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PREFACE 

Inasmuch as the significance of thorough investigations of groundwater as an important 
natural resource has been generally recognized, several symposia have been held in 
recent years dealing with its quantitative and qualitative aspects. Much less attention has 
been paid to the very first phase of these investigations. The beginning is always the 
collection of data: which data, how much and by what method. It is here that a special 
problem is encountered. Indeed, there exists at present a great number of highly varied 
methods and related instruments, but it remains to be indicated which of the numerous 
methods and instruments are the most appropriate ones in each particular case. Decisive 
factors in this respect are the objectives of the investigations, the geological environment, 
the required accuracy and the funds available. It is precisely this problem on which this 
symposium has been focused. It has also been defined the three main themes of the 
symposium has been focused, with three main themes: 

(i) criteria for optimal sampling strategies; 
(ii) methods and techniques for the determination of geohydrological parameters and 

variables; 
(iii) instrumentation for the acquisition and processing of geohydrological data, 

including accuracy, cost and management aspects. 
I wish to thank gratefully TNO, IAHS and IAH for the support given to the activities of 
Unesco and of the secretariat of the Netherlands National Committee for the IHP. 

A. Volker. 
Chairman of the Netherlands' 
National Committee for the 
International Hydrological 
Programme. 
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SIGNIFICANCE AND MAIN CHARACTERISTICS 

OF GROUNDWATER SYSTEMS 

Dr. G. ~ovgcs 

Corresponding Member of the Hungarian Academy of Sciences 

Research Centre for Water Resources Development (VITUKI) 

Budapest, Hungary. 

Abstract 

There are many areas all over the world, where groundwater resources 

provide the most important source of water supply. The interrelation 

between surface- and groundwaters is inevitable, their conjunctive 

use is, therefore, the most reasonable approach of the utilization of 

water. The planning and operation of groundwater exploitation requires 

the simulation of groundwater systems. 

Independently of the fact, whether the simulation is carried out by 

hydrodynamic modelling of the systems or other approximationsare applied 

to describe the regime of groundwaters, information is required on: 

- the structure of the systems (their scale in space and time), 
- the parameters characterizing the geometry, the hydraulic behaviour 
and the internal conditions of the systems, and 

- the connection of the systems with the other parts of the hydrological 
cycle (boundary conditions). 

The purpose of the symposium is to survey the recent development of the 

methods and instruments suitable for the determination of the parameters 

characterizing the groundwater systems. This introductory paper summa- 

rizes some principles, which should be considered and raises some ques- 

tions, which should be answered when the most appropriate methods of 

groundwater studies are investigated. 



1 Determination of available groundwater resources 

1.1 The importance and the role of groundwater resources 

A developing economy requires more and more water to be supplied to 

communities, industry and agriculture in every part of the world. At 

the same timetheeffluents released by the users are collected and dis- 

charged into the natural system, polluting in this way the recipient 

waters. This fact hampers the re-use and the multiple utilization of 

water resources. 

There are many areas, where groundwater provides the most important 

source to meet the ever-increasing demand. A comprehensive quantitative 

and qualitative management of groundwater basins,therefore, is an in- 

evitable requirement for the rational utilization of water resources. 

The amount of water stored below the surface in the form of groundwater 

and soil moisture exceeds 20 percent of the total fresh water resources 

of the Earth ( ~ i ~ u r e  1). This water is available only to a limited ex- 

tent for direct use, because exploitation of water stored in clay or at 

great depths is not yet economical. Neither is it permissible, to con- 

sume large quantities of this stored water, because it is one of the 

basic elements of the biosphere and some serious changes would be caused 

by its absence (e.g. the heat balance would be disturbed by the decrease 

of evaporation, or the vegetation would be destroyed by lowering the 

water table overlargeareas, where the contribution of shallow ground- 

water is important to meet the water demand of the plants). 

The stored groundwater - a so-called static resource - has to be con- 
sidered, therefore, as a reservoir, from which water may be exploited 

on a limited scale only. To determine the utilizable amount of ground- 

water resources in a basin, the expected natural recharge - the amount 
of water recharging continuously the aquifers by infiltrating rainwater - 
should be known. The over-exploitation of the groundwater (water mining) 

can also be avoided by recharging the aquifers artificially. In this case 

the natural storage capacity of the layers is utilized to change the 

distribution of runoff in time according to the demand of the users. 
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1.2 Conjunctive use of surface- and groundwaters 

Under natural conditions the groundwater aquifers are in balanced condi- 

tion, i.e. the multi-annual averages of recharge and discharge respec- 

tively are equal. In a closed basin the infiltration of precipitation is 

the most important source of recharge, while the aquifers are drained by 

evapotranspiration and by the network of surface water courses. The in- 

filtration is practically not modified by discharging the systems arti- 

ficially. Hence, the percolation from the aquifers to the rivers and the 

water withdrawal caused by evaporation is always decreased by the ex- 

ploitation of the groundwater to reach a new equilibrium. 

A further amount of water becomes also available, when the water table 

is lowered by exploitation. The decrease of the stored amount of water 

due to pumping is composed of two parts, i.e. 

- the pore-volume between original water table and the lowered surface 
is drained and 

- the lowering of pressure causes consolidation. 
The result of the latter is the decrease of both the pore-size and the 

volume of water stored in deeper strata (~igure 2). The emptied pores 

can be refilled by recharging the aquifer, but the water gained by con- 

solidation can only be partly replenished since the layers are not com- 

pletely elastic. The environmental consequence of the utilization of this 

resource is land subsidence due to the decrease of the bulk volume of the 

affected layers. 

The close connection between surface- and groundwaters indicates that the 

latter cannot be regarded as an independent source providing the users 

with water. Indeed, utilization of groundwater actually means, that a 

considerable amount is taken from surface waters by decreasing their 

base flow. Only a relatively small amount of the water exploited from the 

aquifers is gained by lowering the water table. Yet the environmental im- 

pacts of its utilization should be considered when the use of this re- 

source is planned (decrease of evapotranspiration, land subsidence). 

Groundwater utilization has many advantages. This resource is available 

over large areas (especially in sedimentary basins) and not only along 

rivers and lakes. The aquifers may be utilized as natural reservoirs. 



(a) Natural conditinn (b) Drained condition 

Figure 2 Groundwater abstraction with drawdown of the phreatic 

table and land subsidence 

The quality of groundwater is generally suitable for human consumption 

without special treatment. It is necessary to consider however, that the 

available groundwater resources are limited and their exploitation modi- 

fies the water regime not only in the subsoil but also that of the sur- 

face waters. The environmental consequences of the expected changes have 

to be considered also when the utilization of groundwater is investigated. 

There are two important conclusions, which can be drawn up from the basic 

aspects of groundwater exploitation listed in the previous paragraphs 

a) The groundwater provides a well protected source, therefore, the water 

supply for direct human consumption should have preference among the 

various users. Since this source is limited and its utilization influ- 

ences also the regime of surface waters,the use of the two sources should 

be investigated jointly. The final purpose of this investigation should 

be always the determination of the optimal combination of the use of 

surface- and groundwaters ( conjunctive use) . 
b) The best allocation of the two types of water in case of conjunctive 

use can be determined only, when the expected modifications in the na- 

tural hydrological cycle and in the environment due to groundwater ex- 



ploitation are predicted with sufficient accuracy, and the changes are 

carefully observed and evaluated during the operation. Both prediction 

and monitoring require the knowledge of the storage and transport pro- 

cesses in the groundwater system influenced by exploitation. The precise 

characterization of these systems is, therefore, an important prerequi- 

site of the utilization of groundwater resources. 

1.3 Simulation of groundwater systems 

As a brief summary of the previous reasoning it can be stated, that the 

water stored in aquifers becomes available only by exploitation. The 

type, the location and even the way of operation of the discharging 

structures nay influence the available amount of water. The other large 

group of the influencing factors is composed of the natural processes 

initiating and maintaining water exchange between the aquifer discharged 

artificially and its surrounding (surf ace waters, neighbouring aquifers, 

atmospheric waters through the soil moisture zone). The investigation of 

a groundwater system must not be limited, therefore, to an aquifer, but 

it should be always considered, that the water bearing layer is only a 

part of the whole system of the hydrological cycle. Hence, the ground- 

water systems - the size of which depends on the rate of exploitation 

and which may also change in time - must include always those effects 
which substitute the continuity of the hydrological cycle (natural boun- 

dary conditions) and the parameters describing the way of exploitation 

(the construction and the operation of the discharging devices as arti- 

ficial boundary conditions). 

It follows from this character of groundwater resources, that not only 

the methods applied in the hydrological investigation of groundwaters, 

but the basic concept used for the assessment of the available resources 

differs considerably from the determination of the available surface 

waters. The calculation of the latter is carried out independently of 

the demand and after knowing this parameter it is compared to the re- 

quirement in the form of a balance. On the contrary the assessment of 

groundwater resources should start by estimating the rate of exploitation 

and the conseqiiences of the planned human activities should be predicted. 



The upper limit of the available water can be determined only by the eco- 

nomic evaluation of the expected changes due to various exploitation. 

The damages caused by the modification of some environmental factors, or 

the investment and operational cost of measures needed to prevent the 

development of undesirable changes should be compared with the value of 

the utilized water in this economic studies. 

The interpretation of the assessment of groundwater resources indicates 

clearly that there is only one way to meet the practical requirements. 

The average depression due to the operation of discharging devices 

planned to be constructed should be estimated in the vicinity of the 

exploitation and it should be investigated, what kind of changes are 

expected in the groundwater system due to this depression. The objective 

of such studies is always the determination of the hydraulic parameters 

of the modified system describing the new flow regime as well as the 

storage and transport of water within the system and around its bounda- 

ries. The changes are usually characterized by such parameters as the 

lowering of the water table or piezometric surface, the decrease of 

base-flow and that of the yield of springs, the amount of water trans- 

ported by groundwater flow from neighbouring aquifers, basins or rivers 

towards the formation discharged by exploitation, etc. 

Several different methods can be used to simulate the groundwater system 

and to predict the expected changes. It is the general opinion, that the 

regional hydrodynamic modelling of the groundwater systems is the most 

accurate and theoretically firmly based method which can meet all the 

practical requirements ( ~ i ~ u r e  3). The accuracy needed in such studies 

depends, however, on many factors (e.g. the space- en time-scale of the 

investigations, the amount of water exploited from the system related to 

the total available quantity, the knowledge of the hydraulic behaviour 

and the processes influencing the system, etc.) Hence in many cases some- 

what simplified approaches are also acceptable. 

There is, however, a common requirement, which should be fulfilled in- 

dependently of the methods applied for the investigation i.e. the para- 

meters characterizing the properties and the condition of the groundwater 

systems should be known. The purpose of this symposium is to investigate 

the methods and instrumentation suitable for the determination of these 

parameters. 



Figure 3 Regional hydrodynamic modelling of a groundwater system 

2 Parameters to be determined for the characterization of 

groundwater systems 

2.1 The influence of the use of computers on the development 

of groundwater studies 

Seepage hydraulics has reached a new stage of its development in the last 

few decades. The application of numerical methods and the use of large 

computers became a generally accepted way of solving groundwater problems. 

Although the computer is essentially only a tool used for the rapid de- 

termination of the results of various relationships expressed in a mathe- 

matical form, it has basically modified both the possibilities of the 

investigation of groundwater systems and the direction of research in 

this field. 

Previously there was a contradiction between the accurate characteriza- 

tion of the processes and the solution of the equations describing them. 

The first requirement needed the correct assessment of the influencing 



processes and their exact description. At the same time it was necessary 

to satisfy the second requirement too, by reducing the number of vari- 

ables being taken into account and by simplifying the equations expressing 

the relationships between the variables, because, in practice, only the 

most simple analytic solutions were applicable. Hence the purpose of 

research was usually to find an acceptable compromise between the exact- 

ness and the mathematically accessible solution. In most cases there was 

no other choice than to neglect some of the influencing factors, although 

the basic relationships describing the physical processes were generally 

known since long time. 

The use of numerical methods combined with their rapid handling facili- 

tated by computers opens the way in practice to consider many variables 

and also to solve equations not being manageable analytically. Hence, by 

the new technique, the previous contradiction was eliminated (or it was 

decreased considerably). Relatively complicated relationships can be 

solved and more versatile processes can be taken into account than pre- 

viously. 

This analysis draws the attention to the need to find a new compromise, 

now between the exactness of the model and the accuracy of the parameters 

instead of the previous one, which aimed at the elimination of the con- 

tradiction that existed between the characterization of the processes 

and the solution of the equations describing them. The reliability of 

the simulation of a system - which is in general the objective of any 
study dealing with groundwater systems independently of both its direct 

purpose (the task of the investigation is research, planning or operation) 

and the method used to describe the processes (which is called a model 

without making difference between a set of differential equations and a 

practical rule of thumb) - depends on the model, on the way of its solu- 
tion and on the parameters describing the behaviour of the system. It is 

quite evident, that the accuracy of an investigation is determined ba- 

sically by the less precise factor. Hence, it is an important requirement, 

that the reliability of the components in a simulation should be deve- 

loped in a consistent way. 

The application of more exact kinematic equations to describe the physi- 

cal processes and more precise numerical methods to solve the set of 



equations requires the concentration of research for the determination 

of the parameters characterizing the hydraulic behaviour of the water 

transporting system and the boundary conditions describing the interaction 

between the system and its surroundings. The task of this symposium is, 

therefore, 

- to survey the methods suitable for the determination of these para- 
meters and the instrumentation needed for their observation; 

- to analyse the accuracy of parameters achieved by applying various 
devices; and 

- to harmonize the required accuracy depending on the character ofthe 
system as well as on the time- and space-scale of the investigation 

with the reliability of the observations by indicating measuring tech- 

niques and instruments suited to the specific type of the study. 

2.2 Parameters characterizing the properties and the condition 

of the groundwater systems 

The basic information needed for a groundwater system and which is in- 

cluded in the models in the form of various parameters can be divided 

into three main groups 

- the geometry of the system 
- the hydraulic behaviour of the aquifers conveying the water and the 
aquitards separating the water transporting formations, and 

- the instantaneous or predicted condition of the system influenced by 
the hydrodynamic processes prevailing there. 

The geometry of the system is basically determined by the position of 

its boundaries and by its internal structure describing the subsequent 

layers, their thickness and extension. The various methods of explora- 

tion aiming at recognizing the stratigraphy and the geological strudture 

of an area are the tools to determine this information. It is necessary 

to consider that - although the geometrical data are in most cases time- 
invariant - the external boundaries of the system are sometimes selected 
arbitrarily (the extension of the influenced field) instead of using an 

actual well defined surface (land surface or interface with an imper- 

vious bed). The position of such boundaries depends also on the develop- 

ment of the processes investigated and, therefore, it changes also in 

12 



time (moving boundary problem). The delineation of recharge and drainage 

areas may assist in the determination of the extension of the system, 

and it provides, therefore, also information on the geometry of the flow 

field. In nature the water transporting formations are composed in most 

cases of several partly separated aquifers. The required details of 

stratigraphy depends also on the space-scale of the investigation. Hydro- 

logical observations (vertical pressure distribution, fluctuation of 

water table and piezometric level), the chemical composition and the 

temperature of water stored in different formations may help to deter- 

mine the interconnected aquifers. 

The two most important parameters characterizing the hydraulic behaviour 

of layers are hydraulic conductivity and storage capacity. In the case 

of water transporting formations the conductivity parallel to the bedding 

plan is usually more important than that in perpendicular direction. This 

value is replaced many times by the product of the conductivity and the 

thickness of the layer (transmissibility). When the aquitards are descri- 

bed the conductivity perpendicular to the bedding plane (or de leakage 

coefficient, i.e. thickness divided by permeability) is the parameter 

characterizing primarily the hydraulic behaviour. The determination of 

storage capacity depends on the fact whether a phreatic or a confined 

aquifer is investigated. In the first case the knowledge of the specific 

yield is sufficient, while in the second case the calculation of storage 

coefficient depending on the consolidation of the whole formation and 

on the compressibility of the water is needed. To simplify the investi- 

gation usually both hydraulic conductivity and storage coefficient are 

regarded as time-invariant parameters. There are cases, however, when 

their changes in time should be considered (deformable porous medium). 

To facilitate such calculation and in general to assist in the estimation 

of the two basic parameters the determination of some supplementary phy- 

sical data of the layer (porosity, grain-size distribution, shape coeffi- 

cient of the particles, fracture-size distribution, compressibility) is 

also advisable. 

The condition inside the investigated area can be described by the spatial 

distribution of two parameters i.e. potential and seepage velocity (or 

flux). The potential (which is characterized by the potential head, i.e. 



the sum of the vertical distance from the reference level and the pressure 

prevailing in the water related to the specific weight of the latter) can 

be determined as a scalar function depending on the space co-ordinates of 

the point investigated, while velocity can be characterized by a vector 

field. The parameters describing the instantaneous condition should be 

determined from direct observations. Since there exists a close relation- 

ship between potential and velocity (the latter is proportional to the 

gradient of the former), the measurement of one of them gives sufficient 

information on the other as well. Naturally the special behaviour of the 

transport process (e.g. non laminar character of flow, anisotropy or in- 

homogeneity of the layer) should be also considered, when such trans- 

formation is executed. The prediction of the expected changes in the 

potential and velocity fields due to the planned human activities is in 

most cases the task of groundwater investigation. 

As a summary of the foregoing it can be stated that the topics of the 

symposium should include the analysis of the methods and instruments 

which are suitable to determine both the time-dependent and time-inde- 

pendent parameters of the groundwater systems. The determination of the 

parameters that will be discussed, can be grouped in the following way: 

- geometry (stratigraphy and structural geology) 
- hydraulic behaviour (hydraulic conductivity, storage coefficient and 
supplementary physical data) 

- hydraulic conditions (distribution of potential and velocity). 

2.3 Determination of boundary conditions 

As it was already mentioned, the groundwater systems are only subsystems 

within the global system of the hydrological cycle. It is quite evident, 

that the continuity of the cycle should be replaced by appropriate boun- 

dary conditions. In fact the process of water transport was divided when 

the borders of the investigated groundwater system were selected. The 

character of the conditions to be taken into account depends on the type 

of the boundary. 

At the interface of surface- and groundwaters the water exchange between 

the two types of water resources should be used as boundary condition. 



This can be done either in the form of known flux through the boundary 

(when the discharging or the recharging effects of the surface water are 

estimated), or - and it is the more common and more natural way - the 
potential of the surface water is given around the perimeter of the field 

and the flux is calculated. 

The processes draining or recharging the groundwater systems through the 

land surface are distributed over the basin. Infiltration originating 

from precipitation is a positive factor of the groundwater balance, while 

a part of evapotranspiration - that taking water from subsurface reser- 
voirs (soil moisture and groundwater) - is a discharging effect. Although 
their specific value (the amount of water crossing a unit area during a 

time-unit) is usually small, the overall influence is considerable, be- 

cause the effects have to be integrated over the horizontal surface of 

the system of a considerable areal extent. 

The role of the hydrological processes developing on or over the land 

surface does not change when the investigation is limited to the satura- 

ted zone (the water table is used as the upper boundary of the system), 

only the numerical values of these boundary conditions have to be calcu- 

lated in a different way. In this case the water exchange between ground- 

water and soil moisture (groundwater recharge) should be determined, con- 

sidering the storage and transport in the soil moisture zone separated 

from the atmospheric hydrological processes. 

There are always attempts to select the subterranean boundaries of the 

investigated system along the interface of the water transporting forma- 

tion with an impervious layer. This very simple condition cannot be 

applied in every case. Sometimes it is not necessary to extend the in- 

vestigation until a remote impervious boundary (limited space scale of 

the system), in other cases it should be considered, that the impervious- 

ness of the bed bordering the water transporting formation is only a 

relative matter depending on its threshold gradient and leakage coeffi- 

cient of as well as on the potential gradient developing through the 

underlying layer. Both in the case of a semi-impervious bordering bed 

(external boundary conditions) and when the aquifers are separated within 

a water transporting format ion by aquitards ( interval boundary conditions ) 

the cross-flow should be considered also as a horizontally distributed 

process (similar to recharge). Its numerical value depends on the poten- 



tial difference between the waters in adjacent water bearing layers. 

Concentrated boundary conditions (not distributed over the area) should 

be considered not only around the perimeter of the systems, but also 

along structural lines (deeply eroded valleys, faulting zones) crossing 

the investigated area, where considerable recharge or discharge may in- 

fluence the water balance. Sometimes the artificial effects are taken 

into account also as boundary conditions concentrated at given places of 

the system. 

The numerical determination of the boundary conditions requires the com- 

bined investigation and observation of hydrological processes developing 

over, on and below the land surface. Since the influence of the accuracy 

of boundary conditions on the reliability of the hydrological characte- 

rization of a groundwater system may be at least so strong as that of 

parameters describing the geometry, the behaviour and the internal con- 

dition of the system, it would be advisable to analyse the determination 

of both parameters and boundary conditions in a combined form. Unfortu- 

nately the scope of this symposium did not make it possible to include 

the problems related to the boundary conditions of groundwater systems 

into the programme now. It is justified, however, to recommend for the 

international organizations sponsering this symposium: 

- to convene a workshop in the forthcoming years for the detailed inves- 
tigation of the boundary conditions of groundwater systems; and 

- to ensure the interdisciplinary character of this meeting by inviting 
hydrologists and geologists as well as scientists dealing with theore- 

tical research and experts engaged mostly in practical work. 

New trends in hydrological research of groundwater 

The random character of both the structure of systems 

and the influencing factors 

Ten, fifteen years ago the development in hydrology was characterized by 

efforts to apply in our scientific field the methods of system analysis. 

Sharp debates were heard whether the models describing the systems should 

be based on some predetermined physical concept or on a statistical ana- 



lysis of the time-series of observed data which better suits the random 

character of hydrological events. Since that time system analysis became 

generally accepted in hydrology and both the deterministic and the sto- 

chastic approaches are widely used depending not only on the character 

of the processes and on the types of data available, but also on the 

preference of the scientists engaged in the research. A new phase of 

development can be observed recently in many fieldsof hydrology trying 

to combine the advantages of both methods. The expected characteristics 

of a given phenomenon is determined from deterministic models utilizing 

the knowledge of the physical processes governing its development; the 

influence of random factors is analysed by stochastic models providing 

the variance of the same characteristics at different confidence levels. 

The hydrological investigation of groundwater systems provides a good 

example of this double approach. The basic seepage law (which may be 

linear or not depending on the character of flow) and the kinematic 

equations describing transport through and storage in porous media are 

well known and relatively easily applicable since the common application 

of numerical methods. They provide the deterministic part of the models. 

The stochastic character of the processes is caused by two different 

groups of influencing factors: 

( i ) the random variability of the water transporting channels building 

up the internal structure of porous media, and 

(ii) the hydrological events influencing groundwater systems as boundary 

conditions and changing randomly in time. The consideration of their 

influence provides the stochastic elements of models. 

The investigation of the influence of structural variability has started 

just recently. It was already proved that the local point values of hy- 

draulic parameters (e.g. potential gradient, flux, concentration origi- 

nating from point source pollution) have large scattering and their re- 

lative variance is closely related to the relative variance of pore size. 

This fact is especially important in cases, when the local value has a 

great practical role (e.g. dispersion of pollutants). It can be stated 

that also as a result of resent research, that usually the expected point 

values of the hydraulic parameters are equal to the parameters calculated 

by supposing homogeneous average structure, but that the flux is an ex- 

ception. Its expected value is always smaller than that belonging to an 



average field, and depends not only on the variance of pore-size but also 

on the form of the zone of influence. This effect is incorporated, how- 

ever, into the value of hydraulic conductivity and is often masked by 

the uncertainty of the latter. 

The time series of time-dependent data observed in a groundwater system 

and characterizing the change of its conditions are the same as any other 

similar hydrological parameter. Their analysis does not differ, there- 

fore, from the traditional methods of hydrology. Hence questions rela- 

ted to the random character of data and to be discussed in the framework 

of the symposium can be raised mainly in connection with the time-inde- 

pendent parameters : 

- what is the probable measuring error of devices used or proposed to 
determine various parameters; 

- how this error is related to the stochastic variation of the same para- 
meter and how can the influence of the two random factors be distin- 

gui shed ; 

- how many repetitions of measurements are needed to arrive at a reliable 
estimateofboththeexpected value and the variance of a given parameter 

and how this repetition can be executed under field conditions; and 

- what is the range of scattering of a parameter in question, within 
which the variance can be regarded as the result of random variation 

of the structure and what is the limit above which the differences 

indicate the inhomogeneity of the system. 

3.2 The applicability of continuum approach 

The water transport through a conduit is usually described by two dif- 

ferential equations considering the conservation of energy and mass res- 

pectively. This set supplemented with the boundary conditions can be 

solved directly only in cases of very simple forms of the water conveying 

elements (straight tubes or prismatic channels). The complicated network 

composed of the pores or fractures of aquifers excludes, however, the 

direct application of the kinematic equations. The micro-structure of 

the channels is substituted, therefore, by a macroscopic characteriza- 

tion of the flow field characterizing the continuous field with average 



parameters (hydraulic conductivity and storage capacity). The kinematic 

equations are transformed to facilitate the calculation of the average 

flow characteristics, i.e. distribution of both potential (pressure) and 

seepage velocity (flux) within the whole field or at its special points 

or lines. This is done by considering the boundary conditions only at the 

perimeter of the field. 

The seepage laws derived in this way which give the relationship between 

the gradient of potential and the seepage velocity can be applied only 

if the continuum approach is acceptable for the characterization of the 

field. It is known, that the numerical characteristics of any property 

of a porous medium depends to a large extent on the position of the point 

the close vicinity of which is investigated. The range of the probable 

scattering decreases, when the size of the investigated sample increases. 

A ceiling can be reached (representative elementary size or unit) above 

which the calculated parameter has only random variation and is indepen- 

dent of the position of the sample within the layer. The applicability 

of continuum approach requires, that the flow domain described as a con- 

tinuous field should be always several times larger in each direction, 

than the representative elementary size. 

Considering the interpretation of the representative elementary size, 

the type of the porous medium and the character of the process investi- 

gated three main cases can be mentioned where the continuum approach 

(and the seepage laws derived by supposing its validity) cannot be accep- 

ted and applied: 

a) The field is smaller than several representative elementary units. 

The average flow characteristics cannot be calculated on the basis 

of a seepage law, but the water conveyance through individual channels 

should be investigated. 

b) The character of the flow depends on the size of the channel e.g. when 

the difference between the area of the smallest and the largest pores 

is higher than one order of magnitude laminar, transitional or even 

turbulent flow may develop simultaneously in the same porous medium 

in various channels, or in unsaturated medium the small pores are sa- 

turated and there are only water films in the large pores). The fre- 

quency (or probability) distribution of the number of pores according 



to their size should be known in these cases. 

c) The characterization of the average of the investigated process does 

not give sufficient information, but the probable extremes of the 

point values should be known (e-g. the dispersion of pollutant in 

aquifers). 

In each case the traditional methods applied in seepage hydraulics 

should be supplemented with the investigation of the structural variation 

of the water transporting channels in porous media. The analysis of the 

influence of the randomly changing structure on the hydraulic behaviour 

of the field is a recently developing topic of groundwater studies. Our 

knowledge is, however, very limited concerning the structural variabili- 

ty of aquifers. In the case of loose clastic sediments the grain-size 

distribution is generally used to characterize the structure of the layer 

instead of the pore-size distribution. This supplementation is acceptable 

only, when the pores are evenly distributed (e.g. in coarse-grained sedi- 

ments). The aggregation of fine grains may create a secondary porosity 

and in this case the grain-size distribution does not adequately charac- 

terize the actual pores. The knowledge concerning the structure of frac- 

tures is even more limited. It would be advisable, therefore, to discuss 

the following problems: 

- what kind of methods or instruments can be proposed to measure pore-size 
distribution in loose clastic sediments; 

- is there any idea about the type of the probability distribution suita- 
ble to approximate the interrelation between the number of pores and 

their size; and 

- how can the structure of fractured rocks be characterized for hydro- 
geological studies. 

3.3 The propagation of pollutants in groundwater systems 

Sofar, in this paper, the quantitative aspects of groundwater studies 

have mostly been analysed. It was mentioned that one of the advantages 

of utilizing groundwater is its better quality and its natural protection 

against pollution. The ever increasing amount of solid and liquid wastes 

deposited on and below the land surface, the increase of the pollution 



of surface waters being interconnected with groundwater reservoirs and 

the chemicals applied in agriculture and percolating through the soil 

moisture zone indicate the necessity to investigate the quality of sub- 

surface waters more carefully. The theoretical research to characterize 

the propagation of pollutants in porous media,as well as the practical 

measures to be applied to increase the protection of aquifers against 

pollution and to observe the changes in quality,can be regarded also as 

a new trend of the hydrological investigation of groundwater systems. 

Among the theoretical problems the determination of the propagation time 

and the dispersion of pollutants can be mentioned as an area where re- 

search is needed. There are even efforts made to supplement the regional 

hydrodynamic models of groundwater systems with the simulation of chemi- 

cal transport. When the effects of non-point source pollution (origi- 

nating mostly from the fertilizers and other chemicals used in agricul- 

ture but including also e.g. the influence of acid rain on groundwater) 

are investigated the propagation of pollutants through an unsaturated 

layer should be determined. The change of the concentration due to pro- 

cesses other than dispersion (e.g. filtering, chemical decomposition, 

dissolving salts from the solid matrix, radioactive decay) are forming 

also very rapidly an important group of theoretical research developing. 

The investigation of the filtering ability of natural strata leads from 

theoretical to practical research. It is necessary to know how the con- 

centration of various chemicals decreases as a function of the length 

of propagation, the type of the layer and the biological processes which 

may develop in the layer (e.g. iron bacteriae). Considering these aspects 

and also the probable direction and velocity of flow developing due to 

exploitation, the aquifers can be classified according to their natural 

protection against pollution. Since this property is an important para- 

meter of groundwater systems the methods and observations needed for its 

numerical characterization could also be discussed in the framework of 

this symposium. 

There are, however, several further practical questions which could be 

raised in connection with the investigation of the qualitative problems 

of groundwater utilization, e.g.: 

- what kind of qualitative parameters should be measured in a hydrologi- 
cal network serving the regular observation of groundwaters, in the 



framework of a groundwater exploration or as a part of the operation of 

water supply schemes; 

- which devices are suitable for monitoring the data needed for the cha- 
racterization of groundwater quality; 

- what is the necessary density in space and time of sampling depending 
on the structure of the groundwater system and on the way of the utili- 

zation of the water. 

4 Closing remarks 

The purpose of the paper was to emphasize the importance of the ground- 

water resources in water management as an introduction to the symposium 

dealing with the methods and instruments applied for the observation of 

processes characterizing groundwater systems. Efforts were made at the 

same time to define the scope of the symposium by giving the interpreta- 

tion of groundwater system, by summarizing the time-dependent and constant 

parameters to be determined, by indicating the interrelation between the 

accuracy of the parameters and the time- and space-scales of the inves- 

tigations and finally by referring to the dependency of the methods 

applied for the exploration of the systems on the purpose of studies. 

References were also made to the new development of the research in the 

field of groundwater hydrology to indicate those areas where new types 

of data collection or the improvement of traditional methods are re- 

quired. 

It is hoped, that this introduction and somequestionsraised in connec- 

tion with some special aspects of the characterization of groundwater 

systems will assist the development of a lively discussion aiming at the 

clarification of several problems and the indication of further research 

needs. 
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Abstract 

A framework for the planning of groundwater fieldwork programmes is 

described. Specific reference is made to the financial, technical, 

organisational and socio-environmental factors influencing programme 

design and execution. 

La structure d'ensemble ayant trait B la planification des programmes 

de travail sur le terrain est cornmentee en detail. 11 est fait tout 

specialement reference aux differents facteurs d'ordre financier, 

technique, organisationnel et socio-environnemental, lesquels ont leur 

rdle dans l'elaboration et la mise B execution de ces programmes. 

1 Introduction 

It is instructive to begin a consideration of groundwater 

investigation planning from an historical point of view. It is 

recorded (Wilkinson, 1977) that in 1849 evidence was given in a court 

case in England regarding pollution of a domestic well that 

"the laws of the existence and progress of percolating 

water cannot be known or regulated. It rises to great 



heights and moves collateraly, by influences beyond our 

apprehension. These influences are so secret, changeable 

and uncontrollable that we cannot subject them to the 

regulations of law nor build them a system of rules." 

Only seven years later Henri Darcy was to demonstrate the falseness of 

this statement and to provide the theoretical basis for the study of 

the flow of groundwater and its management as a resource. Despite the 

fact that Darcy's work was based on public water supply, the 

scientific study he started was slow to establish its practical 

relevance and for a long time a gulf persisted between practitioner 

and theoretician. Much of the rapid increase in municipal water 

supply in the latter part of the nineteenth century and the early 

years of this century was undertaken without any systematic 

measurement of the groundwater system that was being exploited. The 

rates of abstraction were usually modest in relation to the available 

resource, and thus the perturbation of the natural groundwater system 

was small, with only limited and local implications for other 

abstractors or the environment. Man's activity as a producer of waste 

was less, thus reducing the need to have regard to water quality 

constraints. There was also less public awareness and concern about 

adverse environmental effects, no doubt due to both the fact that the 

number of incidents were few and scattered, and because any 

disbenefits were weighed against the considerable social benefit of 

first-time water supplies. For all these reasons groundwater 

exploitation in developed countries has a long history of success, and 

a short experience of systematic field evaluation, data collection and 

monitoring. 

The situation has changed rapidly in recent years. Worldwide the 

exploitation of groundwater resources is being undertaken on a 

hitherto unprecedented scale. In many regions groundwater resources 

are being used at rates close to or above the rate of natural 

replenishment. It is beyond question that development on this scale 

should only be undertaken with closest attention to hydrogeological 

controls and with the fullest possible understanding of the 



groundwater system in both quantity and quality terms. 

There remains however something of a gulf between the theoretician and 

the practitioner which hinders the most efficient use of new 

developments in both measurement techniques and data analysis. This 

arises because in many cases new methods and models are not 

sufficiently well documented in terms of the limits and constraints 

upon their use with the result that the practitioner is not readily 

able to identify the right method or model for his particular 

investigation. These constraints may be due to the physical 

characteristics of the system under investigation. They may also 

arise from organisational factors such as practical limits on the type 

or amount of data which it is possible for an investigator to 

collect. This highlights the need for a balance to be struck between 

the data demands of an increasingly intensive management of 

groundwater resources and our ability to obtain, and continue to 

obtain, this data. We are faced with a resource allocation problem 

whose objective is the most cost-effective field programme to obtain 

the maximum amount of valid field data relevant to our planning and 

operational needs. 

2 Defining information needs 

The factors influencing the design of effective fieldwork programmes 

are illustrated in the relationship shown in Figure 1. The process 

begins with the definition of objectives. The objectives will vary 

widely depending on the type of investigation, as described below, but 

they are always necessary to ensure that the correct information needs 

are identified. Groundwater systems are complex and subject to local 

inhomogeneity, and even the best designed programmes may produce some 

anomalous results which do not contribute to an overall understanding 

of the problem. It is therefore important that additional redundancy 

is not built in because the objectives, and therefore the defined 

information needs, are imprecise. 
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Figure 1 Steps in the development of fieldwork programmes 

The information needs will also depend on the characteristics of the 

groundwater system under consideration. These characteristics need to 

be identified in terms of the physical, and perhaps also biological 

properties of the system and the way these are dependent upon changes 

in scale and time. Of particular importance is the adequate 

definition of the boundaries of the groundwater system, especially 



where there are links with other parts of the total hydrological 

system. Exploitation of groundwater resources can rarely be 

adequately considered without a knowledge of its potential impact on 

surface water resources and thus the information needs will often 

include data on surface water flow and spring discharges. Depending 

on the initial level of knowledge of the system it is likely that 

certain characteristics may not emerge until the investigation is in 

progress. It must be recognised, therefore, that the perception of 

information needs may change during the progress of a study, and thus 

require changes in the nature of the investigation programme. 

3 Types of i&vestigation 

The structure shown in Figure 1 can be applied to many types of 

investigation, but it is convenient to regard them as falling into 

three categories. These categories are not exclusive and any one 

method of measurement or monitoring facility could be used in all 

three roles. The distinction comes not so much in the way the 

information is collected but in the way that it is used. The three 

categories may be briefly described as 

- i) research orientated, 

- ii) project orientated, or 

- iii) operationally orientated 

3.1 Research orientated investigations 

These are specific field investigations often restricted to individual 

experimental sites and designed to improve understanding of basic 

physical or chemical processes in groundwater systems. They are 

distinguished by the fact that the investigations are not designed to 

provide information only on to the situation and location in which the 

measurements are made. The results are intended to have a wide 

application to groundwater management either directly, or through 

their use to validate general models of groundwater systems. 



3.2 Project orientated investigations 

This type of investigation is directly related to the planning of a 

groundwater project within the area in which the study is undertaken. 

The object of the investigation is to characterise the groundwater 

system and obtain the basic information with which to consider the 

feasibility of a project or to assess the relative merit of 

alternative strategies. It is very likely that the investigation 

results will be used to establish and calibrate a model of the 

system. The model will typically have the dual role of assisting in 

the understanding of how the system operates and providing an aid to 

scheme design. The investigation results will also be used to devise 

controls on the operation of the project which will form the basis of 

later monitoring. 

3.3 Operationally orientated investigations 

This type of fieldwork programme is directed towards monitoring the 

effects of what is happening in the catchment over a period of time. 

The information collected will often be linked in some way with 

resource management decisions. A typical example would be the control 

of the operation of water supply sources by reference to piezometric 

head or quality changes observed at monitoring points. In this case 

the monitoring is strictly operational, and is designed to ensure 

efficient management of the works. Other situations may be regulatory 

in nature, for example the surveillance of water quality around a 

landfill site as part of a waste disposal licence condition designed 

to enforce legal protection of other interests. In both examples the 

locations which are monitored, and the controls which are set, will 

have been determined from the results of an earlier project-orientated 

investigation. The structure shown in Figure 1 can therefore be 

thought of as iterative. In some situations a single investigation 

could develop from a research study, through a project-orientated 

pilot phase, to an operational phase. The three types of 

investigation may therefore be thought of as an evolution of a study 

with time. They may also be thought of as a series of scale changes, 



in that a research study may be confined to an individual location 

whereas the operational programme may occupy tens or hundreds of 

square kilometres. The investigator needs to be aware of the 

significance of the change of scale as it affects the identification 

and measurement of boundary conditions and the strategy for data 

collection. Changes in time and scale lead to new perceptions of 

information needs and therefore to a change in the content of the 

fieldwork programme. 

4 Issues in programme design 

The discussion so far has not considered the critical aspect in 

investigation design; the problem of translating information needs 

into a coherent and cost-effective fieldwork programme. Figure 1 

identifies four factors which influence programme design and the 

following discussion deals with these in sequence, identifying some of 

the more important issues, the way they may be met and the areas where 

development of new techniques could be expected to improve future 

fieldwork programmes. 

5 Financial factors 

5.1 Set realistic budgets 

There is very little information on the way in which budgets for 

investigation programmes are set or on any objective assessment of how 

objectives may be compared with costs. A number of possible 

approaches exist. The cost of an investigation programme can be 

assessed in relation to likely benefits. This has been discussed by 

Wilkinson and Edworthy (1981) in relation to groundwater quality 

networks, where the cost of the network is compared with the 

replacement cost of water supply installations which might otherwise 

be a risk. Statistical methods of determining the optimal groundwater 

observation programme based on this approach have been developed in 

Israel (Bachmar and Ben-Zvi, 1981). For investigation programmes 

which are likely to lead to a capital scheme such as a new water 



supply source the cost may be compared with the potential capital 

investment. Industrial enterprises expect to allow between 5 and 15% 

of the final investment costs as development expenditure, the wide 

range reflecting the level of technology and competitiveness of the 

market. Figures available in the United Kingdom suggest that 

investigation costs of groundwater schemes are about 10% of total 

capital cost. This is on the high side compared with other examples 

in the water industry, such as dam construction, but this is perhaps 

reasonable in view of the complexity and lack of homogeneity of 

groundwater systems. In the absence of more objective criteria the 

investigator must use professional judgement influenced by the 

standards adopted in similar situations in other areas. Reports of 

field investigations rarely give attention to these aspects and thus 

deny other workers the benefit of experience gained in programme 

design. Richards (1977) quotes average densities of monitoring 

networks in the U.K. 

5.2 Stage the programme 

Significant economies can be achieved by attention to the structure of 

the programme. Investigations carried out in stages, with an 

opportunity for data analysis between stages will have the benefit 

that the design of later stages can be based on results gained from 

the first stage. There may be small cost penalties because of repeat 

mobilising costs of contractors but these will normally be more than 

outweighed by the benefits. Where an investigation covers a large 

area, the work may be segmented by confining the detailed 

investigation to a limited, pilot area. This technique has been used 

for a number of United Kingdom studies. To be successful it is 

essential that the pilot area adequately reflects the conditions in 

the rest of the area under study, and to ensure that this is so an 

investigation, albeit at lesser intensity, is required over all of 

that area. The concept of staging may also be applied to recurring 

costs such as water quality analysis. Sampling opportunities, once 

missed, cannot be repeated but costs will be high if sampling is 

frequent and all the samples taken are presented for analysis. This 



problem can be met by storing a proportion of the samples and 

analysing them in a second stage, if relevant trends are evident. 

5.3 Examine high cost activities 

Examination of project budgets normally identifies borehole drilling 

as the most expensive single element, and any means of reducing this 

without unreasonably compromising on the information needs will 

provide additional resources for other parts of the programme. Full 

use should be made of existing boreholes and it will often be 

worthwhile rehabilitating disused boreholes to contribute to the 

investigation. Where there is uncertainty as to the most appropriate 

location for test boreholes this can often be resolved by using 

surface geophysical surveys to identify lithological, structural or 

water quality variations. One redundant borehole saved will normally 

pay for a substantial surface geophysical survey. 

6 Technical factors 

A survey of the methods available for determining the various 

parameters which define groundwater systems is not appropriate here. 

Common to all investigations however are a number of basic principles 

which, if followed, should help to improve the efficiency of the study 

and the quality of the result. 

6 .1  Strategy for monitoring of groundwater systems 

The majority of measurements made on a groundwater system are at 

individual point sources. They therefore suffer from the same 

limitations that exist for all sampling systems. The distribution and 

density of sampling points must be influenced by the nature of the 

dynamics of the groundwater system. A tractable analysis of 

groundwater flow depends upon a scale of measurement for which the 

porous medium is sensibly homogeneous and can be seen as a continuum. 

Aquifers exhibit inhomogeneities at a variety of scales from the 

microscale dependent on grain fabric to the macroscale dependent on 



fracture density and both may occur within the same system. The 

former may be very important in a study of pollutant migration but can 

be ignored for most purposes in a groundwater resource study where 

larger scale variations dominate. The concept of representative 

elemental volume (Long et al, 1982) to define the volume of aquifer 

which is homogeneous for the relevant purpose can be used in the 

formulation of a monitoring strategy. Investigation techniques which 

are not point dependent and give a measure, even if only qualitative, 

of the influence of the scale factor in characterising the groundwater 

system are particularly valuable when used early in an investigation 

programme. Examples of these are aerial remote sensing surveys and, 

for the depth component, wireline geophysical logging. 

6.2 Match technique to need 

The choice of technique for a given measurement needs to be given 

close attention, and the wrong choice may affect the scientific 

validity or the cost-effectiveness of the exercise. Simple examples 

of inappropriate techniques are the use of laboratory measurements of 

dispersivity in regional quality models, the use of destructive 

sampling methods for variables expected to change with time and water 

quality sampling in layered aquifers from single unlined boreholes. In 

these cases consideration of the effects of space, time and system 

boundaries respectively would have indicated the need for other 

methods. 

A further factor is the need to appreciate the accuracy requirements 

for different purposes. This can affect not only the scope of the 

programme but also the type of instrumentation which is used. An 

example is the determination of the hydraulic conductivity. The 

simplest method of obtaining the hydraulic conductivity data is 

probably by using the various empirical relationships with sediment 

characteristics, such as that due to Hazen. Grain size analyses are 

easily obtained, and in many situations may be already available from 

other sources such as engineering site investigations. The Hazen 

relationship, or the more complex developments of it, cannot provide 



an accurate estimate of hydraulic conductivity. However for sediments 

with a common depositional environment and where a limited amount of 

check data can be obtained by more sophisticated means, it can provide 

reasonable estimates. For many applications, for example regional 

modelling or obtaining estimates of travel times to assist in the 

design of a monitoring network, these data may be of adequate accuracy 

and are obtained at much less cost than by other means. The most 

frequently used method of determining hydraulic conductivity is by 

purpose-designed pumping tests. Freeze and Cherry (1979) have 

expressed the view that the pumping test approach is often used where 

it is not justifiable on cost grounds. They recommend reliance on 

single well short term injection and bailing tests for most 

applications (for example geotechnical applications, contaminant 

studies and regional flow analysis) and advise a full scale pumping 

test only where there is a likelihood that the expensive test 

facilities can later be used operationally. In contrast pumping tests, 

although expensive, provide information other than on hydraulic 

conductivity, some of it which can not be obtained by any other 

means. In this example, as with many other hydrogeological 

parameters, it is necessary to choose a method where the scope and 

accuracy are appropriate to the need. 

6.3 Integrate quality and quantity studies 

There is a danger that investigations can be identified as groundwater 

development problems or groundwater contamination problems with the 

result that quality or quantity aspects unreasonably dominate the 

programme, For a full description to be made of the groundwater 

system it is necessary to look equally at quality and quantity, 

preferably using common sampling points. Ideally the aquifer should 

be characterised for piezometric head, hydraulic properties and 

quality throughout its full thickness and the long term monitoring 

facilities planned with these data. The most common methods of 

groundwater quality sampling, from pumped samples and by bailer or 

depth samples are inadequate to define groundwater quality changes 

with depth (Wilkinson and Edworthy, 1981). Permanent in situ 



samplers can be used to take samples from individual layers but the 

borehole then becomes committed to their use. These constraints are 

beginning to be overcome now that light, small diameter (down to 50 

mm) sampling pumps are available that can be used without heavy 

lifting equipment and thus can be operated by a field scientific 

team. Pumping between double packers at successive depth horizons 

means that both hydraulic conductivity and groundwater quality 

determinations can be made from reliably identified horizons. 

Permanent groundwater chemistry and piezometric measuring points can 

be established at horizons of interest by means of nested open 

piezometers, thus ensuring common measurement points for quality and 

quantity. 

6.4 Anticipate and review 

A major constraint in many investigations is time, which prevents 

adequate base line data from being collected and means that 

conclusions often have to be drawn without the benefit of information 

on long term changes affecting the groundwater system. Attempts 

should be made to anticipate the study and to establish a few 

monitoring points early on so that the investigation data can be 

viewed against long term trends. Equally it is important to review 

all data once collected to ensure that unnecessary data collection 

does not continue. 

7 Organisational factors 

A high, and often ignored cost, of field investigation programmes is 

the operational cost. A large part of this cost is in manpower time. 

Any methods which can be used to improve the productivity of manpower, 

particularly if at the same time they can reduce human error should be 

exploited. This is an area where significant developments can be 

expected in groundwater investigations in the next few years. 



7.1 Execution of field work programmes 

The method of execution of field work programmes needs to be 

determined at an early stage. Although major work, like borehole 

drilling, will normally be done by specialist contractors, the option 

exists for much of the specialist field work in an investigation 

programme to be done either by the members of the investigation team 

or by a service company. In the oil industry the emphasis is very 

much towards the use of service companies. In the water industry, 

especially now that much of the necessary equipment is available in a 

robust form, not needing special facilities to handle or install it, a 

different trend has developed. Many agencies now perform most, if not 

all, of the geophysical logging, closed circuit television and 

specialist borehole sampling surveys. With the advent of easy to 

handle packer systems and sampling pumps the range of this work can be 

expected to extend. The advantages of this practice are seen both in 

reduced costs and increased flexibility. Work programmes can be 

easily modified in the light of results and can be mobilised quickly 

to fit in with the progress of drilling work to minimise unproductive 

drilling time. This argument is less compelling for reconaissance 

type tests, for example surface geophysical surveys, which normally 

take place at the beginning of a programme and do not link with other 

parts of the work. In this situation, and also for rarely used 

specialist skills, external contractors may provide the best service. 

7.2 Data capture 

There are a number of aspects of electronic data capture which can be 

expected to aid hydrogeological investigations in the future. The 

advent of the 'intelligent' recorder means that it is possible to 

depart from the collection of uniform serial time data and either move 

to non-uniform time-based data or to event recording (Walker, 1982). 

Both of these will reduce the volume and increase the value of data 

collected. The former has obvious application to pumping tests where 

data is required on an expanding time base. The second has a 

application to a number of situations when trigger information is 



required such as movement of saline interfaces or tracer breakthrough 

or merely to reduce data volume when range of fluctuation is small. A 

related development is the use of programmable calculators and 

micro-computers to perform data processing and preliminary analysis of 

data at a pumping test, with multichannel loggers handling data input 

from a number of test boreholes. This both reduces the manpower 

involvement necessary and gives a quicker interpretable data return 

which enables the programme of pumping to be modified in the light of 

results. 

Where for various reasons data are best collected by field visit 

electronic data capture can still play a part. The use of a 

microprocessor based 'electronic notepad', such as are now commonplace 

in supermarket stock control, can be used to prompt the operator to 

collect the right data, provide immediate quality control by comparing 

with previous readings at the same site and provide an error free 

means of data transfer to computer-based archive. The major 

limitation on the application of these techniques is that developments 

in data storage and recording have outstripped developments in 

sensors, particularly of water level. It has proved cumbersome to 

take electrical signals from float systems up to now. Floats cannot 

reliably be used in very small boreholes and pressure transducers 

suffer from limitations of drift, range and precision. This is an 

area where there is scope for development work to enable new 

technology to be exploited. 

8 Socio-Environmental factors 

8.1 Environmental effects on the groundwater system 

I 

Changes in the environment can affect both the quality and quantity of 

the groundwater ressurce and any study directed at long term 

development programmes must take account of future trends. Problems 

of point source pollution are now met in most countries by the various 

national systems for groundwater protection but diffuse pollution is 

less well regulated. Systems with thick unsaturated zones may pose a 



problem of 'latent' pollution, irreversible but not yet manifest in 

the saturated system. This can be assessed by special unsaturated 

zone monitoring. Land use changes, changes in surface drainage and 

mineral workings can all reduce the quantity of recharge, although 

rarely to a significant degree. Where this is a matter of concern 

appropriate investigation is necessary. 

8.2 Effects of groundwater development on the environment 

This is increasingly becoming a significant aspect of many groundwater 

investigations which, before they can lead to a groundwater 

exploitation programme, will have to provide information to satisfy 

some form of public scrutiny. This development is most advanced in 

the United States where groundwater development programmes fall within 

the scope of the legislation requiring environmental impact 

statements. Although less formalised, procedures in many European 

countries have a similar effect and the issue is currently under study 

within the European Economic Community. The environmental effects of 

groundwater development are normally understood to embrace the 

following: 

a) diminution of water levels in private, generally shallow, 

boreholes and wells; 

b) change in water quality of private sources by change in 

groundwater flow patterns or by recharge of different quality 

water; 

c) effects upon stream flows to the detriment of water supply, 

fisheries and general amenity; 

d) effects upon flows from springs and on the water levels of lakes 

and ponds; 

e) effects upon wetlands of native conservation value; 

£1 effect on the moisture content of the soil and on natural 

vegetation and crops dependent on it; 

g) where discharge of groundwater is made to augment flows, the 

effects of those discharges on the ecology and fisheries of the 

receiving streams; 



h) settlement of land due to dewatering of unconsolidated strata. 

Many of these features are subject to considerable natural change 

under influences unrelated to the exploitation of groundwater 

resources. In order to identify those changes which may be due to the 

effects of abstraction it is necessary to have reliable base line data 

and thus the sooner that any environmental implications are perceived 

and monitoring undertaken the better . The types of monitoring will 
vary widely and require a variety of specialist skills to carry out. 

Modelling systems are available to deal with many of these problems 

and data collection will normally be best directed towards information 

for model calibration with aquifer water level measurements always 

having a dominant role. 

The investigator should have regard to likely public reaction and 

where the issue is likely to be the cause of public concern it may be 

wise to take account of it in investigation design even if an 

objective assessment shows the issue to be of minimal significance. 

The characteristics of groundwater systems are not widely understood 

by the general public and an even limited amount of field data is 

valuable if there is to be public debate. 

