1987. 

WIlSON, L G, DE (XX)K, K J cl NEUMAN, S P, 1980. Recharge from irrigation 
return flows. In: WRRC, 1980. 

WIlSON, L G & DE OX)K, K J, 1968. Field observations on c~es in the 
subsurface water regime during influent seepage in the Santa Cruz 
River. Water Resour. Res. 4, 1219-1234. 

Wfo[) (WORLD METEOROIroICAL OFFICE), 1966. Measurement and estimation of 
evaporation and evapotranspiration. wr-D Technical Note 83. 

wr-D, 1980. Manual on stream gauging. Voltune 1 - Fieldwork, Volume 2 -
Computation of dicharge. WM) Operational Hydrology Report 13, WM), 

Geneva. 
WfwD, 1981. Guide to hydrological practices, 4rd edition. wr-D Technical 

Note 168, 2 volumes. 
WORSTELL, V, 1976. Estimating seepage losses from canal systems. J. Irrig. 

Drain. Div. ASCE 102, IRl, 137-147. 
WRIGHT, C E (ed), 1980. Surface water and groundwater interaction. Unesco 

- Studies and Reports in Hydrology, No. 29, 129 pages. 
WRIGHT, E P, IZATT, D & ILRI, I, 1983. Hydrogeology and groundwater in 

Bahrain. Wat. Resour. Bureau, Bahrain, Paper 10. 
WRRC (WATER RESOURCES RESEARCH CENTER), 1980. Regional recharge research 

for southwest alluvial basins. Final report on USGS contract 14-08-
0001-18257. Dept of Hydrology and Water resources, Univ. of Arizona, 
Tuscon. 417 pages. 

WURZEL, P, 1983. Tritium as a grOl.mdwater tracer in Zimbabwe. Methcx:ls and 
Instrumentation for the Investigation of Groundwater S)=tems, 289-300. 

YAKOWITZ, S cl DUCKSTEIN, L, 1980. Instability in aquifer identification: 
theory and case studies. Water Resour. Res. 16, 1045-1064. 

YClJNGS, E G, 1977. '!he WlSteady groundwater mound below an irrigation 
ditch or leaky canal. J. Hydrol. 34, 307-314. 

m.JSFI, Y, ARANYalSI, J F, I>JE:RM:XJNI, B & Fall'ES, J-ch, 1985. Etude 
isotopique des mouvements de I' eau en zone non saturee sous climat 
aride (Algerie). In: Stable and radioactive isotopes in the stl.dy of 
the unsaturated soil zone, IAEA-TECDOC 357, IAEA, Vienna, 161-178. 

YURI'SEVER, Y &: PAYNE B R, 1979. Application of environmental isotopes to 
groundwater investigation in Qatar. In: Isotope hydrology 1978, Vol. 
II. IAEA, Neuherberg, 19-23 June 1978, 465-490. 

ZAUJSKI, M &. SADEK K E, 1981. Hydrogeology of Mesozoic aquifers in the 
western part of Wadi al Ajal. In: Saleem, M J &. Busrewil, M T (eds), 
Geology of Libya, Vol. II. Academic Press, London, 635-641. 

ZEBIDI, 1963. Contribution a I' etude du bilan hydrogeologique du Djebel 
Bargou. '!hese publication 47-46, BIRH, Tunisie.· 

ZIMMERMANN, U, MUNNINCH, K.O, &. ROETHER, W, 1967. Downward 
movement of soil moisture traced by means of hydrogen isotopes, 
Geophy. Monograph 11,. American Geophysical Union, Washington, 28-36. 

ZUBER, A, 1986. Mathematical models for the interpretation of 
environmental radio-isotopes in groundwater systems. In: Fritz, P &. 
Fontes, J-ch (eds), HandOOok of environmental geochemistry. Vol. 2 
'!he terrestrial environment, B. 

345 