Conclusion 

/ 

The importance of well-conceived and practically achievable field 

investigation programmes, although not much in evidence in the early 

development of groundwater resources, is now generally recognised. A 

common framework can be applied to investigations, whether they be for 

research, project planning or operational monitoring purposes. Many 

of the methods used are long-established and well-proven but 

technological changes, particularly in the field of data collection 

and handling, present new opportunities which should be pursued. It 

is important that fieldwork programmes are planned and executed with 

the information needs clearly in mind and in recognition of the limits 

placed on methods of analysis by the availability and reliability of 

the data collected. The cause of better investigation design would be 



well served by better documentation of the benefits and limits upon 

various methods, critical assessments of the various techniques 

available for different parameters and more published information on 

the criteria and costs of measurement programmes in case studies. 
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Abstract  

I n  many groundwater systems t h e  adequate cha rac t e r i s a t i on  of groundwater 

q u a l i t y ,  o r  _chemistry, cannot only involve sampling t o  def ine  a r e a l  and 

temporal va r i a t i ons .  A t  any given t ime,  va r i a t i ons  i n  groundwater 

q u a l i t y ,  o f t en  on a grand s c a l e ,  a r e  l i k e l y  t o  be present  with depth i n  

t h e  s a t u r a t e d  zone, p a r t i c u l a r l y  i n  unconfined aqu i f e r s .  This ground- 

water s t r a t i f i c a t i o n  w i l l  be con t ro l l ed  by,  and w i l l  r e f l e c t ,  t he  present  

and h i s t o r i c  groundwater flow regimes, both n a t u r a l  and a r t i f i c i a l l y  

induced. 

This t o p i c  w i l l  b e  i l l u s t r a t e d  with r e s u l t s  from seve ra l  de t a i l ec l s tud ie s  

of d i f f u s e  groundwater po l lu t ion  i n  t h e  unconfined zones ofmajor  B r i t i s h  

aqu i f e r s .  A research ,  r a t h e r  than rou t ine ,  l e v e l  of i nves t iga t ion  is 

giving a c l e a r e r  i n s i g h t  i n t o  t h e  d i s t r i b u t i o n  of s o l u t e s  i n  these  

groundwater systems and posing numerous ques t ions  about t he  adequacy of 

t r a d i t i o n a l  approaches t o  groundwater q u a l i t y  monitoring. 

1 Int roduct ion  

The unconfined zones of t he  Chalk and T r i a s s i c  Sandstone aqu i f e r s  a r e  

important sources of publ ic  water  supply and y e t  a r e  p a r t i c u l a r l y  

vulnerable t o  d i f f u s e  po l lu t ion  o r i g i n a t i n g  a t  t he  su r f ace  i n  t h e  

aqu i f e r  intake/recharge areas .  Such po l lu t ion  is inc reas ing  and a r i s e s  

from numerous processes ,  i n  p a r t i c u l a r ,  modern farming p rac t i ce s  

(Fos ter  e t  a1.,1982) and f a l l o u t  of i n d u s t r i a l  a i rborne  po l lu t an t s .  



In-depth research  has been c a r r i e d  out  i n  s eve ra l  catchments and the  

r e s u l t s  from t h r e e  a r e  presented  t o  i l l u s t r a t e  t h e  occurrence of ground- 

water s t r a t i f i c a t i o n .  While ex tens ive  d a t a  has a l s o  been co l l ec t ed  on 

the  unsaturated zone, t h e  present  d iscuss ion  w i l l  be r e s t r i c t e d  t o  t he  

s a tu ra t ed  zone. I n  each catchment an in t eg ra t ed  and phased research  

programme inc luding  c e n t r i f u g a l  ex t r ac t ion  of i n t e r s t i t i a l  water  from 

cored rock samples (Edmunds and Bath, 1976), pumped sampling from 

purpose-designed observation boreholes and borehole depth sampling con- 

t r o l l e d  by flow logging (Tate e t  a1.,1970; Fos t e r  and Robertson, 1977), 

has been undertaken. 

2 Research catchments 

2 . 1  T r i a s s i c  Sandstone of South Yorkshire (Carl ton) 

I n  t h i s  research  catchment (Figure l a ) ,  low permeabil i ty D r i f t  covers 

and confines t he  aqu i f e r  except  f o r  a  l im i t ed  a r e a  of sandstone outcrop.  

I n  t h i s  l a t t e r  a r ea ,  a  major public-supply source  has been abs t r ac t ing  

groundwater s i n c e  1968, from two fu l ly -pene t r a t i ng ,  ad jacent ,  production 

boreholes.  The sandstone has  high po ros i ty .  Groundwater moverrent is  

dominated by in t e rg ranu la r  flow although occasional  f i s s u r e s  exe r t  an 

inf luence .  Natural  hydraul ic  g rad i en t s  a r e  very low, such tha tmost  flow 

is induced towards production boreholes.  

Soon a f t e r  pumping commenced, t h e  concentrat ion of s o l u t e s  i n  t h e  pumped 

discharge increased;  notably ,  n i t r a t e  rose  from 2 mg N / 1  t o  12 mg N / 1 .  

Pore-water ex t r ac t ed  from s e v e r a l  cored boreholes ,  d r i l l e d  during 1979- 

1981, i n  t h e  outcrop area'show a marked v e r t i c a l  s t r a t i f i c a t i o n  of water  

q u a l i t y  i n  t h e  s a tu ra t ed  zone. The pore-water chemistry is  i l l u s t r a t e d  

by t h e  p r o f i l e s  of su lphate  and n i t r a t e  (Figure 2 ) ,  a l t h o u g h t h e p r o f i l e s  

of calcium, magnesium, ch lo r ide  and various minor elements have a 

s i m i l a r  form. Other i ons ,  such a s  b icarbonate ,  i r o n  and manganese, 

d isp lay  an independent d i s t r i b u t i o n .  The same is  t r u e  of v e r t i c a l l y  

s t r a t i f i e d  groundwater i n  o t h e r  research  catchments. A t  Car l ton ,  very 

high s o l u t e  concent ra t ions  occur a t  shallow depth and e levated  l e v e l s  of 

c e r t a i n  s o l u t e s  and post-1953 pore-water t r i t i u m  extend t o  a t  leas t120m.  

Pumped samples from d i f f e r e n t  depths within t h e  aqu i f e r  broadly 
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Figure 1 Diagrammatic hydrogeological sect ions  o f  (a)  Triass ic  Sand- 

Stone o f  south Yorkshire, (b) Chalk o f  west Norfolk and ( c )  

Chalk o f  central  Norfolk 



demonstrate the  v e r t i c a l  va r i a t ion  i n  groundwater chemistry (Figure 2 ) .  

Depth samples taken i n  the  production boreholes under both s t a t i c  and 

dynamic condit ions provide a  complex and very va r i ab le  s e t  of r e s u l t s .  

From these  i t  can be deduced t h a t  there  is  a  degree of v e r t i c a l  varia-  

b i l i t y  wi th in  t h e  aqui fer  but  they give no ind ica t ion  of t he  form o r  

magnitude of t h e  s t r a t i f i c a t i o n .  

The deep penet ra t ion  of modern recharge a t  Car l ton  and the  v e r t i c a l  

s t r a t i f i c a t i o n  of groundwater qua l i t y  appear t o  r e s u l t ,  pr imar i ly ,  from 

the cons t ruc t ion  of the  production boreholes and t h e i r  i r r e g u l a r  and 

in t e rmi t t en t  pumping regime. Pumping from deep boreholes has increased 

the  v e r t i c a l  component of flow whi l s t  the  l a t e r a l  throughflow has been 
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Figure 2 Chemical p r o f i l e s  of s a tu ra t ed  zone pore-waters from t h e  out- 

crop of the  T r i a s s i c  Sandstone i n  south  Yorkshire and 

composition of pumped samples from observation boreholes 



concentrated i n  t h e  upper l e v e l s  of t h e  aqu i f e r  by p r e f e r e n t i a l l y  high 

ho r i zon ta l  pe rmeab i l i t i e s .  Dif fuse  po l lu t an t s  en t e r ing  t h e  aqu i f e r  by 

d i r e c t  i n f i l t r a t i o n  through the  outcrop of t h e  sandstonemove r e l a t i v e l y  

r ap id ly  through t h e  system a t  shallow depths where t h e  inf luence  of 

r ecen t ly  increas ing  d i f f u s e  po l lu t ion  i s  most ev ident .  The induced 

groundwater flow regime is  such t h a t  some of t h e  water  t h a t  pene t r a t e s  

t o  g rea t e r  depths has a very much longer  residence t i m e  i n  t h e  aqu i f e r  

and r e f l e c t s  d i f f u s e  po l lu t ion  t o  a l e s s e r  degree. 

2.2 Chalk o r  West Norfolk (Bircham) 

This small  groundwater catchment, s i t u a t e d  on a subdued Chalk escarp- 

ment, supports  a smal ler  publ ic  supply source (Figure l b ) .  The uncon- 

f i ned  Chalk aqu i f e r ,  deeply weathered a t  t h e  su r f ace ,  is  s t r u c t u r a l l y  

simple,  although l o c a l l y  covered by a va r i ab l e  s u i t e  of permeable D r i f t  

depos i t s .  Chalk groundwater flow is through f i s s u r e s  which a r e  

p a r t i c u l a r l y  wel l  developed i n  t he  zone of water-table f l uc tua t ion  and 

a t  t he  top of t h e  permanently s a t u r a t e d  zone. This high t r ansmis s iv i ty  

l aye r  is some 20 m t h i ck  and c a r r i e s  t h e  bulk of t h e  flow t o  the pump- 

ing  s t a t i o n .  

The land of t h e  catchment is  predominently used f o r  a r a b l e  farming and 

t h i s  is  r e f l ec t ed  i n  t h e  groundwater chemistry. Surface der ived ,  

d i f f u s e ,  po l lu t an t s  i n  t h e  pore-water (Figure 3a) e x h i b i t  peak 

concentrat ions i n  t he  zone of water-table f l u c t u a t i o n  and r e l a t i v e l y  

high concentrat ions through a cons iderable  depth of t h e  s a t u r a t e d  zone 

but  a r e  much a t tenuated  below a low permeabil i ty marl band. A long- 

term programme of xampling (depth and pumped) i n  open observation bore- 

holes  completed over r e s t r i c t e d  depth ranges c l e a r l y  demonstrates a 

v e r t i c a l  s t r a t i f i c a t i o n  of mobile ( f i s s u r e )  water  q u a l i t y  a l s o  andshows 

t h a t  t h e  pumped supply has a composition between t h e  extremes of t h e  

upper and lower l e v e l s  i n  t h e  aqu i f e r  (Figure 3b).  

2 . 3  Chalk of Cent ra l  Norfolk (Colney) 

The Colney catchment, although on t h e  Chalk d ip  s lope ,  has  a ground- 



Figure 3a Chemical and i so top ic  pro f i l e s  of  saturated zone pore-waters 

from the unconfined Chalk aquifer i n  west Norfolk 

n b. computed from mefeoralogrcat 
data urmg root conrtsnt of 75mm 

. . .  

- sampler from shallow obrervauan borehaler only penetrating 
zone of rearonsl water-table fluctuation 
(dry durnng mmmer - autumn) 

O J # , , I # , . , . , , . , . . I , , . , , , % , , , , I , ~ ~ I  

depth sampler from maiar moundwater flow levels m deeper ..... 
obrervation boreholes 

1976 1 1977 

Figure 3b Variation o f  NO -N and SO concentrations of Chalk ground- 3 4 
water with depth and time i n  w e s t  Norfolk research catch- 

men t 

1978 1 1979 

- pumped borehale waterlupply 



water flow regime i n  many ways s i m i l a r  t o  t h a t  a t  Bircham. The 

t r ansmis s iv i ty  of t h e  Chalk is  very high and, again,  t h e  most important 

f i s s u r e  flows a r e  i n  t h e  upper 20 m of  t h e  s a t u r a t e d  zone. The h igher  

ground of t he  catchment, however, has a t h i ck  cover of Boulder Clay which 

restricts o r  e l imina t e s  i n f i l t r a t i o n ( F i g u r e  l c ) .  Consequently, t h e  

production borehole de r ives  t h e  major i ty  of i ts  supply by in t e r cep t ion  

of r ap id  groundwater flow i n  t he  high t r ansmis s iv i ty  zone which is  

recharged by i n f i l t r a t i n g  r a i n f a l l  i n  an outcrop a rea  l a r g e l y  dedicated 

t o  a r ab l e  ag r i cu l tu re .  A smal ler  component of t h e  supply is  groundwater 

of d i f f e r e n t  q u a l i t y  which o r i g i n a t e s  i n  t h e  r i p a r i a n  zone t o  t he  nor th  

of t h e  production borehole.  

Pore-water q u a l i t y  v a r i e s  widely,  both a r e a l l y  and v e r t i c a l l y .  A cored 

borehole south of t h e  pumping s t a t i o n  revealed a marked i n t e r f a c e  i n  t h e  

pore-water chemistry,  i l l u s t r a t e d  by t h e  pore-water p r o f i l e s  of n i t r a t e  

and su lphate  (Figure 4 ) .  Above t h e  i n t e r f a c e ,  s o l u t e s  i n  t h e  f i s s u r e  

water  have d i f fu sed  i n t o  t he  pore-water c r e a t i n g  a zone i n  which pore- 

water  and f i s s u r e  water  a l i k e  a r e  i n  equi l ibr ium wi th  s o l u t e  inputs  from 

modern recharge. The dominance of shallow ho r i zon ta l  flow towards t h e  

pumping s t a t i o n  has genera l ly  r e s t r i c t e d  penet ra t ion  of d i f f u s e  

po l lu t an t s  below t h e  i n t e r f a c e ,  t h e  pos i t i on  of which must be  r e l a t e d  t o  

a combination of t h e  s t r a t i f i c a t i o n  of permeabil i ty i n  t h e  aqui fer  and 

t h e  pump s e t t i n g  i n  t h e  production borehole.  

Depth sampling i n  conjunction wi th  borehole flow and q u a l i t y  logging has 

demonstrated t h a t  some 85% of t h e  supply e n t e r s  t h e  production borehole 

above t h e  l eve l  of t h e  pump and conta ins  r ecen t ly  derived d i f f u s e  

po l lu t an t s  and l a r g e  amounts of d isso lved  oxygen. The remainder of t h e  

supply i s  from an inflow zone a t  much g r e a t e r  depth which, by c o n t r a s t ,  

i s  deple ted  i n  oxygen and conta ins  low l e v e l s  of  p o l l u t a n t s  such a s  

n i t r a t e .  This groundwater probably represents  a reg ional  flow of much 

longer residence t i m e  i n  t he  aqu i f e r .  

Limi ta t ions  of t r a d i t i o n a l  ground- 

water  q u a l i t y  monitoring approach 

There a r e  s eve ra l  d i f f e r e n t  approaches t o  rou t ine  groundwater q u a l i t y  



Figure  4 S a t u r a t e d  zone pore-water chemical  p r o f i l e s  from t h e  

unconfined Chalk a q u i f e r  i n  c e n t r a l  Norfolk and composi t ion 
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t o  va r i ab l e  depths ,  over l a rge  a r eas  of t he  surrounding aqui fer .  Major 

abs t r ac t ion  boreholes such a s  t hese ,  and observation boreholes d r i l l e d  

pr imar i ly  f o r  groundwater l e v e l  measurements, t y p i c a l l y  penet ra te  a 

considerable depth of t h e  aqu i f e r  and a r e  open o r  screened throughout 

most of t h e i r  length .  Pumped samples from such boreholes w i l l  have a 

composition which is some mixture of t h e  groundwater present  i n  t he  

aqu i f e r  over t h a t  depth i n t e r v a l ,  thus  masking any v e r t i c a l  va r i a t i ons  

i n  groundwater chemistry.  In  r e a l i t y ,  where t he re  is  groundwater 

s t r a t i f i c a t i o n ,  t h e  composition of t h e  pumped sample may be a f f ec t ed  by 

t h e  borehole depth,  length  of s o l i d  cas ing ,  t he  pumping regime, t h e  

i n t e r s e c t i o n  of f i s s u r e s  o r  zones of  high permeabi l i ty ,  and, under some 

circumstances, t h e  depth of t he  pump. 

I n  unconfined a q u i f e r s ,  it is  not  uncommon f o r  boreholes of apparently 

s i m i l a r  cons t ruc t ion ,  i n  c lose  proximity,  t o  produce water  of q u i t e  

d i s s imi l a r  q u a l i t y  due t o  d i f f e r ences  i n  t h e  propor t ion  of inflow from 

various depths i n  t he  aqui fer .  S imi l a r ly ,  pumped samples from widely 

d i s t r i b u t e d  observat ion  boreholes may d i f f e r  i n  q u a l i t y  a s  a r e s u l t  of 

v e r t i c a l  r a t h e r  than a r e a l  va r i a t i ons  w i th in  t he  aqu i f e r .  Where ground- 

water  qua l i t y  is s t r a t i f i e d ,  i t  is  a l s o  common f o r  pumped discharge 

q u a l i t y  t o  vary wi th  pumping t ime,  e s p e c i a l l y  a f t e r  per iods  of pump 

shutdown (Nightingale and Bianchi ,  1980). I f  these  p o s s i b i l i t i e s  a r e  

not  considered then pumped water  q u a l i t y  d a t a  w i l l  be mis in terpre ted .  

3.2 Depth sampling 

Observation boreholes a r e  commonly too  narrow t o  be pumped and depth 

sampled simultaneously,  consequently,  s t a t i c  depth sampling is s t i l l  

o f t e n  employed. I n  a s t a t i c  borehole ,  water wi th in  t h e  cased s e c t i o n  

is of uncer ta in  o r i g i n  and s t agna t ion  e f f e c t s  can r a d i c a l l y  modify t h e  

chemistry of t h e  water  (Marsh and Lloyd, 1980). Depth samples from t h e  

open o r  screened s e c t i o n  a r e  p re fe rab l e ,  but  s t i l l  of ques t ionable  

value.  Logging i n  open observation boreholes has f requent ly  demon- 

s t r a t e d  s t rong  n a t u r a l  flow i n  t he  borehole column. The flow is 

generated by v e r t i c a l  head d i f f e r e n t i a l s  wi th in  t h e  aqu i f e r  and is  

usual ly  d i r ec t ed  upwards, e s p e c i a l l y  i n  aqu i f e r  n a t u r a l  discharge areas  

and around major production boreholes. Where such condi t ions  occur,  



' and t h e r e  is a l s o  a v e r t i c a l  v a r i a t i o n  i n  groundwater chemistry,  depth 

samples a r e  not  neces sa r i l y  r ep re sen ta t i ve  of groundwater a t  comparable 

depth i n  t h e  aqu i f e r .  This  phenomenon is  c l e a r l y  i l l u s t r a t e d  i n  one of 

t h e  boreholes i n  c e n t r a l  Norfolk (Figure 4) i n  which t h e  water  q u a l i t y  

i n  t he  borehole column i s  d i c t a t e d  by a dominant f i s s u r e  inflow near  t h e  

base of t h e  borehole.  This f i s s u r e  conta ins  anomalously high n i t r a t e  

concentrat ion a t  t h i s  depth i n  t h e  aqu i f e r .  

In  l a r g e r  diameter boreholes i t  is  poss ib l e  f o r  dynamic depth samples t o  

be co l l ec t ed ,  but  such sampling is  not without  problems. The borehole 's  

ex is tence  d i s t u r b s  t he  n a t u r a l  groundwater system and during pumping a 

complex flow regime may be s e t  up i n  and around a borehole and sho r t -  

c i r c u i t  flows develop. Where groundwater q u a l i t y  is s t r a t i f i e d ,  such 

complexities i n  t h e  flow regime can render depth samples very misleading. 

4 Concluding summary 

(a)  A research  l e v e l  of i nves t iga t ion  has demonstrated t h a t  gross  

v e r t i c a l  s t r a t i f i c a t i o n  of groundwater q u a l i t y  is a common occurrence i n  

t h e  unconfined zones of B r i t i s h  aqu i f e r s  sub jec t  t o  d i f f u s e  po l lu t ion  

and t h a t  va r i a t i ons  with depth a r e  o f t e n  more s i g n i f i c a n t  than s p a t i a l  

va r i a t i ons .  An optimal sampling s t r a t egy  f o r  water  q u a l i t y  monitoring 

i n  these  types of aqu i f e r  must include methods designed t o  de t ec t  

v e r t i c a l  a s  wel l  a s  a r e a l  va r i a t i ons .  

(b) I f  t h e  ob jec t ives  of groundwater q u a l i t y  monitoring a r e  t o  provide 

an ea r ly  warning of  po l lu t ion ,  then ,  i n  most ca ses ,  sampling from 

shallow depths i n  t he  s a t u r a t e d  zone w i l l  be t h e  most s e n s i t i v e .  This 

s t r a t egy  i s ,  however, not  appl icable  where dens i ty  e f f e c t s  o r  complex 

hydraulic p rope r t i e s  overr ide .  

(c)  Discharge samples from fu l ly-penet ra t ing  production boreholes a r e  

of  much l e s s  value i n  t h a t  context  s ince  mixed samples from a consider-  

ab le  depth range w i l l  tend t o  mask t h e  impact of po l lu t ion .  

(d) Any depth sampling must be con t ro l l ed  and i n t e r p r e t e d  us ing  bore- 

hole  flow logging. The d e t a i l  of v e r t i c a l  s t r a t i f i c a t i o n  cannot readi ly  

be determined from depth samples. 

(e) Analysis of pore-water from cored boreholes is  t h e  bes t  method of 

de t ec t ing  groundwater q u a l i t y  s t r a t i f i c a t i o n .  Another method, 



p a r t i c u l a r l y  f o r  f i s s u r e d  aqu i f e r s ,  is t h e  use of i n f l a t a b l e  packers t o  

ob ta in  pumped samples from i s o l a t e d  depth i n t e r v a l s  w i th in  a s i n g l e  

borehole.  Neither method, however, is  cu r r en t ly  p r a c t i c a l  on a rou t ine  

b a s i s .  Observation boreholes screened over narrow depth ranges and 

pe r iod ica l ly  pumped o r ,  i n  c e r t a i n  circumstances,  " in-s i tu"  samplers 

i n s t a l l e d  i n  back f i l l ed  boreholes,  may be used t o  monitor groundwater 

q u a l i t y  va r i a t i ons  wi th  depth. 

Notes 

S t a t i c  condi t ions  a r e  defined a s  those  where t h e r e  is  no pump i n  t h e  

borehole but  n a t u r a l  flows o r  those  induced by adjacent  pumping bore- 

ho l e s ,  may occur. Dynamic condi t ions  a r e  designated a s  r e f e r r i n g  

exclus ive ly  t o  cases  where water  i s  ac tua l ly  being removed from t h e  

borehole i t s e l f .  
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Abstract 

In qeohydrological survey several sampling schemes can be used. For 

optimal adjustment of the sampling procedures to a particular sedimen- 

tary substratum at various scales sedimentary structures should be dis- 

cerned. Knowledge of the depositional circumstances can be very helpfull 

for this geological analysis. Besides qualitative descriptions of 

heterogeneities quantitative analysis is possible through application 

of various statistical tools, such as the semi-varioqram. An improved 

sampling procedure is proposed by application of repeatedly statistical 

testing of a structural hypothesis by means of analysis of variance and 

the subsequent adjustment of the sampling scheme. Also some remarks are 

made concerning the cost benefit ratio of sampling procedures. 

Resume 

Dans la reconnaissance geohydrologique on peut appliquer des schemes 

divers d'echantillonnage. 

Pour l'adaptation optimal de la procedure d'echantillonnage A un certain 

souterrain sedimentair, c'est recommendable de discerner des structures 

sedimentaires sur des echelles differentes. La connaissance des condi- 

tions sedimentaires peut &tre serviable pour cet analyse g6ologique. Ex- 

cept'e les descriptions qualitatives des hdtbroge'nditQs, c'est possible 

d'obtenir une analyse quantitative au Eoyen de l'application des instru- 



ments statistiques divers, come le semi-variogramme. 

Une procedure a m ~ l i o r ~ e d ' 6 c h a n t i l l o n n a g e  est propose par l'application 

des tests statistiques ?i plusieurs reprises, d'une hypothese structurel- 

le ?i moyen d'une analyse de variance et ensuite de l'adaptation du 

schbme d16chantillonnage. 

Aussi quelques observations sont fait,touchant la relation de l'bvalua- 

tion de frais et des benefits des proc6dures d16chantillonnage. 

1 Introduction 

Is there any problem in executing a geohydrological reconnaissance of a 

particular area by means of sampling? 

At first sight there seems to be no problem at all! 

A sampling scheme is chosen, suited to the purpose and the sampling is 

carried out, using the kind of sampling technique that reveals the 

detailes wanted. 

At closer view however, doubts may rise about this approach, regarding 

for instance the different sampling schemes that are available. A few 

of the most important ones are the regular scheme and the random and 

stratified random schemes (Webster, 1977). In general, the stratified 

random scheme is preferred. It stands for a fixed number of sampling 

points at random chosen within the cells of a regular network, covering 

the area to be sampled. The fully random scheme has the disadvantage of 

a possibly uneven covering of the area, whereas the regular scheme is 

not to be preferred in an unknown area because of a possible spatial 

cyclicity in the parameters, characterizing the subsoil. 

The possible spatial behaviour of the geohydrological parameters brings 

us to the following question: Can a priori knowledge of the sedimentary 

structure of the subsoil contribute to a more sophisticated sampling 

procedure? In order to try to answer this question, some notes on sedi- 

mentary structures will be made. Independent of a possibly satisfactory 

answer to the geological question practical questions remain: 

The most important ones concern items like the spatial density of the 

sampling scheme, optimal refinement of the scheme and the cost-benefit 



ratio. 

Before proposals will be made for improvement of the sampling procedure 

a few practical statistical tools will be discussed briefly. 

For classical geohydrological sampling problems reference is made to 

Willardson and Hu~st, (1965) and to Dylla and Guitjens (1970). 

2 Sedimentary processes, can they influence geohydrological 

parameters? 

If the relics of sedimentary structures, such as a cross bedding have 

been preserved more than fragmentaric in the underground, the litho- 

logical structure results in a predictable distribution of hydraulic 

permeability and porosity (e.9. Weber et al, 1972). 

This spatial distribution is the result of processes during the deposi- 

tion of the sediment and possibly also due to processes after sedimen- 

tation has taken place, such as bioturbation, soil genesis, etc. 'i'he 

processes governing the sedimentation depend on three main factors, viz. 

the sedimentary environment (fluvial, marine, etc.), the energy of this 

environment, available for sediment transport and the abundance of, and 

the quality of the sediment available. 

The primairy factor controLling the character of a sediment body is the 

environment in which it is deposited. This is particularly illustrated 

in the geometrical extension of shale intercalations (Figure 1). 

The second important factor, the energy of the (sub-)environment deter- 

mines the bedforms, given the environment and the kind and abundance of 

sediment. 

In Figure 2 an illustration is given of the variety of bedforms as a 

function of the energy of the transporting medium and the mean fall 

diameter of the sediment. 

AS energy is one of the main factors governing the bedforms, regarding 

the energy fluctuations within for instance a river in time and space, 

it is to be expected that different kinds of bedforms are formed in 

relatively short distance and time (Figure 3 ) .  
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Figure 1 Continuity of shale (silt) intercalations as a function of 

depositional environment, after Weber (1980) 
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Figure 2 Schematic representation of various bedforms and their 

relationship to grain size and stream power, after Reineck and 

Singh (1980) 



UNlT 4 

- 
UNlT 3 

- 

UNlT 2 

UNlT 1 

Figure 3 Schematic vertical sequence of a braided river deposit, after 

Reineck and Singh (1980) 

Not seldomly bedforms are parts of other larger bedforms, to form so- 

called nested structures. Besides this kind of scale effects, the scales 

in sediment structures are generally formed in climbing dimensions in 

fluvial environment for instance by the remnants of river bars, river 

levees, channel fills of cut-off river bends, a meandering beld, a flood 

plain, etc. 

Returning to the question, which influcence sedimentary processes may 

have on the spatial distribution and quality of geohydrological para- 

meters, given the type of environment, the energy properties of the 

sediment transporting medium turn out to be the contxolling factor. 

In figure 3 for instance diminishing energy leads to a fining upward 

of thegrainsize, from unit 1 to unit 4 and within the cross bedding of 

unit 1. The permeability contrast is obvious in unit I ,  as the coarse 

bottom of the next oblique layer (seen from left to right) immediately 

follows the fine grained top layer of the previously sedimentated layer. 

The same structural forms influence other parameters like the porosity. 

In general, the values of geohydrological parameters vary within the 

structural sedimentary unit and between several units. In addition this 



"behaviour of variation" repeats itself for each scale of heterogeneity. 

The spatial distribution of the hydraulic permeability and the porosity 

is well illustrated by the article of Pryor (1973) for different sedi- 

mentary environments. An overview of the origin and extension of sand- 

stone bodies can be found in the articles of Le Blanc (1977) (unconsoli- 

dated sand layers are also regarded as a "sandstone"). In general, for 

information about sedimentary processes and bedforms reference is made 

to Reading (1978), and Reineck and Singh (1980). 

3 Manipulation and interpretation of spatial data 

The main problem one encounters when the science of sedimentology is 

consulted for sampling problems is the translation of the often quali- 

tative data and descriptions of e.g. bedforms to quantitative data. 

In literature many reports can be found of the reversed case: sedimento- 

logical interpretations of data from intensively sampled areas. 

See for instance Smith (1981), Dowd and Royle (1977), Bennion and 

Griffiths (1966), Royle (19771, Dijkstra and Kubik (1974) and David and 

Dagbert (1974). These data interpretations are all made, using statis- 

tical tools. The main tools, used are: the (auto)correlogram, the semi- 

variogram, and the frequency distribution (Figure 4). 
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Figure 4 Some statistical functions often used in sampling data inter- 

pretation 



Other statistical tools such as the frequency analysis and the power 

spectrum are also used. 

The first two functions depend on the relative distance between the 

sampling locations, often entitled as "lag". The first function shows 

the correlation of a certain spatial variable, e.g. a geohydrological 

parameter as a function of the lag. The second function, the semi- 

variogram stands for the variance of the differences between values of 

the spatial variable at different sampling locations, with the same lag, 

as a function of this lag. (Journel and Huijbregts (19781, Delhomme 

(1978) and Clark (1979) ) .  Besides these spatial statistical functions a 

pure statistical function is also used: the frequency distribution. This 

is often expressed in a so-called histogram. 

A relation between the correlogram p(h) and the semi-variogram y(h) 

exists, as can be seen in the following: 

in which N(h1 = number of pairs, at relative distance h 

F = spatial variable 

r. = the ith position of the sampled spatial variable (one 

position can be used more than one time!). 

1 
As the mathematical expectation, denoted by E(") stands for I("), 

(1) can be written as: 

After some elaboration ( 2 )  turns into: 

yih) = var (F) - covar (F(h) ) 

Herein: var (F) = E[(F(~) - , the variance of F. 

- 
covar (F (h) ) = E [(F (r) - F) (F (r + h) - F)] , the covariance 
of F for h. ( 5 )  



AS the auto-correlation function p(h) = covar (F(h))/var(~), (3) 

can be turned into: ( 6 )  

Y(h) /var (F) = 1 - p (h) (7) 

Formula (3) and (7) apply for no trend conditions. So, if for augment- 

ing h, covar (F(h)) goes to zero, formula (3) shows that y(h) approaches 

to var (F) in a no trend condition. 

In case formula (3) applies, the covariance function can be plotted 

against the lag h in the same way as the semi-variogram. 

Formula (3) shows us that the covariance function is, for no trend 

condition, the complement of the semi-variogram with respect to var (F). 

For the semi-variogram some additional characteristics should be men- 

tioned. Viz.: the range, the nugget effect C and the sill. The range is 

the lag value at which for increasing h values, exceeding the range, 

no correlation between Fir) and F(r + h) are to be expected any 

more. The range can sometimes be interpreted as the geometric dimension 

of a structural unit in the subsoil (see for instance Journel and 

Huijbregts (1978 p. 160)). The second characterization is the value of 

y(h), often expressed by the symbol "C", indicating the nugget effect. 

This can be considered as a mixture of measuring variance and y(h)- 

values for lag values smaller than the smallest lag value used in the 

semi-variogram. For the maximum value of y(h) the notion sill is used. 

The semi-variogram as well as the covariance function can (also) be used 

to express the influence of scale effects to the distribution of 

variance of the parameters. 

4 Statistical analysis of variance at different scales 

For sedimentary reasons different scales are to be expected in the 

structures that characterize the subsoil. The question can, however, be 

put whether these scaled structures significantly influence the 

behaviour of the variance of the sampled parameter value. 

To put it more practically: In case on sedimentological grounds, a sub- 

division can be made of a sampled area, how can the decision be made 

whether this hypothetical subdivision can be accepted or should be 



rejected? 

To answer this question a proper statistical procedure is available, viz. 

the analysis of variance, extended with the calculation of variance com- 

ponents of different scales. (Webster, (1977), p. 77-98)). 

Table 1 can serve as a working guideline. In this table the existence of 

four nested scales of heterogeneities are supposed. Each unit of scale 

level i-1 contains N units of scale level i; so the total number of 
i 

samples is N xN x N  xNq. For reasons of simplicity at one and the same 
1 2 3  

scale level i the same number N of sample units of level i+l are 
i+l 

taken, all over the area. 

Starting with the highest level number (at the largest scale) the sum of 

squares are calculated, corrected for the mean parameter value at this 

local scale level, as is indicated at Table 1 for level 4. Easily the 

next step can be executed by calculating the mean of squares. So, for 

each level the sum of squares and the mean of squares can be calculated. 

The question concerning the significance of a chosen subdivision can be 

answered by executing the F-test on the mean of squares of these sub- 

divided units and the mean of squares of the lower level that contains 

these units. 

The F- or Fisher test can be used to test the hypothesis that two 

variances differ significantly. 

Important elements of the analysis of variance are the components of 

variance, that characterize the different scales. They can also be cal- 

culated from Table l. 

AS an illustration to this analysis of variance an example of three 

groups, each consisting of six permeability values is treated in Table 

2 and Table 3. For this example the conclusion can be drawn that the 

proposed subdivision is statistically confirmed. 
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Explanation of the symbols of Table 1. 

jkl 
= the lth value of the spatial variable at level 4 of subdivision. 

- 
X = the kth mean of the spatial variable X. . at level 4. other i jk rjkl 

means can be explained in the same way. 
rd 

N4 = the number of observations at level 4, per unit of the 3 level; 

of this last level N3 units exist. Other numbers can be explain- 

ed in the same way. 

0 = the theoretical variance of the spatial variable at level 4, 
4 

rd 
within units of the 3 level. 

rd 
0 = the theoretical variance between units of the 3 level, within 

3 
nd 

units of the 2 level. Other variances can be explained like- 

wise. 

F ~ G F ~ ,  DGFi+l 1 = the Fisher F-distribution for (1-a) x 100% of 
1 -a 

reliability of the test, and DGF. and DGF degrees of freedom 
i+l 

of respectively the variance with subscript i and the variance 

with subscript i+l. (See for instance Sachs, (1978)) .  

Table 2 Example of two levels of subdivision: three groups of six per- 

meability values: N1 = 3; N = 6 
2 

field 1 field 2 field 3 formulas from 

k values in m/s 105.01 30.53 15.74 

times 100 000 110.81 56.89 23.85 

73.75 23.65 19.61 

91.02 45.37 11.09 

88.81 43.74 25.57 

83.57 35.23 16.29 

N- 
- 

mean x. 92.16 39.235 
l L  

18.69 X = -  
- i ~ ~ ~ f ~ ~ i j ~  
x = 50.03 

sum of squares N, 



Table 3 Analysis of variance table of the data of Table 2 .  

Conclusion: the components of variance can be calculated as follows: 

a = 119.30; this makes o * = (8621.00 - 119.30)/6 = 
2 1 
1416.95. otot = 1416.95 + 119.30 = 1536.25. 

As V1/V2 = 8621.00/119.30 = 72.26 is much greater than 

F0 .95 @, 157 = 3.68 the assumption that the variance 

between the fields is not significant, compared with the 

variance withiA the field is rejected. 

level 

of sub- 

division 

1 

2 

An other important conclusion is that some 8 percent of the total 

variance is contributed by the component of the variance within the 

fields, whereas 92 percent is contributed bij the component of the 

variance between the fields. 

At this point the question concerning the relation between the variances 

at different scale levels, the semi-variogram and the co-variogram can 

be answered as follows: 

For an increasing relative distance'between sampling points, growing 

from local, areal to regional proportions, the influence of the co- 

variance of these respective scales diminishes subsequently so, that at 

last only the regional aspect remains, as can be seen in Figure 5. 

degrees of 

freedom DGF 

N 1 - 1  - 2  

N1. (N2-1)=15 

components 

of varian- 

ce 

2 
o 2 + N2.cJli 

2 
O2 

sum of squares 

N 
1 

S = N 2  E ( T - x ) ~ =  
1 i=l 

17241.99 

N1 N2 - 2 
S = 1 E (Xij - Xi) 

i=l j=l 

= 1789.55 

mean of 

squares 

V 1 = S 1 /  

(N -1) = 
1 

8621 -00 

V2 = S2/ 

(Nl . (N2-1) 1 

= 119.30 



In a complementary way a semi-variogram can be thought to be built up 

when the lag is scaled from points to regions. 

For argumentation of the summable properties of the co-variance function 

and the semi-variogram reference is made to Dijkstra and Kubik (1974) 

to Miesch (1975) and to Journel and Huijbregts (1978, p. 148) . 

61 9 I 1 ~ 1  
lag d- 

Figure 5 Illustration of a co-variance function showing scaling effects, 

after Dijkstra and Kubik (1974) 

To illustrate the similar behaviour of the semi-variogram an example is 

given. It concerns a semi-variogram of the phreatic groundwater heads in 

the Sleen hydrological test area in the eastern part of the Netherlands 

at August 28, 1978 (Figure 6) .  

As indicated by Figure 5 a change in contribution to the co-variance 

function due to exceedance of h of a certain scale may affect the co- 

variance function by a bend or an inflexion point in the curve. This 

indicates a change in the diminishing of the co-variance with increasing 

lac5 . 
Regarding now Figure 6 two changes in the augmentation of the semi- 

variogram with lag can be discerned: A change between 400 and 800 m 

and a "change" lqring at about 8 krn (analysed is a range of Ax5.11 = 

8.85 km), representing the regional effect. 



3 2 

RELATIVE DISTANCE Hs102 --r 

Figure 6 Semi-variogram of phreatic groundwater heads of the Sleen test 

area at August 28, 1978 

Theoretical type of semi-variogram is Gaussian: 

y(h) = w.(l. - exp (-(h/alL) + c 
with: a = 5110 m, w = 2.366 m2 (y(h) is in m2!) 

Standard deviation (observed-calculated) is: 0,03122 m2. 

The percentage of the confidence region is 95. 

The optimization is made by the RID computerprogram VAREST. 

Keeping in mind the similarity between y(h) and a summation of variances, 

contributed by different scales, an explanation for the behaviour of the 

semi-varioqram can be searched for in a scale dependent semi-variogram 

contribution of the phreatic groundwater heads. Indeed two scales of 

dewatering canals, fed by groundwater exist in the Sleen test area. One 

scale of dewatering canals consists of ditches with a relative distance 

of about 500 m; the other scale has the dimension of the relative brook 

distance of 5 to 8 km. 

These scales of dewatering canals fit well the change in augmentation of 

the semi-variogram with lag h, mentioned above. 

In case of a semi-varioqram of porosity values or hydraulic permeability 

values the same analysis can be made, this time to be explained by a 

sedimentologist instead of a hydrologist. 



Proposal for a sampling procedure in which sedimentological 

interpretation and statistical analysis of data are incorpo- 

rated 

In order to improve the general sampling schemes, mentioned in the 

introduction, such as the stratified random sampling scheme,good use can 

be made of the science of sedimentology and of a statistical analysis of 

data. 

The way for improvement, however, contains an important internal con- 

tradiction: 

To be able to improve spatial sampling a priori knowledge must be 

available at a scale level that is not sampled yet! 

Consequently, the conclusion to be drawn is that necessarily one or more 

cycles of a sampling procedure have to be executed. 

In these cycles gathering of information and interpretation of this 

information to set up an additional sampling scheme are alternating. 

The essential sampling cycle consists of the following steps: 

a. gathering of information from archives, to be interpreted structur- 

ally 

b. structural analysis of the sampling area by geophysical prospecting, 

when useful1 

c. formation of a structural hypothesis by ageolqistfor the scale level 

to be sampled next; when possible an indication should be given on 

the expected variances within and between the structural units, 

possibly obtained from sampling experience 

d. construction of the sampling scheme 

e. execution of the sampling scheme 

f. analysis of the variance from which the conclusion can be drawn 

whether or not the structural subdivision at the sampled level can 

be proved to be statistically significant. 

Using the geological information, extracted from the samples obtained 

from this last cycle the next cycle can start at step c. 

In short this sampling cycle contains the trio: structural hypothesis, 

formation and execution of the sampling scheme and the analysis of 



variance. 

Of course in case of a multiscale structural hypothesis some sampling 

cycles can be combined to one cycle, whereafter the analysis of variance 

can be executed as given in Table 1. 

To this cyclic sampling procedure the following remarks can be made: 

Between step c and step d a relation should exist between sampling costs, 

the variances estimated and the sampling scheme to be constructed. 

When total costs for a sampling cycle, denoted c, is split up in costs 

for groups of samples (= C ) and the individual sample costs (=  C2) the 
1 

next expression can be formed: C = C N + C2.N1.N2. Herein N1 and N2 are 
1 1  

respectively the number of sample groups and the number samples within 

one group or the number subgroups within one main group. 

Taking the cost benefit ratio as a starting point a relation can be 

formulated between the costs, expressed as above and the amount of 

information to be gained, which can be expressed by the variance of the 

mean value of the main group of sampled values, estimated in advance: 

In order to optimize the costs per information gain the next expression 

F is to be minimized for N2 and N - 
1' 

(F is independent of N1! 

O2 c 
This results in N = - 4 2 and N = C C 

= u1 C2 
1 C1 + C2.N2 0 

2 
C1 +-J 

(5, C2-C1 
(see also Webster (1977) ) . 1 

In practice it is not uncommon to execute double sampling: two samples 

taken at very short distance. This can be useful1 as well for averaging 

measuring errors as for detecting short distance variation. Reworked 

into a semi-variogram the contribution to the semi-variance at this 

short distance will approach the nugget effect. 



As a result of the analysis of variance a sophisticated semi-variogram 

can be constructed, which expresses the summed influences of variances 

characterizing the scale levels at which samples are taken. 
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Abstract 

The method proposed is based on three concepts already existing in 

control theory: state equations, observability of the system and 

observer systems. A canonical form of state equations for an arbitrary 

groundwater system is derived and a simple observability criterion is 

proposed. For an observable groundwater system the observer system is 

constructed. The state reconstruction error is used as a criterion in 

optimizing a groundwater measuring network. 

1 Introduction 

Optimization of groundwater monitoring networks must always be con- 

siderd a multipurpose decision making procedure. It should combine 

internal and external conditions that determine measurements of any 

hydrogeological process. By internal conditions all physical relation- 

ships (processes, parameters, boundary conditions etc.) are understood. 

External conditions are those introduced by monitoring activities of 

men (instru~pentation, sampling frequency, spatial distribution of 

measuring points etc.). In order to cope with the complexity of the 

monitoring problem the same mathematical description for both internal 

and external conditions must be used. State space approach, already 

existing in control theory, seems to be an ideal means for the purpose. 



Sta te  equations f o r  a given groundwater system together with the 

observation equation fo r  an ex i s t ing  o r  planned monitoring network can 

eas i ly  be used t o  check an observabi l i ty  c r i t e r i o n .  The l a t t e r  i s  an 

algebraic c r i t e r i o n  on whether the s t a t e  (e.g. piezometric head) of the  

groundwater system can be completely reconstructed, providing measure- 

ments of the s t a t e  a t  some d i sc re te  points of the groundwater system 

a re  available.  I f  an answer t o  t h i s  question i s  negative the observa- 

b i l i t y  c r i t e r i o n  can be used f o r  planning locat ions  of new measuring 

points.  This should then ensure observabi l i ty  of the system from the 

enlarged monitoring network. I f  the  answer t o  the  observabili ty 

question is  posi t ive ,  the Luenberger's observer can be constructed fo r  

a given groundwater system and measuring network under consideration. 

The observer i s  an abs t rac t  dynamic system having the  s t a t e  convergent 

t o  the s t a t e  of physical system. Having the observer f o r  the ground- 

water system b u i l t  the  unknown coordinates of t h e  s t a t e  vector can be 

reconstructed. Especially those which have become unknown a f t e r  re- 

moving one o r  more measuring points.  For such points  the reconstruction 

e r r o r  is  defined a s  the mean square departure of reconstructed values 

from actual  ones. The method proposed suggests t o  decision makers t o  

remove those measuring points  f o r  which the reconstruction e r r o r  i s  

small. 

Before applying the optimization procedure the  following four assump- 

t ions  must be f u l f i l l e d .  Assumption one: a groundwater monitoring 

network does already e x i s t  and per iodic  measurements of groundwater 

l eve l  i n  some d i sc re te  points  a r e  available.  Assumption two: boundaries 

and physical parameters of the groundwater system a r e  knwon. Assumption 

three: boundary conditions, i n f i l t r a t i o n  and pumping r a t e s  a re  a l l  

known over the  observation period. Assumption four: the  groundwater 

system is  "noise-free", i.e. the  s tochast ic  f ac to r  plays a minor r o l e  

i n  the system's evaluation i n  time. The l a s t  assumption is  usually 

val id  fo r  deep aquifers  f o r  which a l l  in te rac t ions  with t h e i r  environ- 

ment a re  smoothed down. For phreat ic  aquifers  t h e  assumption must be 

careful ly  examined. 



State  representation of the  Boussinesq's 

equation 

The Boussinesq's equation represents well  physically based mathematical 

description of piezometric head dynamics i n  an a r b i t r a r y  groundwater 

system. For 2-dimensional horizontal  flow i n  a domain n the equation 

together with i n i t i a l  and boundary conditions can be wri t ten a s  

follows: 

h (x1y , t )  = g ( x , y , t )  , fo r  (x,y) E r l  an , t > 

ah ah 
[I- T x z  - Ty = = ,  f o r  (x ,Y)  E r2 = an r, , t > 0 

where 

h ,  h = piezometric head (m)  
0 

2 
T ,T = transmissivity (m /day) 

x Y 
s 3 2 

= source/sink term (m /m .day) 

1-1 = s t o r a t i v i t y  ( - )  

9 = prescribed piezometric head along r 
f - = prescribed flow through r 2 boundary 

Analytical solutions t o  the Boussinesq's equation a re  r e s t r i c t e d  t o  

simple cases. For a r b i t r a r y  hydrogeological conditions a number of 

numerical methods have been developed t o  calcula te  approximate so- 

lu t ions .  In the following the f i n i t e  element method has been applied i n  

order t o  ge t  an approximate solut ion of the Boussinesq's equation 

h = (h, ,h2 , . . . ,h i n  a f i n i t e  number of nodal points.  The resu l t ing  - It 

ordinary d i f f e r e n t i a l  equations have the  form of s t a t e  equations: 



where 

h = s t a t e  vector (nxl) - 
D,A = parameter matrices (nxn) 

u = input vector (source/sink terms and boundary conditions) (kxl) - 
B = input d i s t r ibu t ion  matrix (nxk) 

S ta te  equations (5) can be solved numerically by any s tab le  in tegrat ion 

scheme (e.g. Crank-Nicholson scheme) but  a s  it was observed by many 

authors (e.g. S.P. Kjaran, 1977; Nawalany, 1980) such schemes a re  not 

sui table  fo r  qua l i t a t ive  ana lys i s  of the  system dynamics. J. Eliasson 

e t  a l .  (1976) have proposed the  mode superposit ion approach which seems 

t o  be very useful  from t h i s  po in t  of view. F i r s t l y ,  a s ta t ionary 

equation has been solved, i . e . :  

where 

= average input vector 

= s ta t ionary  solution 

Then by substracting the s t a t ionary  equation (6) from the s t a t e  equa- 

t ion  (5) the s t a t e  equation f o r  the  t r ans ien t  p a r t  h of the  s t a t e  
-1 

vector h has been obtained: 

where 

h (t) = k(t)  - " 
-1 
u (t) = B ( u ( t )  - i) 
-1 

It has been shown by S.P. Kjaran (1977) t h a t  i n  order t o  f ind a con- 

tineous-time solut ion t o  the  equation (7) it i s  convenient t o  solve a 

generalized eigenproblem f o r  matrices D and A, i . e .  

and represent the t r ans i t ion  solut ion h i n  an eigenvectors expansion. 
-1 



A s  matrix D is symmetrical and pos i t ive  d e f i n i t e ,  while matrix A i s  

symmetrical the generalized eigenproblem (8) i s  equivalent t o  the  

ordinary eigenproblem f o r  matrix D-'A (M. Dryja, 1982; Szmelter, 1980). 

Once eigenvalues and eigenvectors have been found the  t r a n s i t i o n  

solut ion can be wri t ten  a s  follows (J. Eliassen e t  a l . ,  1976): 

The resu l t ing  solut ion of the  s t a t e  equation i s  a sum of s t a t ionary  and 

t r ans ien t  terms: 

The eigenvector and eigenvalues found can a l s o  be used f o r  t ransfor-  

mation of the  s t a t e  equation (7) i n t o  canonical (diagonal) form, which 

w i l l  be used i n  the  observabi l i ty  c r i t e r ion :  

where 

A = diag ( ) \1 ,k2 , . . . ,~n)  

p = {kl1&*IL2' '. I& )  

Relationship between the  old  s t a t e  vector and the  new one is  l inea r ,  

i .e .  

3 Observabil i ty of groundwater systems 

The observation equation f o r  an a r b i t r a r y  groundwater monitoring 

network has the  following form: 



i n  which: - 
p l y  = vectors of measurements (mxl) 

c,k = s t a t e  vectors (nxl) 

H = observation matrix (mxn) 

Without losing general i ty  it may be assumed t h a t  observation matrix H 

consis ts  of only 0-s and 1-s. Substi tuting (12)  i n t o  (13) we obtain the 

observation equation fo r  the  new s t a t e  vector 5: 

where 

.... kllk2, k = numbers of nodal points  a t  which measuring points  a re  m 
located 

i 4 .  = i - th  coordinate of the  j-th eigenvector 
7 

This form of observation equation i s  useful  f o r  examination of the  

observabili ty c r i t e r ion .  The l a t t e r  is  an a lgebraic  c r i t e r i o n  t h a t  

confirms o r  negates the p o s s i b i l i t y  of reconstruction of the  (ground- 

water) system's s t a t e  from a given monitoring network. 



For s t a t e  equations i n  canonical form (11) the observabi l i ty  c r i t e r i o n  

s t a t e s  (D.M. Wiberg, 1971): "a system i s  t o t a l l y  observable i f  and only 

i f  a l l  colums of the H P  matrix a re  nonzero-columns". Knowing numbers of 

nodes a t  which measuring points  a r e  located ( i .e .  k l ,  ..., k ) one can m 
formulate the observabi l i ty  c r i t e r i o n  expl ic i te ly:  

I f  i - th  column of the HP matrix i s  a zero-column then the i -th 
0 0 

coordinate of the s t a t e  vector % d o e s  not influence any of the coordi- 

nates  of the measuring vector,  s o  the  system i s  not  observable. In  such 

a case the monitoring network must be enlarged. An addi t ional  measuring 
k 

point  must be placed a t  such a node k t h a t  mi; # 0. v 
The enlarged monitoring network guarantees the system's observabi l i ty ,  

providing the i -th column is  the only zero-column of the  HP matrix. 
0 

I f  not,  other measuring points have t o  be added. However, it was ob- 

served by M. Nawalany (1980) t h a t  groundwater systems encountered i n  

pract ice  a re  always observable although some columns of HP matrix might 

be "almost" zero-columns. Hence, "p rac t i ca l  observabi l i ty  of the  system" 

may be formulated a s  follows: "a system i s  prac t i ca l ly  observable i f  

and only i f  for  any i , ( i = l ,  ..., n ) ,  the re  e x i s t s  such j ( jo=lr . . . rm) 
0 

t h a t  

where : 

6y = an accuracy of measurements 

6Si = "typical" length of the s t a t e  vector coordinate 5 
i 

It means t h a t  each coordinate of the  s t a t e  vector & i s  detectable a t  

l e a s t  a t  one measuring point.  The c r i t e r i o n  (16) has only theore t i ca l  

value a s  long a s  the  "typical" length of Si is not  defined. To do so 

one may use re la t ionship (12) t o  express the  5 vector a s  



An inverse of matrix P 

na l i ty  of eigenvectors 

can e a s i l y  be derived from generalized orthogo- 
T +. ,  (i=l, ..., n ) ,  i . e .  P DP = I. 

-1 

After some calcula t ions  it gives 

where : 

D = elements of D matrix uw 

Now, the "typical" length of 5 i s  defined a s  the  square roo t  of i t s  

s t a t i s t i c a l  variance, i . e .  

Here va r (h  ) has been replaced by var (h  ) ,  f o r  both a re  equal t o  
1 w W 

each other.  Of course, values of va r (h  ) can be calculated only fo r  
W 

exis t ing measuring points  while fo r  the r e s t  of the  nodal points  a 

reasonable guess ought t o  be done. 

4 Reconstruction of the  s t a t e  vector 

The reconstruction problem can be formulated a s  follows: when we have a 

groundwater system together with a specif ied monitoring network we a re  

in teres ted i n  the evolution i n  time of non-measurable s t a t e  coordinates 

(e.g. piezometric head a t  a r b i t r a r y  points  of a given aqu i fe r ) .  Simula- 

t ion - formulas (9) and (10) - is  i n  pr inciple  possible but an i n i t i a l  

value of h must be approximated with reasonable accuracy. Otherwise 
-1 

the simulated values of the s t a t e  coordinates may s ign i f i can t ly  depart  

from the ac tua l  ones. And i n  pract ice  they o f ten  do. To overcome t h i s  

problem D.G. Luenberger (1966) has introduced a hypothetical  dynamical 

system, cal led observer, which has the  following proper t ies :  



- it is s tab le  

- i ts  s t a t e  vector converges t o  the  s t a t e  vector of the  physical 

system 

- i ts  input is  a l inea r  combination of input u and measuring vector 
-1 

The basic Luenberger's theorem (D.G. Luenberger, 1966) s t a t e s  t h a t  "the 

observer system can be constructed i f  and only i f  the  system is  obser- 

vable". Consequently a l l  the coordinates of the s t a t e  vector can be 

reconstructed i f  and only i f  the observabi l i ty  c r i t e r i o n  has been 

posi t ively  checked. S t a t e  equations f o r  the  observer system i s  given 

by: 

where : 
A 

3 = an approximate of vector q& i s  an unknwon p a r t  of the s t a t e  

vector h ) 
-1 

Luenberger (1966) has assumed a l inea r  re la t ionship between the  s t a t e  

vector i t s e l f  and i ts  unknown p a r t  2, i .e .  %= Lh The resu l t ing  
-1' 

approximation e r r o r  equation has the  following form (A. Niderlinski,  

1974) : 

where : 

A 3  = 9 - = approximation e r r o r  

To achieve a convergence of b v e c t o r  t o  zero (which is equivalent t o  - 
convergence CJ vector t o  3 vector) it i s  s u f f i c i e n t  t o  evaluate a s t ab le  

matrix A and unspecified matrices L, B and B i n  such a way t h a t  
L YL UL 

expressions in  brackets i n  (21) vanish, i . e . :  



The following theorem (R. Bellman, 1960) g ives  t h e  condit ion f o r  t h e  

exis tence  of such matrices:  " i f  t he  A and A matr ices  have no common 
L 

eigenvalues t h e r e  e x i s t s  such an L t h a t  s a t i s f i e s  equations (22) f o r  

a r b i t r a r y  A, H I  A and B " E f f i c i e n t  algori thm of f ind ing  AL, L and L YL ' 

B matrices has been given by Lenberger (1966). Below, Figure 1 ,  it i s  
YL 

shown how t h e  observer system i s  used f o r  t h e  s t a t e  reconstruction.  

------- -- 
F r o F d w Z e r  system 

I I 

m b s e r v e r  system - - I - - - - - - -  

Figure 1 Groundwater system and observer systems 

Once the  vector  q is  computed from the  s t a t e  equation of t h e  observer 

system, i . e .  from 



the  s t a t e  vector can be estimated a s  

5 Reduction of the ex i s t ing  measuring network 

To reduce an ex i s t ing  monitoring network one has t o  answer two ques- 

t ions:  

- how many measuring points  must be cancelled? 

- which points must be removed from the network? 

Answering the f i r s t  question i s  determined by economic, technical or  

sometimes human fac to r s ,  ra ther  then those of hydrogeological nature. 

Usually, a departure point  fo r  reduction i s  a statement l ike:  "we must 

remove, M measuring points".  In  such a case, the j u s t  introduced 

observabili ty concept may help i n  accepting o r  opposing the specif ied 

number M. I f  reduced network could s t i l l  be p r a c t i c a l l y  observable the 

only task is  t o  f ind  an optimal res idual  network ( i .e .  t o  answer the  

second question).  But i f  reduction of an ex i s t ing  network by M points 

makes the system non-observable decision makers must be warned fo r  the  

consequences of keeping res idual  network which i s  not  capable t o  

monitor the groundwater system completely. In  t h i s  case the observa- 

b i l i t y  c r i t e r i o n  applied t o  d i f f e r e n t  reduction numbers M' < M and t o  

d i f fe ren t  configurations of res idual  networks can answer the question 

how many measuring points  can be removed a t  the utmost. Before answe- 

r ing  the second question the reconstruction e r r o r  has t o  be defined. 

By reconstruction e r r o r  6 a t  i -th measuring point  the  mean square i o  0.. 

departure of reconstructed value h from t h a t  measured is  understood, 
i o  

i . e .  



where: 

% = number of h i s t o r i c a l  measurements 

h .  ( j ) ,  h .  ( j )  = measured and reconstructed values of i -th 
10 10 0 

coordinates of the s t a t e  vector h a t  j-th ins tan t  

of time, ( j = l ,  . . . ,%) 

Now, the optimal reduction of an ex i s t ing  monitoring network w i l l  be 

presented i n  the  form of algorithm. Let a primary network consis ts  of 

N measuring points.  In  order t o  reduce the  network by one, the  ob- 
0 

se rvab i l i ty  c r i t e r i o n  must be checked fo r  a l l  subnetworks containing 

N -1 points.  Also appropriate observer systems has t o  be constructed 
0 

for  those subnetworks which a r e  observable. For such networks a recon- 

s t ruct ion e r r o r  must be computed according t o  the  de f in i t ion  (25 ) .  The 

measuring point  having the  l e a s t  reconstruction e r r o r  6 may be i o  
removed f i r s t .  The procedure can be repeated f o r  res idual  network and 

the next measuring point  can be chosen. Obviously observer systems a t  

the second stage a re  based on N -2 measuring points .  Following the  
0 

alogrithm one may remove M po in t s  from groundwater monitoring network 

keeping the res idual  network observable and reconstruction e r r o r  

minimal. 

6 Conclusions 

The optimization method presented has several  proper t ies  t h a t  seem t o  

be promising fo r  future  applications: 

- it is based on the physical descr ipt ion of a groundwater system 

- it takes advantage from ex i s t ing  data  records 

- it answers the question whether the system dynamics can be recon- 

s t ructed 

- it contains a mathematical procedure (the observer system) t h a t  

accomplishes reconstruction of the  system's s t a t e ,  providing 

specif ied measurements a re  avai lable  



- it offers a measure (the state reconstruction error) that can be 

used as a criterion in designing of a groundwater monitoring network 

Some questions must still be answered, namely: 

- how to deal with measurement errors? 

- how to incorporate other sources of a groundwater system's 

uncertainty? 

Despite these question marks the application of observer systems gives 

some insight into a groundwater system - measuring network relation- 
ship. 
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Abstract 

In this paper a general approach for the design and optimization of 

monitoring networks is presented, which emphasizes the strong interrela- 

tions between monitoring objectives, process dynamics and the optimiza- 

tion techniques to be used. This approach is worked out for some specif- 

ic techniques, based on Time Series Analysis, kriging and kalmanfilter- 

ing. Knowledge of the correlation structure of the processes is shown to 

be essential. Finally, some applications on field data are presented. 

1 Introduction 

Due to the increased concern for the environment, the monitoring effort 

for both surface water and groundwater has expanded significantly. Un- 

fortunately, the resulting monitoring networks are for most part based 

on ad-hoc design criteria. 

Limitation of the laboratory capacity, the restrictions of financial 

means and changing objectives, emphasize the necessity to optimize these 

networks. As a consequence, there is a growing need for design and opti- 

mization techniques, which should preferably integrate the optimization 

of sampling frequencies, sampling locations and the number and kind of 

water quality variables to be measured. 

In this paper, the general principles of network optimization and of a 



number of optimization techniques, based on time series analysis, 

kriging and kalmanfiltering, are discussed. Finally, some applications 

on real field data are presented. 

2 Principles of optimization 

In general, a monitoring network should be based upon two main aspects: 

- the water system to be monitored 

- the monitoring objectives. 

The water system (and the process dynamics incorporated) determine, to- 

gether with the objectives, the dimensionality of the monitoring net- 

work. Moreover, the monitoring objectives strongly determine the scale 

of changes to be detected in the quality variables, and hence dictate 

the kind of information to be extracted from the measured data. This im- 

plies that the monitoring programme, including data collection and data 

analysis, should be tuned to these objectives. This can be expressed by 

the 'effectiveness' of a monitoring programme, being the degree to which 

the obtained information meets the objectives of that programme. 

To enable an optimization, a quantitative, objective dependent, measure 

E of this effectiveness is required, which can be related analytically 

to the variables to be optimized. So, for a specified objective, a rela- 

tion E = E(f,L,V) has to be derived, with f denoting the sampling fre- 

quency, L the number and location of the monitoring stations, and V the 

number and kind of the measured variables. Since f, L and V determine 

the monitoring programme itself, also the monitoring costs CM can be ex- 

pressed as a function C = C (f,L,V). By weighing the effectiveness 
M M 

against costs, the optimal monitoring programme can be found in prin- 

ciple. 

Corresponding to the above, the optimization process for monitoring net- 

works is summarized in Figure 1. This figure underlines the central role 

of the objectives and shows the iterative character of the optimization 

procedure: the optimal (future) network is based on information gained 

from the present one. 

Five main steps can be distinguished: 

- First, the monitoring objectives should be identified and quantified, 



which includes the definition of 

an effectiveness measure. If this 

step is ignored, one will be 
I I 

tempted to fit the optimization 

- dimnaiooalify 
" I  = = = = = - process d m i e s  

problem to the techniques avail- 

able. In fact, this is perhaps 

the most important step in the 

optimization procedure, and also 

a very difficult one. A compli- 

cating factor within this respect 

are the different objectives var- 

to. LO. YO: .ptimxre C I E  
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ious users of the monitoring net- 

work may have. Mostly, these ob- WAIRIFIUTION OF 

OBJernVE(S) 

jectives include the estimation 

of the present quality state, the 
P O N I T O B I X G  O B J E C T I V E ( S )  

detection of long term trends, 

the detection of standards viola- 

tions, and model studies. 

c E 7  
Figure 1 The optimization process 

- Second, the relevant processes 

should be identified, because their dynamics dictate the way the data 

should be analysed. These dynamics depend on the water quality vari- 

ables considered and the hydrodynamics of the water system. 

- The third step is the determination of the effectiveness of the in- 

formation, gained by analyzing the data from the monitoring network. 

Often, the effectiveness can be related to statistical concepts, like 

the variance of the samples, the probability to detect changes or 

violations, the interpolation error etc. 

- The fourth step consists of the cost calculation of the monitoring 

programme. This mostly will be a purely technical matter. 

- The last step includes a cost-effectiveness analysis, which is not 

only very difficult, but often subjective. The analysis should, 

amongst others, take into account the relative importance of the sam- 

pling locations and variables. In fact, such analysis is almost al- 

ways avoided in practice; often a minimum level of effectiveness is 

specified a priori. Since in general the minimum level is based on 

subjective and/or political consideration, the real optimal sampling 

effort might not be achieved. 



In the next section, some techniques will be discussed which are suit- 

able to tackle the third step. Herein also some attention will be given 

to the associated problem of quantifying objectives. The other points 

raised above are not treated anymore because they either are of a purely 

technical nature (cost calculation) or belong primarily to the tasks of 

the management agencies (objective identification and cost-effectiveness 

analysis). It should be stressed that these agencies provide the design- 

er with sufficient information on these aspects. 

3 Optimization techniques 

3.1 General 

The effectiveness of a monitoring programme is determined by the amount 

of information, extracted from the data, in relation to the monitoring 

objectives. In general, the amount of information increases with in- 

creasing monitoring effort. The degree of increase strongly depends on 

the correlation structure of the physical processes being monitored. 

Therefore, the derivation of the function E = E ( f , L , V )  requires knowl- 

edge about: 

- the auto correlation structure of each variable in time and space 

- the cross correlation structure between all variables in time and 

space. 

In these correlations, both the process dynamics and the process dimen- 

sionality are reflected. 

3.2 Time series analysis 

The amount of information, which can be extracted from an ergodic one- 

dimensional univariate time series x(t), sampled over a period of time 

T, is related to the so called 'effective number of independent observa- 

tions' N* (Bayley and Hammersley, 1946). This N* is a fucntion of the 

sampling interval A, the period of observation T and the auto correla- 

tion function P,(T) 



with N = T/A the number of observations. 

For example, the variance of an estimated mean value over a period of 

time T, given by 

equals 

with a2 denoting the variance of the time series. 
X 

Moreover, the detectibility of a trend with a magnitude Tr over a period 

of time T is monotonically related to the statistic NT, given by 

with c a trendshape dependent constant (Lettenmaier, 1976). 

Obviously, these relations are useful from the point of view of network 

optimization for one variable in one dimension, since they allow the 
derivation of the relationship of some effectiveness measure E to the 

sampling frequency f for fixed sampling locations and variables. This 

relation will be denoted by E(f ~L,v). 

In case the objective of the network is the estimation of mean value 

(e.g. annual means), the effectiveness measure might be chosen to be the 

reciprocal width of the (1-a)100% confidence interval for m , yielding 
X 

with f = I/A and E(a/2) a normal percentile point. 

Likewise, for the objective trenddetection, the effectiveness might be 

defined as the trenddetectibility (or power of trenddetection), given by 



where Q denotes the standard Gaussian distribution (Lettenmaier, 1976). 

The expressions (5) and (6) clearly show that the quantification of 

these objectives corresponds to the specification of T and ct in the 

first case and of T, a and Tr in the second case. 

To evaluate the function N*(A,T), the auto-correlation function p (T) 
X 

must be known rather accurately. Estimating px(~) from historical data 

may cause problems, since rather long series (several times the relevant 

time scale) are required to reduce the statistical errors to an accept- 

able level. Moreover, in case of historical data with sampling interval 

Ao, the function N*(A,T) can only be evaluated for discrete values of A, 

given by = k.Ao, k = 1,2 ... Hence, only the effect of a reduction of 
the sampling frequency on the effectiveness can be investigated. 

So, in practice, one usually assumes a (black-box) model for the corre- 

lation function, of which only the parameters have to be estimated. This 

imposes less demands on the record lengths, and also allows the effect 

of an increasing 

sampling frequency 

to be investigated. 

Figure 2 shows the 

relation between 

N* and N for x(t), 

described by a 

first order auto- 

regressive model 

with correlation 

function 

Here p denotes the 
1 

correlation coef- 

ficient between 

two samples with 

some arbitrary time Figure 2 N* as a function of N(-) and of A/A (--) 
1 

lag A, and A = m.A . for T = 100 A and various values of p 
1 1 1 

For uncorrelated . 



measurements (p = 0) N* equals N. For p > 0 N* becomes smaller than N. 
1 1 

The dotted lines in Figure 2 give N* as a function of A/A for T=100 A , 
1 1 

and for various values of p . They clearly show the saturating behaviour 
1 

of N*(A) for decreasing A, indicating that the reduction of the sampling 

interval below some value A only results in a marginal increase in ef- 

fectiveness, and hence in a waste of effort. Since this value A is 

large for strongly correlated processes, the sampling frequency for pro- 

cesses with slow dynamics often can be reduced without loss of effec- 

tiveness E. 

It must be realized that N*, and hence E, has an upper bound, which de- 

creases with increasing p . This bound might even be less than the mini- 
1 

ma1 value of E as required by the objectives. In that situation, one can 

either try to reduce p or to increase N. Reducing p is possible when 
1 1 

one can remove from the records dominant large-scale phenomena, which 

are due to known external sources. For instance, the correction of con- 

centration measurements in a river for changes in discharge may improve 

the trend detectibility, because in this way p may be reduces consider- 
1 

ably. This is illustrated in section 4. The increase of N corresponds 

to an increase of the time to which the effectiveness measure is re- 

lated. Hence, this involves a reconsideration of the objectives. 

The equivalence of the auto-correlation function in time domain is the 

auto-spectral density function G,(f) (or spectrum) in frequency domain. 

Since for Gaussian ergodic processes the spectral moments m and m de- 
2 

termine many level crossing properties, the spectral approach might be 

useful to optimize networks designed to detect vioZation of standards. 

For instance, Beckers et al. (1972) showed that the effectiveness mea- 

sure , defined as 

E(F/L,V) = 
expected number of detected violations 

expected number of violations 

can be related to the sampling interval A, the average nonviolation 
duration To and the average violation duration T . Moreover, it can be 

1 
shown that for Gaussian ergodic processes T and T are uniquely related 

1 
to the process level h corresponding to the standard, and to m and m 

0 2 

(Cramer and Leadbetter, 1967). So, knowledge about the spectrum enables 

the evaluation of To and T as a function of h and hence the evaluation 
1 



of the effectiveness as a function of A and h. 

In case the objective of a monitoring network is the reconstmetion of 

the quality state of the water from noisy, discrete measurements, ob- 

tained over some period of time T, an effectiveness measure might be the 

mean square error of the reconstructed (or interpolated) data. To relate 

this error to the sampling interval A, techniques can be used which are 

based on the discrete form of the Wiener-Kolmogorov filtering theory. 

To be more precise, suppose one wishes to estimate the state x(t) at an 

arbitrary time 8 from noisy discrete measurements y(kA), given by 

where N = T/A and v(t) is a zero mean random process, describing mea- 

surement noise. Moreover, the estimate P(9) is restricted to be a linear 

function of the available data, i.e. 

The weights ai must be chosen such that f(9) is unbiased and optimal. 

This implies the minimization of ~{?(9) - x(8)I2  under the restriction 

~Cf(9) - x(8)I = 0, which yields the following linear system for the 

weights a. and the Lagrange multiplier A. 

Here y (.) and yyx(.) denote respectively the auto-covariance function 
YY 

of the observations and the cross-covariance function between the state 

and the observations. Assuming v(t) to be a white noise process with 

variance a2 which is uncorrelated to the state, y (T) equals v yx 

Solving (10) yields the optimal values a? and AO. 

The corresponding optimal estimate equals 



with minimal mean square error 

The inverse of this error may be used as an effectiveness measure 

~ ( f  ~L,v). Since both (10) and (13) are independent of actual values of 

the measurements y(iA), the effectiveness, and hence the performance of 

the network can be evaluated as a function of A without use of actual 

measurements from that network. But again, historical data are required 

to estimate the correlation structure (including y (T) and the measure- 
YY 

ment noise a2) or to fit a correlation model. Note that, since N = T/A, 
v 

one should specify within the objectives the period of time T to which 

the state reconstruction should be related. 

The techniques described above are suitable to optimize a monitoring 

network for one variable in one dimension (time or one spatial direc- 

tion), where the variable is assumed to be a stationary stochastic pro- 

cess. So, from a practical point of view, the applicability of these 

techniques seems to be rather limited. However, several extensions are 

possible. 

For the simultaneous optimization of the sampling frequency for more 

variables, multivariate time series analysis can be used. This extension 

requires knowledge about all relevant auto- and cross-correlations (or 

auto- and cross-spectra. Sometimes nonstationary time series can be 

dealt with by first applying differencing operations (Box and Jenkins, 

1976). Moreover, for some objectives the same techniques can be used to 

optimize a network in more dimensions, provided the considered variables 

are isotropic in those dimensions. 

For instance, the extension to state reconstruction in two dimensions is 

rather straight forward. In fact, the equations (10) - (13) are similar 
to the well known Kriging equations, which originally have been derived 

to interpolate more dimensional geological data. The difference is that 

the Kriging equations are based on the (semi)variogram v,(\hl) in stead 

of covariance functions. It gives half the variance of the difference 



+ 
of some variable x(r) for two points in a plane, separated by a distance 

Ihl, i.e. 

+ 
When x(r) is isotropic, there is a direct relation between the variogram 

and the covariance function 

Substituting (15) in (10) - (13) immediately yields the Kriging equa- 
tions. 

Kriging can be extended to variables which are not homogeneous by adop- 

ting the 'generalized intrinsic hypothesis' (Delhomme, 1978). 

In essence, this is comparable with the already mentioned differencing 

procedure for nonstationary time series. 

One can conclude that optimization techniques based on time series ana- 

lysis are very suitable to solve at least parts of the optimization 

problem. However, some practical problems remain: 

- The condition of isotropy in all dimensions seems very unlikely to be 

fulfilled when one considers time and space dimensions simultaneously 

- Many data are required to estimate the complete correlation structure 

in the multivariate case 

- Not every type of non-stationarity can be removed by differencing 

operations. 

Because the multivariate correlation structure, anisotropy and non-sta- 

tionarities are consequences of the underlying physical processes, these 

problems can (partly) be overcome by incorporating physical knowledge in 

the optimization process. When this knowledge can be formulated in terms 

of a mathematical (state space) model, techniques based on kalmanfilter- 

ing seem to offer good possibilities. 

3.3 Kalmanfiltering 

Information about -the correlation structure is essential for the optimi- 



zation of a monitoring network. This information can be obtained from 

observations, but can also be based on a priori knowledge of the process 

dynamics. 

The techniques treated above only use observation based information, 

like covariance functions and variogrammes. A kalmanfilter can use both 

sources of information, since it is based on two equations 

- the state equation, by which the physical knowledge is modelled 

- the observation equation, which indicates the way the observations 

are related to the state variables. 

In principle, the state equation (the model) is used to predict future 

values of the state vector. Each time measurements are taken, these pre- 

dicted values are compared with the measurements and adjusted. The de- 

gree of adjustment depends on the uncertainties of the model ('system 

noise') and of the observations ('measurement noise'). In this way, the 

best estimate of the state vector is obtained. It is important to note 

that also unmeasured state variables can be estimated, because they are 

related to the measured ones by means of the state equations. 

Apart from the estimates, also their covariance matrix is calculated. 

This covariance matrix, which is a measure of the reliability of the es- 

timates, strongly depends on the measurement matrix from the observation 

equation. Since this matrix indicates at which moments and on which lo- 

cations which variables are measured, it reflects the monitoring effort. 

Hence, the behaviour of the covariance matrix can be investigated for 

all relevant combinations of sampling frequencies, locations and vari- 

ables. In the case the state equation is linear in the state variables, 

this even can be done without actual measurements, allowing the perfor- 

mance of a network to be determined a priori for different monitoring 

strategies. So, when the effectiveness can be related to the covariance 

matrix, the total optimization problem can be solved in a very elegant 

way. However, in practice several problems may arise. 

First, most water quality models are non-linear in the state variables. 

Since then the covariance matrix becomes dependent on the actual state 

vector, the network performance cannot be evaluated a priori anymore. 

Second, the dimension of the state vector, being roughly proportional to 

the product of the number of variables and sampling locations involved, 

may become too large for practical use. This situation even get worse 

when unknown model parameters have to be estimated simultaneously by 



state augmentation. 

Third, the dynamics of many water quality variables are still too poorly 

understood, to enable the development of a sufficiently detailed mathe- 

matical model. 

In spite of these problems, the development of optimization techniques 

based on kalmanfiltering should be stimulated. The dimensionality prob- 

lem of the state vector may be overcome when sophisticated numerical 

techniques are used to solve the filtering equations (Bierman, 1977). 

Also, much effort is put now in the development of mathematical models 

for water quality processes. It may be expected that due to these devel- 

opments the kalmanfilter related techniques will become practical in- 

struments to optimize complex monitoring systems. 

4 Applications 

4.1 Characteristics of existing monitoring networks 

Processes, showing large spatial variability, generally have small spa- 

tial correlation distances. Hence, these processes require rather dense 

monitoring networks. Likewise, large temporal variability requires 

rather high sampling frequencies. These facts can be illustrated by com- 

paring for instance the Dutch monitoring networks for ground water 

levels and for surface water quality. 

The first one consists of about 9000 monitoring locations with a charac- 

teristic sampling interval of some months which corresponds to the large 

spatial and rather small temporal variability of the ground water level. 

The water quality network includes almost 400 sampling locations, with a 

typical sampling interval of one week, and also some automatic moni- 

toring stations with a typical sampling interval of 15 minutes, corre- 

sponding to the large temporal and rather small spatial variability of 

most surface water quality variables. 

4.2 Some applications of optimization techniques 

The Delft Hydraulics Laboratory is currently involved in the optimiza- 

tion of the water quality network mentioned above. In first instance, 



attention was paid only to the optimization of the sampling frequency. 

The responsible management agency (the Governmental Institute of Sewage 

and Waste Water Treatment RIZA) formulated the objective of the network 

as the detection of long term trends in the quality state. The corre- 

sponding effectiveness measure was defined as trend detectibility. 

Quantifying this objective resulted in the requirement that trends with 

magnitude Tr of 20% of the mean values should be detected with a proba- 

bility of 80% over a period T of 5 years. To calculate the required 

sampling frequencies the approach was followed as outlined in section 

3.2. 

First, by estimating the covariance functions and fitting of auto-re- 

gressive models of order one and two, the relation between N* and the 

sampling interval A could be established for each of the 18 variables 

considered. Then, using Equation (4) and (6) with Tr, T and a specified, 

the effectiveness was evaluated as a function of A. 

It turned out that for most variables the objective could not be met, 

due to large values of the signal variances and large correlations 

between subsequent measurements. 

For some variables this implied a reconsideration of the objective. For 

discharge related variables however the large auto-correlation was part- 

ly due to long term fluctuations of the discharge. Correcting the con- 

centration measurements for discharge variations resulted in a reduction 

of the auto-correlation and hence in an improvement of the detectibility. 

This is illustrated in Figure 3 for Chloride, showing that the detecti- 

bility at A = 1 week 

increased from 25% to 
CHWRWElWBlTW (RNER RWINE) 

95%. The required level o ORIGUIAL DNA 
CORRECTED FOR DISCHARGE 

of 80% is reached at TREND CONSIDERED 
4Drnptl OVER SYEARS 

A = 7 weeks. 

For more detailed infor- 

mation on this optimiza- 

tion study, one is re- 

ferred to the relating 

literature (Schilperoort 

(1979), Groot (1981 a,b), 
0 5 7 ( 0  $ 5  20 25 30 35 4 0  45 YI 

-SAMPLING lNrERVAL A l*rccks> 
Schilperoort et al. 

(1982). Figure 3 The detectibility as a function of A 



In the near future, also kalmanfilter based techniques will be applied 
' 

to this quality monitoring network. 

A similar optimization study is executed for the two-dimensional (space) 

water quality monitoring network of the coastal water of the Netherlands. 

5 Summary and conclusions 

A general approach for monitoring network optimization is presented, 

which involves five steps: 

- identification and quantification of objectives, including the defi- 

nition of an effectiveness measure; 

- determination of the relevant process dynamics; 

- evaluation of the effectiveness as a function of the monitoring 

effort, yielding the relation E = E(f,L,V); 

- evaluation of the costs as a function of the monitoring effort, 

yielding the relation C = C(f,L,V); 

- execution of a costs-effectiveness analysis. 

The techniques to be used in the third step strongly depend on the moni- 

toring objectives, indicating that a careful definition of these objec- 

tives is a prerequisite for any optimization. A close co-operation be- 

tween management agency and network designer therefore is essential. 

For the application of these techniques, knowledge of the correlation 

structure of the processes is required. When this knowledge is based on 

observations only, black-box techniques like time series analysis and 

Kriging are appropriate. When, apart from the obsqrvations, also mathe- 

matical models of the processes are available, kalmanfilter based tech- 

niques can be used. With these techniques sampling frequencies, loca- 

tions and variables can be optimized simultaneously, whereas the black- 

box techniques are suitable to solve only parts of the optimization 

problem. 

The development of kalmanfilter based techniques should therefore be 

stimulated. 
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REDUCTION OF A GROUND- 

WATERLEVEL NETWORK 

G. K. Brouwer 

Groundwater Survey TNO 

Delft - the Netherlands 

Abstract 

A practical prediction algorithm has been developed to discriminate 

between independent or primary locations and dependent or secondary 

locations of a groundwaterlevel observation network. The selected crite- 

rium is an objective measure: a value of 15 cm for the root mean squared 

error of the prediction error in the model validation period. The algo- 

rithm is based on the Kalman filtering technique. After an introduction 

of the theoretical model the link will be made between the theoretical 

model and its practical use for network reduction. Four applications 

directed to network density and observation frequency will be described. 

This paper is solely concerned with redaction of a network. Network 

reinforcement at unmeasured sites will be discussed in the paper: 

Spatial uncertainty in piezometric head. 

1 Network reconsideration strategy 

Since the foundation of the Archive of Groundwater levels in the 

Netherlands in 1948 a total number of 7 million groundwater levels have 

been collected. The groundwater level network consists of 8000 shallow 

wells and 8000 deep wells. The strategy for this network development has 

always been in the category "we need more data than we have". This is 

justified as long as basic data is lacking for verification of some kind 

of criterium for the development of the network. As pointed out by 



Rodriguez-Iturbe (1972) network optimization for a base-level network 

can be hardly fulfilled due to lack of information with regard to 

economic development. Nevertheless, criteria should be formulated in 

order to approach some kind of homogeneity in the network. A statisti- 

cal approach should be favoured. Logically and in accordance with the 

WMO criterium (1970) for hydrological networks the standard deviation 

of the interpolation error can be used as the criterium. 

Two types of interpolation errors for a groundwater level network should 

be considered. 

a) interpolation error in space 

b) interpolation error in time and space 

An estimate of the interpolation error in space can be obtained with 

the kriging technique (Delfiner, 1976). This technique will be relevant 

when questions should be answered with regard to the most favourable 

location for a new observation site. 

The interpolation error in time and space is relevant when answers are 

needed with regard to observation frequency at existing observation 

locations. Indirectly this is also related to network density: when 

observation interval approaches infinity and the standard deviation 

of the interpolation error is still less then a predefined maximum 

value, this observation site can be skipped from the base level net- 

work. 

'Tith regard to type b) interpolation it will be shown that in some 

situations the Kalman interpolation technique can be used. 

2 Theory of Kalman interpolation 

The basic idea of Kalman interpolation will be introduced first for the 

one-dimensional case, subsequently the higher order dimensionality will 

be discussed. 

One dimensional case. 

When a time series of groundwater levels is given the following re- 

lations are fundamental to the Kalman filtering technique. The ground- 

waterlevel at time k+l is supposed to be linear dependent on the 

groundwater level at time k: 



where h is a transition factor and uk a stochastic variable with expec- 

tation 0 and variance 5 '. Relation (1) will be referred to as the state 
U 

transition equation. 

The second basic equation will be called the measurement equation: 

where yk is the measured groundwater level at time k, being depen- 

dent on the true groundwater level xk at time k. 

sk is called the measurement factor which is usually taken to be 

1. The measurement error v with expectation 0 and 

variance 5' is assumed to be uncorrelated with u. v 
The Kalman filter is designed to provide an optimal estimate of x 

k+l' 
based on data observed up to time k+l in a recursive way. 

As an estimate for before a measurement at time k+l has been made 

we take h$, where $ is an estimate for \ from the previous step. 
After a measurement at time k+l has become available we estimate .the 

groundwater level as a weighted mean: 

An optimal estimate of the groundwater level at time k+l is found if 

the weighting factor is chosen such that the variance of lk+l is 

minimized. - 

We could write x* = hR 
k+ 1 k 

From equation A6 in the appendix it follows that: 



and (see equation 3 and A71 : 

The impact of equation 5 and equation 6 can be illustrated as follows. 

Suppose the groundwater level at time k+l is measured accurately so the 

variance of the measurement error a* is relatively small. The factor 
v 

w ~ + ~  then approaches the value 1. According to equation (3) the esti- 

mate is largely determined by the measurement yk+l and for a small part 

by the prediction of the groundwater level according to equation 1. 

Multid,imensional case. 

The basic theory can be extended to n time series and is commonly 

called the n-dimensional case. Equation 1 and equation 2 can be written 

in matrix notation: 

Xk+l = HX + Uk and 
k 

Yk = S X + V whereas: 
k k  k 

- 
\+l' HXk - Wk+l (H Xk - Xk+l)  or with 

HX* = X* and W - 
k+ 1 k+l - %+l Sk+l 

X 
and Pk+l - P* - Pk+l - Kk+lsk+l k+l (8) 

,. 
The derivation of K such that x ~ + ~  has minimal variance is given in 

k+ 1 
the appendix. Analogous to the one-dimensional case H is called the 

transition matrix (nxn); X the groundwaterlevel vector (nxl), K the 

Kalman gain matrix (nxm), S the measurement matrix (mxn), Y the measu- 
* 

red groundwater level vector (mxl), P and Pk+l are the variance- 
* k+ 1 

covariance matrices of X k+l and Xk+l respectively. 



We now can recursivily estimate the groundwater level in the following 

way. Q and R are the VC-matrices of respectively the system noise U and 

the measurement error V. 

The recursive equations (9) assume that the matrices H , S , Q  and R are 

known. In our applications R will be a diagonal matrix with the variances 

of the measurement error as its elements. The matrix S is an mxn matrix 

with zero's and one's, m being the number of measured groundwater levels. 

The matrices H  and Q are unknown and will be estimated from the available 

records in the calibration period, that is the period (2 or 3 years) 

preceding the period where the Kalman technique is actually applied. 

For the estimation procedure, we follow Van der Made (1979). For the 

calibration period S=I, because all the relevant groundwater levels 

should be measured during that period. By assuming an autoregressive 

process for Yk (no correlation between Uk and U ) the transition 
k-1 

matrix H  can be estimated by means of a regression of Yk on Y The 
k-1- 

variance-covariance matrix of the (multivariate) residuals is then an 

estimate of Q. 

Van der Made showed that, if all the series are "prewhitened" such 

that the mean equals zero, these two estimates can be expressed as a 

function of the sample correlation coefficients and standard deviations, 

for example with 2 series yl(k) and y2(k) the estimate of H  is a function 

and p 
~ ~ ( k - 1 )  1 y2(k) ' 



A similar expression can be given for Q. 

As mentioned earlier, all the groundwater levels are measured during 

the calibration period in order to estimate the unknown parameters. For 

the application-period, it is not necessary that all the measurements 

are available. 

3 Practical network considerations 

In the following some examples of the Kalman methodology for actual 

data and practical network considerations will be given. For all case 

studies a measurement error of 1 cm is assumed. 

3.1 Observation frequency 

For three time series the correlation structure in a calibration period 

(2 years, 48 observations) was estimated in three different areas in 

the Netherlands. A scheme of the extrapolation is shown in Figure 1. 

Only for the second time series in each area the relation between the 

standard deviation and lead time is visualized. The first and third time 

series for estimating the extrapolation error in the second time series, 

are recorded in each area within 8 km distance. Extrapolating the origi- 

nal series results in a small reduction of the standard deviation 

compared with the standard deviation in the original series, even if the 

groundwater level is predicted only two weeks in advance (Figure 1 ,  left). 



Figure 1 Extrapola t ion  e r r o r s  f o r  the  indica ted  p red ic t ion  scheme 

re l a t ed  t o  lead time f o r  t h ree  aqu i f e r s  i n  the  Netherlands 

and the  e f f e c t  of regime co r rec t ion  



The observations are also corrected with the means of the observations 

measured at the same date during the calibration period -for each series 

seperately- : called regime correction. With regime correction lower 

extrapolation errors are found, notably for 11 G 27 and 17 H-1-38 (Figure 

1, right). Which method works best can only be investigated in an ob- 

jective way by comparing observed values and predicted values. 

3.2 Reducing existing network density 

With three time series the second time series could also be predicted 

according to the scheme in Figure 2. 
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Figure 2 The observed groundwater levels of three observation locati- 

ons and the predicted groundwater levels according to the 

extrapolation scheme 



In this figure also the measured groundwater levels in the calibration 

period and prediction period are shown. After the regime correction the 

Kalman algorithm was applied. As was expected for the quite similar time 

series a rather good predictor could be derived from the data. The 

theoretical standard deviation for the predicted groundwater level in 

1975 amounts to 1.2 cm, slightly more than the assumed standard deviati- 

on of the measurement error of 1 cm. The root mean squared error (rmse) 

of the observed minus the predicted values is 4.1 cm; This is due to a 

systematic underestimation of 3.4 cm in the relatively wet year 1975. 

3.3 Network density versus observation frequency 

For a theoretical comparison of two interpolation schemes ( Figure 3 ) 

Figure 3 The theoretical percentage reduction in the standard devia- 

tion of the original time series as a function of the cross 

correlation p and autocorrelation p 
t,t t,t-1 

the following assumptions are made: 

- correlations for three time series with a time shift are all 



equal ( pt, t- 

- correlations without time shift are also equal (p 1, but not neces- 
t , t 

sarily Pttt=Pt,&-l 

The percentage reduction in standard deviation due to Kalman filtering 

of the original series is given in Figure 3. In the right hand part of 

both figures the area is shaded for physically impossible combinations 

of pt, tand P t,t-1' From these figures a more rapid reduction in the 

standard deviation for higher correlations in time and space is remarkable. 

Comparing the two sampling schemes a more flexible approach is obtained 

when the left hand sampling scheme is used. 

Depending on the actual correlations found in groundwater level time 

series and for a predefined reduction these kind of figures may be of 

help for choosing an adequate sampling scheme. 

3.4 Network reduction in the Achterhoek 

For actual groundwater level data measured during a period of five years 

with an observation interval of two weeks the interpolation scheme 

according to Figure 3 , left was applied. The phreatic aquifer conside- 
red is the main aquifer in this area. The total thickness varies from less 

than 5 m in the eastern part to 40 m in the western part of the study 

area (Ernst, 1970). 

The calibration period 1974-1976 was choosen because different climato- 

ligical years are represented in this period. The years 1977, 1978 were 

taken for the application period. 

The original time series y y2, y are prewhitened as follows: 
3 

k l 3  
let x1 = g iLl + x i, 24+1+ Xi, 48+1 ) 1=1, .. ..,24 

k k 
thenx. = x  - x  r,k i,k (k-l)mod(24)+1 

With the aid of Kalman filtering the observation locations will be 

devided into two groups so called primary and secondary locations. 



The groundwater level at secondary locations should be predicted from 

measured groundwater levels at primary locations within a predefined cri- 

terium for the interpolation error. As there are a large number of loca- 

tions in the region and there is a freedom to choose for each secondary 

locations the two predicting locations, an efficient algorithm is needed. 

The following considerations have led to the search algorithm presented 

in Figure 4. 

select two P tcmesenes I 
I 

I calculate center of gravtty of 
coordtnates of P t~meserles I 

I 

select dosest recorded time- 
sertes 1x1 near center of gravlty 

select two closest P timeseries 
near observat~onlocot~on x 

, 

serles and ttmeseries x 

timescries x=secondary timesertes xzprimary I d &  
Figure 4 The selection algorithm for primary (P) and secondary time 

series 

- A long search for "as many possible" secondary locations can not be 
recommended. Even with random observations such a search will result 

in high correlations; and thus many secondary locations. 

- A secondary location and its two predicting primary locations should 
be not far away 

For those observation locations with more than one observed time series 

corresponding to screens at different depths each time series was 

analysed seperately. As there may be a change in mean level, correla- 

tion structure and variation, a model validation is warranted. 



The theoretical standard deviation therefore was compared with the rmse 

of the observed minus the calculated groundwater levels in the applica- 

tion period of two years (Figure 5a). 
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Figure 5a The distribution of the theoretical standard deviation and 

the rmse for a criterium of 15 cm for the rmse 

5b The cumulative distribution of the rmse for three values of 

the rmse 

5c The relation between the number of primary time series and 

the rmse 

The rmse was found to be substantially higher than the theoretical 

standard deviation. This is merely due to a non-zero systematic error 

per combination. However the mean systematic error for all 249 combi- 

nations is only 1 crn. This low value supports the choice of the applica- 

tion period. But more over as a realistic criterium a specific value 

for the rmse should be preferred. The results for three rmse values are 

shown in Figure 5b. 

For a crlterium of 10 cm and thus more close observations locations 

better predictive qualities are obvious as the rmse is generally lower. 

Comparing the rmse and the number of primary time series a linear re- 

lation seems to be indicated in the Achterhoek (Figure 5c). 

The resulting distribution of primary and secondary time series with a 

criterium of 15 cm is only partly related to the existing network- 

density (Figure 6). 



Figure 6 The distribution of primary and secondary observation locations 

in The Achterhoek with a criterium of 15 cm for the rmse 

This distribution reflects also the complexity of the studied aquifer. 

This is in particular obvious for the clusters A and B in Figure 6. 

Near A the aquifer is rather homogeneous whereas near B an ice pushed 

ridge is present. 

4 Conclusions 

The Kalman interpolation technique can be considered as a useful method 

for groundwater level network reduction based on an objective criterium. 

Possible instabilities in the statistical properties of groundwater 

level time series lead to a criterium based on the actual difference 

between predicted and measured groundwater levels in the model valida- 

tion period: the root mean squared error (rmse) 

The number of primary locations in a reduced network in the Achterhoek 



is linear dependent on the rmse within a range of 10 and 20 cm for the 

rmse. 

Monthly or longer observation intervals result in large prediction 

errors. Consequently the standard observation interval of two weeks 

in the Achterhoek should be regarded as a maximum. 
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APPENDIX 

WEIGHTING OF INDEPENDENT ESTIMATES 

The derivation of the basic equations of the Kalman filter model follows 

closely Barham and Humphries (1970) 

For the one-dimensional case: 

Suppose xl and x2 are two independent estimates of a quantity x. The 
2 

variances are respectively Ol and 0 
2 
2 - 

We now want a linear combination of xl and x2 so that: 

E (x) = x if E(x ) = E(x ) = x and 
1 2 

- 2 
~[{x - E (XI) is minimal 

with: 

it follows that: 

The variance O2 of x is then: 



The value of w for minimum variance 0' is found by differentiating: 

'and then: 

Multidimensional case: 

The quantity to be estimated is now an n-dimensional vector.X1 and X 
2 

are also n-dimensional vectors. 

The elements of vector X1 can be thought of as estimates of the ground- 

water levels at n locations at time t and the vector X of elements 
2 

consisting of measured groundwater levels at the same n locations at 

time t. 

According to equation (Al) : 

x = (I-W) X + WX 1 2 

W is nxn weighting matrix and I is the identity matrix. 

When the number of measurements is smaller than n we could write 

Y = SX2. S will be now a mxn weighting matrix. A matrix K is now intro- 

duced, so that: W = K.S and 



The variance-covariance (VC) matrices of XI and Y will be denoted by P* 

and V. 

By definition the VC-matrix of X is: 

From equation (A9) and (A101 we write: 

P = EL{ (I-KS)X + KY - (I-KS) E (xl)- KE(Y) } . 1 
(I-KS) XI + KY - (I-KS) E (Xl)-KE(Y)}T= 

(I-KS) E[ { x ~  - E(Xl)} - E(X1) lT t 

K E ~  {Y-E(Y)} {Y - E(y)lT ]KT (All) 

because X1 and Y axe uncorrelated. 

In short-hand notation: 

T P = (I-KS)P* (I-KS)~ + KVK 

= P* + (KS) P* (KS) - (KS) P* - P*(Ks)~ + KVK T 
b T X T T  

= P* + K(S P s + V) K~ - K(S P*) - (S P ) K (A12) 

In analogy to the one dimensional case we choose K so that the sum of 

diagonal elements of P is minimal: 

a - aK trace P = 0 or 
+ T * T 2K ( S  P S +V) = 2 P S or 

f T  * T 
K = P  S [sP S +v]-' 

So X could be calculated according to (A9). Equation(A12) and equation 

(A13) give : 
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Abs t rac t  

U n c e r t a i n t i e s  i n  s p a t i a l  i n t e r p o l a t i o n  o f  p iezomet r ic  l e v e l s  depernd on 

t h e  v a r i a b i l i t y  o f  t h e  p iezomet r ic  s u r f a c e  and geohydro log ica l  boundary 

va lues  and parameters .  According t o  r e c e n t l y  publ i shed  o p i n i o n s  opt imal  

i n t e r p o l a t i o n  o f  p iezomet r ic  l e v e l s  by t h e  k r i g i n g  method is cons idered  

t o  be a  p o t e n t i a l  t o o l  f o r  network re in forcement .  

I n  our  op in ion  t o o  a  p r a c t i c a l  model f o r  re in forcement  o f  a country 

wide network has  t o  be a p p l i e d .  I n  t h i s  s t u d y  a complex geohydro log ica l  

system and p iezomet r ic  l e v e l s  w i l l  be modelled. 

The parameters  o f  t h e  k r i g i n g  model were found t o  be time-independent 

f o r  t h e  p iezomet r ic  l e v e l s  o f  an a q u i f e r  below a loam-sandy t o p l a y e r  i n  

t h e  sou th-eas te rn  p a r t  o f  F r i e s l a n d .  

Therefore t h e  k r i g i n g  method was a p p l i e d  t o  t h e  mean p iezomet r ic  l e v e l s  

i n  a y e a r .  The geohydro log ica l  system was modelled by a  q u a s i  t h r e e  

dimensional  f low equa t ion .  The s t e a d y  s t a t e  d i f f e r e n t i a l  equa t ion  was 

so lved  numer ica l ly  by t h e  f i n i t e  element method. Again k r i g i n g  was 

a p p l i e d ,  b u t  now on t h e  d i f f e r e n c e s  between t h e  c a l c u l a t e d  and observed 

p iezomet r ic  l e v e l s .  The accuracy o f  p iezomet r ic  l e v e l s  f o r  bo th  methods 

was e s t i m a t e d  a t  9 independent  o b s e r v a t i o n  s i t e s .  An equa l  performance 

f o r  both methods was ob ta ined .  The r e l i a b i l i t y  o f  t h e  s t a n d a r d  d e v i a t i o n  

o f  t h e  i n t e r p o l a t i o n  e r r o r  seems t o  be b e t t e r  when modell ing t h e  geohy- 

d r o l o g i c a l  system accord ing  t o  t h e  d e t e r m i n i s t i c - s t o c h a s t i c  approach. 



1 I n t r o d u c t i o n  

S i n c e  t h e  founda t ion  o f  t h e  Archive o f  Groundwater l e v e l s  TNO i n  t h e  

Netherlands i n  1948 a t o t a l  number o f  7  m i l l i o n  groundwater l e v e l s  have 

been c o l l e c t e d .  The groundwater l e v e l  network c o n s i s t s  o f  8000 sha l low 

w e l l s  and 8000 deep w e l l s .  The s t r a t e g y  f o r  t h i s  network development 

has always been i n  t h e  ca tegory  "we need more d a t a  than  we have". This  

i s  j u s t i f i e d  a s  long  a s  b a s i c  d a t a  i s  l a c k i n g  f o r  v e r i f i c a t i o n  o f  some 

kind o f  c r i t e r i u m  f o r  t h e  development o f  t h e  network. 

A s  po in ted  o u t  by Rodriguez-I turbe (1972) network o p t i m i z a t i o n  f o r  a  

base- level  network can be hard ly  f u l f i l l e d  due t o  l a c k  o f  in format ion  

wi th  r e g a r d  t o  economic development. Never the less ,  c r i t e r i a  should be 

formulated i n  o r d e r  t o  approach some kind o f  homogeneity i n  t h e  network. 

A s t a t i s t i c a l  approach should be favoured.  Logica l ly  and i n  accordance 

wi th  t h e  WMO c r i t e r i u m  (1970) f o r  h y d r o l o g i c a l  networks t h e  s t a n d a r d  

d e v i a t i o n  o f  t h e  i n t e r p o l a t i o n  e r r o r  can be used a s  t h e  c r i t e r i u m  

The predef ined  v a l u e  f o r  t h i s  s t a n d a r d  d e v i a t i o n  can be made r e g i o n  

dependent and could be based on f i n a n c i a l  budgets .  

Two types  o f  i n t e r p o l a t i o n  e r r o r s  f o r  groundwater l e v e l s  can be d i s t i n -  

guished:  i n t e r p o l a t i o n  e r r o r  i n  t ime and i n t e r p o l a t i o n  e r r o r  i n  space .  

In  t h i s  a r t i c l e  t h e  i n t e r p o l a t i o n  e r r o r  i n  space w i l l  be d e a l t  wi th .  

I n t e r p o l a t i o n  e r r o r  depends on t h e  i n t e r p o l a t i o n  technique  used. Conside- 

r i n g  t h e  huge amount o f  o b s e r v a t i o n  l o c a t i o n s  i n  t h e  Netherlands we should 

s e a r c h  f o r  a  method which r e q u i r e s  a  reasonable  amount o f  d a t a  p r e p a r a t i o n  

and computer time. Furthermore t h e  methodology should  be accepted and 

a p p l i e d  by a  wide range  o f  p o t e n t i a l  u s e r s  o f  t h e  groundwater l e v e l  

network. An opt imal  i n t e r p o l a t i o n  technique  i n  space  is t h e  k r i g i n g  

technique.  Input  requ i rements  f o r  t h e  method a r e  r e s t r i c t e d  t o  on ly  t h e  

c o o r d i n a t e s  and t h e  o b s e r v a t i o n s .  I t  is be l ieved  t h a t  t h e  k r i g i n g  

technique should be i n v e s t i g a t e d  f o r  p r a c t i c a l  ad jus tments  i n  groundwater 

l e v e l  networks. An impor tan t  q u e s t i o n  is how t h i s  s t o c h a s t i c a l  model 

performs wi th  r e s p e c t  t o  a  p h y s i c a l  based model. Both models were t e s t e d  

i n  t h e  sou th-eas te rn  p a r t  o f  t h e  p rov ince  F r i e s l a n d  i n  t h e  Nether lands .  



2 The k r i g i n g  technique  

The k r i g i n g  method is based on t h e  theory  o f  i n t r i n s i c  random f u n c t i o n s  

(Matheron, 1973).  The b a s i c  methodology and p r a c t i c a l  a p p l i c a t i o n s  have 

been d e s c r i b e d  by many a u t h o r s  (e .g .  Delhomme, 1978, Gambolati and Volpi ,  

1979a, 1979b, D e l f i n e r ,  1976, Hughes and Le t tenmaier ,  1981).  

The g e n e r a l  problem can be s t a t e d  as fo l lows:  g i v e n  a  number o f  l o c a t i o n s  

x1 t o  x w i t h  measured groundwater l e v e l s  z ( x  ) t o  z ( x  ) .  We want an 
n 1 n 

e s t i m a t e  o f  t h e  groundwater level  z ( x , )  a t  l o c a t i o n  x,,  such t h a t  t h i s  

e s t i m a t e  is: 

a )  unbiased 

b )  with minimum var iance .  

We w i l l  r e s t r i c t  o u r s e l v e s  t o  e s t i m a t e s  t h a t  a r e  a  l i n e a r  combination o f  

t h e  d a t a :  
n 

? ( x , )  = C Aiz(xi) 
i= 1 

The problem i s  t o  f i n d  t h e  weightsAi. 

The s t a t i s t i c a l  model assumes t h a t  t h e  p i e z o m e t r i c  s u r f a c e  is one r e a l i -  

z a t i o n  o f  a  s t o c h a s t i c  p roces  Z ( x ) .  Depending on t h e  s t a t i s t i c a l  proper-  

t i e s  o f  t h i s  p r o c e s ,  t h e  op t imal  weights  can be ob ta ined .  Without going 

i n t o  d e t a i l ,  it can be shown t h a t  t h e s e  weights  depend on: 

a )  t h e  form o f  t h e  d r i f t  (= t h e  expec t ion  o f  ~ ( x ) )  

b )  The shape and form o f  a  f u n c t i o n  K(h) ,  where h is a v e c t o r .  

In  p r a c t i c e  it is u s u a l l y  assumed t h a t  t h e  d r i f t  is a polynomial o f  o rder  

k with k ~ 2 .  Appropriate  models f o r  t h e  g e n e r a l i z e d  covar iance  K(h) a r e  

a l s o  polynomials  of o rder  62k + 1. If we assume i s o t r o p y  ( K ( h ) = K ( I h l ) )  t h e  

fo l lowing  models a r e  sugges ted  by Matheron: 

D r i f t  k Funct ion 

Constant  o  K( l h l )  = c 6(  l h l )  + a l l h l  

1 K( l h l )  = c 6( l h l )  + a l l h l  + a31hl 
3 

Linear  
5 

Quadrat ic  2 ~ ( l h l )  = c 611hl)  + a l l h i  + a31hl3 + a51hl 

with 6( l h l )  = 1 f o r  Ihl = 0 and 6( I h l )  = 0 otherwise ,  c g ,  al<O, a5<0, 

a  3  +- '% (alas)  i 
Given E and K( Ih 1 )  i t is  a m a t t e r  o f  s imple  mathematics t o  c a l c u l a t e  t h e  

weights Ai and a l s o  t h e  v a r i a n c e  o f  t h e  i n t e r p o l a t i o n  e r r o r .  I n  p r a c t i c e  

however k and K ( I h l )  a r e  unknown and we have t o  e s t i m a t e  them from t h e  

da ta .  The e s t i m a t i o n  procedure sugges ted  by D e l f i n e r  (1976) has been 



generally accepted as reasonable. The algoritm consists of three steps. 

In the first step the degree of the drift is determined. Delfiner 

suggeststo krige some known points using K(lh1) =-/hi assuming in turn 

that k=0,1,2 but using the same neighbouring points for a typical point 

with all three orders. 

For each point the interpolation errors are ranked. The order with the 

smallest mean rank is chosen as the best. One reason to 

justify such an approach is that this generalized covariance is a valid 

function for each k and also because the weightsXi are indepemdent of 

the coefficient al, so we can choose an arbitrary value, in this case 

-1. 

The second step is the estimation of the unknown coefficients of K( lhl ) .  

By assuming some of the coefficients zero a priori there are a number of 

appropriate generalized covariance models. For instance if k=l: 

The coefficients of K(/hl) can be estimated by constructing so-called ge- 

neralized increments with respect to the data. These increments are linear 

combinations of the data that are stationary under the assumed statistical 
P 

model. Let the linear combination be uizithen the theoretical variance 
P P i= 1 

is equal to izl jgl u.y.K(i,j) which is still a linear function of the 
1 I 

unknown coefficients of K (  Ih I ) .  By forming many generalized increments 

and performing a regression of the observed variances on the theoretical 

variances, estimates for the unknown coefficients can be obtained. 

In the third step, the best fitting generalized covariance function is 

selected. Given the order k, all the appropriate generalized covariance 

functions can be compared in the following way. Each of the data points 

is left out in turn and kriged with the neighbouring points. It is then 

possible to obtain an estimate of the ratio Vo/Vk, that is the observed 

variance (= the square of the interpolation error) versus the kriging 



2 
Variance. Because the estimator C ( (  interpolator error) / kriging 

variance)/his biased, Delfiner suggests to split up the data into two 

groups and then to use a jackknife estimator. The generalized covariance 

with the jackknife estimate closest to unity is selected as the best. 

For a more detailed description of Delfiner's procedure the reader is 

referred to Delfiner (1976), Hughes and Lettenmaier (1981) and Kafritsas 

and Bras (1981). The last reference also contains a Fortran listing of 

a computerprogram, called AKRIP. This program enables the user to per- 

form all the above mentioned calculations. We have used AKRIP in the 

follwing case-study. 

3 Practical results 

The kriging method was applied for an aquifer below a loamy-sandy toplay- 

er (Figure 1) .  A total number of 43 wells was selected whereas 9 wells 

were used only for controlling model results. For each well the mean 

yearly piezometric head in 1970 was calculated from 24 observations. 

AKRIP could not discriminate between k=O and k=2 (average rank for 

k=0,1,2 is 1.98,2.05 and 1.981.We decided to krige with k=O and 8 

neighbouring points. This choice implies three possible generalized 

covariance (GC) functions. The second best was found to be K(!hl) = 

-0.4487 ( h  1 .  The jackknife estimate of the ratio V /V for this fit 
6 k 

equals 0.94. It also turned out that the GC: K( jhl) = cb( lhl) performed 

even better (c= 5825, jackknife = 1.00). This GC gives equal weight tc. 

each location independent of the distance to the location to be kriged. 

We decided not to use this function because we assume, considering the 

geohydrology of the area, that information from neighbouring points is 

more valuable than information from locations further away. 

The kriged values, with K( lhl) = -0.44871hl at nodes 2500 m apart are 

contoured (Figure 1). The estimate standard deviation of the interpola- 

tion error has also been visualized. 

The maximum values for the standard deviation occur, as can be expected 

with the selected GC, at locations where the distance to surrounding 

observations wells is relativily large. 

In order to check the validity of the model the kriged value and its 

standard deviation were calculated at the 9 control points. For these 

points a mean non-significant difference between measured and krigedL 
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Figure 1 Contoured piezometric level and standard deviation estimated 

with the kriging interpolation technique in the study area S.E. 

Friesland. The geohydrological cross section (Jousma,1979) de- 

picts the variability of the toplayer 



value of 2.3 cm was found, whereas the root mean squared error 

(rmse) was equal to 16.5 cm. Actually the absolute 

difference between observed and calculated value was less than the kri- 

ging standard deviation at each of the 9 control locations. This result 

is not consistent with the simulation results of Hughes and Lettenmaier 

(19811, who showed for a specific situation that Delfiner's model identi- 

fication and parameter estimation technique:: give rise to an underesti- 

mation of the true variance for small sample size ( nG30, say). Our re- 

sults suggest an overestimation. 

4 The deterministic model 

In order to compare the results vith a model based on geohydrological 

information not only concerning the piezometric levels a guess field 

methodology as suggested by Delhomme (1978), has been used. 

The well known 2-dimensional staedy state equation for flow through 

porous media is (Bear, 1979;: 
d2z 6 z 1 

T(g2- + 2/ -w - - (z-z ) = 0 
6~ 

where 
2 

T : transmissivity (m /d) 

W : flux of infiltration or discharge (m/d) 

c : hydraulic resistance of top layer (d) 

z : piezometric head in aquifer (m) 

zc: piezometric head in top layer (m) 

For known transmissivity, hydraulic reslszance, well discharge and 

boundary conditions this equation can be solved. The mean transmissivity 
2 

value resulting from several pumping test amounts to 4000 m /d. Hydraulic 

resistance of the toplayer is thought to be very variable. A mean value 

of 400 days is suggested by pumping-tests. From a map indicating the 

thickness of the toplayer, we estimated weighting values according to 

thickness of the space elements defined for the applied finite element 

solution of the above eq~,ation. These weighting values were choosen 

in such a way that the mean value of c(400 days) over the region 

remained valid. 



For the finite element solution the program Sofia-103 was used (Verruijt, 

1980). This program estimates linear basis functions for triangular 

elements, so linear interpolation was applied for locations within 

the element bounded by three nodes. A rather difficult decision is how 

well we should model the phreatic surface. As there are about 250 

shallow piezometers in the study area, preparation of input would be 

enormous. As this is against a search for a practical network reinforce- 

ment method, we decided to model the phreatic level at only 75 locations. 

The deterministic model results in an overestimation of the piezometric 

level at sixteen observation locations inside the study area. This is 

merely due to an overestimation of the groundwater level in the phreatic 

aquifer . 
In order to correct for this systematic error and making a transformation 

to a stochastic framework, we kriged on the differences between the 

observed and estimated piezometric levels. So kriging was performed with 

the sixteen inside observation locations and twenty seven boundary 

observation locations. Of course at this boundary this difference is 

zero following from the deterministic approach. 

For the determination of the trend mean ranks of 1.91, 1.81 and 2.28 

were obtained for k=O, l,2 respectively. Note that the differences between 

these mean ranks are very small. For that reason and also to facilitate 

a comparison with the first approach, we again kriged with k=O and 8 

neighbouring points. The generalized covariance function K( lhl)=al(hl 

performed well (a =-0.0839, jackknife = 0.99) Again K (Ihl)=c&(lhl) per- 
1 

formed better (c=385.8, jackknife = 1.00) but we did not use this func- 

tion because of the earlier mentioned reason. 

The maximum kriging standard deviation of the interpolation error was 

found to be 18.0 cm. Because the selected order of the drift and also 

the form of the generalized covariance function are the same as with 

"direct" kriging, the same spatial distribution of the standard devia- 

tion is obtained. In magnitude there is a decrease with a factor 
Y (0.4487/0.0839)' = 2.31. A non-significant systematic error of 2.0 cm 

at the 9 control locations was found. The rmse of the difference between 

calculated and observed levels is 14.7 cm. 



5 Discussion 

The results of this case-study are somewhat curious. Before going into 

detail we summarize the main results. 

1. The accuracy of the prediction of piezometric heads at unknown loca- 

tions with a linear interpolation model could not substantially be im- 

proved by modelling additional information like boundary conditions and 

geohydrological parameters. 

2. The "direct" kriging approach overestimated the interpolation error. 

The combined deterministic-stochastic approach gives a more realistic 

view of the uncertainty in the estimated piezometric head. Notice that 

we have discarded the unknown uncertainty introduced by the estimation 

of the piezometric surface with the deterministic model. 

However one should keep in mind that these conclusions are based on 

only a few data and will not necessarily hold in general. 

The spatial distribution of the interpolation errors which are obtained 

in the third step of the estimation procedure for both approaches are 

shown in Figures 2 and 3.  Each location is kriged with its 

neighbouring points. The most striking in these figures are the three 

large errors in the north east part of the experimental area in Figure 

2. If we look at the location of the control points, which are also 

plotted in these figures, we see that in this part there are no control 

points. This explains the overestimation of the interpolation error at 

the control points. Obviously, the combined deterministic-stochastic 

approach should be preferred for a realistic quantitative mapping of the 

uncertainty in piezometric head, especially in the north eastern part 

of the study area. The direct kriging approach is less costly and gives 

at least a relative measure of the uncertainty in piezometric head. 

New observation sites should be planned where uncertainty is highest. 
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Le dgveloppement du traitement informatique pour l'identification du 

systsme aquifsre et l'emploi de modsles numgriques distribugs de simu- 

lation, obligent l'hydroggologue 2 recueillir des donnges quantitatives, 

prgcises et nombreuses. La synthsse des informations est exprimge par un 

modsle conceptuel hydrog6010gique, base de la modglisation. 

Abstract 

The development of approaches to the identification of aquifer system 

based on computing science and the application of distributes numerical 

simulation models compels the hydrogeologist to collect data which are 

both accurate and numerous. The synthesis of the information is expressed 

by a conceptual hydrogeological model which constitutes the basis of the 

model approach. 

An aquifer is identified by four groups of numerical data to be obtained 

through field investigations, i.e. the hydrological, hydrodynamical, 

hydrochemical and historical data. 

Groundwater reservoirs perform three functions: the storage function, the 

conveyance function and the exchange function. The hydrodynamical, hydro- 

chemical and hydrobiological processes are related to these functions. 



Introduction. Le modsle conceptuel hydroggologique base des 

modsles num6riques 

L'informatique, appliquge 2 l'hydrogbologie au cours de la dernisre 

d6cennie-tson dgveloppement futur, imposent des mgthodes et des techni- 

ques d'acquisition et de traitement de donnges quantitatives prgcises 

et nombreuses. L1emploi, ngcessaire, des modsles num6riques distribugs 

de simulation permet: 

- par calage, en rggime permanent, l'identification plus prgcise du 
systsme aquifsre et 116valuation de la ressource en eau souterraine. 

- par utilisation, en r6gime transitoire, la planification de l'exploi- 
tation de la ressource en eau souterraine. 

L1&tablissement et la mise en oeuvre de ces modsles reposent sur la 

prgsentation, par 11hydrog6010gue, d'un modsle conceptual hydrog6olo- 

gique du systsme aquifsre. Ce modsle est une synthsse, glaborge 2 partir 

de donnEes concr6tes, recueillies sur le terrain, et de lfexphrience 

acquise. C1est l'expression graphique des donn6es numgriques concernant 

la structure et les fonctions du rgservoir ainsi que les comportements 

du systsme considgrg. 

2 Donn6es numgriques 5 recueillir sur le terrain 

Un systsme aquifsre, systsme dynamique, sequence d'espace et de temps 

fraction du cycle de lleau, est identifig par quatre ensembles de donnges 

numgriques, acquises sur le terrain: 

- hydrog6ologiques: conditions a m  limites ggologiques et paramstres 

physique du rgservoir; 

- hydrodynamiques: conditions aux limites et paramstres hydrodynamique~~ 
- hydrochimiques: ggochimie du r6servoir et hydrochimie de lleau sou- 
terraine. Interactions eaux/roches; 

- historiques des variations temporelles des paramstres hydrodynamiques 
et hydrochimiques. 

La synthsse de ces donnses paramstriques d6finit les fonctions du r6ser- 

voir et les comportements du systzme aquifsre. Elles doivent &tre mesu- 

r6es avec le maximum de prgcision et au moindre coiit (optimisation des 

mesures) . 



Les donn6es hydrog6ologiques identifient le rgservoir, domaine d'espace 

fini et continu, d6termin6 par une formation hydrog6ologique ou leur 

combinaison (systsme aquifsre multicouche). Trois ensembles de donn6es 

fixes sont 2 acqu6rir: 

- configuration du r6servoir d6finie par les conditions aux limites 
ggologiques. Ce sont les surfaces limites: toit, substratum et les 

limites lat6rales: affleurements, passages lat6raux de faciss, failles, 

etc. Elle porte 6galement sur la puissance et la superficie; 

- localisation dans le sous-sol: altitude et profondeur des surfaces 
limites g6ologiques; 

- structure du rgservoir, identifi6e par les caract6ristiques des mat6- 
riaux qui le constituent: physiques (p6trologie s6mentaire et cristal- 

line, granulomstrie, faciss, ete.) et structurales (tectonique et 

fissuration). Une importance particulisre est port6e 2 la granulomgtrie 

des milieux poreux et 2 la fissuration des milieux fissur6s. 

2.2 Donn6es hydrodynamiques du systsme aquifsre 

Les donnges hydrodynamiques du systsme aquifsre portent sur deux ensem- 

bles : 

- conditions aux limites hydrodynamiques: potentiels et flux impos6s, 
surface piszomstrique; 

- paramstres hydrodynamiques: coefficient d'emmagasinement, S; coeffi- 
cient de perm6abilit6, K, transmissivit6, T et diffusivitg, T/S; ni- 

veau piszomstrique, H, charge hydraulique, h et potentiel hydraulique, 

hp; d6bit de la nappe, Q, d6bit unitaire, q et d6bit sp6cifique relatif 

des ouvrages, qs; vitesse effective, V et vitesse de d&placement, Vd; 

dispersivit6 , D . 
Les deux paramstres hydrodynamiqugprincipaux sont le coefficient d'emma- 

gasinement et la transmissivit6. 

Les donn6es sont obtenues par des mesures sur le terrain: dispositifs 

ponctuels , stations d' essais , p6rimstres expgrimentaux et bassins re- 
prssentatifs. 



2.3 Donn6es hydrochimiques 

Elles concernent la g60chimiedur6servoir (sels solubles et argiles 

6changeuses d'ions) et l'hydrochimie de l'eau souterraine. Elles carac- 

t6risent les Echanges eaux/roches. Une importance particulizre est donn&e 

2 la g6ochimie des isotopes du milieu. 

2.4 Historiques des variations temporelles des paramztres hydro- 

dynamiques et hydrochimiques 

Les donnkes recueillies identifient le systsme aquifsre 2 un instant 

donn6 (Etat initial), exprim6 par le modsle conceptuel hydrog6ologique. 

Les variations temporelles des paramstres hydrodynamiques sont exprim6es 

par des historiques. Le plus important porte sur les fluctuations de la 

surface pibzom?trique. Une p&riode optimale de dix annkes hydrologiques 

est conseillg. Leur recueil est obtenu par des enregistrements continus. 

Leur connaissance est ngcessaire au calage des modzles numsriques de 

simulation en rggime transitoire. 

2.5 Documents graphiques 

La synthsse des donnces est prEsentEe par des documents graphiques: 

cartes ou coupes hydrog6ologiques ethistogrammes. La distribution spa- 

tiale des donnges est exprimEe par des cartes, coupes et diagrmes hy- 

drog6010giques. Ces documents graphiques servent au calcul du volume des 

rgservoir, base de 1'6valuation de la &serve en eau souterraine et de 

canevas pour l'interpolation des donnges numkriques ponctuelles sur les 

paramstres hydrodynamiques, moins nombreux et d'acquisition plus on6reuse. 

Les historiques se traduisent par des histogrammes. 

3 Fonctions du rEservoir et comportements du systsme aquifzre 

Le systzme aquifzre 6tant un systzme dynamique les fonctions du rgservoir 

vis-5-vis de l'eau souterraine et les comportements du systsme aquifzre 



en &action avec les impacts de son environnement doivent Stre identi- 

figs. 

3.1 Fonctions du r6servoir 

Le r6servoir remplit trois fonctions, vis-5-vis de l'eau souterraine 

qui le traverse. Elles sont la cons6quence de m6canismes internes, im- 

poses par les paramstres hydrodynamiques et hydrochimiques de sa struc- 

ture. Ce sont: 

- la fonction capacitive: emmagasinement de l'eau souterraine (stockage 
et lib6ration de l'eau); la diff6rence de la r6serve. Cette fonction 

est associ6e au concept de &serve; 

- la fonction conductrice: transfert de masse et d16nergie, associee au 
concept d16coulement de l'eau souterraine; 

- la fonction d16changes ou d'interactions physico-chimiques permanentes 
entre le r6servoir et l'eau souterraine. Dans certaines conditions, 

zone non satur6e en particulier, le r6servoir remplit Egalement une 

fonction hydrobiologique par le pouvoir autoepurateur des sols. Ces 

fonctions sont associ6es au concept de qualit6 de l'eau souterraine. 

La mise en oeuvre de ces trois fonctions du rgservoir aboutit 5 une 

r6gulation des caract6ristiques hydrodynamiques et hydrochimiques des 

6coulements. Elle s'exprime par des 6quations de transfert. 

3.2 Comportements du systsme aquifsre 

Le systsme aquifsre, soumis aux impulsions provoquees par les impacts 

de son environnement sur les limites hydrodynamiques, 6met des r6ponses 

modulges par les paramstres de la structure du r6servoir. Impulsion, 

transfert et r6ponse constituent les comportements du systsme aquifsre. 

Le systsme aquifsre repond 5 trois types d' impulsions : hydrodynamiques , 
hydrochimiques et hydrobiologiques. Celles-ci impliquent trois comporte- 

ment s : 

- comportement hydrodynamique assurant la r6gulation des f l u  5 la sor- 

tie. Les facteurs de ce comportement sont: les conditions aux limites 

hydrodynamiques, les variations de stock d'eau souterraine, le regime 



de f l u  (exprim6 par les systsmes de flux) et 1'6tat initial et les 

variations dans le temps des trois facteurs. I1 s'exprime par un mo- 

dsle conceptuel hydrog6ologique et par l'expression d16quilibre hydro- 

logique du bilan. I1 est r6git par les lois de l'hydrodynamique sou- 

terraine; 

- comportement hydrochimique. L'eau souterraine, au cours de son long 
s6jour et de son Ecoulement lent, dans le rgservoir, subit des 6changes 

ggochimiques avec le r6servoir. Ces interactions eaux/roches imposent 

les caractgristiques de la qualit6 chimique de l'eau souterraine; 

- comportement hydrobiologique localis6 surtout dans la zone non saturge. 

4 ModSle conceptuel hydrogsologique du systSme aquifsre 

Le modsle conceptuel hydrog6ologique du systsme aquifsre reprgsente, 2 

un instant donnh, par des donn6es numEriques, interpr6t6es par des coupes 

Figure 1 

Modgle conceptuel hydrogholo- 

gique du systPme aquifPre libre 

des alluvions de la Crau (Sud de 

la France), obtenu par synthPse 

des donnhes et affing par calage 

d'un modSle numhrique 

1, courbe d'isotransmissivith; 

2, limite de zone hydroghologique; 

3, courbe hydroisohypse; 

4, flux entrant et sortant; 

5, conditions aux limites. 



ou des cartes, la synthkse de quatre ensembles d'informations: 

- caracteristiques de la (ou des) formations hydrog6010giques: surfaces 
limites, Epaisseur, lithologic, granulom6trie ou fissuration, etc. ; 

- conditions aux limites g6ologiques et hydrodynamiques: potentiels et 
flux impos6s des apports et des 6coulements ; 

- distribution spaciale des deux ~aramktres hydrodynamiques: coefficient 
d'emmagasinement et transmissivit6 ; 

- distribution spatiale des potentiels et des flux dans le systkme: sur- 
face pikzomstrique et systsmes de flux. 

Le modsle conceptuel hydrog6010gique est 6tabli, conlointement par le 

traitement des donn6es acquises sur le terrain et par le calage du mo- 

dkle numgrique distribu6, en r6gime permanent. Deux ces concrets peuvent 

Gtre citgs comme exemples: le systkme aquifkre libre des alluvions de la 

Crau, dans le Sud de la France (Figure 1 ) et le systsme aquifsre captif 

du continental intercalaire du Sahara septentrional (Figure 2). Des 

documents annexes prgsentent les historiques des conditions aux limites 

hydrodynamiques (potentiels et flux) et la synthkse des paramstres hydro- 

chimiques (graphiques, diagrammes et cartes hydrochimiquecdel'eau sou- 

terraine . 

Figure 2 ModZle conceptuel hydrog6ologique du systsme aquifPre captif 

du continental intercalaire du Sahara septentrional. D'aprSs UNESCO (1972). 

1,  courbe hydroisohypse; 2, limite 2 potetiel impos6; 3 ,  limite h flux 

impos6, entrant ou sortant; 4, limite a flux nul; 5. limite de zone hydro- 
ggologique; 6, grands axes de flux. 



5 Conclusions 

L'identification quantitative du systsme aquifsre, base de 116tablisse- 

ment des modsles numkriques distribu6s de simulation, est exprim6e par 

un modgle conceptuel hydrog6ologique. Ce modgle est obtenu par le traite- 

ment des donn6es, recueillies sur le terrain. I1 est affing par le calage 

du modsle numkrique en r6gime permanent. Ainsi une coop6ration gtroite 

entre lThydrog6010gue et l'hydrodynamicien aboutit ?i une conception plus 

r6aliste du systsme aquifsre. 
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Abstract 

The fundamental principles of organizing and carrying out the ground- 

water exploration and their application under various hydrogeological 

conditions are discussed in the paper. 

In recent years, inmanycountries of the world there is observed a great 

increase in the fresh ground-water use mainly for domestic-drinking water 

supply, and in some regions for land irrigation. Increasing water demand 

causes a necessity of creating large concentrated water intakes, the 

productive capacity of which amounts to hundreds and sometimes thousands 

of litres per second. These circumstances have accounted for large-scale 

hydrogeological studies on ground-water exploration for estimating 

the possibilities of the ground-water use. The fresh ground-water 

exploration is a complex of geological-prospecting works carried out 

with the aim of determining the ground-water development area "and 
2, 

assessing the safe ground-water yield . This complex includes a great 
number of various studies: geological-hydrogeological or hydrogeological 

surveys on different scales, ground geophysical studies (electrical 

prospecting, seismic prospecting, magnetic prospecting, etc.), drilling 

works, geophysical well studies, pumping-test and test-migration works, 

stationary observations of the natural and disturbed regime of ground- 

water; balance-hydrometric works, geobotanic, isotopic, tracer studies; 

laboratory works for studying physical properties; chemical and bacterio- 

logical composition of ground and surface waters; determination of 

aqueous-physical properties of rocks, topogeodesic works. 
- 
1 
) and 2): see at the end 
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Due to a variety of geological and hydrogeological conditions under 

which the ground-water exploration and production are carried out, as 

well as due to a great number of the methods applied for exploration, 

of great significance are the problems of a rational performance of re- 

searches - determination of a necessary type of studies, rational com- 
plexing of various work types, establishment of a sequence of their con- 

ducting and their volumes etc. In this connection, it is important, 

above all, to ascertain the factors determining a type and a procedure 

of the studies. These factors involve3? 

a) purpose of the problem under solution - water consumption type (muni- 
cipal water supply, agricultural water supply, industrial water supply, 

land irrigation) and water demand; 

b) complexity of hydrogeological conditions; 

c) necessary and actually attainable degree of realibility of the hydro- 

geological problem under solution; 

d) degree of a hydrogeological study of the area under investigation. 

Taking into account these factors it is possible to distinguish the 

following fundamental principles of carrying out hydrogeological studies 

in the course of the ground-water exploration. 

1 Principle of successive approximations 

This principle provides for carrying out the exploration by stages (and 

also in the course of the water-intake operation) with the refinement of 

the types, volumes and a procedure of works at each of the subsequent 

stages based on the results of the previous one. In the U.S.S.R. these 

works are generally conducted by four stages. The first stage is prospec- 

ting. It is aimed at the determination of the ground-water development 

areas, and the promising aquifers within these areas in order to organize 

further exploration. The second stage is a preliminary exploration of 

the ground-water development area established, in the course of which 

the main peculiarities of the geological and hydrogeological conditions 

of the ground-water development area are studied, a preliminary assess- 

ment of the main sources of the formation of the safe ground-water yield 

is made, and its total value is determined. At the third stage (a stage 

of detailed exploration) the hydrogeological studies are carried out to 
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refine the formation conditions of the ground-water resources and the 

aquifer parameters to a degree which allows a more rational (in technical 

and economic respects) scheme of wells to be selected, and the evaluation 

of the safe ground-water yield to be made in reference to the scheme se- 

lected. Finally, the fourth stage involves a productive exploration car- 

rying out in the course of a water-intake operation with the aim of esta- 

blishing a correspondence of the productive regime to the predicted cal- 

culations, reestimating the ground-water resources according to the pro- 

duction data, substantiating a rational productive regime. No doubt, 

depending upon the above factors, particular stages can be omitted from 

or combined into a general complex. Thus, the stage of prospecting can 

be dropped and the stages ofapreliminary and detailed exploration can 

be combined into a single one under the following conditions: small-scale 

water demand, high degree of the hydrogeological study, simple hydro- 

geological conditions. Allowance for the principle of successive appro- 

ximations enables the economic efficiency of field studies to be signi- 

ficantly increased, as based on the results obtained at various stages 

non-promising can be excluded from the further works, and the types and 

methods for the studies in promising areas can be refined. 

2 Principle of feedback 

This principle involves a consideration of the character of a water-intake 

operation and a degree of the impact of the hydrogeological situation on 

the selection of a rational scheme and regime of the water-intake opera- 

tion when substantiating the types and methods of investigations. 

Allowance for the principle of feedback requires carrying out the works 

at a stage of a detailed exploration in reference to the type of a water 

intake and its scheme. Thus, if a future water intake will represent a 

linear line of wells, the basic volumes of drilling and pumping-test 

works must be carried out along the line of wells under design; if the 

ground-water production is planned under the conditions of artificial 

ground-water recharge, special works must be conducted to determine the 

number, an operating regime and a location system of infiltrational 

structures. Another aspect of the principle in view is associated with 

the determination of a degree of studying various natural factors, 



depending upon their affect on the formation of the safe ground-water 

yield and the selection of a more rational scheme of a water intake. 

Thus, in case of the ground-water exploration of limited structures, 

where the depletion of natural (storage) ground-water resources plays 

an important role in the formation of the safe ground-water yield, at- 

tention must be given mainly to an assessment of a water yield of water- 

bearing rocks; in case of the ground-water exploration of multilayered 

systems a study of the leakage parameters etc. should be taken into con- 

sideration. Application of an exploratory (imitation) simulation is more 

effective for determining the role of different factors in using the 

principle of feedback. 

3 Principle of methodological substantiation 

This principle involves the selection and substantiation of the types 

and methods for the works in the programme of studies depending on the 

complexity of hydrogeological conditions and the prediction method adop- 

ted. The safe ground-water yield is estimated by using various methods, 

such as: hydrodynamic method incorporating analytical calculations and 

analog and digital simulation; hydraulic, balance methods and a method 

of hydrogeological analogy. The procedure for conducting different types 

of studies should be developed in accordance with the method selected. 

Thus, under highly complicated hydrogeological conditions, for example, 

when the ground-water is confined to the zones of tectonic faults, and 

when it is practically impossible to determine the main sources of the 

ground-water resources formation using the exploration data, the safe 

ground-water yield is usually estimated by a hydraulic method, which 

involves the data processing of long-term test-production pumpings. Under 

such conditions it is inexpedient to carry out special experimental works 

in order to study the hydrogeological parameters or to estimate the role 

of the water-bearing stratum boundaries. When applying the method of 

hydrogeological analogy for the safe yield estimation, the prospecting 

works must be organized, so that to obtain the data which substantiate 

the analogy of the processes of the ground-water resources formation at 

a standard and assessed sites. If a hydrodynamic method is applied for 

evaluating the safe ground-water yield, the works at a stage of a 



detailed exploration must be conducted in accordance with the computa- 

tional model selected. For example, if separate aquifers are arranged 

into a single aquifer complex, while assessing the safe yield of multi- 

layer systems, it is necessaryto determine the permeability parameters 

of these aquifers; if each of the aquifers is considered separately in 

the computational scheme, it should be tested individually. 

4 Principle of attaining the required degree of reliability 

This principle consists in the determination of the types and procedure 

of the works, providing the prescribed reliability of the information 

obtained depending on the complexity of hydrogeological conditions, the 

character of the problems under solution, requirements to the reliability 

of a water-intake operation. The necessity of keeping this principle is 

accounted for the fact that the safe ground-water yield determined on 

the basis of the exploration data is mainly an estimated value, and the 

reliability of its assessment is largely dependent upon the quality of 

information obtained over the period of field investigations. At the 

same time, it is evident that the information, obtained under various 

hydrogeological conditions by different methods of investigation, is 

characterized by an unadequate degree of the reliability. Thus, the va- 

lues of permeability parameters determined on the data of the group 

pumping tests are more exactly than those estimated by the results of the 

single pumpings. Defining the location of any aquifer boundary on the 

drilling data can be more correct as compared to the one based on the 

results of the ground geophysical works. On the other hand, the require- 

ments to the reliability of hydrogeological predictions, made on the 

results of field studies, can be considerably changed depending on the 

stage of prospecting works as well as on the class, purpose and cost of 

a water intake. Therefore, the requirements to the reliability of the 

safe yield assessment under various hydrogeological and water-management 

conditions must be determined for a rational performance of prospecting 

works. When developing these requirements, it should be taken into 

account that the following situations do occur under the complicated 

hydrogeological conditions: it is impossible to provide a sufficiently 

high degree of the reliability of hydrogeological predictions on the 



exploration data or its attainment will require carrying out hydrogeolo- 

gical studies of such a volume that their cost may exceed the cost of a 

water-intake construction and production. 

In the U.S.S.R. the requirements to the degree of exploration of the 

ground-water development areas, which determine the reliability of 

assessing their safe yield, are regulated by the "Classification of the 

safe ground-water yield" representing an official standard. This classi- 

fication provides for the safe yield division into four categories 

(A, By C, and C ) according to the degree of reliability of its estima- 
2 

tion, and establishes that the construction of water intakes (with their 

cost exceeding 0.5 mln rubles) is allocated only with the safe yield 

being explored to the certain categories. All the ground-water develop- 

ment areas are divided into three groups according to the complexity of 

hydrogeological conditions, due to the fact that the degree of reliabi- 

lity of the safe yield evaluation is different under various hydrogeolo- 

gical conditions. Various relationships of the safe yield of different 

categories defining a possibility for allocating the construction of 

water intakes, is determined for each of the groups. 

In this case, these groups with more complicated conditions are allowed 

to have the safe yield of much lower categories established, since 

bringing the study of ground-water development areas to much higher 

categories may prove to be impossible or inexpedient from the economic 

point of view, as it has been mentioned above. In order to divide the 

explored resources according to the categories, the qualitative criteria 

were established on the basis of assessing a degree of substantiation 

of the initial data used in estimating the resources. These criteria 

also determine the types of the necessary studies and volumes of various 

types of works. Undoubtedly, a degree of error of hydrogeological cal- 

culations made in assessing the resources could be a more objective cri- 

terion of reliability of the estimated ground-water resources. Developing 

the quantitative criteria of calculating errors, however, is highly com- 

plicated due to the impossibility of estimating the errors related to 

the schematization of natural conditions on the basis of the field data. 



5 Principle of purposefulness 

This principle is a correspondence of the volumes and types of studies 

with the character of problem under solution, stage of studies, complexi- 

ty of hydrogeological conditions and requirements to the degree of re- 

liability of hydrogeological predictions. As mentioned above, different 

problems are solved and also various requirements to the substantiation 

of initial information are formulated at various stages of hydrogeologi- 

cal studies. Thus, pumping-test works should be carried out by single 

pumpage at the stage of ~ros~ecting, wliere the major 

problem is to ascertain promising areas and aquifers, which must be com- 

paratively estimated. At the same time, at the stage of a preliminary 

exploration a definite number of group pumpings must be carried out, the 

group pumpings being the basic type of pumping-test works at the stage 

of a detailed exploration. The principle of purposefulness also involves 

allowance for a resolving power of different methods when selecting the 

types of investigations. Thus, it is inexpedient to study the leakage 

processes in poorly permeable deposits by intensive pumpings, if under 

the given conditions this effect can be seen in a very long period of 

time, considerably exceeding a reasonable duration of pumping-test works. 

6 Principle of optimal character (economic efficiency) 

This principle requires performance of the studies, which provide for 

obtaining suchacomplex of information that determines an effective 

solution of the final engineering problem. Following this principle, it 

is necessary to coordinate the volumes and the location of prospecting 

works in the study area with the prescribed reliability of solving the 

task set up, and also with a risk of economic losses in the course of 

the water-intake operation. In this eonnection,the requirement to ob- 

taining a maximum information with minimum expenses is incorrect. The 

information should be obtained that can be used for assessing water 

resources and calculating a water intake; an efficiency of expenses for 

studies should be determined by the possibility of obtaining the most 

effective engineering solutions on the data of prospecting works. For 

example, the cost of group pumping tests considerably exceeds the cost 

of the single ones. However, the parameters determined by group pumpings 

143 



enable the more reliable selection of the most optimal (in technical and 

economic respects) scheme of a water intake; it results in an economic 

efficiency when constructing and operating the water intake. 

The above principles of organization and performance of hydrogeological 

studies in the ground-water exploration are being widely used in the 

Soviet Union. It provides for an increase in a rational performance of 

the works as well as in the reliability of hydrogeological predictions 

made on the data obtained from the studies. 

Notes 

I The ground-water development area in the U.S.S.R. is understood to 

be a part of the aquifer or aquifer complex occurrence, within which 

natural or artificial factors favour the ground-water withdrawal 

sufficient for its reasonable use. 
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Abstract 

2 The Bohemian Cretaceous Basin is nearly 16 000 km in extent and at 

present more than 6 m3s'l of groundwater is exploited there.A further 

increase in exploitation by more than 100 % is expected in the next 
decade.Such an increase,however,requires thorough investigation. 

The geological structure of the basin is very complicated.Tectonics 

and combination of hydrological/hydrogeological boundaries divide 

the basin into nine subbasins.Two main aquifers are recognized:un- 

confined in the Middle Turon and confined in the Cenoman.The consi- 

derable variations of climatic,hydrological,tectonical,geologioal and 

soil conditions and manifold vegetational cover indicate that the 

ground-water resources are not uniformly distributed in the basin and 

owing to the fluctuation of the rainfall and runoff,both also highly 

variable year by year. 

With regard to the extent of the investigated area and the large qu- 
antity of monitored data ( 1000 observation points ), a conceptual 

model approach has been found to be most suitable for the assessment 

of groundwater resources and of their quality under existing condi- 

tions.8~ a model inp.ct,a databank from the daily and weekly records 

of standard climatological,hydrological,hydrochemical and groundwater 

networks was set uprHowever,the model parameters characterizing the 



structure and formulas describing various components of the hydrologi- 

c a l  cycle i n  the basin,need t o  be ver i f ied  by a more frequent and 

complex monitoring system i n  a small representative area selected i n  

the basin.Such an approach has resul ted i n  the estsblishment of the 

monitoring programme i n  the model watershed at Nedamov. 

1 Introduction 

Headwaters of the r i ve r  Libgchovka, a t r ibu tary  of the Labe C ~ l b e )  ri- 

ver below the c i t y  of &lnik  have been selected as a model watershed 

given the name of Nedamov.The upper reaches of the r i ve r  or iginate  

from numerous springs and the baseflow originat ing i n  the Middle Tu- 

ronian aquifer.A subs tan t ia l  par t  of the area i s  formed by sandstone 

sedimentary formations,typical fo r  the basin.Pinus S i lves t rus  L, and 

several  types of deciduous species form the afforested part  of the 

watershed while the r e s t  is  covered by f i e ld s  and meadows.The urba- 

nisat ion r a t e  is low and thus the loca l  impact of man on the hydro- 

logical  cycle is  mther  insignificant.Actually, a dominant part of 

the  phenomena af fec t ing  the water qual i ty  is of exogeneous origin,  

which appears to  be typical  f o r  the whole basin.The groundwater re- 

sources i n  the model area a r e  used only for  domestic purposes. 

2 F ie ld  monitoring programme 

Because the principal  conceptual model SG provides the groundwater 

assessment as a r e su l t  of complete and continuous water balance cal- 

cu la t ion , i t  has been found e s sen t i a l  t o  observe i n  the model water- 

shed a l l  phases of the hydrological cycle.For the development and 

ver i f ica t ion  of the formulas it is  inherent t o  co l lec t  data  a t  short 

time intervals.This leads t o  a great  number of collected data,so an 

advanced system agacilitating rapid and d i rec t  access t o  the collected 

data  and t h e i r  fur ther  processing i s  needed f o r  t h i s  purpose. 

The Hewlett-Packard 3052 A Data Acquisition System,consisting of a 
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scanner 3495 S ,  desk top calculator  9825 A, d i g i t a l  voltmeter 3455 A, 

p r in t e r  9871 A, case t te  uni t  9875 A and r ea l  time watch 98035 A with 

interface HPIB 98034 A,  were selected as the most convenient configu- 

rati0n.A newly added p lo t t e r  / d ig i t a l i ze r  9872 A f a c i l i t a t e s  the vi- 

sua l i sa t ion  of the monitored records a s  well a s  the corrected records 

a f t e r  the gaps resu l t ing  from the missing records have been f i l l e d  

( Balek,Kal&bovB 1982). 

The system provides the scanning,digitalising and monitoring of data 

a t  pre-selected time in te rva ls  i n  r e a l  time. The data  e i t he r  i n  Volts 

o r  Ohms a re  s tored on magnetic tape which i s  considered t o  be a basic 

record.Further the data a r e  evaluated by using ca l ibra t ion  curves.The 

records a re  evaluated by using ca l ibra t ion  curves.The records of both 

types are graphically and numerically processed i n  an attempt t o  check 

up on unreliable and/or missing records. Providing the cal ibrat ion cu- 

rves have been revalidated the basic tape can be used fo r  re-evalua- 

tion.The r e su l t s  a s  obtained from standard observation i n  graphical 

and numerical form can be corrected,digi tal ised and stored by a rever- 

s e  process on the p lo t te r /d ig i ta l i se r .  Missing records can be f i l l e d  

on and stored i n  a s imilar  way. An hourly in te rva l  has been preselec- 

t ed  for  t h e  standard monitoring programme,however,any other in te rva l  

can be used,particularly for  spec ia l  measurements.For instance,water 

qua l i ty  monitoring in te rva ls  fo r  chemical o r  microbilogical analyses 

were s e t  up only exceptionally a t  hourly intervals ,usual ly daily o r  

weekly monitoring in te rva ls  a r e  more frequent. 

3 Quanti tat ive measurements 

A t  present the system i s  capable of monitoring 40 measuring stands 

(Figure l ) , ~ r o m  the great  variety of the sensors ava i lab le  on the 

market such types have to be selected which f i r s t , a r e  ab le  t o  measure 

with higher accuracy than standard ins t rument~~second,  which a r e  com- 

pa t ib le  with the data  acquisi t ion system and third,which can be be 

operated fo r  a prolonged period under strenuous f i e l d  conditions. 
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The meteorological phenomena affecting evaporation and evapotranspira- 

tion are measured by ~chenk's sensors. The evaporimeter FO 103 with 

automatic needle adjustment is also of Schenk type.As has been ascer- 

tained during measurementa, this instrument can also monitor the im- 

pact of horizontal precipitation and dew.Rainfal1 is monitored by an 

instrument,added to a standard recorder of the Lamrecht type. This 

also has been fitted with a heating system so that it can measure so- 

lid precipitation. 

For soil moisture measurement Soiltest cells have been utilized.Some 

adaptation was necessary to replace direct current measurement by al- 

ternating ourrent,otherwise the cells could be damaged-kt present new 

dielectric cells,developed at Prague Technical University are being 

tested. 

Bell and Howell transducers have been used for groundwater level and 

discharge measurement.At present an alternative system developed at 

SG and based on the phWlectric cell is being tested. 

Direct volumetric monitoring of the transpirational loss is provided 

by an instrument developed at the Institute of Forest Ecology,Brno. 

This consists of a power input generator, a series of thermocouples, 

electrodes and recording system (Balek et a1.,1983).The system ope- 

rates as a separate unit,an attachment to the monitoring system is in 

preparation. 

Last but not least the operation of an independent standard network 

has been found to be essential ,having regard to blackouts during 

and after storms and the time required for the maintenance of minor 

repairs to the data acquisition system. 

4 Qualitative measurements 

Qualitative changes of the hydrological system in time and space are 

under study-Therefore the qualitative properties of all the compo- 



nents of the hydrological cycle is the object of investigation.Due to 

the cost of the laboratory analytical work the optimal frequency of 

water quality sampling is also studied. 

later quality monitoring of the main chemical macrocomponents is pro- 

vided by the ViWf sensors directly in field.Results are stored in the 

said data acquisition system.lccuracy requirenents,however,call for 

the regular trznsportation of samples to the central laboratory in 

Prague. 

With regard to the energetic situation of the Czech Socialist Republic 

with thermal power plants using brown coal prevalently,additionally 

to the current macrocomponents all microcomponents of heavy metals - 
Zn, Pb, Cu, Cr, Cd, Be, V, Ni, As, Se, Sc are analysed and the con- 

tents of hydrocarbons,detergents,phenols and of microbial components 

are also monitored.It has been concluded in the model watershed that 

the direct activity of man is without significance there and thus on- 

ly the impact of large scale industrial exhalations with the subsequ- 

ent acidification of the rainfall is under study.This type of pollu- 

tion originates far from the model area,but significantl?. affects the 

ecosystem and hydrological regime of the model area. 

4.1 Precipitation 

A special device for precipitation ~ampling~developed in the Central 

Institute of Geology in Prague,was installed in the model watershed. 

This device functions automatically immediately rain begins and is 

closed the moment it stops.From each precipitation a separate sample 

is available. Precipitation analyses are realised exclusively in la- 

boratories by nuclear absorption spectrometry methods and in a complex 

of equipment which consists of a gas chromatograph and a mass spectro- 

metre Hewlett-Packard 5985 A. The physical properties of aerosols are 

studied by elctronic microscopy method. 

4 -2 Surface water 

Special attention is paid to qwdlitative changes in water in the cour- 



se of a day,in dependence on biological activity.Sampling at hourly 

intervals occurs only in the case of the observation of conductivity. 

A small Libgchovka tributary drains out of zones of agricultural 

and urban po1lution.Another one drains out of zones covered by 

forest and meadows not affected by human activity.Both torrents are 

monitored and the results compared. Analyses of microcomponents of 

organic and microbiological matters are carried out in laboratories. 

The chemical composition of the fluvial deposits is also under study. 

4.3 Water quality changes in the unsa- 

turated zone 

The quality of water which flows from the lysimetre surface and from 

vertical collectors placed at depths of 80, 120, 160, 200 and 240 cm 

is also monitored.Sampling is provided when precipitation exceeds 

1 mm.bionitoring is concerned with the washout of trace elements and 

of nitrates from the soil layer into groundwater.The most significant 

quality changes have been found between the surface and a depth of 1 

metre. 

4.4 Groundwater quality 

Hitherto groundwater quality under natural conditions has been under 

study. In principle,from the boreholes a double quantity of accumula- 

ted groundwater is discharged before sampling.Quality changes due to 

long lasting permanent pumping from the boreholes will be studied 

from 1983 - 1986.The results of all analysis are deposited in the 

main data bank system which also contains statistica1,graphical and 

cartographic collections. 

5 Supplementary field work programme 

In addition to the monitoring programme special field measurements 

have been provided,which can be utilized for the further generalizati- 

on of the results achieved in the model watershed.Besides expeditio- 



n a l  discharge measurements iden t i fy ing  the baseflow development i n  

each subregion,special  a t t e n t i o n  i s  paid t o  the  determination of the  

groundwater age. 

226 
By using 14c, 13c, 3 ~ ,  Ra,  Umt and 222Rn the  o r i g i n  of the base- 

flow and the  composition of it from the  groundwater resources of a d i -  

f fe ren t  age is assessed i n  the  boreholes where no 3~ has been t raced 

and then t h e  r e s u l t  can be used f o r  the determination of the  r a t i o  

o f  old  and young water i n  the  samples which a l s o  contain 3~ and 14c 
(Anonym. 1982 ). 

Such a type of f i e l d  work is aimed a t  determining the in te rac t ions  

between t h e  hydrogeological subbasins.An ana lys i s  of the  s p a t i a l  and 

time d i s t r i b u t i o n  of the  o ther  isotopes  a s  given above serves f o r  the 

i d e n t i f i c a t i o n  of v e r t i c a l  i n t e r a c t i o n  between the  aquifers .  

One of  the t y p i c a l  outputs of such a combination of various program- 

mes is  an extended water balance equation.For example i n  the year  

1981 was found ( i n  mm ) : 

+ 64.0 V + 6.2 M + 45.9 ET + 581.4 Ei 

where 

P = the  annual p r e c i p i t a t i o n  

Gi= t h e  groundwater inflow from another subbasins 

R.= surface runoff 

G:= t h e  recent  groundwater outflow below t h e  observation p r o f i l e  

a Go= the  recen t  groundwater outflow through the p r o f i l e  

0'1 the  o l d  groundwater outflow through t h e  observation p r o f i l e  
0 

oL= t h e  old  groundwater outflow below t h e  p r o f i l e  
0 % 

V = the  volume of pumped water 

$4 = t h e  s o i l  moisture increase 

ET= the  forest/meadow t r a n s p i r a t i o n  
E. 
I= t r a n s p i r a t i o n  l o s s  from the  intercepted water 



I n  an  attempt t o  extend the v a l i d i t y  of the f i e l d  programme i n  the 

model vcatershed,a method based on the spec t ra l  a n a l y s i s  o f  in f ra red  

photography has been intr0duced.A camera i n s t a l l e d  i n  a small model 

aeroplane operated from the ground by a radio t ransmi t te r  takes in f ra -  

r e d  p ic tu res  of the  measured species  and of the  surrounding area.A 

comparison of t h e  r a t i o  of b lues red  and green f o r  measured points  and 

f o r  the  region provides information on the behaviour of various types 

of vegetat ional  cover,bare s o i l  etc.The evaluation o f  t h e  in f ra red  

p ic tu res  is  f u l l y  computerized and thus  objective.  

6 Databanks 

Basical ly  there  a r e  two types of databanks s e t  up f o r  groundwater 

resources assessment.The databank a s  obtained from t h e  da ta  acquisi-  

t i o n  system serves  f o r  the so lu t ion  of the general conception of the  

main model and f o r  the  v e r i f i c a t i o n  of the input  parameters.As p re l i -  

minarily indicated,other  encouraging r e s u l t s  are being u t i l i s e d  

by the  University f o r  educational and research projects.Actually,such 

a type of work i s  encouraged by Stavebni Geologic. 

For the  main model a databank based on standard records of the  clima- 

tic,hydrological,hydrogeological and hydrochemical observation net- 

works has been s e t  up.A period of hydrological years  1974-1976,which 

appears t o  be representat ive  when compared with long-term means,has 

been selected f o r  t h i s  purpose.The records a r e  s to red  at dai ly  in te r -  

vals.In the case of chemical and microbiological analyses,weskly and 

monthly i n t e r v a l s  a r e  a l s o  used.Thus f o r  various types  of s t r a t e g i e s  

and conceptual approaches solved by t h e  main mode1,arbitrarily chosen 

combinations of the  observation po in t s  can be se lec ted  a s  an  input. 

A t  present records from some 1000 observation points  a r e  ava i lab le  f o r  

t h i s  purpose. 



The field monitoring programme as described is the product of conti- 

nuous team work.The basic team consists of a hydrologist,hydrogeolo- 

gist,system analyst,an electronic engineer and hydrochemist.Supp1emen- 

tary field work is provided in cooperation with various specialists 

working on part time and/or contract terms.An ecologist,soil physicist 

nuclear physicist,photographer and one or two programmers are coopera- 

ting on the project. 
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Abstract  

Given t h a t  t h e  o b j e c t i v e s  of monitoring a r e  c l e a r l y  understood by a l l  

p a r t i e s  and t h a t  t h e  hydrogeology i s  adequately understood, the  cos t -  

e f f ec t i venes s  of any system must be  seen  i n  t he  pe r spec t i ve  of t h e  

economic va lue  of t h e  groundwater resource.  D r i l l i n g  i s  c o s t l y  and a 

f i r s t  ob j ec t i ve  must be t o  keep t h e  number of ho l e s  t o  t he  minimum 

compatible with adequate coverage i n  terms of a r e a  depth;  mu l t i p l e  

depth- in te rva l  monitoring wi th in  i nd iv idua l  boreholes can o f f e r  an 

important  saving, bu t  r equ i r e s  a  g r e a t e r  i n i t i a l  emphasis on an under- 

s tanding  of t he  b a s i c  hydrogeology. Even where t h e  sample i n t e r v a l /  

l o c a t i o n  is  proper ly  defined,  e r r o r s  i n  sampling a r e  unavoidable though 

they can be assessed.  Indeed, an understanding of t he se  is  c r i t i c a l  i f  

t h e  unnecessary c o s t  of spec i fy ing  spur ious  a n a l y t i c a l  accuracy is t o  

be  avoided. 

1 In t roduct ion  

Groundwater is s t i l l  regarded a s  a  prime source of dr inking  water, 

p ro t ec t ed  a s  it is from t h e  d i r e c t  e f f e c t s  of p o l l u t i o n  a t  t h e  sur face .  

However groundwater,unlike su r f ace  water, can s u f f e r  very long-term 

damage from t h e  e f f e c t s  of po l l u t i on .  I n  recent  yea r s  t h e r e  has  been 

an increased  awareness of t h i s  e s p e c i a l l y  i n  coun t r i e s  where ground- 

water  i s  in t ens ive ly  used. I n  some European coun t r i e s  i n  pa r t i cu l a r ,  



where populat ion d e n s i t i e s  a r e  high, t h e  cumulative e f f e c t s  of a range 

of apparently acceptable a c t i v i t i e s  is  now measurable. Even i f  some of 

t he  causes could be removed i t  is probable t h a t  t he  damage has been 

done, so  t h a t  a l l  we can do is observe the  development of contamination 

and at tempt t o  reduce i t s  e f f e c t s  a s  f a r  a s  possible.  In  developing 

count r ies  t h e r e  a r e  a l s o  ca ses  of s e r ious  groundwater pol lu t ion ,  but  

i n  genera l  t e r m s  there  is  s t i l l  t h e  opportunity t o  e s t a b l i s h  a s u i t a b l e  

monitoring system which w i l l  a l low them t o  avoid t h e  worst problems of 

t he  Western world. Whenever groundwater forms an important element of 

publ ic  supply, i r r i g a t i o n  o r  i n d u s t r i a l  supply, it is increas ingly  

understood t h a t  d e l i b e r a t e  and c a r e f u l l y  considered management of qua l i t y  

a s  well  a s  of quant i ty  must be included i n  t h e  planning. 

2 Defining ob jec t ives  

One of t h e  most important ob j ec t ives  i n  s e t t i n g  up a monitoring system 

must be t o  p r o t e c t  public h e a l t h  and ensure t h a t  s t a t u t o r y  requirements 

a r e  being met. It is a l s o  important t o  e s t a b l i s h  ambient groundwater 

qua l i t y  on an aquifer-wide s c a l e  so t h a t  contamination can be r ead i ly  

recognised. Where p a r t i c u l a r  po l lu t ion  hazards a r e  known t o  e x i s t ,  a 

s p e c i a l l y  h igh  dens i ty  of monitoring boreholes may be used f o r  

"offensive"-type monitoring around the  p o t e n t i a l  hazard. For spec i a l l y  

suscep t ib l e  ground'dater suppl ies ,  a s i m i l a r  "defensive" system may be 

appropriate.  I n  a l l  cases  it is imperat ive t h a t  t h e  bas ic  hydrogeo- 

l o g i c a l  s i t u a t i o n  is f u l l y  understood; without  it, t h e  s ign i f i cance  

of any r e s u l t s  may be unnecessari ly d i f f i c u l t  t o  assess .  This is only 

one of t h e  many unacknowledged d e f i c i e n c i e s  and problems i n  t he  

acqu i s i t i on  and use  of groundwater qua l i t y ;  some o the r s  a r e  l i s t e d  

below. 

- Incorrec t  design of observat ion  boreholes, inadequate knowledge of 

l o c a l  geology, and f a i l u r e  t o  understand t h e  chemical changes t h a t  

i nev i t ab ly  occur between borehole and l abo ra to ry  bench. 

- Fa i lu re  t o  de f ine  objec t ives ,  i n  d i s cus s ion  with t he  engineers,  

chemists, b io log i s t s ,  adminis t ra tors ,  mathematical modellers e tc . ,  

who must use  t h e  r e s u l t s .  

- Data a r e  not  r egu la r ly  reviewed with t h e  aim of e i t h e r  s impl i fy ing  

the  monitoring system, o r  improving it. The co l l ec t ion ,  handling 



and presenta t ion  of d a t a  is  o f t e n  not  well  thought out .  

Even a properly and economically designed monitoring scheme may be 

expensive, compared with a scheme f o r  su r f ace  water f o r  example. This 

is inev i t ab l e  because d r i l l i n g  is usua l ly  necessary, but  these  c o s t s  

should be viewed i n  a wider and f a i r e r  context  (Wilkinson & Edworthy, 

1981). 

There a r e  many new techniques f o r  sampling groundwater more economically, 

and f o r  l i nk ing  sampling and measurement systems (Robin et  a l ,  1982). 

I n  t h i s  paper some appl ica t ions  of two of these  systems a r e  described, 

and t h e  way i n  which t h e i r  use he lps  t o  dea l  with some of t he  problems 

l i s t e d  above, i n  an  economical and e f f e c t i v e  way. Other methods of 

improving e f f ec t ivenes s  while reducing c o s t  a r e  a l s o  discussed.  

3 In-s i tu  sampling 

An ' in-s i tu '  sampling device, based p a r t l y  upon t h e  "pressure-suction" 

lys imeter  of Parizek & Lane (1970). was developed during research a t  

t h e  U.K. Water Resources Board (Satchel1  & Edworthy, 1972) and t h e  

Water Research Centre (Edworthy and Brown, 1976 HMSO, 1978). This has  

s i n c e  been modified f o r  d i f f e r e n t  app l i ca t ions  inc luding  'open-hole' 

depth-sampling and low-rate pumping. It comprises e s s e n t i a l l y  two 

chambers, connected by a non-return valve.  One chamber allows ground- 

water t o  flow i n  through f i n e  mesh-covered por ts ,  and t o  be co l l ec t ed  

i n  t he  second chamber. A pressure-l ine and o u t l e t  tube  a r e  connected 

t o  t h e  second chamber, and it is poss ib l e  t o  e j e c t  a sample f o r  

c o l l e c t i o n  a t  t he  su r f ace  o r  f o r  d i r e c t  on-si te  measurement (Edworthy 

& Baxter 1980). For "in-situ" use t h e  sampler is  placed i n  t he  middle 

of a 2 m s i l ica-sand pack aga ins t  t h e  aqu i f e r  i n t e r v a l  of i n t e r e s t ,  (or 

maybe seve ra l  i n  one hole) ,and sea led  i n  using c lay;  bentoni te  may not  

always be s u i t a b l e  however because of its chemical r e a c t i v i t y .  To 

i l l u s t r a t e  t he  ways i n  which t h e  "in-si tut '  sampler has  been used t o  

improve d a t a  c o l l e c t i o n  a t  minimum cos t ,  some examples a r e  described 

below. 
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3.1 Examples of P r a c t i c a l  Applications 

3.1.1 Whittington, West M i d k d s ;  Bunter Sandst-one 

Detailed s tud ie s  a t  a sewage e f f l u e n t  recharge s i t e  have included 

aqui fer  core  sampling f o r  pore-water ana lys i s  down t o  122 m depth. 

Samplers were i n s t a l l e d  on the  b a s i s  of de t a i l ed  s t r a t i g r a p h i c  and 

groundwater qua l i t y  information, t o  al low long-term monitoring wi th in  

f i v e  narrow i n t e r v a l s  within the  contaminated zone. A summary of t he  

d a t a  used i n  t h i s  example, the  loca t ion  of the  samplers and the  r e s u l t s  

of a sequence of analyses, a r e  shown i n  Fig. 1. Groundwater is  shown 

t o  be contaminated t o  the  t o t a l  depth d r i l l e d .  It is a l s o  poss ib le  

t o  iden t i fy  seve ra l  chemical zones i n  the  pore-water p r o f i l e  which can 

be d i r e c t l y  and s a t i s f a c t o r i l y  co r re l a t ed  with l i t h o l o g i c a l  zones 

i d e n t i f i a b l e  from cu t t ings  and geophysical logs.  In  t h i s  case  par t i -  

cu l a r ly  good hydrogelogical da t a  have been ava i l ab le  t o  guide the  

planning of longer-term specific-depth sampling. The i n i t i a l  depth 

samples show some odd va r i a t ion  a s  d r i l l i n g  water wi th in  and i n  the  

v i c i n i t y  of the  borehole is replaced by na tu ra l  groundwater. After  

t h ree  months, s t a b i l i t y  and a cons i s t en t  d i f f e r e n t i a l  appears t o  have 

become es tabl i shed.  

3.1.2 Stourbridge, West Midlands; BLcnter Sandstone 

Exploratory d r i l l i n g  was ca r r i ed  ou t  i n  t h i s  a r ea  t o  de f ine  the ex ten t  

of groundwater contamination r e s u l t i n g  from a g r i c u l t u r a l  a c t i v i t i e s  and 

sewage sludge spreading. The p r o f i l e  of concentrat ion of n i t r a t e  i n  

pore-water showed c l e a r l y  t h a t  a well-defined plume of contamination 

occurred between 35 and 95  m depth wi th  uncontaminated water beneath 

(Fig 2 ) .  The concentrat ion of n i t r a t e  i n  the  borehole indica ted  

r e l a t i v e l y  minor contamination. I n  t h i s  type of s i t u a t i o n  where l a r g e  

resources of f r e s h  groundwater a r e  ava i l ab le  beneath t h e  contamination, 

scavenging of t he  n i t r a t e - r i ch  water could al low continued use  of t he  

source, which may otherwise have t o  be closed down. Knowledge of t he  

d e t a i l s  of the  d i s t r i b u t i o n  of contamination obviously al low t h i s  i n  

the  f i r s t  instance.  Longer term monitoring a t  t h i s  site was poss ib le  

using "in-situ" samplers and the  remarkable consistency of groundwater 

qua l i t y  i s  a l s o  w e l l  shown i n  Figure 2. 
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3.1.3 Lee Va ZZey, London; unconso Zidated Tert iary  sands 

The London Clay upon which the  c i t y  of London s tands ,  a l s o  forms a good 

p ro t ec t ive  cover t o  t he  Te r t i a ry  sand and underlying Chalk aqu i f e r s .  

I n  t h e  l a s t  150 yea r s  these  a q u i f e r s  have been heavi ly  developed and 

p a r t l y  dewatered. A r t i f i c i a l  recharge of t he  s t o r a g e  space crea ted  by 

dewatering was seen  a s  a va luable  opportunity t o  i nc rease  t h e  o v e r a l l  

y i e l d  of t h e  l o c a l  su r f ace  water sources  (Water Resources Board, 1972), 

and experiments culminated i n  a prototype recharge scheme i n  1977. 

A r t i f i c i a l  recharge had been found t o  be a cause of some groundwater 

q u a l i t y  changes and s p e c i a l  monitoring was needed. On t h e  b a s i s  of 

experience obtained i n  e a r l i e r  work, "in-situ" sampling was found t o  

be d e s i r a b l e  and t h r e e  narrow depth i n t e r v a l s  w i th in  t h e  Te r t i a ry  Sands 

were monitored near  a recharge borehole (Figure 3 ) .  Measurements 

taken during ope ra t iona l  use, both recharge and pumping, enabled the  

movement of groundwater t o  be i d e n t i f i e d  and r e l a t e d  t o  piezometric 

changes. It a l s o  allowed an es t imat ion  of t he  uptake of var ious  

d isso lved  substances from the  sand aqu i f e r ,  and proved t h a t  t he re  was 

hydraul ic  con t inu i ty  through t h a t  p a r t  of t h e  aqu i f e r  system. The use  

of "in-situ" samplers f o r  longer-term monitoring of t h e  e f f e c t s  of 

recharge is p a r t i c u l a r l y  important i n  t h i s  s e t t i n g  where f u t u r e  

ope ra t iona l  use f o r  publ ic  supply i s  envisaged. 

3.1.4 Winchester, Hunts; Chalk 

One o the r  important example of t h e  u se  of "in-situ" methods has  been 

a t  Winchester, where t h e  e f f e c t s  of sewage e f f lue - i t  i n f i l t r a t i o n  have 

been s tudied  (Water Research Centre, 1980). Four samplers were i n s t a l l e d  

a t  d i f f e r e n t  l e v e l s  i n  boreholes i n  t h e  Chalk aqui fer .  The depth- 

i n t e r v a l s  were s e l ec t ed ,  a s  i n  t h e  Whit t ington example described above, 

from downhole geophysical  and pore-water qua l i t y  information.  Resul t s  

s o  f a r  appear t o  i n d i c a t e  t h a t  pore-water may d i f f e r s u b s t a n t i a l l y  from 

t h e  'mobile' groundwater i n  a f r ac tu red  aqu i f e r  l i k e  t h e  Chalk, 

which is  pumped by i n - s i i u  samplers. This f a c t  i n  i t s e l f  may be of 

some importance when longer-term reco rds  of water q u a l i t y  a r e  ava i l ab l e .  



3.2 Estimated Cost-Benefit 

In each of t he  cases discussed, e s s e n t i a l  d a t a  has been obtained with- 

out  add i t iona l  cos t ly  d r i l l i ng , and  cons iderable  savings achieved. Of 

g rea t e r  importance, t he  samples obtained have been b e t t e r  samples, 

c e r t a i n l y  b e t t e r  than could have been obtained from an open borehole. 

The est imated c o s t  savings f o r  t he  above examples can be estimated by 

comparing t h e  c o s t  of d r i l l i n g  a s e r i e s  of ho le s  t o  s p e c i f i c  depths, 

with the  chosen option. 

Table I. Comparison of the  c o s t s  of in-s i tu  and conventional borehole 

monitoring i n s t a l l a t i o n s  

A B 
Example In-si tu D r i l l i n g  A/B 

sampling E O O O t s  
£ 0 0 0 ' ~  

kh i t t i ng ton  1.6 4.1 0; 39 

Stourbridge 2.6 11.8 0.22 

Lee Valley 3.6 10.6 0.34 

Winchester 4.4 18.0 0.24 

(Thecost  of in-s i tu  samplers has been assumed t o  be £150 each and the  

gas supply and instrumentation set-up about £750. Dr i l l i ng  has been 

costed a t  £40/metreJ 

It must be accepted, however, t h a t  t he  most e f f e c t i v e  use  of s p e c i f i c  

depth-samplers usual ly  r equ i r e s  good, r e l a t i v e l y  de t a i l ed  information 

a s  discussed above. Acquisi t ion of these  d a t a  e n t a i l s  s i g n i f i c a n t  cos t  

and the  comparison i n  Table 1 is not  t he re fo re  e n t i r e l y  accura te  i n  

t h i s  respect .  Even allowing f o r  t h i s  however, i t  is  s t i l l  believed t h a t  

much b e t t e r  information can be  obtained by t h e  "in-situ" type of samp- 

l i n g  f o r  considerably l e s s  than one-half of t h e  c o s t  of conventional 

methods. 

4 Unsaturated Zone Sampling 

The unsaturated zone is the  s i t e  of many important chemical r eac t ions  

which a f f e c t  t he  composition of groundwater. Contaminants may be 



s u b s t a n t i a l l y  removed during i n f i l t r a t i o n  a s  a r e s u l t  of such reac t ions .  

There a r e  many d i r e c t  ways of sampling f o r  groundwater from t h e  un- 

s a tu ra t ed  zone; a good summary of these  has been given by Wilson (1980). 

Su f f i c i en t  water f o r  de t a i l ed  ana lys i s  however i s  o f t e n  d i f f i c u l t  t o  

obta in  without g r e a t  expenditure of time o r  e f f o r t .  The process of 

sampling genera l ly  involves t he  app l i ca t ion  of suc t ion  o r  pressure,  

which can cause s u b s t a n t i a l  changes i n  t h e  concent ra t ion  of some 

contaminants. 

An a l t e r n a t i v e  i n d i r e c t  method of monitoring condi t ions  i n  the  un- 

s a tu ra t ed  zone is t o  sample t h e  pore-gas which is  a t  equi l ibr ium with 

t h e  water-phase. This method has  been used q u a l i t a t i v e l y  by McMichael 

and McKee (1966), Sa tchel1  and Edworthy (1972) and Rightmire (1978). 

I n  a l l  t h r ee  ca ses  t h e  app l i ca t ion  was t o  wastewater recharge monitoring 

and r e s u l t s  showed t h a t  t he  gas  composition, p a r t i c u l a r l y  t he  oxygen 

content ,  could be  used a s  measure of t h e  "treatment" capaci ty  of t h e  

unsaturated zone. An example of t h e  compositional changes encountered 

during and between recharge per iods  is given i n  Fig.4, which is taken 

from&ampling po in t s  beneath a wastewater i n f i l t r a t i o n  lagoon, on the  

Bunter Sandstone, near Mansfield. 

This method could po ten t i a l l y  be used t o  monitor t h e  unsaturated zone 

wherever ph rea t i c  groundwater was suscep t ib l e  t o  a l oca l i s ed  source of 

po l lu t ion  from t h e  sur face .  This could be sewage d i sposa l  areas,  

sewerage l i n e s ,  beneath l a n d f i l l s  o r  where s l i g h t l y  contaminated 

i n d u s t r i a l  e f f l u e n t  was being discharged t o  groundwater. Simple 

ceramic tensiometer  cups have been used t o  ob ta in  t h e  gas  samples by 

suction,  although some c a r e  is needed t o  avoid d i s tu rb ing  the  gas- 

l i q u i d  equi l ibr ium (Rightmire, 19 78) . Accepting t h i s  small  cons t r a in t ,  

sampling and a n a l y s i s  i s  simple, r ap id  and inexpensive. 

5 Appreciat ion of Error  & Var iab i l i t y  

Aquifer systems a r e  near ly  always more complex than our bes t  explora- 

t o ry  work and monitoring systems would lead  u s  t o  be l ieve .  An under- 

s tanding  of t h i s  ac tua l  v a r i a b i l i t y  (which is usua l ly  not  achieved 

because of t h e  way we  look a t  groundwater) is  e s s e n t i a l  f o r  proper 

i n t e r p r e t a t i o n  of any set of da ta .  The bas i c  problem i n  sampling - 
how rep re sen ta t i ve  is  t h e  sample of t h e  whole? - is a considerable 
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Figure 4 Variation i n  unsaturated-zone pore 
gas composition due t o  wastewater 
i n f i l t r a t i o n  - Bunter Sandstone, 
Mansfield, U.K. 



stumbling block i n  hydrogeological work, hence the  s t r e s s  e a r l i e r  i n  

t h i s  paper, of obta in ing the  most comprehensive information poss ib le  

i n  the  exploratory s tage .  

5.1 Sampling 

A t  the  t i m e  of sampling groundwater, whatever method is chosen, t he re  

a r e  po ten t i a l  e r r o r s  due t o  seasonal/recharge e f f e c t s  (Sarma e t  a 1  

1979), t o  the  period between sampling and the  amount of pre-sample 

pumping (Colchin e t  a 1  1978, Slawson e t  a 1  1982). The e f f e c t s  of high 

n u t r i e n t  concentrat ion (N, P, d issolved organics)  may cause b io log ica l  

changes which can a f f e c t  chemical composition, and groundwater may r e a c t  

with screen o r  cas ing  (Marsh & Lloyd, 1980). Many of these  e f f e c t s  a r e  

now well  understood, and pre-sample pumping of boreholes is now rou t ine  

f o r  most competent monitoring agencies.  Pumping of ' in-s i tu '  samplers 

is r e l a t i v e l y  simple and inexpensive, i n  t h a t  only a small  volume of 

groundwater needs t o  be c i r cu la t ed ,  and the  time taken i s  corres-  

pondingly sho r t e r .  

5.2 Sample s to rage  

Storage and preservat ion  of water samples before  ana lys i s  is  a f u r t h e r  

source of "error" and the re  is valuable  advice i n  some recent  publi- 

ca t ions  on t h i s  sub jec t  (Wood 1976). It is  almost i nev i t ab le  t h a t  

t he re  w i l l  be some "error" incurred a t  t h i s  s t age  but  i t  should, of 

course, be minimised. It should a l s o  be i d e n t i f i e d  and assessed a s  

e i t h e r  'random' o r  'systematic',  i n  t h e  same way a s  a n a l y t i c a l  d a t a  a r e  

t e s t ed  (Wilson, 1982), where necessary. A t  t h i s  s t a g e  i n  the  sampling/ 

ana lys i s  scheme t h e r e  is already,  potent ia l ly ,considerable  cumulative 

e r r o r  and l i t t l e  j u s t i f i c a t i o n  f o r  high accuracy i n  the  ana lys i s  of 

t he  sample. 

5.3 Analysis 

Apart from in t e rp re t a t ion ,  ana lys i s  is  the  f i n a l  phase of the  ground- 

water monitoring chain. There a r e  th ree  major areas ,  i n  which the  



exce l l en t  and very  s e n s i t i v e  methods a v a i l a b l e  t o  us today, a r e  misused. 

F i r s t l y ,  w e  f a i l  t o  understand the  concept of a n a l y t i c a l  accuracy, a 

sub jec t  we l l  d e a l t  with by Summers (1972). He i l l u s t r a t e s  t h e  var ia -  

t i o n  i n  a n a l y t i c a l  r e s u l t s  both when t h e  same sample is s e n t  t o  s e v e r a l  

l abo ra to r i e s ,  and between s e v e r a l  analyses of t h e  same sample. 

Secondly, w e  may speci fy  an a n a l y t i c a l  accuracy which is  not  r e a l i s t i c  

i n  t he  perspect ive  of t h e  monitoring system a s  a whole. For example, 

we may be unce r t a in  of t h e  p rec i se  o r i g i n  of t h e  sample, t he  ex t en t  t o  

which the  sample r e f l e c t s  condi t ions  i n  t h e  aqui fer ,  o r  t he  degree of 

change which has  occurred between sampling and ana lys i s .  I n  t h i s  

context, h igh  accuracy ( a t  h igh  cos t )  is  usua l ly  spurious.  F ina l ly ,  

t h e  number of samples and determinands should be minimised once t h e  

period and amplitude of t h e  important changes, normally a f t e r  a t  l e a s t  

one hydrologica l  year,  have been i d e n t i f i e d .  Ramon (pers.  comm 1980), 

i n  descr ib ing  groundwater monitoring i n  t h e  Agence Financiere de Bassin 

Rhin-Meuse, h a s  emphasised t h i s  aspect  3nd found t h a t  f a i l u r e  t o  review 

monitoring needs could lead  t o  a n a l y t i c a l  c o s t s  being s i x  times higher 

than necessary,  a s i g n i f i c a n t  propor t ion  of t h e  o v e r a l l  monitoring 

cos t .  

6 Conclusions 

- Monitoring is  an e s s e n t i a l  element of groundwater q u a l i t y  and resource 

management. A s  such, i ts  ob jec t ives  should be c l e a r  when a l l  t h e  

i n t e r e s t e d  agencies have made t h e i r  requirements known. 

- I n s u f f i c i e n t  e f f o r t  is expended on def in ing  t h e  hydrogeological 

s e t t i n g .  Schemes planned without  an adequate understanding w i l l  

almost i nev i t ab ly  be unnecessar i ly  c o s t l y  and a l s o  provide mis- 

leading  da ta .  

- Monitoring methods used today a r e  not  u sua l ly  t echn ica l ly  adequate, 

e i t h e r  because t h e  sampling method is unsui tab le ,  o r  t h e r e  is no 

apprec ia t ion  by the  u se r s  of t he  f a c t o r s  e f f e c t i n g  t h e  reproduc- 

i b i l i t y  of a n a l y t i c a l  r e s u l t s .  

- New sampling techniques promise g r e a t  improvement on t h e  o ld  

t r a d i t i o n a l  techniques. Methods such a s  t h e  ' i n - s i t u '  gas-driven 

e j e c t i o n  sampler o f f e r s  b e t t e r  and l e s s  c o s t l y  groundwater 

sampling. 
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CONTROLE DE LA RECHARGE ARTIFICIELLE 
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Le long de la c6te orientale de la Sicile, dans le d6partement de Syracu- 

se, l'exploitation des nappes d'eau souterraine , 5 la suite de la con- 

struction d'importantes industries p6trochimiques. a atteint des pointes 

trbs BlgvBes, nettement sup6rieures 5 la remarquable capacit6 de rechar- 

ge des aquifsres, ce qui a entrain6 la destruction des r6serves, l'abais- 

sement de plus de 100 m du niveau pi6zomt5trique original, en portant ce 

niveau B plus de 70 m au-dessous du niveau de la mer. Dans ces conditiors 

on a commenc6 B enregistrer une intrusion d'eau de mer. Puisqu'il etait 

n6cessaire de preserver les caract6ristiques des eaux souterraines qui, 

'a part l'usage industriel, dans la zone sont aussi employges comme eau 

potable et pour des usages agricoles, on a realis6 une station exp6rimerr 

tale de realimentation artificielle capable dlinjecter dans les aquifs- 

res une port6e de 350 l/s d'eaux provenant d'un fleuve qui coule plus au 

nord, ces eaux Btant opportun6ment trait6es au pr6alable. 

Pour observer les effects provoqu6s par 11ex6cution de la realimentation 

artificielle, on a mis sous observation plus de 60 puits, sur beaucoup 

desquels on a install6 des appareils de contr8le permanent tels que 

pizzographes, salinographes, thermographes. La relation illustre les con- 

ditions locales, les exigeances d'acquisition des donn6es pour la recon- 

struction tridimensionnelle des aquif6res et pour l8ex6cution d'un modsle 

math6matique et les problbmes pratiques qu'on a dQ affronter pour le 

choix, la mise en ceuvre et la gestion des instruments de contr8le. 



Abstract 

Along the east coast of Sicily, in the Syracuse district, following the 

settlement of huge oil-refineries exploitation of aquifer has reached 

very high peaks, clearly superior to the consistent recharge capacity of 

the aquifer. This has provoked the destruction of reserves, the lowering 

of more than 100 m of the original piezometric level, this level being 

brought below 70 m under the sea level. Under these circumstances we ha- 

ve begun to record an intrusion of sea water. As it was necessary to pre-- 

serve the subterranean waters characteristics - since these waters apart 
from the industrial use, are employed for domestic and agricultural ends, 

we have carried out an experimental plant for artificial recharge, capa- 

ble of injecting into the aquifer a flow of 350 l/s of conveniently trea- 

ted waters drawn for a river which flows in a neighbouring northern di- 

strict. Both to check the effects of the artificial recharge, we have 

kept under control more than sixty wells, and on many of them we have 

installed permanent checking devices (piezographs, salinographs, termo- 

graphs). This report explains the local conditions, the way we obtained 

the data we needed to bring about a tridimensional reconstruction of the 

aquifer and the drawing of a mathematical model, as well as the practical 

problems we had to tackle to choose, to install and to manage the control 

devices. 

Introduction 

La r6charge artificielle d'une couche aquifsre, peut dtre r6alisee par 

des moyens naturels aussi bien qu'artificiels. Dans le premier cas il 

sragit de trouver des zones particulisrement permeables, aussi bien par 

porosit6 que par fissuration, sur lesquelles on concentre, moyennant des 

barrages ou en creusant des foss6s ou des canaux, les eaux superficiel- 

les qui ensuite, lentement, seront absorbees par le terrain et iront 

grossir les nappes sous-jacentes; dans le deuxigme cas il sragit d'intro- 

duire de lreau en profondeur B travers des puits d'injection. A l'appa- 

rence l'edee est simple, mais en realit6 les problBmes Zi affronter et Zi 

r6soudre sont nombreux et complexes: quelques uns dependent des caract6- 

ristiques de l'eau qu'on utilise pour effectuer la recharge, d'autres 



sont lies aux caracteristiques de l'aquifgre dans laquelle il faut injec- 

ter l'eau. Et c'est surtout ce dernier problgme qui presente la majeure 

Partie des inconnues. Une fois la nappe aquifgre atteinte, comment se 

comportera l'eau injectee, elle restera stockhe dans la nappe mdme ou de 

celle-ci elle s16coulera plus ou moins rapidement vers d'autres zones? le 

temps de sejour dans la nappe sera-t-il tel qu'il en consentira l'exploi- 

tation pendant un certain temps? Quelles interactions vont-elles se vB- 

rifier entre l'eau injectee et l'eau d6jS prdsente dans la nappe, surtout 

si celle-ci est en contact direct avec la mer? Ces points d'interrogation 

permettent, une fois r6solus. d'atribuer une rentabilite effective 5 

l'opdration de recharge et d'en justifier la realisation. 

Pour r6soudre ces problsmes, pourtant, il ne suffit pas de quelques con- 

sid6rations hypothetiques mdme si mathematiques ni de quelques observa- 

tions casuelles: il faut des contrdles prdcis et continus, il faut des 

appareillages capables d'exdcuter des mesurations: du niveau statique et 

dynamique des nappes, de la temperature de l'eau, de la teneur en chloru- 

res, et ces mensurations doivent dtre effectuees dans une telle quantit6 

et selon une distribution gdographique telle qu'elles consentent le con- 

trdle du comportement de la nappe aquifgre dans toutes ses parties. 

Les mensurations et les contrdles sont plus faciles B interprGter, bien 

siir, quand on est en presence d'une couche permeable par porosite tandis 

qu'il est beaucoup plus difficile de les interpreter quand la nappe est 

du type B perm6abilit6 par fissure avec ou sans phenomenes karstiques. 

Pendant la redaction du projet et la construction d'une grande instal- 

lation experimentale de realimentation artificielle r6alisee en Sicile, 

dans la zone comprise entre la vine d8Augusta et la ville de Syracuse, 

on a considere ces problgmes. 

2 Puisage d'eaux soutersaines et mode drexploitation 

Le long de la cSte orientale de la Sicile, dans la zone comprenant les 

territoires dlAugusta, Priolo et Syracuse, on a bgti, pendant les vingt 

dernigres anneestun ensamble d'industries p6trochimiques de grandes di- 

mensions. Faute d'installations publiques d'alimentation hydrique les 

industries pourvoient B leur approvisionnement hydrique par des puits. 

Sur une surface d'environ trente km2, on a creuse 162 puits, dont 121 



Figure 1 Niveaux pi6zom6triques en 1961 



Figure 2 Niveaux dynamiques minimales 1981 - 1982 



sont employes de fason permanente et 41 seulement de temps en temps. 

Dans 1' ensemble on estime 2 51 m3 x 106 par an la quantite d'eau tiree 

des nappes pour des usages industriels et potables, tandis que 13 m3x 

lo6 par an sont utilis6s pour l'irrigation. Sur la base de recherches 

g6ologiques, geophysiques et hydrologiques, et en utilisant aussi un mo- 

dBle mathgmatique construit exprss, on est arrive B estimer B 53,790 

m3 x lo6 le volume moyen annuel B attribuer & l'alimentation naturelle. 

I1 en resulte donc un deficit, crest B dire un volume soustrait aux rbser- 

ve, de 10,210 m3 x lo6 par an. Dans l'ensemble on estime B 120 m3x lo6 

le volume d6j2 extrait des reserves. 

La preuve de cette exploitation irrationnelle a Bt& donnee par l'abais- 

sement extraordinaire des niveaux pi8zom6triques, qui dans la region sont 

passes, pendant la periode 1961-1982, (Figures 1&2) de valeurs toujours 

positives B des valeurs nggatives qui dans quelques endroits, ont depas- 

s6 moins 80 i 90 m au-dessous du niveau de la mer. I1 s'est ainsi cr6d 

une sorte d'entonnoir qui constitue un appel pour toutes les eaux conte- 

nues dans la nappe aquif&re, et en particulier pour les eaux de la mer 

le long de la c6te, Figure 3. 

3 Constitution hydrogeologique 

La geologic de la zone est caracthrisee par la presence des termes li- 

thologiques suivants, de bas en haut: 

- Calcaires B Anphistegine de l'0ligo-MiocGne 
- Roches volcaniques miocGnes ou supra-miocsnes 
- Alternance calcaire-gr&s calcaires calcaires marneux du Mioc&ne sup& 
rieur 

- Roches volcaniques plio-plgistoc6nes 
- Gr&s calcaires plio-pl6istoc6nes 
- Argiles PlBistoc5nes 
- Sables e s r 8 s  calcaires pl6istoc6nes 
- Alluvions terrassee 
- Alluvions rgcentes. 
Les nappes aquif6res identifiees sont trois. 

La premi6re est constituee des alluvions, des sables et des gr6s calcai- 

res quaternaires. Elle pr6sente un inter& assez modeste parce qu'elle 



Figure 3 Variations entre niveaux statiques maxinales et 

niveaux dynamiques minimales 1981 - 1982 



est maigrement alimentee et parce qu'elle est drainee par les cours 

d'eau qui la traversent. Son lit est constitue d'argiles gris-bleues 

pl6istocenes. 

La deuxisme est constitu6e de grss calcaires pk-pleistoc5nes et des ro- 

ches volcaniques du mlme age. Son lit est constitu6 de tufs trss altdres 

et de l'alternance calcaire-marneuse du MiocGne sup6rieur. 

La troisisme nappe acquifsres, la plus importante, est constitu6e de 

calcaires oligo-miocgnes. Presque tous les puits de la zone sont ali- 

ment& par la nappe contenue dans cette nappe aquifsre. 

La prksence de nombreuses failles met souvent en contact la deuxisme 

nappe aquifsre avec la troisisme et rend impossible de parvenir, sur la 

base des connaissances actuelles, 5 une definition precise des caract6- 

ristiques de chacune d'elles. 

Les argiles pl6istoc&nes sont distribuees le long toute la ligne de la 

cate qui entoure la baie dtAugusta, et avec leur conformation en coin qui 

se prolonge au-dessous de la surface de la mer ainsi constituent un sep- 

tum impermeable (aquiclude) qui sdpare les terrains permdables quater- 

naires superficiels des terrains permeables pliocsnes et miocsnes sous- 

jacents. Cette favorable condition de gisement a empSch6 ou du moins re- 

marquablement diminue l'intrusion d'eau de mer dans les deux couches 

aquifsres inferieures, et en particulier a emplche que l'appel determi- 

n6 par la depression piezometrique qui s'est v6rifiee juste en corre- 

spondance avec le septum argileux se manifestdt par un afflux d'eau sa- 

16e normale B la ligne de la c6te. L'ampleur limitee du septum argileux 

fait pourtant en sorte que l'appel d6termin6 par la depression pi6zom6- 

trique se manifeste latgralement, si bien qu'B present on observe un 

enveloppement B nord et B sud du septum argileux et les eaux sal6e sont 

d6jB arriv6es B polluer de nombreux puits places B la p6riph6rie de la 

r6gion en question, 15 oh les couches aquifsres inferieures sont en con- 

tact direct avec les terrains superficiels permgables. 

La prdsence de plusieurs couches aquifsres superpos6es, caracterisees 

par la presence d'h6t6ropies de facies et par une p6rm6abilit6 essen- 

tiellement par fracture, entrainerait une interpretation de type multi- 

couche ,, mais comme les couches aquifsres sont frequemment mises en con- 

tact par failles il faut considerer la couche aquifsre, dans son ensemble, 

comme une mono-couche. 



L'existance de conduits karstiques, qu'on n'a pas observ6s mais dont on 

a induit l'existence moyennant des traceurs, rend encore plus complexe 

la reconstruction tridimensionnelle de la structure geologique locale. 

La couche aquifsre, dans son e d l e  , a des caract6ristiques de grande 
h8t6rog6n6it6, aussi bien verticalement qu'horizontalement, et les quel- 

ques donnees qu'on posssde 1 1'6gard de la transmissivit6, et qu'on a 

obtenues par de rares essais de portge, ne peuvent pas facilement &tre 

mises en relation entre elles. 

Les valeurs de T obtenues varient de 0,69 1 11,5 x low3 m2/s. les va- 

leurs du coefficient de stockage sont pratiquement inconnues. 

4 RG-alimentation par injections dans les nappes 

Dans les conditions qu'on vient d'exposer on a dG prdvoir des interven- 

tions capables de modifier la situation qui sfetait produite, et qui Btait 

extrdmement grave. 

Les interventions d6j1 r6alis6es prbvoient: 

a) l'utilisation des eaux du Simeto, un fleuve important qui coule au nord 

de la zone en question, pendant les quatre mois d'hiver, et cela dans 

les quantit6s disponibles et avec la limitation d6terminbe par le d6- 
3 bit de la canalisation, c'est 1 dire 3,5 m /s; 

b) la clarification de ces eaux moyennant des installations specifiques; 

c) la distribution des quantitds d'eau disponibles, d6rivbes du Simeto, 

pendant la p6riode de l'hiver, de l'usine de clarification aux indu- 

stries; 

d) l'injection dans la nappe, 1 travers des puits opportunement choisis 

parmi ceux qui existent, de la quantit6 d'eau maximum que ces puits 

peuvent absorber, en tenant compte de la disponibilite des eaux du 

Simeto; 

e) le contr8le constant - travers des instruments et 1 travers un mo- 

dele math6matique - des variations subies par la nappe. 
La recherche prgliminaire est partie de 1'Btude des caract6ristiques 

des puits existant dans la zone, et le choix est bas6 sur deux bl6ments; 

l'emplacement de ces puits et la quantit6 de renseignements qu'on avait 

sur chaque puits. 



L'emplacement a Bt6 consider6 utile quand le puits se trouvait trgs pr5s 

de l'endroit oh l'on avait observe l'abaissement maximum du niveau pi&- 

zom6trique. 

Les renseignements sur chaque puits ont Bt6 consid6rEs suffisants quand 

la quantite de donnees connues permettait d'estimer le comportement pr6- 

sum6 du puits si on l'utilisait pour exCcuter l'alimentation artificiel- 

le. 

Les puits qu'on a pris en consideration ont successivement Bt& divises 

en deux groupes: 

1) Puits aptes pour des operations de recharge artificielle; 

2) Puits aptes B fonctionner comme pi6zom5tres et pour y installer des 

salinomgtres; 

A la fin de toutes les verifications on en est arrive B reconnaitre 13 

puits comme appartenant au premier groupe et 39 puits comme appartenant 

au deuxigme groupe. 

Les treize puits du premier groupe ont dt6 relies par des tuyaux en acier 

a l'usine de clarification qui est capable de fournir plus de 350 l/s 

rien que pour l'usage de la realimentation. Sur chaque puits on a instal- 

16 un mesureur de debit et un mesureur de pression, relies B un appareil 

enregistreur, et on a aussi prevu la possibilite d'augmenter la pression 

h la bouche du puits par l'introduction d'une pompe capable de fournir 

une charge additionnelle de quinze atmosph6res. 

Sur les 39 puits appartenant au deuxigme groupe, 20 6taient d6jB fournis 

d'une installation manomdtrique capable de donner des indications sur les 

niveaux pi6zom6triques; sur treize on a install6 un piezographe du type 

h pression, sur six puits on avait prevu dtex6cuter les mensurations par 

une petite sonde Blectronique. 

Les salinographes installbs, ont CtB trois. Les sondes thermiques ache- 

tees ont BtB deux, Ftgure 4. 

5 Installation pilote 

Puisque pourtant les experiences ainsi r6alis6es se limitaient B utili- 

ser des puits d6jh existant, et sur lesquels on avait seulement des con- 

naissances insuffisantes, on a pr6vu de realiser aussi une installation 

pilote dans le cadre des experiences g6n6rales qu'on a d6jB decrites. 



Figure 4 Instruments de surveillance 



Cette installation pilote consiste dans le creusement d'un puits profond 

300 m et avec un diam6tre de 300 mm finaux, entour6 de douze puits pie- 

zom6triques ( @  100 mm) places selon le schema le plus classique, c'est B 

dire par groupes de trois sur les bras d'une croix. Sur chacun des douze 

puits pi6zom6triques on est .en train d'installer un piezographe. Dans le 

puits principal on executera aussi bien dessoigneux essais de ddbit que 

des essais d'injection d'eau pour la recharge des nappes. 

Les difficult6s 1 vaincre ont 6t6 nombreuses, aussi bien au moment du 

projet qu'au moment de 11ex6cution. 

La premisre difficult6 qu'on a rencontr6e a 6t6 l'acquisition des donn6es 

sur les puits existants. Beaucoup de ces puits, 6tant d6pourvus dlune 

autorisation officielle, Btaient tenus secrets par les propridtaires; 

pour ces puits, de toute manigre, on avait tris peu de renseignements aus- 

si bien sur la stratigraphie rencontree au moment du creusement que sur 

les cr6pines qu'on avait install6es. 

On a eu beaucoup de peine B convaincre et 5 interesser les titulaires, 

specialement les industries, pour arriver B achever le recensement. Une 

autre grande difficult6 6tait donnee par l'emplacement des puits, qui 

souvent se trouvaient B l'interieur de zones interess6es par des appareil- 

lages industriaux (raffineries), ou B c8t6 de grands reservoirs pour le 

stockage des hydrocarbures. I1 n'a pas toujours 6tB possible de relier 

ces puits avec l'usine de clarification 1 travers des canalisations en 

acier, et en tout cas il aurait manque l'espace necessaire pour effectuer 

les contrSles et mener 11exp6rience. 

Une fois qulon a procdd6 au choix de treize puits d'injection et de 39 

puits pi6zom6triques, dans la phase executive on a dC1 affronter d'autres 

problgmes. 

Dans trois des puits d'injection on s'apergut que le revstement des tuyaux 

6tait fissur6, m6me B c8t6 de la surface, si bien qu'au moment de la re- 
charge on vit soudain l'eau sortir du terrain autour de la bouche, et il 

s1av6ra impossible de mettre ces puits sous pression. I1 fut necessaire 

de proc6der 5 cimenter le contour du tuyaux d e  rev6tement jusqulB attein- 

dre les argiles du substrat. Dans d'autres puits, sur lequels on voulait 

installer un petit tuyau manom6trique, il a Bt6 n6cessaire d'extraire 

les pompes qui, maintenues 5 11arr6t, auraient emp6ch6 les mensurations 

du niveau, et cela parce que les tuyaux attaches B la pompe, au lieu 

d16tre soudes, Btaient relies par des collets qui obstruaient toute la 



place existant entre les tuyaux de revdtement et les tuyaux d'exploita- 

tion. Un probleme d'un type different a Bt6 determine par la ni.cessit.6 de 

mesurer des excursions, entre les niveaux statiques et les niveaux dyna- 

miques, depassant mlme 50 m Fig. n. 3. Avec les instruments qui existent, 

pour obtenir une bonne precision, le rapport d'echelle devrait Ctre con- 

tenu au maximum h l'interieur de 1/10. Avec un rapport de 1/50, sur une 

excursion de 10 m si rapport6 h une ampleur d'enregistrement de 20m, un 

millitnetre r6sulte en effet correspondre h une excursion de 5 cm. Sur un 

manometre Btalonnd h fond d'echelle une atmosphi+re, il resulte impossi- 

ble de lire des variations depassant 1/100, qui de toute faqon correspon- 

dent h 10 cm, Dans les conditions oii l'on slest trouv6 h op6rer, des men- 

surations avec la precision du centimetre sont pratiquement impossible 

avec des instruments manometriques ou avec des instruments h flotteur, 

ou du type "strain-gauge", 5 part la difficult6 de fonctionnement des in- 

struments quand le niveau piezornetrique h mesurer se trouve 90 - 100 me- 
tres plus bas que l'instrument enregistreur lui-mgme. On a d@ decider de 

limiter la precision des mensurations de niveau h 10 em, en ayant soin 

de reporter le stylo enregistreur au fond de 116chelle chaque fois que 

la variation pi6zometrique depassait les 10 m. En ce qui concerne les 

mensurations manomBtriques, comme il Btait impossible de faire varier 

chaque fois la profondeur d'immersion du petit tuyau dans lespuits, on a 

du recours h l'installation de cinq petits tuyaux dont les bouts Btaient 

places chacun 10 m plus bas que le precedent. Une batterie de manomGtres 

relies aux petits tuyaux par des robinets speciaux consent d'exgcuter des 

mensurations de niveau en passant d'un manometre 5 l'autre suivant la va- 

riation du niveau pi6zom8trique. 

Un autre probleme qu'on est encore en train de r6soudre est celui pose 

par la n6cessitd dleffectuer des contreles sur les ph6nom5nes de subsiden- 

ce des terrains lies h la surexploitation des nappes. Des contrcles de 

la cornpacite des terrains de la zone, par mensurations extensometriques, 

sont prevus dans les puits contrbl6s. 



Les experiences, qu'on a d6jS entreprise et qu'on vient de decrire, COG- 

teront environ un milion de dollars, distribues ainsi: 

Appareillage 130.000 $ 

Travaux fcreusement, puits et tuyauteries) 470.000 $ 

ModGles mathematiques 60.000 $ 

Personnel pour le contr6le et la gestion des 

instruments (pendant trois ans) 250.000 $ 

Frais G6neraux 90.000 $ 

Le coat de la clarification de l'eau, Bvalue en raison de 230 lires ita- 

liennes par m6tre cube ajoutera, en considerant une recharge annuelle de 

4.000.000 m3, encore 600.000 U.S. Dollars en moyenne par an. 
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CHARACTERIZE THE POROSITY OF CARBONATE ROCKS 
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Abstract 

The s t a t i s t i c a l  d i s t r ibu t ion  of the  s i z e  of f ractures  i s  needed fo r  the  

determination of the  hydraulic behaviour of so l id  rocks. The application 

of the  continuum approach requires a l so  some knowledge about the  varia- 

b i l i t y  of the  f ractures .  A deta i led investigation was ca r r i ed  out ,  there- 

fo re ,  t o  describe the  l i n e a r  porosity and fracture-size d i s t r ibu t ion  i n  

four di f ferent  carbonate formations (two dolomites and two 1imes.tones). 

The paper summarizes the  numerical r e s u l t s  of the  f i e l d  work, which i s  

the  only one p rac t i ca l  appl icat ion of the  continuum approach known from 

t h e  l i t e r a t u r e .  

1 The basic concept of continuum approach 

The idea concerning the  appl icat ion of continuum approach t o  characterize 

porous media was ra ised i n  1965 ( ~ a c h m e t )  and s ince t h a t  time many impor- 

t a n t  theore t i ca l  conclusions were derived on t h e  bas i s  of t h i s  theory 

 ear , 1972 ) . 
The extremelywide f luctuat ion of porosity calculated f o r  a very small 

sample can be mentioned a s  an example proving t h a t  the re  i s  a l i m i t  of 

the  s i ze  below which t h e  determined physical parameters can not be accep- 

t e d  a s  the  average charac te r i s t i c s  of t h e  porous medium ( i . e .  represen- 

t a t i v e  elementary u n i t ) .  This l imi ta t ion  can be observed especia l ly  i n  



hard rock formations, like dolomites and limestones. Therefore, it can 

be stated that the precondition of the application of the continuum ap- 

proach (hence the use of the various seepage laws giving relationship 

between the gradient of potential and seepage velocity) is the determi- 

nation of the size of the representative elementary unit. 

When porosity is determined for a point, its value is 1 or 0 ,  depending 

on the position of the point. The variance decreases with the increase 

of the investigated sample and tends to a relatively small constant vari- 

ance around the expected value characterizing the random character of 

the internal structure of porous media. The investigation repeated seve- 

ral times gives a set of the expected values having only insignificant 

variance. Finally, the porosity can be characterized by the probability 

distribution of the expected values and by the random variation deter- 

mined in this way. 

The purpose of the research the result of which is summarized in this 

paper was the determination of the representative elementary unit for 

several carbonate rocks giving some guidance for the practice in this 

way to determine the applicability of continuum approach. 

2 The execution of the research 

The linear porosity was chosen as basic parameter to characterize the 

porous medium, which was fractured carbonate rock in the research. Line- 

ar porosity is the sum of the widths of fractures measured along a given 

line related to the total length of the line. 

The linear porosity was determined in quarries on the fresh surfaces of 

four different carbonate rocks of Triassic age (L. Balashazy and J. Ko- 

vacs, 1975). At every place three directions (one vertical and two hori- 

zontal, approximately perpendicular to each other) were fixed on the 

walls of the quarry, to show the anisotropy of the rocks in the different 

directions. These directions were influenced by the conditions of the 

quarry and, therefore, the angles between the directions of the horizon- 

tal measuring lines and the north direction were different at the va- 

rious places. The investigated lines were marked on the surfaces of the 

rocks. Where it was possible, the measurements were ~ a d e  akng one con- 



tinuous line. Where the size of the wall excluded the use of one line 

two or more smaller lines parallel to each other were used. In the ver- 

tical direction this second solution had to be applied in all cases. 

The size of the openings was measured by magnifying device. In this way 

the minimum size directly measured was 0.35 mm, and we were able to esti- 

mate the half of this length (0.18 mm). In the case of smaller openings 

only the number of the openings was counted. 

The research was made on more or less smooth surfaces to obtain the 

exact place and width of the openings. Bedding- and fault-planes were 

the smoothest surfaces giving the possibility to choose the measured lines 

in the tectonically characteristic directions. The absolute width of 

fissures was measured in the cross-section of the line, even in cases 

when the size of the gap between the walls was varying along the frac- 

tures. 

The measurements were executed in four different carbonate formations: 

a) Obarokk - dolomite with fine structures of joints of Upper Triassic 
age. 

b) Csolnok - dolomite bedded limestone of Triassic age. 
c) Szar - dolomite of Upper Triassic age in fault-zone. 
d) Dorog - karstic limestone of Upper Triassic age (~achstein forma- 

tion). 

3 The result of the research 

The data determined as the results of the investigation (i .e. nL linear 

porosity calculated for measuring lines having different length) were 

plotted in a coordinate system, where the investigated length was used 

on the horizontal axis and the determined linear porosity on the verti- 

cal one. The enveloping curves enclosing the range of the scattering 

of the points tend to a horizontal line, indicating the average linear 

porosity. 

The investigated length, above which the scattering of nL is smaller 

than 10 percent of the average linear porosity and where the enveloping 

curves become almost horizontal, was accepted as representative elemen- 

tary length characterizing the rock in the investigated directions. This 

representative elementary length was determined in three orthogonal di- 
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rections for the four different rock types  able 1). 

Ten pairs of enveloping curves determined from the data of ten indepen- 

dent vertical measuring lines at Obarokk ( fine structured dolomite ) are 

represented in Figure 1. The comparison of these curves proves that they 

are very similar to each other and both the average linear porosity and 

the representative elementary length have only random variation. Hence, 

these parameters can be regarded as average values characterizing the 

rock at the given place and in the investigated direction. 

Figure 1 Comparison of curves enveloping the linear porosity values 

calculated along independent lines having the same direction 



On the basis of the previous figure all the data determined at Obarokk 

are summarized in one figure and the enveloping curves belonging to the 

three different directions were constructed ( ~ i ~ u r e  2). Since there were 

several mean values calculated for differentstretches, the expected value 

and the variance of these parameters were also calculated and the figure 

was supplemented by the characterization of the probability distribution 

of average linear porosity. 

Figure 2 Determination of average linear porosity and representative 

elementary lengrh (dolomite, Obarokk, Hungary) 



The same analysis  was carr ied out with t h e  data  col lected a t  a quarry 

near Csolnok (dolomite bedded limestone).  Here t h e  l i n e a r  porosity values 

determined i n  the  v e r t i c a l  d i rec t ion  and i n  one horizontal  d i rect ion 

respectively have shown great  s imi la r i ty  while i n  t h e  other horizontal  

d i rec t ion  the  parameter was two times l a rge r  than t h e  previous ones 

( ~ i ~ u r e  3).  This f a c t  indicates  t h a t  the  openings a r e  closed under the  

e f fec t  of gravi ty  and due t o  t ec ton ica l  pressure, but perpendicular t o  

t h e  main di rect ion of t h e  pressure t h e  f rac tu res  remained open. It i s  

necessary t o  note,  t h a t  the  s t a t i s t i c a l  evaluation was executed combining 

t h e  v e r t i c a l  and one horizontal  d i rect ion,  but t h e  same analysis  was not 

ca r r i ed  out i n  the  t h i r d  di rect ion,  because of t h e  s m a l l  number of data .  

06 
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0.7- Cs o In  o k, dolomite 
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% . bedded limes tone ' 05- - 
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Qf - 
0 - 

0 

Figure 3 Determination of average l i n e a r  porosity and representative 

elementary length (dolomite bedded limestone, Csolnok,Hungary) 



At the third place of the investigation (~zar) the same dolomite forma- 

tion was studied as in the first example (~barokk). The quarry was, how- 

ever, in a fault-zone, and therefore a secondary, very intensive fractu- 

red system was observable. The joints were open in both horizontal direc- 

tions and closed along the vertical measuring line (F'igure 4). Unfortu- 
nately the walls of the quarry were not large enough to reach the re- 

presentative elementary length. It was shown, however, by the trend of 

the enveloping curves, that the representative elementary length is at 

least ten times longer in vertical direction and about hundred times 

longer in horizontal direction, than the same parameter at Obarokk. 

verfical dtrectron 

qor 

0 - 
0 2,s $0 25 fa0 125 L (m)15.0 

Figure 4 Determination of average linear porosity and representative 

elementary length (dolomite, Szar, Hungary) 



Hinally, Figure 5 represents the DOROG, k a r s  t i c  l i m e s  t o n  e  

results of the same analysis in 

a kars tic limes tone (Dorog) . 
The properties of this formatioaq 

is very similar to that of the n~ 

faulted dolomite. 

Considering the relationship 

existing between linear, areal 

and volumetric porosity, all 

the parameters can be calcula- 
0P3 

ted if the linear porosity 

values are known in three 

orthogonal directions 

'zx; z y ;  ZZ). 

Areal porosities in planes 

normal to the x-axis (nAx), Figure 5 Determination of average linear 

the y-axis (n and the 
Av) 

porosity and representative elementary 

z-axis (n are: 
Az) 

lenght (karstic limestone, Dorog,Hungary) 

The volumetric porosity (n) can be similarly calculated: 

The areal and volumetric porosity values determined on the basis of the 

investigation discussed here as an example, are also listed in Table 1. 



ESTIMATION OF HYDROGEOLOGICAL 

PARAMETERS USING WELL-FIELD 

EXPLOITATION DATA 

F .Szgkely 
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Hungary 1095 Budapest Kvassay J.u.1. 

Abstract 

The hydrogeological parameters in the region of operating 

well-fields can be estimated by using steadily recovered 

head data of separately stopped pumped wells and available 

observation well data. The initial water head, transmissibi- 

lity and recharge parameters, in case of bank filtration and 

vertical leakage, can be determined by minimizing the aver- 

age absolute deviation between measured and computed heads 

using the FORTRAN IV program PAROP. 

1 Introduction 

The most reliable values of hydrogeological parameters can 

be determined from the data, measured at the waterworks dis- 

charging for a long tim with a high rate. In this case the 

nearly steady-state cone of depression has a large area and 

depth, respectively, and characterises all the main recharg- 

ing factors and processes. 

The hydrogeological parameters to be determinedfare as fol- 

lows : 
- the initial water level or head, Ho, of the aquifer in- 



fluenced only by the  ex t e rna l  f a c t o r s  (changes i n  na tu ra l  

discharge and recharge, water-level f l uc tua t ions  i n  r i v -  

e r s ,  o ther  water-withdrawals e t ~ . ) .  I t  is  assumed, t h a t  

H i s  a  cons tan t  value both over t he  a r ea ,  where observa- 
0 

t i o n s  a r e  made and during the  t i m e  i n t e r v a l  of measure- 

ments .Pract ical ly  H i s  t h e  head wich is t o  be reached 
0 

theo re t i ca l l y  a f t e r  a  long t e r m  stopping of a l l  the  pucpd 

wel ls  i n  t h e  analysed wel l - f ie ld ;  

t h e  t r ansmis s ib i l i t y ,  T, of t h e  aqui fe r  i n  t h e  a rea  of 

wel l - f ie ld ;  

t he  recharge f a c t o r s ,  L,  such a s  the  add i t i ona l  d i s tance  

of the  e f f e c t i v e  recharge boundary from t h e  r i v e r  bank 

i n  case of waterworks using bank f i l t r a t i o n ,  and the  ver- 

t i c a l  leakage c o e f f i c i e n t  b  = K / m  f o r  the  leaky aqu i f e r s  

( ~ , m  - hydraul ic  conduct ivi ty  and thickness  of t he  cover- 

ing  semipermeable l aye r ,  r e spec t ive ly ) .  

2 Theoret ical  background 

I n  order  t o  determine the  above parameters t he  pumped wel l s  

must be stopped separa te ly  t o  measure t he  recovery-curve up 

t o  t he  s t a b i l i z a t i o n  of t he  piezometric head Hi. Water-level 

measurements should a l s o  be made i n  the  ava i l ab l e  observa- 

t i o n  w e l l s .  The l o c a l  values  of the  t r a n s m i s s i b i l i t y  and the  

screen-resis tance of the  wel l s  can be ca lcu la ted  from non- 

s teady-state  recovery da ta .  The regional  va lues  of Ho, T, L 

o r  b can be estimated by minimizing a  func t iona l  F of t he  

absolute  mean d i f f e r ence  between measured and ca lcu la ted  

heads : 

where 

n = number of s teady-s ta te  water-level o r  head measurements 



Hi = measured water-level o r  head i n  t he  i - t h  observat ion 

o r  stopped pumped wel l  

Si = ca lcu la ted  value of  the  drawdown i n  t he  i - t h  wel l  

caused by the  o the r  wel ls ,  depending on the spacing 

and discharge of t he  pumped w e l l s  and the  parameters 

T ,  L o r  b 

where 

g = number of wel ls  operat ing during t h e  measurement of 

Hi with coordinates  xi, y .  ( a x i s  y is  d i r ec t ed  along 
1 

t he  r i v e r  bank) 

Q.= discharge of t he  j-th pumped wel l  with coordinates  
3 

XjI Y j  
P = hydrogeological parameter; f o r  bank f i l t r a t i o n  P = L ,  

f o r  leaky aqu i f e r  P = b/T 

I n  case of recharge from the  r i v e r  (Forchheimer, 1886): 

For leaky aqu i f e r s  (Steggewentz and Van N e s ,  1939): 

where 

K ~ ( U )  = zero order  modified Bessel-function of second 

kind 

A s imi l a r  method was developed by Gudz and Polshkova (1981) 

f o r  the  i n t e r p r e t a t i o n  of nonsteady-state drawdown and re -  

covery d a t a  of t e s t  pumpings. 



Using Eqs. (1) - ( 5 )  and by changing parameters i n  the  r e a l  

i n t e r v a l s  by s t e p s  AHo, AT, AL o r  A ( ~ / T )  t he  three-dimen- 

s iona l  d i s t r i b u t i o n  of F with minimum Fmin can be generated. 

The parameters obtained a t  t h i s  minimum give t he  minimal 

devia t ion  of t h e  computed heads from t h e  measured d a t a  and 

a r e  t o  be considered a s  t he  optimal values .  The charac te r  of 

t h e  d i s t r i b u t i o n  of F near Fmin shows the  s e n s i t i v i t y  of t he  

head d i s t r i b u t i o n  t o  t he  d i f f e r e n t  parameters. 

The r e s u l t s  of spec i a l  test computations enable  one t o  ana- 

l y s e  how the  s p a t i a l  d i s t r i b u t i o n  and the  poss ib le  e r r o r s  of 

f i e l d  da ta  do inf luence t he  value and r e l i a b i l i t y  of t h e  

hydrogeological parameters. For example, it was found, t h a t  

t h e  accuracy of t h e  recharge parameters L o r  b increases  

with the  a r ea  of cone of depression, covered by observat ion 

da ta ,  while r e l i a b l e  value of  T can be determined using data, 

measured i n  the  c e n t r a l  p a r t  of t he  cone of drawdown. 

3 Computer method of parameter i d e n t i f i c a t i o n  

A FORTRAN I V .  computer program PAROP (Parameter Optimiza- 

t i o n )  was developed f o r  t h e  computation of F a s  t he  func t ion  

of Ho, T and L o r  b/T. The following input  d a t a  a r e  requinzd: 

- t he  coordinates ,  discharges and (recovered) heads of t h e  

observat ion o r  stopped pumped w e l l s ;  

- t he  coordinates  and discharges of pumped wel l s  having no 

measured head da t a ;  

- t he  i n i t i a l  values  and s t e p s  of  increments f o r  unknown pa- 

rameters Ho, T, L o r  b/T. 

During the  procedure the  previous value of each parameter 

increases  by the  s t e p  of increment 10 times. The output  da t a  

a r e  a s  follows: 

- t he  l i s t  of input  da ta ;  
- t h e  l ist  of coordinates  and heads Hi of observat ion o r  



stopped pumped w e l l s  ; 

- t he  l i s t  o f  coordinates  and discharges Q of pumped 
j 

w e l l s  ; 
- t he  t a b l e  of values  SiT f o r  each w e l l  having head measu- 

rement and f o r  each increment of L o r  b/T; 

- the  three-dimensional matr ix  F i s  pr in ted  a s  t h e  s e r i e s  

of  t ab l e s .  Each t ab l e ,  charac te r ized  by a given va lue  of 

Ho, shows the  d i s t r i b u t i o n  of F between minimum and maxi- 

mum values  of T and L o r  b/T. 

The program PAROP was used t o  determine parameters H T and 
o r  

b f o r  wel l - f ie ld  11. of  municipal waterworks of t h e  town 

Debrecen i n  Hungary. The wel l - f ie ld  cons i s t i ng  of 22 w e l l s  

occupies a r e l a t i v e l y  small  a r ea  with a diameter of 2 kms. 

The mean value of t he  t r a n s m i s s i b i l i t y  from the  nonsteady- 

- s t a t e  p a r t  of  t he  recovery curves of t h e  w e l l s  g ives  T=1770 
2 m /day. During t h e  opt imizat ion procedure t he  parameters 

2 were var ied i n  i n t e r v a l s  82SH 592 m, 1100ST S 2100 m /day, 
0 

Sb/T S l , l . 1 0 - ~  m-2 with Fmin = 0.74 and Fmax = 11.88 m. 

The optimal parameters were chosen a t  Ho = 92 m, T = 1400 
2 m /day, b/T = 2-10 -9 m-2 , b = 2 ,8 -10 -~  l /m  with F = 0,89 m 

a s  equal ly  r e l i a b l e  f o r  each parameter. 
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PUMPING TEST 

SINGLE HOLE TECHNIQUE 

Lars Nilsson 

V I M  AB, Gothenburg, 

Sweden 

Abstract 

Hydrogeological surveys and pumping test in igneous rock areas often 

have to be based on single boreholes. 

A theory for evaluation of fractured aquifers based on data from a 

single borehole has been developed. Also a measuring device, with high 

metric and time resolution has been constructed for this purpose. 

The paper will describe this technique and give examples from different 

types of hydrogeological surveys. Besides aquifer analysis this 

technique has also been used in controlling new as well as old water- 

wells both in igneous rocks and sedimentary deposits. 

1 Introduction 

Testpumping is a well known method in hydrogeological investigations. 

Analysis of aquifer conditions are normally based on data from piezometer 

wells (observation wells). In areas with hard rocks or deep drillings 

this will cause great costs to conduct a proper pumping test. To reduce 

these costs, single hole pumping tests have been developed. 

During a pumping test the cone of depression will penetrate the aquifer 

and act like a "geophysical probe". All events during the development 

of the depression cone will be recorded as a change in the rate of 

drawdown. 



This fact will be used when evaluating the data from a single hole 

pumping test. The problem is to get sufficient time resolution and 

accuracy in iteveling ground water surface at the very beginning of 

the pumping test. 

In Sweden the single hole pumping test is used for determining the con- 

tinuous discharge from wells in fractured bedrock and for determining 

the efficiency of wells in sedimentary deposits. According to our 

experience the pumping test will give a sufficient amount of data 

within about 5 hours pumping of a well in sedimentary deposits and 

within 20 hours for a well in fractured bedrock. 

2 Pumping test technique 

A pumping test is a controlled disturbance of the hydrological balance 

in order to determine the hydraulic properties of the aquifer. 

The traditional way is to measure the drawdown in a number of piezometer 

wells. The drawdown is a result of the development of the cone of 

depression, which is illustrated in figure 1. When using piezometer 

wells manual measurements are sufficient for the evaluation of the 

hydraulic properties. 

Figure 1 Development of the cone of depression 



The single hole technique demands high time resolution and accurate 

recording of drawdown at the very beginning of the test to enable a 

relevant evaluation. For this purpose a special equipment, described 

below, has been developed. 

time, t 

Figure 2a. Drawdown in a linear graph 

Small differences of drawdown data will be obscure in a linear graph. 

1tis awe11 known fact that drawdowndata plotted in a semilogaritmic 

diagram compared to linear graphs will give more information. This is 

true especially in the beginning of the pumping test and of utmost 

importance when using a single hole technique,fig2a.and 2b. Together 

with a graph in a double logaritmic diagram it is possible to evaluate 

the hydraulic properties from a single hole pumping test. 

The drawdown curve can be divided into four different parts shown in 

figure 2b. When the pumping starts most of the water comes from the 

borehole itself (well bore storage). Next part of the curve shows the 

connection between the well and the aquifer. Later on the hydraulic 

properties of the aquifer influence the drawdown in the well and at 

last the effect of the hydraulic boundaries will appear. 
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Figure 2b. Drawdown in a semilogaritmic graph 

The hydraulic properties that can be determined from a single hole 

pumping test is the well bore storage (WBS), transmissivity (T), 

skinfactor ( < ) ,  elastic storage coefficient (Sa) and leakage 

coefficient (P1/m'). Two examples to describe the technique are given 

at the end of this paper. 

The figures 3a, 3b and 3c illustrate the concept of skin. Normally 

it is a loss in piezometric level caused by the resistance of flow into 

the well, positive skin, (figure 3a). It can be caused by clogging or 

improper well design. In fractured bedrock the contact between well and 

water bearing fissures can be very good and cause a negative skin, 

(figure 3b). A partially penetrating well will also give a skineffect, 

pseudoskin (figure 3c). 
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Figure  3b Skinfac tor  i n  f r ac tu red  bedrock 



PSEUDOSKIN 

I--0 

Figure 3c Skinfactor due to partial penetration 

2 The field equipment 

The field equipment for recording the drawdown (or recovery) is built up 

around a computer. In the well there is a piezoresistive transducer, 

often situated near the submersible pump. The transducer is connected 

via an amplifier to the multimeter which has a digital output. The com- 

computer is programed to read the multimeter value after a special time 

schedule Eitting the log-log and semilog scales. 

During the firstminute of a pumping a value is recorded every 5th 

seconds and after one minute the time interwals increase following a 

logaritmic scale. The measuring data is stored on a tape. 



An equipment of this design can also be used to record several 

piezometers at the same time. 

Figure 4 shows the field equipmentand the equipment in the office, 

where the data automatically are drawn up using the same computer and a 

plotte 

PRINTER 
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Figure 4 Computerized equipment for field and office 

4 Accuracy 

All the recorded values stored on the tape will pass several units, 

which can affect the data. Control of the accuracy of the equipment has 

to be performed by manual measurements. 



As the technique of evaluation makes use of the difference between the 

starting value and the following values on3.y this difference has to be 

controlled. The accuracy has been determined to about 1 % of the 

difference, which has been sufficient for our purposes, 

5 Use of the single hole pumping test 

In order to determine the continuous discharge of a well in fractured 

bedrock this technique can be used. It can also be used as a complemen- 

tary geophysical method in the tectonic survey during site investigation 

for rock caverns, mines etc. 

Wells in sedimentary deposits can be examined by this technique and the 

efficiency of the well can be determined, This means that the single 

hole technique can be used for control of well design, well develop- 

ment and to detect chemical or mechanical clogging. 

Example 1 

This example shows a pumping test of a well in a sedimentary deposit. 

The screen of the well is located in a confined aquifer. The test is 

a part of a general study of wells in sedimentary deposits sponsored 

by tne Swedish Council for Building Research. 

Figure 5 shows the drawdown curves in semilog and log-log graphs. 

In the double logaritmic diagram the well bore storage can be determined 

from an arbitrary chosen point on the straight line with a slope 1:l. 



SEMILOG GRAPH 

Figure 5 Recovery data for a well in a sedimentary deposit 

This value can be compared with the well bore storage calculated from 

the geometric data of the well and the installation. At this stage 

you have to assume a relevant Sa-value and use the semilogaritmic 

diagram to evaluate the transmissivity and the skinfactor. Using the 

formulas for dimensionless well bore storage and the time the trans- 

missivity and elastic storage coefficient (Sa) can be calculated from 

the double logaritmic diagram using typecurves. 



Figure  6 Drawdown d a t a  f o r  a we l l  i n  a f r a c t u r e d  bedrock 
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If the assumed and calculated elastic storage coefficient and the 

transmissivity from semi and double logaritmic diagrams correspond the 

evaluation is finished. 

Otherwise you have to make a new assumption of Sa and make another cal- 

culation loop. As the dimensionless drawdown, 0 ,  for the aquifer and 

the skinfactor, 5 ,is determined, the efficiency of the well can be 
calculated as n = a/ (a + 5). 

Example 2 

This example is taken from a pumping test of a well in fractured bed- 

rock. The well is a part of a water distribution system for a city using 

the groundwater from fractured bedrock. 

Figure 6 shows the drawdown from this well in a fractured bedrock. The 

evaluation technique is the same as for example 1. 

In this case the drawdown reveals an aquifer acting as a single 

channe 1. 

At the end of the pumping period the curve seems to turn into steady 

state conditions due to leakage effects, i.e. from the secondary 

fissures. 

Assuming that waterbearing fissures are below the final level of 

drawdown, the continuous discharge of the well can be calculated. 
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A b s t r a c t  

I n  most o f  t h e  deve lop ing  c o u n t r i e s  o f  Asia and A f r i c a ,  i n c l u d i n g  I n d i a ,  

t h e  e x p l o i t a t i o n  o f  groundwater  i s  mainly  t h r o u g h  l a r g e  d i a m e t e r  dug 

w e l l s .  About two t h i r d  o f  t h e  s u r f a c e  a r e a  i n  I n d i a  is covered  by ha rd  

r o c k s  and n e a r l y  50 p e r c e n t  o f  r e p l e n i s h a b l e  groundwater  r e s o u r c e s  

o c c u r s  i n  t h e s e  r o c k s .  There  is a l a c k  o f  ma themat ica l  s o l u t i o n s  t o  

e v a l u a t e  t h e  h y d r a u l i c s  o f  s h a l l o w  l a r g e  d i a m e t e r  wells. Papadopulos  

and Cooper have s u g g e s t e d  a method o f  a n a l y s i n g  pumping t e s t  d a t a  from 

l a r g e - d i a m e t e r  wells t a p p i n g  c o n f i n e d  a q u i f e r s .  But i t  i s  a p p l i c a b l e  

o n l y  t o  a f u l l y  p e n e t r a t i n g  a q u i f e r .  Bou l ton  and  S t r e l t s o v a  (1976) 

d e r i v e d  e q u a t i o n s  f o r  t h e  drawdown i n  p a r t i a l l y  p e n e t r a t i n g  w e l l s  under  

unconf ined  ( w a t e r - t a b l e )  c o n d i t i o n s .  I n  I n d i a ,  t h e  Papadopulos  and 

Cooper method h a s  been used  f o r  t h e  e v a l u a t i o n  o f  a q u i f e r  p a r a m e t e r s  

(T and S ) .  I n  t h e  p r e s e n t  s t u d y ,  t h e  method s u g g e s t e d  by Bou l ton  and 

S t r e l t s o v a  h a s  been used t o  d e t e r m i n e  t h e  T r a n s m i s s i v i t y  v a l u e s  f o r  

l a r g e  d i a m e t e r  w e l l s  t a p p i n g  t h e  M i l i o l i t e  and t h e  Gaj Format ions  o f  

Q u a t e r n a r y  and T e r t i a r y  a g e s .  The r e s u l t s  o b t a i n e d  a r e  q u i t e  comparable  

and h e n c e , t h i s  method c a n  b e  t r i e d  i n  o t h e r  a r e a s .  

1 I n t r o d u c t i o n  

Large d i a m e t e r  dug wells which a r e  used t o  t a p  groundwater  is a v e r y  

commonfeature  i n  I n d i a .  Th i s  paper  embodies t h e  r e s u l t s  o f  14 pumping 

test a n a l y s e s  i n  w e l l s  o f  f i n i t e  d i a m e t e r s h a v i n g  s t o r a g e  c a p a c i t y ,  i n  



a  carbona te  t e r r a i n  a l o n g  t h e  southwest  c o a s t  o f  S a u r a s h t r a ,  I n d i a .  The 

w e l l s  t a p  two format ions  v i z .  t h e  M i l i o l i t e  Formation o f  P l e i s t o c e n e  age  

and t h e  Gaj Formation o f  Miocene a g e .  The l imes tones  belonging t o  t h e  

M i l i o l i t e  Formation a r e  k a r s t i f i e d .  S o l u t i o n  openings a r e  numerous and 

bo th  i n t e r g r a n u l a r  and i n t r a g r a n u l a r  p o r o s i t y  is p r e s e n t .  The l imes tones  

belonging t o  t h e  Gaj Formation a r e  ocherous and hard and compact wi th  

l o t  o f  f o s s i l s .  F r a c t u r e s  and j o i n t s  a r e  developed i n  t h i s  rock.  The 

w e l l s  t a p  t h e  upper p o r t i o n s  of t h e  M i l i o l i t e  Formation and t h e  Gaj 

Formation which a r e  g e n e r a l l y  under water  t a b l e  c o n d i t i o n s .  

The a p p l i c a b i l i t y  o f  s tandard  methods o f  a q u i f e r  t e s t  a n a l y s i s  i n  hard 

rock a q u i f e r s  h a s  l o n g  been a  s u b j e c t  o f  deba te .  C r y s t a l l i n e  r o c k s ,  

ca rbona te  rocks  and o t h e r  c o n s o l i d a t e d  rocks  a s  a  medium of  groundwater 

f low possess  a n i s o t r o p y  and h e t e r o g e n e i t y .  The hard r o c k s  a r e  

c h a r a c t e r i s e d  by secondary p o r o s i t y  due t o  t h e  presence o f  j o i n t s ,  

f i s s u r e s ,  f o l i a t i o n  p l a n e s  and s o l u t i o n  c a v i t i e s .  

I n  k a r s t i c r o c k  t e r r a i n s ,  t h e  c i r c u l a t i o n  o f  water  t a k e s  p lace  both i n  

i n d i v i d u a l  i s o l a t e d  f r a c t u r e s  and vo ids  where a  h y d r a u l i c a l l y  s i n g l e  

f low is formed. Hence,general ly  under n a t u r a l  c o n d i t i o n s ,  a  s i n g l e  f low 

system p r e v a i l s .  

Some q u a n t i t a t i v e  e v a l u a t i o n  and i n t e r p r e t a t i o n  of  f low i n  f i s s u r e d  

r o c k s  s t a r t e d  only r e c e n t l y .  In deve lop ing  t h e  a n a l y t i c a l  models of 

flow through f i s s u r e s ,  it is cons idered  t h a t  t h e  f low p r o p e r t i e s  a r e  

due t o  t h e  presence o f  f i s s u r e s  and t h e  s t o r a g e  o f  water  is a s s o c i a t e d  

w i t h  i n t e r g r a n u l a r  p o r o s i t y .  The a q u i f e r  is cons idered  t o  be made up o f  

b locks  and f i s s u r e s  i n  a  r e g u l a r  p a t t e r n  and i n  hav ing  a  double poro- 

s i t y  i . e . ,  p o r o s i t y  of  blocks and t h a t  of f i s s u r e s .  Based on t h i s ,  

models have been developed by v a r i o u s  workers i n c l u d i n g  Papadopulos 

( 1 9 6 7 ) ,  Rofai l  (1967) ,  Snow (19661, Babushkin e t  a l .  (1975) ,  and 

Boulton and S t r e l t s o v a  (1976a ,b) .  

The f i n d i n g  o u t  o f  t h e  a q u i f e r  parameters  i n  l a r g e  d iameter  dug w e l l s  

is prob lemat ic ,  because t h e r e  i s  a  l a c k  of mathematical  s o l u t i o n s  t o  

e v a l u a t e  t h e  h y d r a u l i c s  o f  sha l low l a r g e  diameter  w e l l s .  k n y  

workers have a t tempted  t o  e s t i m a t e  t h e  a q u i f e r  parameters  by u s i n g  

v a r i o u s  methods o f  pumping t e s t  a n a l y s i s .  Sammel (1974) h a s  reviewed 

t h e  d i f f e r e n t  methods o f  a q u i f e r  t e s t s  i n  l a r g e  d iameter  w e l l s  and came 

t o  t h e  conc lus ion  t h a t  t h e  method o f  Papadopulos (1967) and Papadopulos 



and Cooper (1967) a r e  t h e  b e s t  a v a i l a b l e  approaches.  Papadopulos and 

Cooper fs  method, a l though ,  t a k e s  i n t o  account  t h e  e f f e c t  of  w e l l  

s t o r a g e ,  it is a p p l i c a b l e  only t o  a  f u l l y  p e n e t r a t i n g  w e l l  i n  a  confined 

a q u i f e r .  

2 Analysis  of  pumping t e s t  d a t a  

The pumping t e s t  d a t a  from 14 w e l l s  of f i n i t e  d i a m e t e r s  have been made 

use  o f  i n  t h e  s tudy .  The w e l l s  a r e  e i t h e r  dug ones o r  dug-cum bore 

w e l l s .  Most o f  t h e  wells a r e  r e c t a n g u l a r  i n  shape and t h e  average  

c r o s s - s e c t i o n  i s  3.20 x 2 .10 m. From t h e  bottom o f  t h e  wel l  bores  a r e  

d r i l l e d  vary ing  from 10 t o  15 cm i n  d iameter .  The wells a r e  p a r t i a l l y  

p e n e t r a t i n g .  

Boulton and S t r e l t s o v a  (1976) have d e r i v e d  e q u a t i o n s  f o r  t h e  drawdown 

i n  p a r t i a l l y  p e n e t r a t i n g  w e l l s  under unconfined (water  t a b l e )  

c o n d i t i o n s .  The drawdown a t  any p o i n t  i n  t h e  a q u i f e r  is a  f u n c t i o n  o f  

t h e  dep th  of  t h a t p o i n t  below t h e  w a t e r t a b l e .  

The assumptions i n  t h i s  method a r e :  

a )  The a q u i f e r  is compress ib le  and i n  g e n e r a l  a n i s o t r 9 0 p i c  t h e  

h o r i z o n t a l  and v e r t i c a l  p e r m e a b i l i t i e s  be ing  c o n s t a n t .  

b )  The a q u i f e r  is  u n d e r l a i n  by a  h o r i z o n t a l  impermeable bed; which may 

be a t  any dep th  below t h e  bottom of  t h e  pumping w e l l .  

C )  The a q u i f e r  i s  pumped a t  a  c o n s t a n t  r a t e  from t h e  i n s t a n t  t = 0. 

The e q u a t i o n  i n  t h e  a b b r e v i a t e d  form can  be w r i t t e n  a s  

where W(UA,B ,S ,  p, I * ,  y l )  : wel l  f u n c t i o n  f o r  water  t a b l e  a q u i f e r  

w i t h  p a r t i a l l y  p e n e t r a t i n g  w e l l s  and 

produc t ion  w e l l  s t o r a g e  c a p a c i t y  

(d imens ion less ) .  

Values o f  W(UA, B,S, p, I f ,  y ' )  a r e  g i v e n  by Boulton and S t r e l t s o v a  

(1976) i n  terms o f  a  s e l e c t e d  range  of  l/UA, B,S, p ,  I t ,  and y f .  From 

t h e s e  a  fami ly  o f  type c u r v e s  can  be drawn. 

The d a t a  c u r v e  p l o t t e d  on a  double l o g  sheet; w i t h  drawdmin versus t i ae  

was matched w i t h  one of  t h e  type  curves  and a  s u i t a b l e  match p o i n t  was 

s e l e c t e d .  The v a l u e s  of  1  /UA, (W(UA, B, S, p  , I y  ) , and p  were read  



from t h e  t y p e c u r v e a n d  t and s from t h e  d a t a  curve .  These va lues  were 

t h e n  s u b s t i t u t e d  i n  e q u a t i o n  ( 1 )  and t h e  t r a n s m i s s i v i t y  v a l u e s  were 

c a l c u l a t e d  (Tables  1 and 2 ) .  

Table 1 Computed va lues  o f  T f o r  t h e  M i l i o l i t e  Formation 

S e r i a l  No. T (m2/day) 

1 554 

2 137 

3 728 

4 682 

5 909 

6 97 1 

7 5 1 

Table 2 Computed va lues  of  T f o r  t h e  Gaj Formation 

S e r i a l  No. 
2  

T (m /day)  

1 102 

3 Conclusion 

Tables  1 and 2 i n d i c a t e t h a t  t h e  t r a n s m i s s i v i t y  determined by t h i s  method 
2 

f o r  t h e  M i l i o l i t e  Formation v a r i e s  from 51 t o  971 m /day and f o r  t h e  
2 

Gaj Formati.on it v a r i e s  from 32 t o  175 m /day.  These v a l u e s  a r e  

comparable with t h e  r e s u l t s  o b t a i n e d  by v a r i o u s  methods o f  a q u i f e r  t e s t  

a n a l y s i s  i n  s i m i l a r  r o c k s  o f  o t h e r  a r e a s .  Hence, this  method can be 

employed f o r  t h e  d e t e r m i n a t i o n  o f  t h e  a q u i f e r  c h a r a c t e r i s t i c s  i n  l a r g e  

d iameter  dug w e l l s .  The wide range  i n  t h e  T v a l u e s  f o r  t h e  Mil- iol i te  

Formation is due t o  t h e  a q u i f e r  a n i s o t r o p y  and t h e  h igh  T v a l u e s  c a n  be 

a t t r i b u t e d  t o  t h e  k a r s t i c  n a t u r e  o f  t h e  l imes tones .  In  t h e  c a s e  o f  t h e  



l imes tones  belonging t o  t h e  Gaj Formation t h e  lower va lues  o f  T is due 

t o  t h e  lower permeabi l i ty  of t h e  rocks  because of t h e  presence o f  c l a y .  
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Abstract 

The basaltic terrain of Rahuri area, Maharashtra, India, is an irriga- 

ted tract. The variation in transnissivity values as inferred f m  

well tests indicate the anisotropic nature of the aquifers. A water- 

table contour imp of the area is constructed which assume to represent 

the hydrologic systepn. Idealized isotropic conditions are assumed and 

the ground water flawlines are initiated at points where the transmissi- 

vity is known. The stream tubes are constructed by extending the flow- 

lines on either sides. By assuming the s m  discharge in a stream tube 

and by using the Darcy's law, the spatial variation in transmissivity 

is calculated. The anisotropy of aquifers is indicated by spatial 

variation of transmissivity of the range 23 to 123 mz /day. 

1 Introduction 

Flow net oamprises of sets of equiptential lines and flow lines. The 

net is t m  dimemiondl graphical representation of cross section of a 

three dimensional gxoundwater flow system. The analytical solutions of 

flow nets can be used to study hydrologic behaviours of gm~~~dwater 

flow system, such as boundary conditions, spatial variation in trans- 

missivity etc. In the present paper an atteqt has been made to study 

the feasibility of application of flow nets to basaltic terrain of 



a u r i  area, to study the spatial variation in transnissivity. 

2 Gechydrology of the area 

Rahuri Agricultural University area is situated in Ahmednagaar district ,  

Nhrashtra.  This area is an irrigated t ract  with M q h  right bank: 

canal passing through the area. The eastern half of the canal is un- 

lined. The geohydmlogy of this area has been stvdied by Deolankar 

(1 978) . 

e?? CONTOUR IN METERS 

-3.- CAMPUS BOUNDARY 

-.-en OEMARCA7ION OF 

Figure 1 Location map of the Rahuri area, 

The ism main basaltic flows expsed over the area are greyish black 

basalt and pinkish amygdaloidal basalt. 'I'he junction between these tm 

flows is marked by a 1 m thick red layer exposed a t  approx. 530 m abve 

M.S.L. The well imrentory s h  that grey basalt is jointed and fractu- 

red at  places while the anrygdaloidal basalt, which is mre susceptible 

to weathering, is weathered a t  places. Thus, in general, the jointed- 



fractured grey basalt forms the aquifer &ve 530 m M.S.L. and weathe- 

red amygdoloidal basalt forms the aquifer below 530 m. The groundwater 

occurs under watertable conditions and is exploited by dug wells. 

The well tests analysis indicated the potential of aquifers. The pmp- 

ing tes t  data was analyzed by using Cooper-Jacob (1 946) , Papad.opulos- 

Cooper (1967) and Walton (1970) methods to evaluate the transnissivity 

and spc i f i c  yield. The transmissivity of aquifer varies frcan 25 to 

130 m2/day while specific yield from 0.8 t o  10%. These p i n t  determi- 

nations of transmissivity indicate the anisotropic nature of the aqui- 

fers. 

Table 1 Transmissivity values from w e l l  tests and Flow Nets 

Well No. Ave. Transmissivity Transmissivity from 

f rcm w e l l  test m2 /day Flm Net rn2 /day 

The waterlevel data analysis, in previous s tdy ,  indicate that the un- 

lined part of the canal recharges the groundwater, Deolankar (1978). 

Thus, besides rainfall, canal seepage forms main source of groundwater 

recharge. This canal recharge has increased the groundwater storage 

and raised the watertable beyond cr i t ical  limit in south eastern part 

of the area giving rise to salination of soils, Deolankar (1982). Such 

facts indicate that the unlined canal forms a recharge boundary in the 

southeast part of the area. This soulzheast part of the area is chosen 

for Flow Net strdy. 



3 Application of Flow Net 

The graphical technique of Flow Nets has been described by H a r r  (1962) , 
Davis and Dewiest (1 966) , Freeze and Cherry (1 979) , B o w  (1 978) etc. 

Skibitzke and da Costa (1962) have applied the Flow Net technique to 

basaltic terrain of Snake River basin, Idah, U.S.A. t o  s t d y  the 

groundwater Flow system. Bower (1978) hzs described the use of Flow 

Nets to evaluate the transmissivity i f  the p i n t  determinations of 

transmissivity are available. 

A watertable contour map of 2 m interval, conforming to the unlined 

canal as recharging boundary, for the southeast part of the area is 

prepared (Figure 2). This p ~ p  is assumed to represent the hydrologic 

system of this part. For sinq?licity, the idealized isotropic condi- 

tions are assum& to construct the ortl.logona1 network of groundwater 

flowlines. The flowlines are initiated a t  pints where the transmissi- 

vity values from w e l l  tests are known. The rate of flow of ground- 

water is inversely proportional t o  distance between two watertable 

contours. Therefore two flowlines are drawn so that the length of 

flowlines is equal to  distance between watertable contours. Thus the 

squares or unit areas created w i l l  carry definite amount of water. This 

quantity can be calculated by using Darcy's law for steady horizontal 

f l m  (Bouwer 1 978) . 

where 

Q = flow per unit area in m3 per day. 

T = Transmissivity in  unit  area m2 /day as inferred from 

w e l l  test. 

H = drop i n  level across the unit  area i n  m. 

W = ave.width of u n i t  area in m. 

L = ave. length of unit area in  m. 

In this equation for initial unit areas the T and H are constant and 

ratio of W/L w i l l  be one. This ratio of W/L can be termed as Index 

ratios. Now the stream tubes can be constructed by extending the flow 
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lines on either sides obeying the thmh rule that the flow line inter- 

sects a t  right angles t b  the waterbble contourThus the successive unit 

areas can be created. 

For simplicity, under isotropic conditions, the same quantity of water 

is assumed to flow in successive unit areas of the stream tube. Since 

H remain constant for each unit area, the departure of index ratios 

from unity for successive unit  areas w i l l  indicate variation in trans- 

missivity . 
The stream tubes are initiated a t  w e l l  Nos.B2W3, BIW3, CW7 and the 

stream tubes A, GI I are conrpleted (Figure 2). The other stream tubes 

are constructed by considering the discharges given i n  Bble  2. The 

variable discharges are used with assumption of variation in recharge 

a t  places. The index ratios are calculated for different unit areas 

arid are shown on the map. 

Table 2 Flow net data for stream tubes 

Stream tubes Discharge per uni t  Range of variation 

area m3 per day in Trans .m2 /day 

A,B,C,D,E,F. 74 23 to 71 

G,H. 230 37 to  115 

I,J,K,L. 126 33 t o  123 

4 Discussion 

In  order t o  analyze the subsurface f low system by Flow Nets, it is 

necessary to know internal state of the aquifer, external boundary 
I coraditions, input-output data etc. However, the present Flow Net is 

evolved with the idea t o  evaluate spatial variation in trmsnissivity. 

Hence only canal as recharge born* is considered and few represen- 

tative strean tubes are drawn. 

The apparent qualitative analysis of thb Flow N e t  shows that the ground- 

water m e s  towards the Deo river flowing along eastern boundary. The 

ar t i f ic ia l  recharge boundary of canal is indicated by the bending of 



watertable contours along the trend of the canal. The apparent conver- 

gence of stream tubes K and L can be explained by the water sump 

noticed in Nagzari nala, where it crosses the overhead canal. The stee- 

pening of hydraulic gradient in stream tubes G and H near the canal 

could be due to necessity to nmve additional water seeped £ram the 

canal. 

By considering the appropriate discharge, index ratios shown on the map 

and using the equation one, the transmissivity values are calculated 

for different stream tubes. Table 2 shows the range of spatial varia- 

tion of transmissivity for different streamtubes. If mre than one 

value of transmissivity f m  well test is available in the stream tubes, 

it is used as check over the Flow Net. Table 1 shows that the Flow Net 

values of transmissivity matches well with that of well tests. Now if 

we assure that all the stream tubes are of unit depth, the variation in 

transmissivity at places indicate the variation in Hydraulic conducti- 

vity. The spatial variation in transmissivity thus calculated can be 

used for giving sites to new wells etc. 

5 Conclusions 

The study shows that certain idealized assumption like isotropy are 

necessary to evolve the Flow Nets. The departure £ran asswed iso- 

tropic anditions indicate the anisotropic nature of the aquifers. In 

the present case the anisotmpy is indicated by the spatial variation 

in transmissivity. Inspite of idealizations, the Elm Net can form a 

useful tool to evaluate geohydrologic parmters if the geohydrologic 

data at sane places is available. The validity of Flow Net increase 

manyfold if accurate hydrologic &el is predicted. For that purpose 

certain data like groundwater inputs-outputs, hydrologic behaviours, 

accurate well inventory data is necessary. However, this study indi- 

cate that the Flow Net technique can be applied to swill area of 

basaltic terrain,if data is available. 
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DETERMINATION OF THE ELASTIC 
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EFFICIENCY 
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Abstract 

In the dune area, along the Dutch coast, atmospheric pressure and 

hydraulic head changes have been recorded in seventeen observation 

wells, during a three week period. The data have been analyzed by time 

series analysis, to determine the barometric efficiency. From the 

barometric efficiency the elastic storativity of an aquifer may be 

derived. 

The elastic storativity values determined from the barometric efficiency 

using Jacob's expression, are smaller than values obtained by a pumping 

test on this site. According to Jacob, the difference may be caused by 

leakage from or into contiguous beds. Another explanation follows from 

the theory on the elasticity of aquifersgiven by Verruijt. Verruijt 

proves that the compressibility of the grain skeleton is different for 

a vertical deformation (atmospheric pressure) compared to radial flow 

towards a well (pumping test). 

A modified relation between storativity and barometric efficiency is 

given where the theory of Verruijt is taken into account. 

1 Introduction 

In most regional groundwater studies the storage coefficient or 

storativit~ of elastic aquifers does not play a significant role. 

However, in well-test analysis the storage coefficient takes a key 



position. 

Transmissivity may be determined by simple tests on a pumping well, 

without additional observation wells. If the storage coefficient is 

known, these so-called well-tests may also provide useful information, 

e.g. on the leakage factor in semi-confined aquifers and the well-losses 

(e.g. clogged pumping wells). Therefore an independent method to 

determine the storage coefficient could be valuable. 

The elastic storativity of an aquifer can be derived from the so-called 

barometric efficiency. Up to the present this method has been used 

rarely in the Netherlands. In february 1981 the Municipal Waterworks 

of Amsterdam invited the National Institute for Water Supply to test 

this method on a site near the pumping station at Leiduin. A short 

description of the site and discussion of the test results are given. 

At first various definitions are given. 

Definitions 

Jacob (1940) defines the storage coefficient as the volume of water 

released from storage within a column of aquifer underlying a unit- 

surface area, during a decline in piezometric head of unity. 

If p is the density of the water (kg/m3), n and D (m) the porosity and 

thickness of the aquifer and g (m/sz) the acceleration due to gravity, 

then the storage coefficient S (dimensionless) may be written, 

according to Jacob, as: 

where the compressibility of the grain skeleton is denoted by a and the 

compressibility of water by 6 (both in m2/~). The storage coefficient 

is a parameter related to the total height of the aquifer. In three- 

dimensional flow it is more convenient to use the specific storage 

coefficient ss (m-l) that is defined as (Jacob, 1950) : 



The barometric efficiency BE may be defined as the ratio of the change 

in piezometric head in a well (A@) to the corresponding change in 

atmospheric pressure (Ap): 

In this equation barometric pressure must be expressed in Pascal 

(1 Pa = 1 N/m2). The barometric efficiency of an aquifer can be 

determined when simultaneously water level fluctuations and barometric 

fluctuations are recorded. 

The barometric efficiency may equivalently be expressed as a function 

of the water compressibility 6, the compressibility of the grain 

skeleton a and the porosity n: 

Combination of (2)  and (4) leads tor 

From this equation the specific storativity may be calculated. The 

parameters p, g and B are all known, while the porosity may be estimated 

at 0.35 for most Dutch aquifers. Barometric efficiency is determined 

by recording water level and barometric pressure. 

3 Field description and data analysis 

In the dunes along the coast, artificial recharge is applied by the 

Municipal Waterworks of Amsterdam. Near the pumping station Leiduin an 

injection well is situated that at the present time is out of use. 

Around this well a number of observation wells are located with screens 

at various depths (Figure 1). The meaning of the numbers at the screens 

is as follows. The first number denotes the horizontal distance to the 

injection well; the second number denotes depth below datum level. 

Seventeen filter screens have been selected and pressure transducers 

were installed in it. A great number of screens has been chosen to check 



whether a relation exists between specific storativity and depth. 

The type of pressure transducer used here, measures pressure change 

with regard to the barometric pressure, so the recorded data indicate 

pressure changes due to water level changes only. The fluctuations of 

water level in observation well 40-44 and the corresponding fluctuations 

of barometric pressure are shown (Figure 2 ) .  In the vertical scale of 

upper and lower graph the term pg has been taken into account, so the 

barometric efficiency may be determined graphically as the ratio of the 

slopes of the graphs a€ the left and right side. In this way BE is 

estimated rouuhly at 0.25. 

A powerful technique to investigate the relation between two series of 

time dependent data is time series analysis. One of the series (the 

barometric pressure) is considered as input for a system (the aquifer), 

while the second series (water level in observation well) forms the 

response. 

Time series analysis is based on the well-known principle that each 

signal, input as well as response, can be expanded into a Fourier 

series. Each Fourier component is characterized by a frequency f, a 

phase shift ~ ( f )  and an amplitude A(f). The relation between response 

and input is shown in a so-called bode-diagram, where the amplitude 

ratio of response and input signal Ar/Ai is plotted versus f. 

From the theory of time series analysis (Papoulis, 1965) it is known 

that this diagram also represents the fourier transform of the response 

to a unit impulse inputfunction 6(t). Equation ( 3 )  suggest that in our 

case the response (piezometric head) to a unit impulse input p = 6(t) 

will be 

The fourier transform of this function is a constant: 

The barometric efficiency, therefore, may be calculated from the bode 

diagram. 
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Figure 1 Geohydrological scheme and location of observation wells with 

screens at various depths; selected screens are marked with* 
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Figure 2 Fluctuations in atmospheric pressure and piezometric head 

(well 40 - 44) 



4 Results 

With a computer-program TRARID bode-diagrams for all observation wells 

were calculated. For observation well 40-44 the bode-diagram is given 

(Figure 3). On the vertical axis Ar/Ai is plotted on a logaritmic scale, 

while horizontally the relative frequency f of the Fourier component 
is given. The relative frequency is the frequency compared to a 

component with a period of 20 minutes. A relative frequency of e.g. 

0.2 corresponds to a period of 20/0.2 = 100 minutes. 

Before calculation of the bode-diagram the atmospheric pressure has 

been divided by pg to convert pressure from pascal (N/m2) to meters 

of water. Consequently the value of Ar/Ai corresponds directly to the 

barometric efficiency, according to equation 3. 

It appears (Figure 3) that the ratio of amplitudes is almost constant 

as a function of the Fourier component. The averaged value for 

observation well 40-44 is 0.227. For the specific storativity is found 

Ss = 0.76 x lo-' (m-I). Results for all observation wells are given in 

Table 1. 

The following numerical values are used: 

- porosity n = 0.35 

- density of water P = 1000 kg/m3 

- compressibility of water B = 0.5 m 2 / ~  

- acceleration due to gravity g = 9.8 m/s2 

1 - 
Figure 3 Bode diagram for observation screen 40 - 44 



Table 1. Barometric efficiency and specific storativity 

(IW = injection well) 

Observation well BE Ss m-l Aquifer 

5 -  8 0.167 1.03 x lo-5 (clay) 

5 - 91 (1.45) -- (clay 

5 Discussion 

It is evident (Tabel 1) that all observation wells in aquifer 2 yield 

essentially the same value for Ss. It may be concluded that within an 

aquifer no relation exists between storativity and depth. This implies 

that one observation well may be sufficient. A second conclusion is that 

the value for Ss in aquifer 3 is greater than in aquifer 2. Van der 

Knaap (1959) gives a relation between storativity anddepth based on data 

from oil-reservoirs. According to this relation, however, storativity 



decreases with depth. The relation assumes the same aquifer material on 

various depths. Probably this assumption is not correct for the case 

described in this paper. 

In 1976 a pumping test was carried out at the injection well. The 

specific storativity in aquifer 2 was found to be about 1.5 x lo-'. 

The values of Ss determined from the barometric efficiency are smaller 

than the values, obtained from the pumping test. In his original paper 

Jacob compared storage coefficient from pumping tests with the values 

computed from the tidal efficiency TE. Tidal efficiency is related to 

barometric efficiency by the expression BE = 1 - TE. Jacob also found 
that the storativity values computed from the tidal efficiency were 

smaller than those obtained by pumping tests. From equation (5 )  is it 

clear that the storativity is proportional to the value assumed for 

porosity. However, the difference with the pumping test result can 

only be partially explained in this way, since a porosity higher than 

0.40 seems very unlikely. 

According to Jacob the difference is due to leakage from or into 

contiguous beds, while tidal and barometric efficiency is based on the 

assumption that no leakage from contiguous bed takes place. 

Since aquifer 1 is a phreatic aquifer, barometric pressure changes do 

not affect the water level 01. On the other hand, in aquifer 2 the 

piezometric head @2 varies. Due to differences in head increasing and 

decreasing leakage may occur indeed. Another explanation is given by 

Verruijt (1969) . 
Verruijt has shown that for radial flow towards a pumping well 

horizontal displacement of the sand grains is no longer negligible. 

For one-dimensional vertical displacement, as occurs when only 

barometric pressure is varying, the coefficient a is different from the 

radial flow case. When a' denotes compressibility for the radial flow 

case, the ratio a ' / a  appears to be equal to.2(1-v), where v is the 

poisson ratio (Terzaghi, 1943). Consequently a should be substituted 

by a' in equations (1) and (2), in case of a pumping test. Equation 

(4) remains unchanged, since atmosphere pressure changes cause-vertical 

deformation only. This leads to a modification of equation (5): 



If v = 0.25 is assumed, the value of the specific storativity from 

barometric efficiency changes to 1.05 x 

This figure is still below the average value determined by the pumping 

test. However, there is a great variation in the pumping test values 

for the different observation wells, i.e. from 1 * till 3 * 10-5, 

while the results derived from the barometric efficiency are more 

consistent. It may therefore be concluded that the described method is 

very useful to determine elastic storativity. The method can be applied 

in observation wells as well as in pumping wells. 
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Abs t rac t  

Resu l t s  o f  t h e  a q u i f e r  t e s t s  conducted i n  t h e  water  supply d i s t r i c t  of  

CAGEPA, Catole' do Rocha o f  semi-arid Paraiba were analysed by way of  

time-drawdown and distance-drawdown methods o f  Jacob. Impervious bedrock 

boundaries  and recharge  s o u r c e s  have been l o c a t e d  us ing  t h e  method of 

wel l  images. Transmiss iv i ty  and s t o r a g e  c o - e f f i c i e n t s  o f  t h e  a q u i f e r s  

were determined t o  f i n d  t h e  f e a s i b i l i t y  o f  u t i l i s i n g  t h e s e  a q u i f e r s  f o r  

water supply schemes i n  t h e  micro-region. The drawbacks of  e x i s t i n g  

procedures have been d i s c u s s e d .  Analysis  of t h e  t e s t  r e s u l t s  i n d i c a t e  

t h a t  a q u i f e r s  l o c a t e d  i n  t h e  a l l u v i a l  d e p o s i t s  o f  r i v u l e t  Agon, n o r t h  

of township a r e  promissing,  wi th  t r a n s m i s s i v i t y  v a l u e s  i n  t h e  range of  
2 

25 t o  43 m /h  and s p e c i f i c  y i e l d s  o f  t h e  o r d e r  of  0.001 t o  0.003. 

1 I n t r o d u c t i o n  

The micro-region of  Catole' do Rocha l i e s  i n  P a r a i b a ,  B r a z i l  n e a r  t h e  

6' - 21 l a t  and t h e  37' - 45 l o n g 1 ,  wi th  a medium a l t i t u d e  o f  250 m 

above s e a  l e v e l .  The e f f e c t i v e l y  i r r i g a b l e  a r e a s  t o t a l  245,260 ha o u t  

of  a 300,000 ha of  t h e  micro-region. Of t h i s  a r e a ,  only 17 p e r c e n t  

forms i r r i g a b l e  land with l i t t l e  o r  no l i m i t a t i o n s ,  whi le  a major p a r t  

is  u n f i t  f o r  use  i n  a g r i c u l t u r e .  Aquifers  t e s t s  were conducted by t h e  

CAGEPA i n  t h e  micro-region.  E a r l i e r  s t u d i e s  made by SUDENE, o r g a n i s a t i o n  



of t h e  nor th-eas t  B r a z i l  were i n c o n c l u s i v e ,  wi thout  q u a n t i f i c a t i n g  t h e  

y i e l d s o f a q u i f e r s .  The low s t o r a g e  c a p a c i t y  of most o f  t h e  a q u i f e r s  i n  

t h e  r e g i o n  is because of t h e  g e o l o g i c a l  c o n d i t i o n s  i n  t h e  n o r t h - e a s t  

and t h e  low p r e c i p i t a t i o n  r a t e s ,  low a s  600 mm i n  d rought  y e a r s .  High 

evapora t ion  r a t e s  of  t h e  o rder  of 1600 mm with a  h y d r a u l i c  d e f i c i e n c y  

of  850 mmlyr make t h e  groundwater l e v e l s  go down, caus ing  s a l t  
0 accumulat ion,  due t o  medium annual  t empera tures  of  2 6 , 5  C. 

2 Hydrogeology of  t h e  Region 

The hydrogeology of t h e  r e g i o n  is c h a r a c t e r i s e d  p r i n c i p a l l y  by two 

t y p e s  o f  fo rmat ions .  The c r y s t a l l i n e  t e r r a i n s  p r a c t i c a l l y  impervious 

occupy a major p a r t  o f  t h e  r e g i o n ,  where t h e  p o s s i b i l i t y  o f  water  

r e s e r v e s  is r e s t r i c t e d  t o  f r a c t u r e d  zones with l e s s  s t o r a g e  c a p a c i t y .  

The o t h e r s  a r e  t h e  sedimentary d e p o s i t s  i n  v a l l e y  d e p r e s s i o n s  i n  long  

n a t u r a l  d r a i n s ,  where t h e  l i k e l i h o o d  of occurance of a q u i f e r s  wi th  good 

y i e l d  i s  more. The t h i c k n e s s  o f  sedimentary format ions  v a r i e s  from 10 t o  

60 m which a r e  p r e s e n t l y  explored f o r  water  of  good q u a l i t y  i n  

reasonable  q u a n t i t i e s  f o r  use i n  t h e  smal l  i r r i g a t i o n  schemes. 

3 Aquifer T e s t s  Conducted near  Cat016 

do Rocha 

The s t a t e  agency, CAGEPA o f  P a r a i b  conducted d u r i n g  Oct. INov., 1979 

bore-hole and pumping t e s t s  n o r t h  of t h e  township (F igure  1 ). The 

l i t h o l o g i c a l  d e t a i l s  a r e  g iven  i n  t h e i r  annextures  of  6 t o  9 o f t h e  1979. 

But no e f f o r t s  were made e i t h e r  t o  l o c a t e  t h e  a q u i f e r s  o r  t o  a n a l y s e  t h e  

e f f e c t s  of  n e a r n e s s  of impervious boundaries  and r e c h a r g e  s o u r c e s  on t h e  

d i s c h a r g e  and drawdown c h a r a c t e r i s t i c s .  Such i n f o r m a t i o n  is needed 

because o f  r e s t r i c t e d  e x t e n t i o n  o f  a q u i f e r s  i n  t h e  r e g i o n ,  s imultaneous 

pumping of  water  th rough  o t h e r  w e l l s  and t h e  proximity of r i v e r  beds and 

l a k e s  t o  t h e  pumping s i t e s .  In t h e  p r e s e n t  a n a l y s i s ,  o n l y  t h e  pumping 

wel l  PT 2 (F igure  1 ) was cons idered  (PT s t a n d s  f o r  t u b e  w e l l ) .  PT 2 h a s  

two o b s e r v a t i o n  w e l l s ,  PT 1 and PT 3 a t  46 rn and 80 m from PT 2, w h i l e  

only one o b s e r v a t i o n  wel l ,  PT 4 a t  57 m d i s tance ,was  a v a i l a b l e  f o r  
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c o n s i d e r a t i o n  f o r  PT 5. 

The pumping t e s t  is a  u s e f u l  means o f  d e t e r m i n i n g  t h e  h y d r a u l i c  r 

p r o p e r t i e s  o f  water b e a r i n g  l a y e r s  and c o n f i n i n g  beds ,  bu t  t h e  

r e l i a b i l i t y  o f  t h e  r e s u l t s  depends  on t h e  a c c u r a c y  o f  t h e  v a l u e s  o f  

c h a r a c t e r i s t i c s  of wa te r  -bea r ing  l a y e r s  and p r o p e r l y  assumed boundary 

c o n d i t i o n s .  It is  o b v i o u s  t h a t  t h e  r e s u l t s  o f  any g roundwate r  

computa t ion  w i l l  be  e r r o n e o u s  when t h e s e  v a l u e s  are i n s u f f i c i e n t l y k n o w n .  

4 Choice o f  t h e  Method Used 

One o f  t h e  o b j e c t i v e s  of t h e  pumping t e s t  is t o  o b t a i n  i n f o r m a t i o n  

a b o u t  t h e  y i e l d  and drawdown c h a r a c t e r i s t i c s  o f  t h e  a q u i f e r  ( T a b l e  1 )  

which d a t a  is used t o  g e t  t h e  s p e c i f i c  y i e l d  o f  t h e  f o r m a t i o n ,  a measure  

o f  t h e  p r o d u c t i v e  c a p a c i t y  of t h e  w e l l .  The o t h e r  o b j e c t i v e  is t h e  

d e t e r m i n a t i o n  o f  t h e  c h a r a c t e r i s t i c s  o f  wa te r -bea r ing  l a y e r s .  The la t ter  

i s  more a p t l y  c a l l e d  t h e  a q u i f e r  test  because it is t h e  a q u i f e r ,  n o t  t h e  

pump n o r  t h e  w e l l  t h a t  is be ing  t e s t e d .  The d a t a  o b t a i n e d  from t h e  

r e c o v e r y  t e s t  p e r m i t s  t h e  e v a l u a t i o n  o f  t r a n s m i s s i v i t y ,  t h i s  s e r v i n g  as 

a  check on t h e  r e s u l t s .  Of t h e  many methods a v a i l a b l e  f o r  a n a l y s i s  o f  

f i e l d  d a t a  on a q u i f e r s ,  t h e  J a c o b  method is p r e s e n t l y  adop ted  which 

p e r m i t s  a n  a p r o x i m a t e  s o l u t i o n  t o  T h e i s f  t r a n s i e n t  e q u a t i o n  u s i n g  t h e  

s t r a i g h t - l i n e  method which is  s i m p l e  and may o f f e r  a d v a n t a g e s  o v e r  t h e  

type-curve methods. I n  J a c o b ' s  method, i n  t h e  p l o t s  o f  drawdown, s v s  

l o g  o f  d i s t a n c e ,  r o f  t h e  w e l l  and s v s  l o g  o f  t i m e ,  t ,  t h e  p o i n t s  w i l l  

n o t  f a l l  on a  s t r a i g h t  l i n e ,  u n l e s s  pumping h a s  c o n t i n u e d  f o r  such  a 

l o n g  t i m e  t h a t  U ,  i n  t h e  w e l l  e q u a t i o n  becomes less t h a n  0.01. The t i m e  

r e q u i r e d  t o  r e a c h  t h i s  c o n d i t i o n  i n c r e a s e s  w i t h  i n c r e a s i n g  d i s t a n c e  f rom 

test w e l l .  F u r t h e r ,  t h e  i n t e r c e p t i o n  o f  t h e  boundary by t h e  e v e r -  

widening cone o f  d e p r e s s i o n  r e s u l t s  i n  change i n  s l o p e  o f  t h e  d rawdom 

curve .  For an  impermeable ( n e g a t i v e  boundary,  t h e  s l o p e  t h e o r e t i c a l l y  

i n c r e a s e s ,  and f o r  r e c h a r g e  ( p o s i t i v e )  boundary, it r e d u c e s .  Because o f  

t h e  a d d i t i o n a l  g e o l o g i c  and h y d r o l o g i c  i n f o r m a t i o n  which c a n  be o b t a i n e d  

t h r o u g h  J a c o b ' s  method, i t s  u s e  i s  demons t ra t ed  i n  t h e  p r e s e n t  a n a l y s i s .  



Table 1 Pumping and observation well  da t a  on PT 2, PT 1,and PT 3 

3 Pumping well :  PT- 2;Q = 9.6 m /h: rw = 75 mm; R1 = 46m; R3 = 80 m 
---- 

PT 1 PT 
Date a time Dynamic Drawdown Dynamic arawdown ~~na.7: arawdown 
hour mts Level ,m m Level ,m m Level ,m m 
21 -11 .I979 

S t a t i c  

Dynamic 



5 Analys i s  o f  t h e  r e s u l t s  

5 .1 C a l c u l a t i o n  of parameters  of  t h e  a q u i f e r  

The r e s u l t s  of  t e s t s  a r e  presented i n  way of  t a b l e s  and f i g u r e s .  F igure  

1 shows t h e  l o c a t i o n  of pumping and observa t ion  w e l l s  n e a r  t h e  township,  

t o g e t h e r  with a  l o c a t i o n  map of t h e  approachroads and t h e  r i v u l e t  Agon 

pass ing  through t h e  a r e a  under s tudy .  Table 1 shows time-drawdown d a t a  

on PT 1 and PT 3  being t h e  o b s e r v a t i o n  w e l l s  f o r  t h e  pumping wel l  PT 2. 

F igures  2  and 3  g i v e  t h e  drawdown i n  a r i t h .  & l o g  s c a l e  t o  t i m e  i n  l o g  

s c a l e ,  which s e r v e  t o  l o c a t e  t h e  impervious boundar ies ,  us ing  t h e  

s t r a i g h t - l i n e  a n a l y s i s  of  Jacob, and us ing  t h e  time-drawdown is used t o  

o b t a i n  t h e  r e c h a r g e  boundary l o c a t i o n  by t y p e  c u r v e  a n a l y s i s .  

From t h e  a q u i f e r  t e s t  d a t a  on PT 1 ,  t h e  t r a n s m i s s i v i t y  c o - e f f i c i e n t  (T)  

and t h e  s t o r a g e  c o - e f f i c i e n t  (S)  a r e  r e s p e c t i v e l y  c a l c u l a t e d  a s  
2  

23.46 m / h  and 0.0029. The recovery  a n a l y s i s  f o r  t h i s  t e s t ,  y i e l d e d  
2  

T  = 25.87 m / h ,  us ing  a  va lue  of  0.00665 f o r  A (s - s ' )  which i s  t h e  

recovery  along one log-cycle .  The s t o r a g e  c o - e f f i c i e n t  from t h e  recovery  

d a t a  works o u t  t o  be 0.0033, which va lue  i s  s l i g h t l y  h igher  than  t h a t  

o r i g i n a l l y  ob ta ined  from d a t a  on PT 1 .  Correspondingly,  f o r  t h e  d a t a  
2  

(no t  presented h e r e i n )  on t e s t  w e l l  PT 4 ,  T  = 42,80 m / h  and S = 0.0007 
2  

and t h e  va lues  f o r  t h e  recovery  t e s t  d a t a  a r e  T  = 36.82 m / h  and 

S = 0.00068. 

5 .2 Boundary Location by t y p e  curve  a n a l y s i s  

F igures  2  and 3 g i v e s  p l o t s  between s - log  t and l o g  s vs l o g  t on PT 1 

and PT 3 ,  which a r e  t h e  o b s e r v a t i o n  w e l l s  f o r  PT 2. While t h e  s- log t 

p l o t  would g i v e  in format ion  on t h e  e x i s t e n c e  oE n o t  of t h e  impervious 

boundaries ,  depending upon t h e  change i n  i n c l i n a t i o n  o f  t h e  p l o t s ,  t h e  

de te rmina t ion  of r e c h a r g e  boundary demands d a t a  t o  be p l o t t e d  on bi-log 

s c a l e .  PT 4  being t h e  only o b s e r v a t i o n  well  f o r  t h e  pumping wel l  PT 5 ,  

t h e  l o c a t i o n  of  r e c h a r g e  f r o n t  can on ly  be made from d a t a  on PT 1 and 

PT 3. 



' 5.3 Determinat ion o f  t h e  impermeable boundary 

When t h e  a r e a  o f  i n f l u e n c e  o f  d i s c h a r g i n g  wel l  r e a c h e s  a n  impermeable 

boundary, t h e  r a t e  of  drawdown changes. This  r e s u l t s  from t h e  i n f l u e n c e  

of a  h y p o t h e t i c a l  image wel l  over  t h e  r e a l  w e l l .  The t r a n s i t i o n  o f  one 

l e g  t o  ano ther  is  however n o t  s h a r p ,  but f o l l o w s  a  curve.  Time, t .  is 
1 

determined f o r  a  c e r t a i n  drawdown d i f f e r e n c e  between t h e  second l e g  and 

t h e  e x t e n s i o n  t h e  f i r s t  l e g ,  which p o i n t  should n o t  be where t h e  p l o t t e d  

p o i n t s  a r e  on a  curve.  The d i s t a n c e  t o t h e  image wel l  caus ing  t h e  same 

amount o f  drawdown ( o r  r e c h a r g e  f o r  a  r e c h a r g e  boundary) can be 

determined by t h e  r e l a t i o n s h i p  r 2  = r 2 r e a l I t r e a l  imageItimage . I n  

f i g u r e  2 ,  r = 46 m ,  treal= 160 nts 9 ti",age = 600 mts. The r a d i u s  o f  
r e a l  

image w e l l  e q u a l s  89,08 m f o r  t h e  pumping wel l  PT 2. Correspondingly f o r  

= 80m, treal = 1900 mts, r .  = 91.77 m f o r  ti = 2500mts .  r r e a l  image 



D r a w d o w n ,  s ,  m 

Figure 2 Impermeable boundary determination by straight-line analysis 

for observation wells, PT I and PT 3 



5.4 Recharge wel l  l o c a t i o n  

Figure 3 shows t h e  r e l a t i o n  between t h e  t y p e  c u r v e  and t h e  d a t a  from 

observa t ion  w e l l s  PT 1  and PT 3. To de te rmine  t h e  d i s t a n c e  t o  a  recharge  

boundary from t h e  pumping w e l l ,  t h e  d a t a  c u r v e  is  f i t t e d  t o  t h e  t y p e  

curve  a s  shown i n  F igure  3. The s u c c e s s i v e  s t e p s  t o  read  t h e  d a t a  a r e :  

a )  - d i f f e r e n c e  i n  drawdown between t h e  t y p e  c u r v e  and t h e  d a t a  curve  

s is noted f o r  any t ime  t i ;  b )  - t h i s  d i f f e r e n c e  is  s p o t t e d  on s a x i s  
i 

and t noted where s . v a l u e  i n t e r s e c t s  t h e  t r a c e  o f  t h e  t y p e  curve .  The 
1 

va lues  of  t .  and t t i m e s  of  e q u a l  drawdown r e s u l t  from t h e  image and r '  
r e a l  w e l l s  r e s p e c t i v e l y .  A t  a  r a d i u s  of L16 m from t e s t  w e l l ,  si = 

0.20 m when t = 250 m t s .  T r a n s f e r r i n g  si = 0.20 m t o  t h e  s a x i s  of  t h e  
i 

graph  and r e a d i n g  a c r o s s  t o  t h e  type  c u r v e ,  tr  = 500 m t s .  With rreal = 

46 m ,  w i t h  t h e  r e l a t i o n  g i v e n  between r and t ,  ri works o u t  a s  102.85 m .  

S imi la ry ,  f o r  t h e  rr = 80 m , t h e c o r r e s p o n d i n g  ri = 132.66 m .  To l o c a t e  

t h e  image wel l  and t h e  boundary of  t h e  r e c h a r g e  f r o n t ,  t h e  c o n s t r u c t i o n  

1s srlown i n  t h e  i n s e t  o f  F igure  3. Thus t h e  i n t e r s e c t i o n  of  t h e  c i r c l e s  

marks t h e  approximate l o c a t i o n  of  t h e  image w e l l ,  and is l o c a t e d  a t  

mid-point and is normal t o  t h e  l i n e .  The e x i s t a n c e  of  t h e  r e c h a r g e  

boundary 73  m from PT 2  i s  e v i d e n t  from Table 1  which shows decreased  

drawdowns a f t e r  600 m t s  o f  pumping and by 1320 m t s ,  0.278-0.130=0.148 m 

of recovery  h a s  t aken  p l a c e  because of  t h e  e f f e c t  of r e c h a r g e .  

6  Drawbacks i n  E x i s t i n g  Procedures 

In t h e  p r e s e n t  s tudy ,  t h e  i n s t a l l a t i o n  of  w e l l s  and r e l a t e d  d e t a i l s  a r e  

g iven  i n  a n e x t u r e s  6  t o  9 of  t h e  SUDENEICAGEPA r e p o r t .  In  t h a t ,  l i t t l e  

c o n s i d e r a t i o n  is g iven  t o  spac ing  o f  w e l l s  a s  per  r a d i u s  o f  i n f l u e n c e  o f  

w e l l s ,  and consequent  i n t e r f e r e n c e  e f f e c t ,  a s  a l s o  t o  s y s t e m a t i c  

c o l l e c t i o n  of  d a t a .  While t h e  d a t a  on some w e l l s  is  miss ing ,  more s o  i n  

t h e  f i r s t  10 t o  15 m t s  o f  pumping, f o r  c e r t a i n  o t h e r  w e l l s ,  r ecovery  

t e s t s  were n o t  conducted till t h e  f u l l  r e c u p e r a t i o n  o f  t h e  f r e a t i c  

c o n d i t i o n  o f  t h e  a q u i f e r .  F u r t h e r ,  t h e  i n i t i a l  ( s t a t i c )  water  l e v e l  was 

taken  f o r  g r a n t e d  t o  be h o r i z o n t a l .  While a l t o g e t h e r  7 pumping t e s t s  

were conducted d u r i n g  t h e  last week of November, 1979, only one pumping 

well  was having two o b s e r v a t i o n  w e l l s .  I n  t h i s  t o o ,  t h e  r e c u p e r a t i o n  



Calculations for recharge front locat ion 

log time, rnts 

Obs. 
we1 I 

P T  I 

PT  2 

Figure  3 Recharge boundary l o c a t i o n  by type-curve a n a l y s i s  

PT 1 and PT 3 

s * 
( m  ) 

0.2 

0.17 

r 
rea l  

4 6  m 

80m 

t 
reol  

50 m 

2 0 0 m  

t 
image 

2 5 0 m  

550m 

r 
image 

102.85m 

132.66m 



t e s t  r e s u l t s  were n o t  complete. Such l a c u n e s  i n  a q u i f e r  t e s t s  a r e  no t  

however uncommon i n  deve lop ing  c o u n t r i e s  and t h e  p r e s e n t  a n a l y s i s  is 

only an a t t e m p t  t o  a n a l y s e  t h e  d a t a  wi th  t h e  e x i s t i n g  t o o l s  of a n a l y s i s .  

7 Conclusions 

The a r e a  n o r t h  o f  r i v u l e t  Agon near  Catolk d o  Rocha seems t o  be a  good 

source  f o r  groundwater e x p l o r a t i o n  i n  t h e  semi-ar id Para iba .  In  view of  

t h e  good water  q u a l i t y  which was t e s t e d  by t h e  CAGEPA, advantage is t o  

be taken  o f  t h e  e x i s t i n g  a q u i f e r s  of  r e a s o n a b l e  s t o r a g e  c a p a c i t y  and 

t r a n s m i s s i v i t y  c o - e f f i c i e n t s .  However, t h e  t u b e  wel l  t echnique  i s  c o s t l y  

i n  t h e  n o r t h - e a s t  B r a z i l .  A l t e r n a t i v e  methods t o  adap t  sha l low w e l l s  i n  

a l l u v i a l  d e p o s i t s  a r e  on way, s p e c i a l l y  t o  meet t h e  needs of  t h e  small  

and medium l e v e l  a g r i c u l t u r i s t s .  The a u t h o r ' s  involvement i n  t h e  

p r o j e c t s  o f  Po lonordes te  and t h e  CNPq would endeavour t o  u t i l i s e  t h e  

more r e c e n t  mathematical  t echniques  and exper imenta l  procedures,  t h u s  

avoiding t h e  lacunas  pointed o u t  i n  t h e  t e s t s .  

Acknowledgments 

The a u t h o r s  wish t o  thank  t h e  Co-ordinator Water Resources Sec t ion  of  

t h e  Federal  Univers i ty  of  Para iba  and t h e  CNPq f o r  promoting t h i s  s t u d y .  

References 

FIPLAN-UFPb Report 1980 - I r r i g a t i o n  P o t e n t i a l  i n  Paraiba S t a t e ,  vol I ,  

Natural  Resources, pp 1 - 3027. 

U.S.D.I. - 1981 Ground Water Mannual. Denver, U.S.A. pp 85-167. 



INTERPRETATION OF FIELD MEASUREMENT 

F.B.J.Barends,K.A.Brink,E.O.F.Calle 

Delft Soil Mechanics Laboratory 

P.O.Box 69, Delft, the Netherlands 

Abstract - Resum6 

The interpretation of field measurements to determine geo-hydrological 

properties is based on calibration of a simulation model which is chosen 

to fit best the observed behaviour. This choice is rather arbitrary. To 

avoid complexity one is apt to apply simple mathematical models accep- 

ting the nature of the phenomenon to be covered only in a schematic way. 

Fortunately, the agent looked at, in particularly the pore pressure, is 

not seriously affected. However, the behaviour of related features, such 

as surface leakage and shrinkage, is not that insensitive. The present 

article elucidates this aspect. 

L1interprGtation des rgsultats de mesures in-situ pour la determination 

des caractGristiques ggo-hydrologiques est basGe sur 116talonnage d'un 

modsle qui repond le mieux possible au comportement observg. Le choix 

du modsle est cependant plut6t arbitraire. Afin d16viter une certaine 

complexit6 on se sert souvent d'une mod'ele mathgmatique simple tout en 

acceptant que le caractsre transitoire desph8nomSnesne soit pas tra4tB 

rigoureusement.Heureusement, il appara?t que la grandeur considgrge, 

notammant la pression interstitielle, n'est pas influencce outre mesure 

par cette approximation. Toutefois le comportement d'autres phdnomSnes, 

come le d6bit sortant en surface et la dilatation du sol, n'est pas 

aussi insensible au choix du modsle. Cet aspect est traZt6 dans cette 

contribution. 



1 Introduction 

A frequent geo-hydrological system is a leaky aquifer system consisting 

of an aquifer and an aquitard on top. The aquitard contributes to the 

groundwater flow in the aquifer by leakage. For stationary situations 

this contribution is expressed in terms of the so-called leakage factor 

A ,  a fundamental geo-hydrological constant. Time-dependent behaviour is 

usually formulated by means of the storativity S of the aquifer, whereas 

the concept of a constant leakage factor is sustained. This approach is 

the base of most conventional interpretation methods suited to determine 

geo-hydrological parameters, such as transmissivity KD, storativity and 

leakance (Hantush, 1964; Kruseman and de Ridder, 1971). 

For time-dependent flow conditions the contribution of an aquitard can 

not be properly described by a constant leakage factor. The aquitard will 

shrink or swell due to a change in the aquifer pore pressure, and this 

process controls the actual leakage to the aquifer. The physical explan- 

ation of this aspect is described elsewhere (Barends, 1982). Here, the 

attention is focused to the influence on the interpretation of field 

measurements. Two particular situations are addressed: seepage under 

coastal dykes and pumping test evaluation. 

2.1 Tydal porous flow in a leaky aquifer system 

In an estuary or a tydal river area the inland is usually protected by 

dykes. If the subsoil is stratified with on top a semi-pervious layer 

(aquitard) the influence of fluctuation in the free water outside will 

extend underneath the dyke in the permeable layer (aquifer). The pore 

pressure in the aquifer will respond to these fluctuations damped out 

by the storativity of the subsoil. This damping character is related to 

the area of influence expressed by the leakage factor. Therefore, it is 

essential to simulate this damping phenomenon in a correct way. To show 

how this aspect is covered by various simulation models a particular 

situation is discussed in detail. It concerns the response of a leaky 

aquifer to a cyclic plane-symmetric boundary condition, according to: 



MODEL I: a rigid aquifer and a rigid aquitard with a constant leakage 

factor. The response in the aquifer becomes: 

in which represents the leakage factor: X = m, and C is the aquitard 
resistance: C = dfk. 

MODEL 11: a deformable aquifer (elastic storage) and an impervious top 

layer. The response in the aquifer becomes (Verruijt, 1982): 

in which c represents the aquifer compaction coefficient, related to the 

aquifer storativity S by: c = KD/S. 

MODEL 111: a rigid aquifer and a deformable aquitard. The vertical con- 

solidation process in the aquitard is formulated according to Terzaghi, 

and controlled by the consolidation coefficient c' of the aquitard. The 

response in the aquifer becomes: 

MODEL IV: a deformable aquifer and a rigid aquitard. The leakage is 

directly related to changes in the aquifer piezometric head H; no time 

delay due to processes in the aquitard are considered. This model is 

popular for the evaluation of pumping tests (Hantush, 1964). The response 

in the aquifer becomes: 

MODEL V: a deformable aquifer and a deformable aquitard. The response 

in the aquifer becomes: 

H(x, t) = Hoexp(-x/Aw)cos (wt - ax/Xw) ; Xw = XJI+o1" f4J6' (I+€' ) ; 

a = tan(4atan~); E = 1 + 616; 6 = wA2/c; 6 = dJw/2c' 



The derivation of formulas (4), (5) and (6) is outlined in an appendix. 

To verify the applicability of these simulation models a particular site 

measurement is worked out. The situation concerns the tydal response of 

a leaky aquifer, presented in Figure I .  The graph shows the correlation 

of the piezometric head at two positions, one at the outside of a prot- 

ection dyke and the other at the innerside. Several high tides have been 

recorded. The plotted data correspond to tilted ellipses, which incorpo- 

rate amplitude damping and phase shift. From these measurements the 

parameters of the geo-hydrological system can be determined, but the 

values depend on the simulation model chosen. 

i 0: 0 0:5 1 :O 1 .,5 2.b 

Figure 1 Measured behaviour of the tydal response in a leaky aquifer 

0.5. 

0.0. 

-.5. 

The ellipses can be expressed by the following formula (see appendix): 

piezometric head HB 

situation 

piezometric head HA 

in which f and g are functions of the inclination angle 8 of the ellips, 

and of the ratio m of the main radials of the (average) ellips; m <  1: 

For the situation in Figure 1 it is found: 9 = 21' and m = 0.3. 



Comparison with the formulas (1) to (6) leads to the following values: 

Since the distance between both positions is about 50m, one finds that: 

On the base of these measured values, the fundamental parameter A of the 

geo-hydrological system can be determined. Table 1 compiles the results 

of the evaluation by means of the previously posed simulation models. 

For the interpretation of MODEL IV and V more information is required, 

and the following values are assumed (based on other information): 

d = 3m; c' = 10-'m~/s; w = 2.3 lo-' rad/s; (A -- 400m). 

Table I Evaluation of measured tydal fluctuation in a leaky aquifer. 

values between brackets are conditioned by the model itself. 

MODEL 

I 

I1 

I11 

IV 

V 

Model I is not applicable; it misses time delay. Model I1 cannot account 

for the measured value of a. In model I11 the fixed value for ct is not 

correct, but as an approximation acceptable. Model IV results in a value 

for the aquifer storativity, which is rather low (high c value). Model V 

seems most complete, but it is complicated. The last column clearly 

shows the different effects of the various models. It deviates consider- 

ably. Extrapolation to other regimes of flow variation, a different w, 

may lead to erroneous results. If one is interested in related features, 

which actually happen in the aquitard, a model should be chosen that 

incorporates this phenomenon correctly. In the considered case Model 111 

or V are preferable. For the determination of geo-hydrological parameters 

the simulation model has to be chosen with great care. 

measured ct 

(0.00) 

(1 .OO) 

(0.41) 

0.58 

0.58 

calibrated: E 6 6 c 

- - - m 

- - - 0.16 

- - 10.0 m 

- 1.75 (1.0) 2.10 

1.75 7.50 10.0 0.49 

A,,, lA 
1 .oo 
1 .OO 

0.29 

0.81 

0.26 



2.2 Pumping test evaluation 

Groundwater recovery established by wells evolves a porous flow field 

that may extend in a wide area inducing environmental consequences for 

land and water management. It is common practice to evaluate the beha- 

viour of a geo-hydrological system by observing the response due to a 

pumping test. A short test is more economic; and often it is stated that 

short-test data are suited to determine the required system parameters 

accurately. Since in many systems a flow field established in a short 

period is not stationary, it is questionable whether correct values can 

be obtained. The previous chapter shows that for a cyclic agitation in 

a leaky aquifer with a period of about 12 hours the damping and delay 

properties are not easily determined. The model choice plays an impor- 

tant role. 

To underscore this aspect a particular pumping test is evaluated. The 

test has been performed to determine the properties of a leaky aquifer, 

and to design a temporary artificial drainage system for the construc- 

tion of a subsurface parkinghouse. At five positions the response in the 

aquifer has been observed, once due to a short test (40 min) and once to 

a long test (some days). In Table I1 the results of both tests are com- 

piled. These values have been obtained from the measured data by appli- 

cation of the Hantush' well-function W, which is valid for a fully 

penetrating constant well in a leaky aquifer with a constant leakance A: 

The procedure followed is curve-fitting (nonlinear regression) in each 

observation point to obtain the transmissivity KD, the leakance A, and 

the storativity S (or c = KD/S). On the base of observed deviation in 

measured data and the theoretical most correct response curve the 

accuracy of the determined geo-hydrological material properties could be 

determined, expressed in terms of a standard deviation. To find a 

reasonable accuracy a special iteration technique has been adopted, as 

the sensitivity of the applied well-function with respect to both varia- 

bles r2/4ct and r/A is essentially different (Villiers and Glasser,l981). 

The data from the first observation point are less reliable, because the 

filter clogged in the beginning of the first test. 



Moreover, the first two observation points are influenced by the fact 

that the well partly penetrated the aquifer. Nonetheless, the data in 

Table 2 show a clear tendency: all parameters vary monotonically with 

the distance to the well. This can not be explained by inaccuracy, since 

the standard deviation is small. And it can not be explained by incom- 

pleteness of the test (too short pumping period), since the results of 

the short and long test do agree in absolute sense. It is more likely, 

that this tendency is due to a physical phenomenon which is not well 

covered by the chosen simulation model. In accordance with the findings 

of the previous section recalling that the Hantush' well-function falls 

in the class of model IV, which does not take into account the process 

in the covering aquitard in a correct way, the reason of the noticed 

coherent deviation in the results mentioned in Table 2 is probably due 

to the real effect of the aquitard. Some qualitative explanation, which 

stresses this conclusion, is given, but a quantitative proof is not 

presented here. 

Table 2 Results of a short and long pumping test evaluation 

the values between brackets denote the standard deviation 

The leakage from the aquitard is due to the flux at the separation 

r(m) 

5 

10 

20 

40 

80 

between the aquifer and the aquitard. This flux attains an instantaneous 

large value at the very beginning of the test nearby the well, and then 

KD m2/day h m 

decreases rapidly, but a constant value is obtained when the consolida- 

123(3) 

155(3) 

295(7) 

264(4) 

short 

38(1/ 

106( 6) 

226(12) 

387(39) 

762(361 

short 

tion process in the aquitard is completed. For a deformable low-perme- 

100(2)105(2) 

138(3) 

166(4) 

197(7) 

265(7) 

long 

43(2) 

144(10) 

259(18) 

397(35) 

762154) 

long 

S lo-' 

able layer this process may take years. When the aquitard contains sand 

--- 
36419) 

127(3) 

118(4) 

87(11 

short 

c/XZ i/day 

lenses this period is strongly reduced (Vreeken and Van Duyn, 1983). 

--- 
273f9) 

118(6) 

111(61 

78(3) 

long 

3.60 

3.01 

2.62 

1.10 

0.52 
- 

short 

This consolidation process explains that in the beginning the leakance 

3.21 

2.44 

2.10 

1.12 

0.59 

long 

nearby the well is abundant, and consequently a small leakage factor is 



obtained by a model IV evaluation. At further distance from the well the 

leakage is mobilised at later stage, thus averaging the response there 

over the total pumping period will result in a large leakage factor. 

The reason why piezometric data in the aquifer due to a short pumping 

test are hardly affected by the time-dependent leakage phenomenon is due 

to the insensitivity of the applied well-function with respect to the 

factor r/X. This fact explains the success of the application of the 

Hantush' well-function to determine the transmissivity KD of a leaky 

aquifer, but the corresponding parameters related to the aquitard, to 

wit: the leakage factor and the consolidation coefficient or storativity 

are determined only in an approximate sense. They are underestimated 

by the Hantush' well-function. To correctly evaluate environmental con- 

sequences such as surface leakance and surface subsidence due to well 

production the evaluation of the geo-hydrological system by means of a 

well-function evaluation of a pumping test is not sufficient. Additional 

soil investigation is required to determine the fundamental material 

properties. In this regard the dip001 sounding facility is recommanded 

(Rietsema, 1983). 
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APPENDIX 

EVALUATION OF CYCLIC RESPONSE IN 

LEAKY AQUIFER SYSTEMS 

Plane-symmetrical horizontal seepage in leaky aquifer systems involves 

two phenomena, compaction and flow in the aquifer and conslidation or 

shrinkage and swelling in the aquitard, described by: 

H xx= H,t/c + qo/KD x?, t>O, z<O 

h = (h-oly) t / ~ '  x>O, t>O, z>0 
,zz 9 

40 
= -K'h . Z x>O, t>O, z=0 

Here, c represents the compaction coefficient, c' the consolidation coef- 

ficient, qothe leakage flux at the separation z=0, KD the aquifer trans- 

missivity, Kt the permeability of the aquitard, and H and h are the pie- 

zometric heads in the aquifer and the aquitard, respectively. The term 

aly is related to the surface load, which is assumed constant. 

For a cyclic boundary condition, H(x,t) = H cos(ut), the harmonic res- 

ponse is found by separation of variables, according to: 

~(x,t)= H(x)exp(iwt); h(z,t)= f;(z)exp(iwt); qo(x,t) = q (x)exp(iwt) 
The set of equations (al-4) is transformed accordingly, and the solution 

in the aquitard becomes: h = ?i exp(-zm). The flux go becomes then: - 
qo= (H/c)(I+~)G ; 6 = d m  ; C = d/K1 ; where d is the aquitard size. 

Substitution into equation (al) leads to the following solution: 

H(x,t) = Hoexp(-x/h)exp(iwt) (a51 

= A ( 4 ~ ( c o s ~ a t a n ~  + isin4atanc))-' 

A =m; c = I + B / & ;  B = w X 2 / c ;  6=dJw/2c' 

The response related to the imposed cyclic boundary condition is the 

real part of (a5), and elaboration results in: 

H(x,t) = Hoexp(-x/Xu)cos(wt - x/Xu tanlatam) (a61 



If the aquifer is rigid, then c*, and 8=0. The solution can be obtained 

from (a6). If the aquitard is rigid, the situation is different, since 

the leakage adjusts itself instantaneously with respect to the outside 

condition on top of the aquitard ( at z =d), and q = -H/C. All damping 

in the aquitard is excluded, and the corresponding solution becomes like 

(a6), but with: Aw = coslatan8) ; a = tanlatanf3. This solution 

is related to (a6) for 6=1.0, which expresses that the relevant zone in 

which the cyclic response in the aquitard acts is in the order of d, the 

thickness of the aquifer. For a consolidating aquifer this zone is equal 

to d/6 = ; it is usually much smaller than d. 

The response presented in Figure 1 can be expressed by: HA= y = yocoswt 

and: HB= x = xocos(wt-I)). Elimination of wt leads for +<~r/2 to: 

(xy0)'+ (yx0)' - 2(xy0) (YX~)COS+ = ( x ~ Y ~ ) ~ s ~ ~ ~ +  (a7) 

Next, consider the analytical formulation of an ellips with m the ratio 

between the main radials co-axial with the axes x1 and y': 

(x'b)' + (Y1a)2= (ab)'; m = b/a 

Rotation over angle 8 into the xy-system (8<7r/2) leads to: 

x2 (b2~~~28+a2sin28)+y2 (a2~os28+b2sin28)-2xYcos8sin8 (a2-b2)=a2b2 

and comparison with (a7) results in four conditions, which all match: 

x = J(a2cos28+b2sin28); y = J(b2cos28+a2sin28) ; 

xoyocos+ = cos8sin~(a~-b~); xoyosin+ = ab 

This implies that the response y(x) can be expressed by a tilted ellips. 

The following relations hold: 

+ = atan(m/(2(l?n2)sin28)) = g(m,8) (a81 

XO1yO = J(~+m't~'e)/(~+t~'e/mL> = f(m,e) (a9) 

Finally the relation between HA and Hg or y(x) can be expressed by: 

which can be evaluated on the base of determining the oblique angle 8 

and the ratio of the main radials of an average ellips representing a 

continuous cyclic response such as presented in Figure 1 .  
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Abstract 

Compared with pumping t e s t s ,  a w e l l t e s t  provides only information about 

the transmissivity of an aquifer.  A well-known method t o  obtain trans- 

missivity values from pumping t e s t s ,  i s  given by the  Theis-Jacob method 

f o r  unsteady, confined conditions. 

Under some assumptions - expressed i n  time c r i t e r i a  - a l s o  problems 

under semi-confined and unconfined conditions can be solved from well 

t e s t s  with t h i s  method. 

Also time c r i t e r i a  a r e  determined t o  use the  Theis-Jacob method a f t e r  

a l l ,  although the circumstances do not  match with the  assumptions 

underlying the Theis-Jacob method. 

The Theis-Jacob method applied with the  needed time c r i t e r i a  is tes ted  

on pumping t e s t  data t o  invest igate  r e l i a b i l i t y  and accuracy of well 

t e s t s  evaluated with t h i s  method, compared with the  pumping t e s t  

transmissivity values. 

1 Introduction 

The most important geohydrological parameters i n  r e l a t i o n  t o  ground- 

water flow a re  the transmissivity (T) and the storage coef f i c ien t  (S) 

of aquifers  and the  v e r t i c a l  hydraulic res is tance f c )  of semi-pervious 

layers.  



A pumping t e s t  is considered t o  be an accurate and prac t ica l  method t o  

determine these parameters. A more simplified method i s  given by the 

well t e s t ;  groundwater i s  extracted from a well with a constant dis- 

charge r a t e  and the response of the aquifer i s  only measured i n  the 

pumped well. A s  the well t e s t  provides only information about the time 

depending drawdown, only the transmissivity can be determined. There- 

fore,  the execution and evaluation of a well t e s t  must be considered 

with respect t o  the other unknown parameters. 

A simple and re l i ab le  evaluation method f o r  pumping t e s t s  t o  obtain 

transmissivity values is  given by Theis (1935), simplified by Jacob 

(1950) f o r  unsteady and confined conditions. 

The select ion of the drawdown section, which has t o  be used with t h i s  

Theis-Jacob method i n  order t o  determine the t r a n s m i s s i ~ i t y ~ a n d  the 

application of the  Theis-Jacob method fo r  semi-confined and unconfined 

conditions is subject of investigation i n  t h i s  paper. 

Evaluation methods f o r  confined, 

s e m i -  eonf ined and unconfined 

conditions 

Combination of Darcy's law and the law of continuity r e s u l t s  i n  a 

p a r t i a l  d i f f e r e n t i a l  equation, which describes the  flow of groundwater 

i n  a saturated porous medium. In case of two-dimensional r a d i a l  flow t o  

a pumped well  it can be written as:  

where 

s = drawdown (L) 

r = r a d i a l  distance t o  pumped well o r  w e l l  diameter (L) 

S = storage coeff ic ient  (-) 
- 1 

T = transmissivity (L*T ) 

t = variable of time (T-l) 



According to Theis the solution of s is given by: 

where 

Q = discharge rate (L~T) 

W (u) = Theis' wellfunction 

For u < 0,01 this can be simplified (error < 0,3%) to (Cooper and 

Jacob, 1946, Jacob, 1950): 

The transmissivity can now be deduced: 

where 

As = change in drawdown during one log cycle of time (Figure 1) 

Figure 1 Drawdown versus the logarithm of time 

This wellknown Theis-Jacob method is considered to be useful only under 

confined and unconfined conditions. 

In case of semi-confined conditions a solution for s is given by 



Hantush and Jacob (1955) analogous to Theis: 

where 

A = JTC (L) 
c = vertical hydraulic resistance of semi-perveous layer (T) 

According to Hantush (1964) ~(u,r/A) 1 W(u) if u > 5r2/A2 under the 

condition r/A < 0,l. 

If data of the pumped well are used , ro (= well radius) will be small 

and the boundary condition of r/A < 0,l will be satisfied. 

Due to this simplification the Theis-Jacob method can also be used 

under semi-confined conditions. 

As mentioned before, the Theis-Jacob menthod can also be used for 

unconfined conditions. In some cases, however, delayed yield occurs, 

due to loamy and silty material in the aquifer. Analogous to Theis, 

Boulton (1963) gives the following solutions: 

where 

B = indication for leakage conditions 

where 

S' = water storage coefficient = n + S 5 ne (-1 
n = effective porosity (-1 
e 

Equation 6a deals in case of elastic storage in the aquifer only. The 

well functions W(u) and W(ua,r/B) are almost equal if r/B < 0,l and 

u > (error < 6%). 
a 
Boundary condition r/B < 0,l will be satisfied if data of the pumped 

well are used. 



u > r e s u l t s  i n  a time cr i ter ium t < 2 5 r 2 s / ~  which normally means 
a 

t h a t  already a f t e r  a t  most several  minutes t h i s  l imi ta t ion  is exceeded. 

Therefore, determination of transmissivity according t o  the  Theis-Jacob 

method is  not possible from equation 6a. 

I f  the water i s  mainly provided from e f fec t ive  porosity the  drawdown is 

given with equation 6b. Now the well functions W(u) and W(u r / B )  a r e  
y1 

almost equal i f  r / B  < 0, l  and u < 2,5 * (error  < 4%) . 
Y 

Using these boundary eonditionsalso f o r  unconfined conditions with 

delayed yie ld  the Theis-Jacob method can be used. 

The value of the  transmissivity can a l s o  be determined with the Theis- 

Jacob method using the  recovery period a f t e r  the pump i s  shut  down. The 

piezometricor phreat ic  l eve l  w i l l  then r i s e  t o  the  i n i t i a l  s t a t e .  This 

r i s e  can be considered a s  the r e s u l t  of superposition of a discharge 

from t = t and a recharge from t = t". The res idual  drawdown s" i s  
0 0 

the  difference between the o r ig ina l  water l eve l  p r i o r  t o  pumping and 

the actual  water l eve l  measured a t  the  moment t" (Figure 2 ) :  

According t o  Theis: 

where 

t o  t t; t" 
t---+ 

Figure 2 Recovery before drawdown reaches steady s t a t e  (superposition) 



Assuming that the storage coefficient does not change (i.e. S = St' ) 

the simplification of Jacob can be applied and the transmissivity can 

be determined: 

where 

As" = change in residual drawdown during log cycle At 

In case there is already steady state condition the recovery can be 

considered as a "negative well test" and the Theis-Jacob method can be 

applied, replacing s for st, the rise of piezometric level after the 

pump is shut down and replacing t for t", the time after the pump is 

shut down at t:' (Figure 3): 

and consequently: 

t.---3. 
Figure 3 Recovery after drawdown reaches steady state (negative well 

test) 

If the recovery period starts before steady state is reached, the 

recovery can be considered as a negative well test anyhow, if the 

extrapolated drawdown is neglectable in respect to the rise of the 

piezometric level after the pump is shut down. 



3 Limiting conditions 

3.1 Introduction 

The Theis-Jacob method is  subject t o  a number of l imi t ing  conditions, 

but i n  r e a l i t y  it is not always possible  t o  meet a l l  these  conditions. 

Under some assumptions, however, it is  possible t o  use the  Theis-Jacob 

method anyway. 

The aquifer is considered t o  be of i n f i n i t e  a r e a l  extent ,  because of 

the  re la t ive ly  small influenced area  around the  pumped well, due t o  the  

l imited duration of the  well t e s t .  

A s  the  well t e s t  i n  general does not  provide information about homo- 

genity and isotropy of the  aquifer,  these  charac te r i s t i c s  a re  assumed 

by force. 

The storage capacity of the aquifer  i s  assumed t o  be constant. In  case 

of unconfined conditions with delayed yie ld  there  is  a t r ans i t ion  from 

the e l a s t i c  storage coeff ic ient  t o  the  e f fec t ive  porosity;  the  

evaluation method takes t h i s  i n  account however. 

3.2 Well storage 

In the  Theis-Jacob method the  storage i n  the  w e l l  has t o  be neglect- 

able. Papadopulus and Cooper (1967) have considered well  storage. For a 

confined aquifer they give the re la t ion :  

where 

F(u,a) = well function 

r 2~ 
0 u = -  

4Tt 

r = ef fec t ive  radius  of well screen 
0 

r = radius of well casing i n  the  in te rva l  over which the  water 

l eve l  decl ines  



The well functions W(u) and F(u,a) a re  almost equal i f  u/a < 

(error  < 2%) . Consequently i f  u/a < : 

qnd now with the  Theis-Jacob method the transmissivity of a confined 

aquifer,  and because of the foregoing a l s o  of semi-confined and uncon- 

fined aquifers,  can be determined. 

3 . 3  Well losses 

Due t o  f r i c t i o n  losses i n  and around the  well  screen there w i l l  be an 

added drawdewn Because of t h e  l imited disturbed zone around the  

screen, flow conditions a re  almost immediately i n  steady s t a t e .  Conse- 

quently, wel l  Losses w i l l  not change i n  time. 

In case of well  losses equation (3) w i l l  change in:  

where 

s = added drawdown i n  consequence of w e l l  losses  
w l  

To determine the  transmissivity of an aquifer  with the Theis-Jacob 

method A s  and Atare used and consequently equation ( 1 4 ) w i l l  change in:  

The term swl disappeared from the equation; the  added constant drawdown 

due t o  wel l  losses  apparently does not influence the  determination of 

the transmissivity.  This is, however, only t r u e  i f  the  discharge r a t e  

i s  kept constant,  because of the re la t ion  between discharge r a t e  and 

well losses.  



3.4 Partial penetration 

If the pumped well penetrates the entire aquifer it receives water from 

the total thickness of the aquifer by horizontal flow. In case of 

partial penetration, however, there will be three-dimensional flow. 

This results in an added drawdown, which will be constant after some 

time. Acoording to Hantush (1964) the transmissivity can be calculated 

with the Theis-Jacob method if t > SD/2kV (kv = vertical hydraulic 

conductivity) . 
It has to be assumed that the aquifer is homogenous. If notrthe calcu- 

lated transmissivity value may deviate from the real transmissivity, 

since the mean hydraulic conductivity in the screened section may 

deviate from the mean hydraulic conductivity of the total thickness of 

the aquifer. 

4 Time criteria 

From the foregoing it is obvious that for the determination of trans- 

missivity values of aquifers under several conditions the Theis-Jacob 

method can be used: 

a) The simplification Jacob made on the Theis equation can only be 

made under the assumption u < 0,01 (u = r:~/4~t). This results in: 

b) For semi-confined conditions the Theis-Jacob method may be used if 

u > 5r2/12 resulting in: 

C) In case of unconfined condtions with delayed yield the relation 

between s en T can be approximated by the Theis-Jacob equation if 

u < 2.5 * loL3, which means: 
Y 



d) The e f f e c t  of well storage can be taken i n  account i n  the Theis- 

Jacob method i f  u/ol < loL2 (a  = r2s/r2) and consequently: 
0 C 

e )  The Theis-Jacob method can be used i n  case of  p a r t i a l  penetration 

i f :  

where : 

k = horizontal  hydraulic conductivity 
h 

D = thickness of aquifer  

I n  case of isotropy kv/kh = 1 and so: 

For the  determination of the  transmissivity from the  recovery period 

the  time c r i t e r i a  have t o  be used f o r  the t o t a l  time a f t e r  the  pump was 

s t a r t ed ,  i f  there  is  a considerable extrapolated drawdown (case of 

superposit ion).  

If the recovery period is looked upon a s  a negative well t e s t  the  time 

c r i t e r i a  have t o  be used f o r  the  period a f t e r  the pump i s  shut  down. 

When the time c r i t e r i a  a r e  determined,thepumping time can be estimated 

beforehand,or afterwards it can be decided which da ta  obtained from the 

well t e s t  may be used fo r  the  determination of the transmissivity value 

w i t h  the  Theis-Jacob method. 

It is  necessary however t o  know the order of magnitude of the para- 

meters, which determine the  time c r i t e r i a :  T,D, S, S' and c ;  an i m -  

pression of k /k is  needed t o  determine the  time cr i ter ium i n  case of v h 
p a r t i a l  penetration. 

a )  T value The transmissivity can be estimated from well logs. 

Rfterwards these values must be compared with the  calculated value; 



eventually the time c r i t e r i a  have t o  be revised. 

b) f! The thickness of an aquifer  can be deduced from well logs or 

maps indicat ing the  thickness of an aquifer.  

C) 2 The e l a s t i c  storage coef f i c ien t  of sandy aqu i fe r s  may be 

estimated from f igure  4 (v.d. Gun, 1979) i f  thickness (D) and depth 

of the top of the  aquifer  (d) a r e  known. 

Figure 4 The storage coef f i c ien t  can be determined with data  of 

thickness (D) and depth (d) of the  aquifer 

d)  S The storage cof f i c ien t  of an unconfined aquifer  corresponds 

with the  e f f e c t i v e  porosity (S' = S + ne c: ne) .  The e f fec t ive  

porosity is about 0,3 t o  0.4 f o r  Dutch sandy aquifers .  

e )  2 The v e r t i c a l  hydraulic r es i s t ance  of semi-pervious layers  is  

very hard t o  determine i n  an  accurate way. This parameter w i l l  

cause the  most problems i n  f i x i n g  the  time cr i ter ium incase of a 



semi-confined aquifer.  

To g e t  a rough impression the  following r e l a t i o n  i s  suggested: 

c = 100 n D (D is  thickness semi-pervious layer  i n  m) 

5 T r i a l  

Thirtytwo pumping t e s t s  i n  the  Netherlands evaluated a s  well t e s t s  with 

the  Theis-Jacob mehod a r e  compared with the  r e s u l t s  of the complete 

pumping t e s t s  i n  order t o  t r i a l  the u t i l i t y  of the  Theis-Jacob method 

under the r e s t r i c t i o n s  of the before mentioned time c r i t e r i a .  For t h i s  

purpose data  i n  respect of discharge r a t e  and drawdown i n  the  pumped 

well a re  collected. With these  da ta  the transmissivity values a r e  

determined with the Theis-Jacob method using the  time c r i t e r i a .  

Figure 

i I ,  
3 ' 5  

Transmissivi ty values (well tests) - 
5 Transmissivity values obtained from pumping t e s t s  versus 

the  transmissivity values obtained from well t e s t s  



Because it was t o  compare transmissivity values, the other parameters, 

needed t o  determine the time c r i t e r i a ,  were adopted from the resu l t s  of 

the pumping tes t s .  Theresults obtained i n  t h i s  way and the transmissi- 

vi ty values calculated from the complete pumping t e s t s  are  i n  general 

comparable. 

In a l l  cases the difference of the resu l t s  obtained in  both ways was 

less  than 100%; in threefourths of the cases even l e s s  than 25% (Figure 

5) .  

The observed differences may be linked with the inaccuracy of the 

pumping t e s t  resu l t s  as  well a s  with the Theis-Jacob method. But also 

due t o  heterogenity i n  the aquifer there w i l l  always be differences in 

transmissivity values obtained from data of the pumped well andfrom 

data of an observation well a t  some distance from the pumped well. 

6 Conclusion 

The Theis-Jacob method seems t o  be a good applicable way t o  determine 

the transmissivity of confined, semi-confined and unconfined aquifers 

i n  sp i te  of the simplificationswhich are used t o  adapt the several 

evaluation methods t o  the Theis-Jacob method. 

To use the r igh t  section of the drawdown curve i n  order t o  determine 

the drawdown A s  i n  a log cycle t ,  several time c r i t e r i a  have t o  be 

used. These time c r i t e r i a  have t o  be estimated before the well t e s t  is  

executed in  order t o  decide how long there have t o  be pumped. 

The lower l i m i t s  a re  easy to  estimate and in  general these l i m i t s  a re  

sa t i s f ied  a f te r  some minutes. To determine the upperlimit in  the 

Theis-Jacob method i s  mostly less  easy owing t o  the d i f f i cu l t  way of 

quantifying the ver t ica l  hydraulic resistance of semi-pervious layers. 

A constant discharge r a t e  i s  essent ial  i n  evaluating well t e s t s  with 

the Theis-Jacob method; using the recovery period of the well t e s t ,  the 

consequences of l i t t l e  changes i n  the discharge r a t e  are mostly met. 

The obtained resu l t s  of transmissivity values from both pumping t e s t s  

and well t e s t s  are  i n  most cases comparable and the well t e s t  i s  in  

relat ion t o  a pump t e s t  a cheap and applicable method t o  obtain a good 

impression of the transmissivity value of an aquifer. 



References 

Boswinkel, J . A .  1981. Betrouwbaarheid en nauwkeurigheid van de bepaling 

van h e t  doorlaatvermogen door middel van putproeven. 

Dienst Grondwaterverkenning TNO, OS 81-3. 

Boulton, N.S. 1963. Analysis of data from nonequilibrium pumping t e s t s  

allowing fo r  delayed y ie ld  from storage. Proc. Ins t .  C iv i l  Eng. 26, 

pp. 469-482. 

Cooper, H.H. and C.E. Jacob 1946. A generalized graphical method f o r  

evaluating formation constants and summarizing well-field his tory.  

Trans. Am. Geoph. Union 27, pp. 526-534. 

Gun, J.A.M. van der 1979. Schatting van de e las t i sche  bergingscoeffi- 

ciEnt van zandige watervoerende pakketten. JaarversLag DGV-TNO, 

pp. 51-60. 

Hantush, M.S. 1964. Hydraulics of wells. In: Advances i n  Hydroscience, 

vol. 1. V.T. Chow (ed) pp. 281-432. 

Hantush, M.S. and C.E. Jacob 1955. Non steady r a d i a l  flow i n  an i n f i -  

n i t e  leaky aquifer.  Am. Geoph. Un. Trans. 36, pp. 95-100. 

Jacob, C.E. 1950. Flow of groundwater. In: Engineering Hydraulics. 

H. Rouse f e d ) ,  pp. 321-386. 

Papadopulos, I.S. and H.H. Cooper 1967. Drawdown i n  a well of large 

diameter. Water Resources 3, pp. 241-244. 

Theis, C.V. 1935. The re la t ion  between the lowering of the piezometric 

surface and the r a t e  and duration of discharge of a w e l l  using 

groundwater storage. Trans. Am. Geoph. Un. 16, pp. 519-524. 



APPLICATION OF A WATER BALANCE 

MODEL IN A HEAVY SALT-AFFECTED 

SOIL IN SEMI-ARID REGIONS 

Dr. Aziz F. Eloubaidy 

College of Engineering, Univ. of Baghdad 

Baghdad, Iraq 

and 

Hassan K. Al-Hamdyney 

College of Engineering, Univ. of Baghdad 

Baghdad, Iraq 

Abstract 

Attemps are made to scrutinize the available relevant field data, with 

the aid of a water balance equation to estimate the coefficients Bescri- 

bing the hydraulic properties of the water-bearing layers in the 

Dujailah Project Area, located within the Tigris river alluvial plain 

(about 200 km south of Baghdad). 

The project area is experiencing a severe saline condition, due to an 

excessive buildups of the water table as a result of infiltration from 

the fields and augmented by insufficient natural drainage 

The assembled water-levels records, from a network of 194 shallow wells 

and 14 piezometers, together with other relevant field and laboratory 

data are utilized in quantifying the hydrogeologic characteristics of 

aquifers. The results are as follows: 
2 

Transmissivity of semi-confined aquifer = 100.6 m /day 

Resistance coefficient of the covering 

semi-pervious layer to vertical flow = 11842 day 

Leakage factor = 955 m 

Storage coefficient of the semi-confined 

aquifer = 7.5 x 

1 Introduction 

2 
The Dujaila Project Area, covering an area of 360 km , is considered 
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part of the Tigris river alluvial plain and is with altitude ranging 

between 10.0 m to 15.5 m above mean sea level. Bore holes analysis have 

indicated the presence of an upper partially silty clay sediment with 

depth ranging between 13.5 m to 17.0 m that overlies the semi-confined 

aquifer with depth ranging between 14.0 m to 24.0 m. The later overlies 

a hard clay bed which is considered an impervious stratum. Because of 

the worsening drainage conditions, a new reclamation systems are plann- 

ed in the area to be the premise for a unique and a vital pioneering 

agricultural-industerial complex. 

Reclamation projects in general suffer from unexpected change due to 

some reasons which are either badly estimated or facts which are not 

included. To provide an adequate designs of the reclamation works to be 

undertaken in the project area, and in other areas within the Mesopo- 

tamian Plain with similar conditions, this groundwater investigation 

was initiated with the main objective of using the available data to 

make a quantitative analysis of the main hydrogeological parameters of 

the water bearing formations. 

2 The water balance equation 

The annual groundwater budget of the area could be established in terms 

of an equivalent water depth of deep percolation losses from the field 

surface (d), seepage from open water courses (q), leakage from the lower 

semi-confined aquifer (1 ) ,  recharge from neighbouring areas (1 ), and 
0 

the change in the subsurface soil water storage ( AS). The conceptual 

model describing the functional relationship between the components men- 

tioned above is assumed to take the following form: 

Application of the model necessitatesfirst the finding of the hydrogeo- 

logic parameters describing the water bearing formations. Analysing the 

the field and laboratory data, the following results regarding these 

parameters were obtained. 



2.1 Transmissivity 

Analysis of auger hole and bore hole data have indicated the transmissi- 

vities of the upper phreatic and the lower semi-confined aquifers are 
2 2 

36 m /day and 100 m /day, respectively. 

2.2 Storage coefficient 

According to the graphical procedure established by Soliman (1972), in 

which the field records of water levels were utilized, the storage co- 

efficient of the semi-confined aquifer is in the order of magnitude of 

7.5 

2.3 Leakage factor 

Using the field data gathered from eight bore holes in an equation 

developed by Hantush (1960), the leakage factor was determined with a 

value of 955 m. 

2.4 Hydraulic resistance 

Knowing the saturated thickness and the average hydraulic conductivity 

(in the vertical direction) of the covering semi-pervious layer the 

resistance of the layer to vertical flow was determined. The calculated 

value for the resistance is 11840 days. 

3 Assessment of groundwater fluctuations 

Analysis of the fluctuation in groundwater levels, observed by the 

shallow observation wells, have provided an estimate of the annual 

changes in groundwater storage. The annual change in groundwater level 

AS is envisioned to compose of two parts, as seen in Fig. 1.; the 

first part Ah is the difference between the lowest and highest levels 

of the hydrograph for the year, while the second part AZ is due to the 

assumption that if no rainfall existed then the recession part of the 

hydrograph will continue to fall in level. In order to estimate the 



2 
average yearly value of AS , of the whole project area of 360 km 
similqr hydrographs to that shown in Fig.(l) were constructed and the 

L\S value for each well was extrapolated. It was found that the 

average yearly water table fluctuations within the project area is in 

the order of 0.725 m, which is equivalent to 2.027 mm/day. 

W e l l  No 139 

11.2 1 I I t I I I I I I I I I ,  

Aug 5ep Oct.  Nov Dec Jon Feb Mar Apr May June Jufy Aug. 

Figure 1 Representative hydrograph showing fluctuations of water table for 
the period Aug. 1978 to  Aug. 1979. 

4 Seepage from open-water courses 

For the calculation of seepage losses from the lain Dujaila Canal, the 

only major unlined water course within the project area (with a designed 

capacity of 24 m3/s), it is thoughtto be more proper to apply the method 

developed by Muskat (1937). It is worth noting that conditions required 

for the applications of Muskat approach are similar to those existed in 

the project area. The method requires the construction of graphs showing 

groundwater-level variations in shallow wells located on lines perpendi- 

cular to the Main Dujaila Canal . Typical graph is shown in Fig. 2 . 
The analysis of data has shown that the seepage rate is about 0.135 
3 
m /day per meter length of canal which is equivalent to a depth of re- 

charge to groundwater of 0.005 mm/day. It appears that this value is 

negligible as compared to other sources of recharges to ground water. 



Distoncs from mnln canal - meter  

Figure 2 Ground water levels in observation welts along a line perpendicular 
to main DujaiIah canal . 

5 Recharge from semi-confined artesian aquifer 

The average differential piezometric head, taken as the difference bet- 

ween levels in shallow and piezometric wells, was substituted in Darcy's 

law to calculate the vertical recharge from the semi-confined aquifer to 

the upper covering layer. This procedure was followed for all locations 

of piezometric wells. The results indicate that the recharge based on 

the average yearly differential piezometric head is about 0.068 

mm/day. 

6 Deep percolation losses due to irrigation 

Recharge to groundwater due to field losses through heavy-textured soils 

is calculated according to a criteria and elaborate methods of analysis 

relating potential evapotranspiration, precipitation, surface runoff, 

leaching requirements and deep percolation, as illustrated in Publica- 

tion 16 and Lecture Notes of The International Institute For Land Recla- 

mation and Improvement, (1978) and (1975). For this purpose, the soil 

profile is divided into three zones; namely, the upper rootzone layer of 

50 cm thick and with a field capacity of 90 mm, the lower rootzone layer 



of 50 cm thick and with a field capacity of 70 mm, and the bottom layer 

connecting the rootzone region and groundwater of 2 m in thickness and 

with a field capacity of 90 mm. 

By trial and error procedure the water amount of each irrigation, to 

satisfy a preselected winter-crop and operational leaching requirements, 

together with the irrigation time intervals, were determined. The re- 

sults show that the recharge to groundwater due to deep percolation of 

irrigation water is about 1.93 mm/day. 

7 Contribution of groundwater flow from surrounding areas 

Applying the afore mentioned groundwater balance equation, the amount of 

recharge to the project area from adjacent areas could now be deter- 

mined. The analysis indicate that the amount of this source of recharge 

to groundwater is in the order of 0.024 mm/day. 

It should be mentioned that the values obtained in this study could 

easily be correlated in order to make a quantitative evaluation of the 

drainage coefficient, an important parameter needed in the design of the 

field drainage system in the project area. Such analysis, however, is 

beyond the scope of this paper. 
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Abstract 

Groundwater investigations in Sweden has formerly mainly been focused 

on the quaternary deposits. They generally have both higher storativity 

and higher permeability compared to the hard rocks, the crystalline 

basement. However. the last decade has produced new hydrogeological 

tasks, with demands of deeper knowledge about the basement. The main 

objectives with these investigations are; site characterization for un- 

derground structures, and method development, site investigation and 

groundwater characterization for nuclear waste disposal. For both these 

objectives, the water-bearing ability of the rock mass is of crucial im- 

portance. 

1 Introduction 

Geologically, the main part of Sweden is characterized by the Precamb- 

rian crystalline rocks included in the Baltic Shield. In addition to the 

crystalline basement, minor areas with Cambrian or younger rocks also 

exist. The Caledonean Mountain Range, which is composed mainly of meta- 

morphic, Cambro-silurian rocks is located in the western part of Sweden. 

In the southernmost part of the country, the bedrock is composed of se- 

dimentary rocks, being a part of the European sedimentary basin. Some 

minor areas of the Baltic Shield are covered by thin remnants of 

Cambro-silurian rocks (Persson et a1 1979). 



The bedrock is generally covered with loose Quaternary deposits, mainly 

till, which occupy as much as 75 per cent of the area. Clay and sand/ 

gravel formations also exist, the latter mainly as eskers. The glacial 

drift is generally shallow, on average about 5 - 10 m thick. 

About 50 per cent of the water supply in Sweden is obtained from 

groundwater. The absence of extensive sedimentary reservoirs limits the 

possibilities for groundwater extraction, and the water supplies for 

the largest cities (population >250 000) are all based on surface water. 

However, the groundwater supply dominates for all other cities and muni- 

cipalities. In this respect,theQuaternary eskers are the most impor- 

tant aquifers. Water extraction from the till cover and from the crys- 

talline basement is most common for small villages and for single 

households. The importence of the latter is illustrated by the inten- 

sive drilling of wells, 6000 - 8000 new wells are completed each year. 

Investigations of the groundwater resources for water supply are focused 

on the major aquifers, i.e. the eskers, while little or no effort is 

devoted to the investigation of the crystalline rocks. However, exten- 

sive hydrogeological investigation programmes focused on the basement 

have been carried out during the last decade. The reason for these 

programmes was not water supply, but engineering geological purposes 

and pollution transport minimization, although these investigations 

resulted in valuable information as regards the groundwater conditions 

in the low-conductivity, crystalline basement. 

The aim of this paper is to review the investigations in the crystalline 

rocks, the development and possible future trends. 

2 Investigation of hard rocks in Sweden 

The investigations of the crystalline rocks are made with two main 

objectives: 

@ Site investigations for underground structures 

@ Site investigations, general characterization and method development 



for disposal of nuclear waste or spent fuel in crystalline rocks 

For both these objectives, the water-bearing ability of the rock mass 

is of crucial importance. The groundwater conditions are very important 

for the economy, operation and construction of underground plants. In 

the case of nuclear disposal, the groundwater will be the transporting 

medium for any radioactive nuclides (Olsson 1979, Carlsson et al. 1982) 

As regards the water available in the low-conductivity, crystalline 

basement, new geophysical techniques have been adopted to detect major 

water-bearing zones (Miillern 1980). An increased use of these techniques 

has produced wells with high capacities. 

The investigations carried out in the crystalline basement have been 

mainly focused on the determination of various hydraulic properties, 

such as: 

@ hydraulic conductivity 

@ storage coefficient 

@ kinematic porosity 

@ sorbtion 

These have been carried out to obtain a characterization of the rock 

mass as regards its water-bearing and transporting properties, and to 

collect input data for continued modelling. 

Tha water-bearing ability of a crystalline rock mass is governed by 

the fracturing, where the major flow paths consist of larger zones of 

fractured or crushed rock. These zones usually govern the flow pattern 

in a large area, acting as high conductive drains through the rock mass. 

In the more homogeneous rock mass, minor fracture zones and single 

fractures are of importance, while the rock matrix may be regarded as 

almost impervious, from a practical point of view (Carlsson and Olsson 

1981). 

This great variety in hydraulic conductivity, from the highly conductive 

highly fractured zones to the low-conductivity, unfractured rock matrix, 

calls for specially developed hydraulic tests. Ordinary pumping tests 



are only suitable for investigations in highly conductive formations 

because they become too time consuming in a moderately fractured rock 

mass. 

At present the following are the tests most frequently used: 

Packer tests - water injection tests 
- pulse tests 
- interference tests 
- drainage tests 

Tracer tests 

The different techniques cover different ranges of hydraulic conduc- 

tivity (Carlsson and Olsson 1979). The pulse test makes it possible to 

test rock masses with very low conductivity, but is not suitable for 

more conductive rock masses. The detection limit of the water injection 

test is not as low as that of the pulse test, but on the other hand, 

this technique is suitable for highly conductive zones. Multiple hole 

tests, such as interference tests and tracer tests, are used for testing 

over long distances, along fractured zones or interconnected single 

fractures (Carlsson et al. 1983, Carlsson et al. 1979). 

The evaluation techniques vary, depending on the purpose of the test. 

Simple water injection tests evaluated according to stationary theories 

are used for engineering geological purposes. For tests in the nuclear 

waste disposal programme, the evaluation is normally based on transient 

theories. These more accurate theories have lately also been adopted 

for engineering geological puposes. 

The instrumentation for hydraulic tests in crystalline rocks, has been 

continously developed and improved, and at present, most tests are made 

with computerized registration and regulation devices. Most investiga- 

tions are made in narrow boreholes (46, 56 or 76 mm diameter) at great 

depths (at most 800 - 900 m), which has made it necessary to obtain 

specially designed down-the-hole instruments as well as equipment for 

controlling and handling the probes (Jacobsson and Norlander 1981). 



3 Conclusions 

During the last decade, the determination of the hydraulic properties 

of the crystalline basement have become one of the main tasks of 

hydrogeological research in Sweden. Great efforts have been made to 

determine the hydraulic characterization of the rock mass, and the 

development and improvment of the investigation techniques and instru- 

ments has been a main goal. This trend will probably also continue in 

the future. 

The general tendency is for control, data collection and evaluation to 

be computerized to a great extent. The increased knowledge of the 

groundwater conditions in fractured rock masses will result in ground- 

water models which are more suitable for simulation of flow in fractures 

than existing models. 
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Abstract 

During many years, the continuous detect ion o f  the temperature 

( @. 1°C), the e l e c t r i c  conduct iv i ty (+_3 vS/cm) and the a c t i v i t y  o f  the 

sodium ion  ( ~ 0 . 1  mg/l) i s  carr ied out by means o f  adapted sensors a t  

the ou t le t  o f  four ka r s t i c  basins i n  the Swiss Jura. 

I n  comparison w i th  the hydrograph o f  springs, the f luc tuat ions o f  these 

parameters permit t o  consider them as natura l  t racers  and ind icators  o f  

the d i f fe ren t  components o f  the ka r s t i c  water-bearing rocks discharge. 

These continuous recordings allow t o  d is t inguish t ime-l imited events, 

who should not be percept ible by an horary sampling. 

Important resu l t s  obtained by these studies increase our knowledge 

about: 

- the r i s i n g  mecanism o f  the k a r s t i c  spr ing 

- the t rans fe r t  speed i n  the very permeable karst-net ( f racture 

permeabil i ty) 

- the rapid dry up of the surface i n f i l t r a t i o n  

- the alimentation o f  the ou t l e t  from the low permeabi l i ty "blocksM 

(primary permeabi l i ty ). 

Certain a r t i f i c i a l  t racers and anthropogenuous po l lu t ions  are displayed 

w i t h  the help o f  adapted ion-select ive electrodes. 



Durant p l u s i e u r s  annGes, B l ' e x u t o i r e  de q u a t r e  b a s s i n s  k a r s t i q u e s  du 

J u r a  s u i s s e ,  l a  d e t e c t i o n  e n  cont inu  de  l a  t empera ture  (+O.l°C), d e  l a  

c o n d u c t i b i l i t e  e l e c t r i q u e  ('3 vS/cm) e t  d e  1 1 a c t i v i t 6  de l ' i o n  sodium 

( 3 . 1  mg/l) e s t  r B a l i s e e  B l ' a i d e  de  sondes  appropri6es.  

Comparees B l'hydrogramme d e s  sources ,  l e s  f l u c t u a t i o n s  d e  c e s  

paramet res  permet ten t  d e  l e s  cons idBrer  comme t r a c e u r s  n a t u r e l s  e t  

comme i n d i c a t e u r s  d e s  d i f f e r e n t e s  composantes d e  1'6coulement d e s  

a q u i f g r e s  k a r s t i q u e s .  

Ces e n r e g i s t r e m e n t s  e n  c o n t i n u  permet ten t  de  c e r n e r  d e s  evgnements 

l i m i t &  dans l e  temps q u i  ne s e r a i e n t  pas  p e r c e p t i b l e s  p a r  un 

Bchant i l lonnage  hora i re .  

Des r B s u l t a t s  impor tan ts  s o n t  a i n s i  ob tenus  s u r  : 

- l e  mecanisme de c r u e  d e s  s o u r c e s  k a r s t i q u e s  

- l a  v i t e s s e  de t r a n s f e r t  dans l e  reseau  tr&s permeable (perm6abLli tS 

d e  f r a c t u r e s )  

- l e  t a r i s sement  de  l ' i n f i l t r a t i o n  r a p i d e  provenant  de l a  s u r f a c e  

- l ' a l i m e n t a t i o n  de l ' e x u t o i r e  & p a r t i r  d e s  "blocs" peu permeables 

(permkabi l i t6  p r imai re )  

C e r t a i n s  t r a c e u r s  a r t i f i c i e l s  e t  p o l l u t i o n s  anthropoghnes s o n t  a u s s i  

m i s  e n  Bvidence B l ' a i d e  dt t51ectrodes s e l e c t i v e s  appropri6es.  

1 I n t r o d u c t i o n  

Le Centre  d1Hydrog6010gie d e  l 1 U n i v e r s i t 6  de  Neuchstel ( S u i s s e )  

s 'ernploie  depuis  p l u s i e u r s  annees & developper  l e s  methodes 

d ' a c q u i s i t i o n  de donnees e n  cont inu.  Les paramet res  physico-chimiques 

e n r e g i s t r e s  ( c o n d u c t i b i l i t 6  B l e c t r i q u e ,  temp6rature,  a c t i v i t e  d e  l ' i o n  

sodium) s e r v e n t  B B t u d i e r  l e  fonctionnement d e s  a q u i f h r e s  k a r s t i q u e s  

j u r a s s i e n s  en r e l a t i o n  a v e c  l'hydrodynamique. 

La f i g u r e  1 i l l u s t r e  l a  s i t u a t i o n  geographique d e s  p r i n c i p a l e s  s o u r c e s  

BquipBes, l a  d u r e e  d ' e n r e g i s t r e m e n t s  v a r i a n t  de  1 8 4 ans. 



F i g u r e  1 

C a r t e  sch6matique d e  l a  S u i s s e  e t  

p o s i t i o n  d e s  s o u r c e s  k a r s t i q u e s  

Bquipees d ' e n r e g i s t r e u r s  e n  

cont inu  

1: Areuse, 2: Orbe, 3: Ubena, 

4: Fontainemelon. 

2  M a t e r i e l s  e t  methodes u t i l i s e s  

Les parametres  c o n d u c t i b i l i t 6 ,  t empera ture ,  sodium s o n t  c h o i s i s  e n  

r a i s o n  de l e u r  r e p r e s e n t a t i v i t e  comme t r a c e u r s  n a t u r e l s  d e s  t y p e s  

d'6coulement. 

Dans les eaux k a r s t i q u e s ,  l a  c o n d u c t i b i l i t e  t r a d u i t  l a  m i n e r a l i s a t i o n  

t o t a l e  t a n d i s  que l e  sodium i n d i q u e  1 'Bvolu t ion  d e  l a  phase 

non-carbonatge. La temperature,  p a r  c o n t r e ,  est un paramet re  physique 

independant  d e s  v a r i a t i o n s  chimiques. 

Sondes u t i l i s k e s :  

temperature:  thermis tance  P t  100 ohms, p r e c i s i o n  fO.l°C, p lage  d e  

mesure 2 B 1 2  O C ,  r e l i e e  d i rec tement  B l ' e n r e g i s t r e u r  p a r  un conducteur  

3  f i l s  

c o n d u c t i b i l i t e :  c e l l u l e  WTW e t  Ingold,  p r e c i s i o n  +3 vS/cm, p l a g e  d e  

mesure 0  h 333 uS/cm 

sodium: e l e c t r o d e  s p e c i f i q u e  de  v e r r e  Ingold  e t  e l e c t r o d e  d e  r e f e r e n c e  

Tacussel ,  p r e c i s i o n  k0.1 mg/l, p l a g e  de  mesure 0.1 B 1 0  mg/l. La 

mesure de  l ' a c t i v i t e  d e  l ' i o n  sodium se f a i t  p a r  v o i e  Blectrochimique 

basee  s u r  l a  l o i  de  Nernst. 

Appare i l s  de mesure: 

c o n d u c t i b i l i t 6 :  conduct im&tre W T W  modele LF 56 

sodium: ionmetre  Orion modhle 407A. 

E n r e g i s t r e u r :  

Eurotherm Chessel  t y p e  301 B 3 canaux en cont inu ,  avancement du p a p i e r  

1 cm/h. 



Al imen ta t ion :  

si l l a l i m e n t a t i o n  220 V n ' e s t  p a s  d i s p o n i b l e ,  ce m a t e r i e l  est consu  

p o u r  t r a v a i l l e r  d e  f a s o n  autonome s u r  d e s  b a t t e r i e s  r e c h a r g e a b l e s ,  

Bven tue l l emen t  B 1 1 8 n e r g i e  s o l a i r e .  

3  D i f f i c u l t e s  r e n c o n t r e e s  p e n d a n t  l l a c q u i s i t i o n  d e s  donnees  

ies  c h a f n e s  d l e n r e g i s t r e m e n t  s o n t  p l a c e e s  d a n s  d e s  env i ronnemen t s  

d i f f e r e n t s ,  elles s o n t  a i n s i  soumises  B d e s  c o n t r a i n t e s  d 1 h u m i d i t 6 ,  d e  

t e m p e r a t u r e  e t  d l e n s o l e i l l e m e n t .  

Un d e s  p r i n c i p a u x  problhmes p r o v i e n t  d e s  d i s t a n c e s  e n t r e  les s o n d e s  e t  

les a p p a r e i l s  d e  mesure. Dans l e  c a s  d e  l l O r b e ,  t o u t e s  les s o n d e s  o n t  

pu & r e  p l a c e e s  1 2  m e t r e s  au-dessous  d e s  e n r e g i s t r e u r s  s u r  un  f l o t t e u r  

q u i  s u i t  les f l u c t u a t i o n s  du n i v e a u  d e  l a  r i v i e r e  s o u t e r r a i n e .  

Pour  les  s o u r c e s  d e  1 ' A r e u s e  et d e  l l U b e n a ,  s e u l e s  les s o n d e s  d e  

t e m p e r a t u r e  B t a i e n t  p l o n g e e s  h 116mergence,  t a n d i s  que  l e  reste d e  

l l i n s t a l l a t i o n  e t a i t  a l i m e n t 6  a r t i f i c i e l l e m e n t  B p l u s  d e  300 metres e n  

a v a l .  

Ces  v a r i k t e s  d 'emplacement  o n t  c a u s e  l e s  d i f f i c u l t e s  s u i v a n t e s :  

- f l u c t u a t i o n s  j o u r n a l i e r e s  p a r a s i t e s  d e  l a  t e m p e r a t u r e  d e  l ' e a u  

- d e r i v e  d e s  a m p l i f i c a t e u r s  d e s  a p p a r e i l s  d e  mesure  d u e s  aux  f o r t e s  

v a r i a t i o n s  d e  l a  t e m p e r a t u r e  e x t e r i e u r e  

- encroOtement  d e s  s o n d e s  
- i n t e r r u p t i o n  d e  l ' a l i m e n t a t i o n  d e s  c o n d u i t e s  d1amen6e d leau .  

4 Fonct ionnement  d e s  a q u i f e r e s  k a r s t i q u e s  

La c i r c u l a t i o n  d a n s  les  a q u i f h r e s  k a r s t i q u e s  depend d e  deux t y p e s  d e  

p e r m e a b i l i t e .  Des f r a c t u r e s  et d e s  chenaux tres pe rmeab les  e t  

o r g a n i s e s  decoupen t  e t  d r a i n e n t  d e s  m a s s e s  c a l c a i r e s  f o r m a n t  d e s  

peu permeables .  Ces  deux t y p e s  d e  c i r c u l a t i o n  se r e p e r c u t e n t  

non s e u l e m e n t  s u r  l 'hydrogramme m a i s  a u s s i  s u r  les p a r a m e t r e s  

phys ico -ch imiques  d e s  eaux. 

L e s  e n r e g i s t r e m e n t s  e n  c o n t i n u  p e r m e t t e n t  d e  d e t e c t e r  l e s  d i f f e r e n t e s  

composantes  d e  l ' b c o u l e m e n t  q u i  a l i m e n t e n t  l e s  e x u t o i r e s .  



5 RBsul ta t s  e t  i n t e r p r e t a t i o n s  

Comme exemple, nous prBsentons i c i  l e s  e n r e g i s t r e m e n t s  en cont inu  d e s  

paramet res  mBtBorologiques, hydro log iques  e t  physico-chimiques d e  deux 

grandes  s o u r c e s  k a r s t i q u e s .  

La f i g u r e  2 donne l a  v a r i a b i l i t B  a n n u e l l e  B l a  s o u r c e  d e  1 'Areuse 

(Mbller  e t  ZSt l  1980). On remarque que l e s  f l u c t u a t i o n s  

physico-chimiques s u i v e n t  celles du & b i t  . Les d i l u t i o n s  c o n s t a t k e s  

correspondent  B l l a r r i v B e  de l ' e a u  fralchement  i n f i l t r e e  B l ' e x u t o i r e .  

NBanmoins, c e s  v a r i a t i o n s  s o n t  r e l a t i v e m e n t  attBnuBes p a r  l ' e x i s t e n c e  

d 'un volume d 'eau  cons idBrab le  dans l a  zone non-Bcoulable s e  t r o u v a n t  

au-dessous du niveau de  l ' e x u t o i r e .  

La f i g u r e  3 a p p o r t e  p l u s  d e  d e t a i l s  s u r  l e  fonctionnement de  c e  m e m e  

aqu i fe re .  L 'enreg is t rement  correspond B l a  pBriode d ' i n j e c t i o n  d e s  

t r a c e u r s  du 4iBme Symposium s u r  l l U t i l i s a t i o n  d e s  Traceurs  en 

Hydrologie (4iBme SUWT). 

L'ar r ivBe  massive du sodium e s t  dBtectBe 21 l a  s o u r c e  de  maniere t r b s  

p r e c i s e  par  l e s  paramet res  chimiques. La c r u e  s u i v a n t e  chasse  encore  

d e s  masses d '  eau s a l B e  q u i  B t a i e n t  s t o c k e e s  dans 1' aquifhre.  

Le 1 2  ju in ,  un o r a g e  d e  g r & l e  e x c e p t i o n n e l  met en Bvidence l l a r r i v B e  

d e s  eaux nouvellement i n f i l t r B e s ,  peu minBralisBes, f r o i d e s ,  r e t a r d B e s  

d e  24 heures  p a r  r a p p o r t  B l a  crue. C e t  Bvhnement permet Bgalement 

d ' e s t i m e r  l e s  v i t e s s e s  d'Bcoulement dans l e s  chenaux k a r s t i q u e s .  

La f i g u r e  4 i l l u s t r e  l a  v a r i a t i o n  a n n u e l l e  B l a  s o u r c e  d e  l 1 0 r b e .  Les 

reponses  d e s  paramet res  r e f l b t e n t  1 1 i n t e r f 6 r e n c e  d e  deux l a c  (10 km2) 

s u r  l ' a l i m e n t a t i o n  typ ique  d'un a q u i f h r e  kars t ique .  

L 'Bt iage  e s t  c a r a c t B r i s B  p a r  une a l i m e n t a t i o n  p r B f B r e n t i e l l e  d e s  l a c s  

p a r  l l i n t e r m B d i a i r e  de  f r a c t u r e s  et  d e  chenaux t r h s  permBables. 

L ' i n f l u e n c e  des  eaux f ra ichement  i n f i l t r B e s  ne s e  f a i t  p a s  s e n t i r  p a r  
une d i l u t i o n  B l a  source ,  mais  p a r  une augmentation d e  l a  

m i d r a l i s a t i o n  c a r b o n a t e e  due B l a  mise en charge  d e  l ' a q u i f e r e  q u i  

provoque un d r a i n a g e  d e s  masses c a l c a i r e s  peu permBables. 

La f i g u r e  5 d B c r i t ,  B l a  meme source ,  un phBnombne p a r t i c u l i e r  d e  

c o u r t e  dur6e. Lors  d e  t r b s  f o r t e s  c r u e s ,  les paramet res  e n r e g i s t r B s  

i n d i q u e n t  une brusque modi f ica t ion  d e  l ' a l i m e n t a t i o n .  Des siphons,  

s i t u B s  dans l a  zone de  ba t tement  d e  l ' a q u i f h r e ,  reconnus p a r  l e s  

recherches  spBlBologiques, s o n t  vidangBs. 
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F i g u r e  3 Synthese  d e s  i n f o r m a t i o n s  hydrologiques,  m6t6orologiques et 

de l a  v a r i a b i l i t g  d e s  paramet res  physico-chimiques 

(enreg i s t re rnen t  e n  c o n t i n u )  B l a  s o u r c e  d e  l l A r e u s e ,  du 20 

rnai au 20 j u i n  1979 

F leche  = i n j e c t i o n  d e s  t r a c e u r s  du 4iBme SWT 

E t o i l e  = o r a g e  d e  g r 6 l e  

La BrBvine, La Chaux-du-Milieu, Les Verrieres = s t a t i o n  

p luv iograph ique  avec  cumul d e  2 h e u r e s  d e s  p r 6 c i p i t a t i o n s  

(rnm) e t  i n d i c a t i o n  c h i f f r g e  d e s  t o t a u x  j o u r n a l i e r s .  
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40.01 
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Figure 4 Enregistrements en continu dans la grotte de llOrbe et 

hydrom6t6orologique de la region des lacs pendant 11ann6e 

1979 
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F i g u r e  5 Enregistrement  en c o n t i n u  j o u r n a l i e r  l o r s  d 'une grande c r u e  

B l a  s o u r c e  de  l tOrbe.  La vidange d e  s i p h o n s  suspendus 

e s t  mise en ev idence  pendant environ 60 minutes  

6 Conclusions 

Vu l e s  d i f f i c u l t &  d ' a c q u i s i t i o n  d e s  donnees s u r  l e  t e r r a i n ,  l e s  

e n r e g i s t r e m e n t s  en cont inu  ne peuvent p a s  f o u r n i r  d e s  v a l e u r s  a b s o l u e s  

comparables aux a n a l y s e s  de l a b o r a t o i r e .  D'aprhs nos exper iences ,  il 

est cependant p r e f e r a b l e  de posseder  d e s  e n r e g i s t r e m e n t s  e n  cont inu  B 

v a l e u r s  r e l a t i v e s  q u i  peuvent B t r e  f a c i l e m e n t  c a l i b r e e s  g r6ce  B d e s  

prelhvements  manuels. Ces e n r e g i s t r e m e n t s  a p p a r a i s s e n t  a l o r s  

i n d i s p e n s a b l e s  pour l a  compr6hension du fonctionnement d e s  a q u i f h r e s  

k a r s t i q u e s  c a r  1 1 6 c h a n t i l l o n n a g e  ponctuel,m&me t r h s  serre, n ' a r r i v e  pas 

21 r e s t i t u e r  en d e t a i l  les r a p i d e s  v a r i a t i o n s  d e s  d i f f e r e n t s  paramhtres. 
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TREIUM AS A GROUNDWATER 
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Abstract 

The disposition and flow rate of groundwater in the Sabi  Valley Alluvial 

Plain in Zimbabwe was elucidated by u s e  of ser ia l  measurements of 

tritium over a 15 year period. The Sab i  Valley a l luvial  plain is the 

largest tract of alluvium in Zimbabwe. The tritium study revealed: 

a )  that the Sabi  river contributes only minor recharge t o  the  main ground- 

water basin.  

b) that the flow rates  through the perched Aquifer was higher than 
through the major and deeper aquifer,  and 

c )  that the flow rate computed from the tritium study was in good agree- 

ment with that calculated by orthodox hydrogological techniques.  

1 Introduction 

Tritium is a radioactive isotope of hydrogen, naturally produced in the  

atmosphere by cosmic rays and present in nuclear bomb fall-out.  

Oxydised to  water,  it reaches the  earth in minute concentrations in 

rain: 
5 - 2 0 T . U .  (1 T.U.  = 3.2 pc i  1 - l w a t e r ) .  

On infiltration into the  ground, the rainwater becomes t o  a greater or 

l e s s e r  extent isolated from the atmospheric source and the concentration 

drops according to  the  characteristic half-life of tritium (12.3 years) .  The 

tritium concentration therefore becomes a measure of the  residence 
time of groundwater s ince the  time of recharge or of the  recharge/storage 



Figure 1 Tritium values in Harara rainfall. Also shown are 

different tritium output curves 



ra t io .  

Routine measurement techniques  allow for the  detect ion of tritium down 

t o  about 0.5 T .U ,  which represents a n  effective "age"  or res idence time 

of about 50 y e a r s .  The increase  in concentration due t o  bomb fall-out 

over the  l a s t  two decades  a l lows for even finer time resolut ion.  In 

Figure 1 the northern hemisphere hydrogen bomb fa l l  out values  in Harare 

rainfall are s e e n .  These  tritium va lues  if subsequent ly  detected in bore- 

holes  that  have been ser ia l ly  sampled will  allow a n  accurate  time 

reference for rainfall  recharge into the  ground . 

2 Method of Measurement 

Single s tage  e lect rolys is  and subsequent  g a s  counting is used for the  

ana lys i s  of tritium. The full de ta i l s  of the  analyt ica l  procedure a re  

given in Wurzel and Ward (1968). 

3 Geology of Sab i  Valley a l luvia l  plain 

The S a b i  Valley a l luvia l  plain s i tuated in the  extreme South East  of 

Zimbabwe const i tu tes  the  larges t  t rac t  of alluvium in Zimbabwe. 

 figure^). It is bounded by la t i tudes  200 05's and 20° 35 ' s  and long- 

i tudes  3Z0 10'E and 32' 25'E, s i tuated in the  lowveld,  and having a n  

e levat ion above s e a  level  between 400 and 500 metres .  The climate is 

semi-ar id ,  precipitation being confined t o  five months of the  year  and 

amounting t o  a n  annual  mean of 455 mm. The a l luvia l  plain h a s  only 

gent le  relief and is approximately 20 km wide by 50 km long. The 

S a b i  r iver,  the  only perennial  stream in the  a r e a ,  maintains a remarkably 

straight course through the  centre  of t h e  plain in a braided channel  which 

is confined within banks generally 1 km t o  1 . 5  km apar t  and about 5 

metres above t h e  stream bed. The alluvium res t s  on essen t i a l ly  lower 

Karoo rocks (Permian sediments) and is confined on the  e a s t  by the  

Umkondo System (precambrian rocks where a large fault  plain divides  

the  Umkondo rocks which form a massi f  on the  e a s t ,  with t h e  underlying 

Karoo rocks on the  p la in ) ,  and on the  W e s t  of t h e  pla in ,  by a gently 

eas twards  sloping granite a r e a .  The alluvium is character is t ica l ly  sand 

(varying from coarse  t o  fine) s i l t  and c l a y .  C l a y  horisons and l e n s e s  



LOCATiON MAP OF SABl VALLEY 

Figure 2 Location map of Sabi VAlley 



Figure 3 Sabi  Valley - tritium content in boreholes in 1972.  Also 

shown are  Sections A ,  B ,  and C ,  for which breakthrough curves are  shown 
in figures 4 and 5 



are  universally present a t  the  surface and the  aquifer i s  confined. The 
alluvium varies in thickness from 30 - 40 metres near the Sabi  river t o  

120 metres a t  the eastern boundary of the plain.  

The exis tence of a groundwater reservoir within the  alluvium had been 

known for several  years: however, for development purposes i t  was 

essen t ia l  t o  know whether the  groundwater was  " on the  move" and being 
recharged and hence an early computation of a reasonable sa fe  yield 

figure. The geohydrological investigations took place solely on the 

eastern half of the  plain (eas t  of the Sabi  river); a c c e s s  t o  the  western 

half was totally impossible. 

4 The tritium resul ts  

The first  samples of water for tritium analysis  were taken in 1965. The 

open type of sampler was used t o  sample the  boreholes . This was  

because it was important t o  determine whether horizonta 1 strat  if ication 

existed and a l s o  several of the  boreholes did not have pumps mounted. 

Open samplers consis t  of a metal cylinder or tube with rubber stoppers 

or f lap valves  a t  both e n d s .  In operation, the  valves  are  held open by 

a spring and trigger mechanism. The sampler i s  lowered into the  bore- 

hole; when the  required sampling depth is reached a weighted messenger 

i s  dropped down the sampler l ine ,  strikes the  trigger and c l o s e s  the  

va lves ,  thereby enclosing the water sample in the sampler tube.  Most 

boreholes showed uniform tritium concentrations in the  vertical profile, 

indicating that the boreholes a c t  a s  short circuit conduits between 

aquifers.  

It was evident early on that generally tritium values  were low and 

decreased in an  easterly direction concommitant with a n  easter ly  flow 

direction. In only one borehole were time dependent samples available 

(1965 and 1967),  the resul ts  of which were correlated by Wurzel and 

Ward (1968) t o  the  southern hemisphere wide r ise  in tritium content 

commencing in 1959. In the  c a s e  of the  other boreholes, Wurzel and 

Ward (1968) used the piston-model t o  deduce a filtration velocity,  (the 

macroscopic or apparent velocity in contradistinction t o  the microscopic 

or intersti t ial  velocity) Section A ,  Figure 3 of 0 .3  - 0.6 metres/day, To 

compute the  filtration velocity a n  effective porosity value had t o  be 



assumed and a 20% value  w a s  considered t o  be rea l i s t i c .  

Since  1969 when the  first  phase of t h e  investigation w a s  completed,  new 

data  h a s  accumulated,  time dependent tritium samples  a re  now avai lable  

spanning 8 yea r s  and more newly drilled boreholes have been sampled. 

Further, in 1973,  seve ra l  radioisotope porosity determinations were 

carried out in the  field which confirmed that  the  effective porosity 

es t imate  of 20% for the  Sabi  Sands  w a s  correct ,  (Wurzel 1974).  Sampling 

ceased  with the  advent  of war in Rhodesia. 

The more recent tritium resul ts  a r e  shown in Figures 3 ,  4 and 5 .  Over- 

al l  higher va lues  occur in 1972 than in  1967,  and boreholes in mid-plain 

that  contained zero  tritium in 1965,  show posit ive tritium va lues  in 1972 . 
Time dependent va lues  are  plotted in Figures 4 and 5 and the  input va lues  

(Harare rainfall) a re  shown in Figure 1 .  The eas te rn  bank of the  Sab i  

Valley was  arbitrari ly divided into 3 sec t ions  and tritium values  plotted 

for  boreholes lying on or near e a c h  sec t ion .  Thus e a c h  point on Figures 

4 5 represents one borehole lying on or near  e a c h  sec t ion  being 

sampled in a particular year .  A s  a n  example for boreholes lying on 

Section A: in 1965 e ight  boreholes were sampled,  no sampling took 

place  in 1966,  t en  boreholes were sampled in 1968 and s o  on.  Boreholes 

(C38, C39 and C40) which have high water  l e v e l s ,  and in which down- 

ward ver t ica l  currents have been measured with ar t i f ic ia l  t r ace r s ,  reveal  

interesting tritium pulse  curves .  These  boreholes l i e  in a n  area  where 

two  wel l  defined aquifers e x i s t ,  an  upper perched aquifer and the  lower 

and major groundwater reservoir .  In two of t h e s e  boreholes the  complete 

tritium pulse curve is evident ,  from which we interpret tha t  the  perched 

aquifer is almost ent i re ly  fed from the  Sabi  river-, that  the  throughflow 

veloci ty  in the  perched aquifer is less than in the  major aquifer and 

indeed re-enters the  river downstream, or that  further t o  the e a s t ,  a 

connection e x i s t s  between the  two aquifers .  Indeed, i t  is likely the  

upper aquifer merges with the  ma in water  bearing body. 

Such wel l  defined break-through curves  lend themselves  t o  mathematical  

a n a l y s i s .  In interpreting tritium d a t a ,  i t  is poss ible  t o  u s e  models t o  

derive flow; the  three  most widely used a re  the piston-flow model,  t h e  

exponential  wel l  mixed reservoir  model and the  dispers ion mode. The 

dispers ion model is one in which confined conditions a r e  implicit and 

recharge which occurs  in a given period mixes with water  recharged in 
previous and subsequent  yea r s .  It h a s  been shown that  a model in which 



Figure 4 Breakthrough curves  for sect ion A and for perched water table 
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the age  distribution of the samples  collected a t  a d is tant  point from the  

recharge is e i ther  normally distributed (Halevy and Nir 1962) or is 

gauss ian .  For simplicity of computation, a binomial model w a s  used in 

th is  s tudy.  

A binomial model can be fitred w i t h  a variance of two displaced 4 years  

from the inputhdate .  An adequate  fit for 6 = 2 is obtained for bore- 

holes C 40 and C 39. Indeed, the  goodness of fi t  is s tar t l ing.  An 

apparent flow velocity in the upper aquifers of 0.4 metres/day is thus  

obtained. In the major aquifer the  time dependent resul ts  a re  shown in 

Figures 4 and 5 . The trend is eminently v i s ib le  with bomb tritium 

steadily making i t s  way eastward.  The sca t t e r  of resul ts  is large and 

i s  t o  be expected.  It i s  highly probable that  boreholes tapping the  main 
aquifer,  but adjacent  t o  the perched aquifer a re  receiving younger 

perched aquifer water ,  and t h i s  blend of water is reflected in the  tritium 

values .  Assuming a rather diffuse recharge area  4 km west of the  Sab i  

river (a valid assumption: ephermal streams rising on the granite catch- 

ment which forms the western boundary t o  the  pla in ,  debauch i n t o  the  

alluvial  plain),  and making a further assumption that the tritium in rain- 

fa l l  input peak would reach Section A in 1975 a flow velocity of 1 .4  

metres/day is computed. 

It i s  of interest  t o  look a t  the variance of the  pulse output curves in the  

perched aquifer.  The variance in the  binomial-model can be related t o  

the  dispersion coefficient,  thus:  
- 2 
X 

Dm = -6 T T 

where 
- 
x is the mean dis tance between the  recharge area and sampling point,  

T is the t ransi t  time and 

Dm is the  dispersion coeff ic ient .  

A value for Dm of 0 .4m2/day w a s  obtained. The identical  calculation 

for the main aquifer using a 6 value of 4 yie lds  a value for Dm of 

0.9 m2/day. 
Comparing the  tritium resul ts  with the chemical ana lys i s  of the  waters of 

the  Sabi Valley is a l s o  of in teres t .  There appears  t o  be a broad correla- 

tion between water showing zero tritium va lues  and water having high 

mineralisation content.  This is t o  be expected.  A high sal in i ty  content 



' i s  generally taken t o  indicate that  e i ther  the  water  has  travelled a long 

way or that  i t  h a s  been underground for some considerable  t ime.  

No correlation e x i s t s  between tritium content and sa l in i ty  values  if these  

va lues  a re  below about 500 ppm. Also,  zero  va lues  of tritium were 

obtained in boreholes with low sal in i ty  content .  This is wel l  illustrated 

by the  table  below. 

Borehole NO. Total  dissolved s o l i d s .  ppm . Tritium Units T . U . 
C 21 225 Zero 

C 22 108 Zero 
C 23 186, 180 ( '65, '67) 5.6, 1 4 . 1  ( '65 ,  '67)  

C 29 132 2 .O 

C 39 138 14 .0  

C 41  360 Zero 

C 42 186 3.9 

P 11 480 Zero 

P 12 480 Zero 

R 25 1200 Zero 

The variation in tritium content is s e e n  t o  be high,  while the  sa l in i ty  

content  var ies  by a factor 4 (excluding R 25). On sal in i ty  consider- 

a t ions  a lone ,  boreholes C 21 and C 22 would have been assumed t o  be 

in a n  area of fairly strong flow. But, a s  shown by the  tritium con ten t ,  

t h i s  is not the  c a s e .  Furthermore the  concept of high sa l in i ty  water  

being equated with length of t ravel  time or time spen t  underground and 

v ice  versa  is shown not t o  hold in th i s  particular c a s e .  
No temperature differences were detected in 6 boreholes where temper- 

a ture  w a s  measured in the ver t ica l  profile. 

5 Conclusions  

C l a s s i c a l  tritium breakthrough curves  in  the  Sab i  Valley were obtained 

which revealed m a s s  movement of water  in  t h e  a l luvia l  plain.  The 

tritium study h a s  shown that  the  Sav i  river d o e s  not contribute 



significantly t o  groundwater recharge. It is of interest  t o  note that 

despi te  a much lower peak 1963 tritium in rainfall value in the  Southern 

Hemisphere (2 orders of magnitude l e s s  than the Northern Hemisphere) 

the peak was s t i l l  discernible in the groundwater reservoir. 
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RECENT REMOTE SENSING TECHNIQUE I N  

FRESH WATER SUBMARINE SPRINGS 
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Abs t rac t  

Due t o  its phys ica l  c h a r a c t e r i s t i c s  a  water sur face  is e a s i l y  prospect-  

ablebymeans of  a e r i a l  thermal i n f r a r e d  surveys,  i n  p a r t i c u l a r  i n  t h e  

gill micron band. I n  over e i g h t  yea r s  o f  a c t i v i t y  an ope ra t i ona l  metho- 

dology has been developed i n  o rde r  t o  l o c a t e  f r e s h  water  submarine 

sp r ings  and t o  eva lua t e  t h e i r  y i e l d s  us ing  e l e c t r o n i c  da t a  processing 

and mathematical models. More than  700 sp r ings  spread  over 1500 km of 

i t a l i a n  sho re l i ne s  have been pc in ted  o u t  with a  t o t a l  y i e l d  of  about100 
3 

m /s. P a r t i c u l a r  information is  s t r e s s e d  ou t  by t h e  processing of  ther -  

mal l e v e l  s l i c i n g  and t he  t e x t u r e  ana ly s i s .  Such a method is a l s o u s e f u l  

f o r  t h e  eva lua t ion  o f  a reg ional  aqu i f e r  hydrologic balance and f o r  t h e  

underground water prospec t ion  a long  t h e  shores.  

I In t roduc t i cn  

S ince  t he  beginning o f  yea r s  '70 t h e  de t ec t i on  o f  f r e s h  water s p r i n g s i n  

c c a s t a l  salt water bodies has become mat te r  o f  remote sensing.  Although 

t h e r e  has been employed a l s o  t he  mul t i spec t ra l imag ing in thep~~otcgraph ic  

domain, t he  thermal i n f r a r e d  scanning demonstrated t h e  h ighes t  r e l i a b i l -  

i t y  i n  any s i t u a t i o n ,  being t he  thermal con t r a s t , and  no t  t h e  t ranspar -  

ency t h e  i n d i c a t o r  o f  t h e  presence o f  sp r ings  i n  t h e  salt water. 

Among the  advantages der iv ing  from t h e  use of  thermal scanning and i n  

p a r t i c u l a r  from its process ing ,  it has  t o  be underl ined t h e p o s s i b i l i t y  



of g e t t i n g  a synoptic ins tantaneous  view on hundreds of  k i l ome t r e swi th  

the  reccnaissance of t h e  c o a s t a l  cu r r en t s  p a t t e r n ,  t h e  de t ec t ion  of  any 

o u t l e t s  and t h e  computing of t h e i r  y i e l d s .  

2 The i n t e r a c t i o n  of  t h e  r ad i ancewi th  t h e  water 

The water shows a pecu l i a r  behaviour i n  r e spec t  t o  t h e  radiance:opaque 

i n  t h e  u l t r a v i o l e t ,  is t r anspa ren t  i n  t h e  v i s i b l e  with a peak a t  0,52 

micron. Then ii begins t o  become opaque again  i n  t h e  dark read (0 ,7  

micron) and even more i n  t h e  near i n f r a r ed  (1+2 micron) till reaching 

a complete cpac i ty  i n  t h e  thermal i n f r a r ed  region  (beyond 3 micron). 

The cpaci ty  i n  t h e  domain of  thermal emission is t h a t p e c u l i a r c h a r a c t e -  

r i s t i c  of water  which al lows t h e  a c q u i s i t i o n  of da t a  s t r i c t l y  a t  t h e  

sur face .  Basing on the  s u p e r f i c i a l  seepages of  t h e s e  phenomena the  up- 

wel l ing  f r e s h  water  sp r ings  can be throughly revealed  and t h e  o u t l e t  

flcw est imated.  

3 The methodology o f t h e  i n f r a r ed  survey 

I n  I t a l y  and i n  many o the r  p a r t s  of  t he  world, where e x i s t  coas t s  f c r -  

med by carbonat ic  depos i t s  which spread towards t h e  inland e s t ab l i sh ing  

aqui fer  ( a r e a  of  recharge) t h e  phenomenon of submarine sp r ings  appears. 

The proper knowledge of t he se  seepages can con t r ibu t e  t o  t h e  s o l u t i o n o f  

important hydrogeologic problems ( t h e  water balance and water supply) i n  

a r eas  where, a t  t imes,  t h e  discovery on underground water a t  depth i s c f  

d i f f i c u l t  a c c e s s i b i l i t y  and too  expensive. Following many su rveysca r r i ed  

c u t  up t o  da t e  (1975-1981) we have developed a d e t a i l e d  methodology of  

survey along t h e  coas t  of  I t a l y ,  S i c i l y  and Sa rd in i a  which is v a l i d  f c r  

both t he  t echn ica l  and economical po in t  of  view. I n  t h i s  way we have 

loca ted ,  misted and s tud ied  more than 700 f r e s h  water submarine sp r ings  

spread along 1500 km of  coas t  (F ig .  1). Basing on t h e  evalua t ion  of  t h e  
3 

f l c w  discharged i n  t he  s e a  (over  150 m /set) hydrogeological reg ional  

s tud i e s  have been c a r r i e d  ou t  i n  d e t a i l  and indica ted  in land a reas  where 

exploratory we l l s  could be performed. Methodology bases on ae r i a l t he rmc-  

graphy whose c h a r a c t e r i s t i c  parameters s t r e s s e d  ou t  a f t e r  years  of 



experience are the following: 

- Flight season: late summer (low water table period)and, eventually, 

the spring (high water table period) 

- Time of flight: at predawn, possibly in conditions of low tide 

- Flying height : 1000+1500 m above sea level 

- Instruments : infrared thermal scanner operating in the 9+11 micron 

band,inside the 8+14 atmospheric window, where the absorption is min- 

imum and there is the maximum thermal emission for ablackbodyaround 

20°C. Other instruments of the photographic type have proved useless. 

Figure 1 Frame of South Italy coasts surveyed with aerial thermal 

infrared scanning fcr the inventory of submarine springs 



The data required from the flights are electronically treated toobtain 

the level slicing (Fig. 2) for the drawing up of the isothermmap fcrevery 

coastal inflow with its relative topographic location (Figure 3). 

Figure 2 Level slicing of a thermal survey (Scuthern Italy). 

The thermal scale increases from white to black with 0.5 OC 

interval (approximate scale 1:25.000)Aut. SM.A.NO 53 7.2.78 

Temperature OC 

Figure 3 Example of isothermal map: the contouring includes isothermal 

areas with 0.5 OC interval. The shoreline is that inside the 

dashed frame of Figure 2 

The final lccaticn of the submarine springs is carried out after ahydro- 

logical interpretation which begins with the checking of the original 



thermal da t a  and is completed by f i e l d  checks, i n  such a way t o  i s o l a t e  

those  seepages (e.g.  pol lu ted  d ischarge)  which has nothing t o  do with 

t h e  spr ings .  

The map of  isotherms,  a s  defined,  is used f o r  ccmputing t h e  y i e ld ,bas ing  

on t h e  thermal balance,  occurring a t  t h e  s e a  su r f ace  between sp r ing  and 

s a l t  water ,  which we b r i e f l y  describe.  

4 The y i e l d  computing of  submarine sp r ings  

The submarine s p r i n g  of  f r e s h  water is usual ly  co lde r  than t h e  s e a  it 

flows in to .  For t h i s  reason it would tend t o  l ay  a t  t h e  bottom. What 

causes it emerge t o  t h e  su r f ace  is t h e  con t r a s t  o f  s a l i n i t y  ( t he re fo re  

of t h e  dens i ty)  between t h e  two l i q u i d s .  Normally t h e  t o t a l  s a l i n i t y  

content  is t h a t  of  making t h e  s p r i n g  plume t o  f l o a t  till the tempera ture  

d i f f e r ence  doesn ' t  exceed 16  O C .  P r a c t i c a l l y  a f r e s h w a t e r c u t l e t  f l o a t s  

always on t h e  s e a  su r f ace  (normally t h e  d i f f e r ence  observed is l e s s  than 

10°C). The y i e l d  of t h e  sp r ing  is ca l cu l a t ed  evalua t ing  t h e  hea t  exchang- 

ed by t h e  o u t l e t  wi th  t he  s e a  and wi th  t h e  atmosphere. 

The fol lowing formula is considered: 

m / t  = l / c  (Ts - Tm) ((5 + V/1100) zi A i  (Ti  - Ta) + 
+ 4.95 .&-1i  A i  [ ( ~ i / 1 0 0 ) ~  - ( ~ m / 1 0 0 ) ~ ] )  

where 
3 

m / t  = mass of f r e s h  water discharged i n  t h e  u n i t  t i m e  ( m  /h)  
3 

c = thermal capaci ty  of  water = 1000 (Cal/m O K )  

Ts = temperature of  t h e  sp r ing  outflow ( O K  ) 

Tm = II of  t h e  s e a  su r f ace  (OK) 

Ta = I t  of t h e  a i r  a t  t h e  s e a  l e v e l  ( O K )  

Ti  = II of  t he  ith i s c r a d i a n t  su r f ace  (OK) 

V = wind speed a t  t h e  s e a  su r f ace  (m/h) 
t h  2 

A i  = a rea  of  t h e  i i so rad ian t  su r f ace  of  t h e  plume (m ) 

E = emiss iv i ty  of  t h e  water ( f o r  t h e  9+11 micron band it i s -  0.9) 

I n  t h i s  formula t h e  f i r s t  term t akes  i n t o  account t h e  hea t  exchanged by 

convection along t h e  ccn tac t  of  t h e  s e a  wi th  a i r ,  t h e  second one is 



concerned with the heat radiated by the plume towards the space. The 

thermal exchanges due to conduction and convection between the two 

liquids is negligeable. According to checks carried out on known outlets 

we can affirm that the calculations using the said formula approximates 

the actual value by a defect of 10+15%. 

5 The case of widespread springs or small discharges 

At times large quantities of water flow into the sea in a widespread 

manner and across many springs each with a little discharge or withtemp- 

erature contrast too low to be revealed by normal processing. In order 

to study the total amount of discharge it is important to define theloc- 

ation and area of influence also of these above mentioned seepages. 

The used methcd bases on the fact that any discharge into the sea tends 

to deformate the field of the superficial currents. The horizcntalmovem- 

ent of the current prcduces horizontal temperature gradients due to the 

mixing of layers of water at different depth. The pattern of the super- 

ficial thermal currents is stressed out by the image processing proced- 

ures able to perform the thermal texture analysis. 

The texture analysis is a procedure with which are put in evidence the 

thermal gradients distributed coherently and in a continuous form (lines, 

curves) from those distributed in random manner (separationofthesignal 

from the noise) . 
The methcd has given the most complete results being able to distinguish 

the alignment of very feeble gradients on the background formed by the 

ncise. The sensitivity of this method is of about 0.1 OC. 

The upwelling of a spring, even though weak, prcduces a disturbing 

effect on existing current lines or generates a typical thermal pattern. 

This is the reason why we can detect the presence of outlets whose flow 

or thermal contrast is too feeble to be observed directly on the origin- 

al thermogram cr on the usual enhancing treatment (level slicing, edge 

enhancement, etc.). Fig. 4 and Fig. 5 represent two interesting examples 

of texture analysis compared with the corresponding level slicing. 



Figure 4 Comparison between l e v e l  s l i c i n g  (up)  and t ex tu re  ana lys i s  

(down) cf an in f r a r ed  survey c a r r i e d  out  i n  Southern I t a l y .  

Plumes with high temperature con t r a s t  a r e  observable on both 

p i c tu re s .  On t h e  cont rary  t h e  t e x t u r e  a n a l y s i s  q u i t e  enhances 

t h e  t y p i c a l  c i r c u l a r  p a t t e r n  of  ve ry impor t an to f f sho re sp r ings  

(known by l o c a l  fishermen) without  a  thermal c o n t r a s t  ( s a l i n -  

i t y  p r o f i l e s  confirmed t h e  complete mixing o f  t h e  two l i q u i d s )  

s u f f i c i e n t  t o  be revealed  by l e v e l  s l i c i n g  ( s e e  arrows a , b , c )  

Aut. S.I.A. No 53 7.2.78 



Figure 5 Thermal s l i c i n g  (up) with 0.5 O C  i n t e rva l  of Western shore 

of Vulcano is land compared with t h e  t ex tu re  analys is  (down). 

Arrow c  indicates  the  thermal f r o n t  due t o  the d i f fuse  i m m i s -  

s ion  of a  weak warm spring.  Arrow a  shows the  typ ica l  sp i ra l -  

shape center due t o  contras t ing currents  not l inked t o  the  

presence of springs.  Arrow b shows the  typical  thermalpattern 

of a very feeble  cold spr ing not detectable  by l eve l  s l i c ing .  

Aut. S.M.A. No 652 12.12.80 

6 Possible appl ica t ions  of the  method 

Knowing the  locat ion c f  the  spr ings  and computing t h e i r  flow a r e  of 

g rea t  importance f o r  two basic  hydrological aims: the  hydrologicbalance 



of the regional aquifer and the location of inshore areas where to 

develope research of underground waters. 

In the first case taking into account the quantity of waters discharged 

into the sea means increasing of the same amount the direct recharge 

(infiltration) and therefore increasing the resource potentially explcik 

able. Important results have been achieved in the studies of large aqui- 

fers in Southern Italy and Sicily. 

In the second case it is important to find a correlation between submar 

ine springs and geological environment (geology and tectonics) tclccate 

areas where to perform studies and explorative drillings. On the basis 

of past experience the spring is not always in relation with a fault or 

a fractured inland zone, however its position may increase the percent 

of success of explorative drilling. 

7 Conclusions 

In the study of regicnal carbcnatic aquifers discharging important 

amount of water into the sea, the aerial thermal survey constitutes a 

valid tool of prospecting. For the synoptic gathering of the data and 

for the short time required for the survey, together with a relatively 

low cost, the thermographic approach is very important or indispensable 

for a proper study of a coastal aquifer. 

The main results obtained in numerous surveys allow to consider the me- 

thcd useful for: 

- locating and listing the fresh water sources 

- computing the springs yield and performing a prcper regional hydro- 

logical balance 

- recognizing the zcnes where to try to do explorative drillings and 

inshore catchments. 
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Abstract 

Two new methods to determine variables relevant to the appraisal of 

groundwater resources are presented. First it is shown that the proper- 

ties and thickness of the different soil layers can be inferred from the 

thermal behaviour of the soil surface. An application of remotely sensed 

thermal infrared data to estimate shallow groundwater table depths is 

presented. Secondly, a new method is discussed dealing with the determi- 

nation of actual evaporation in large regions by combining visible and 

thermal infrared data with ground measurements. 

On przsente deux nouvelles mgthodes pour dzterminer des variables impor- 

tantes pour 116valuation des ressources en eau souterraine. On montre 

d'abord qu'on peut d5river du comportement thermique de la surface les 

propriGtgs et 115paisseur des diffe'rentes couches du sol. On prgsente 

une application de t5lGdEtection B l'infrarouge thermique pour Gvaluer 

le niveau de la nappe phrgatique. La deuxi'eme mgthode s'agit de la dgter- 

mination de l'gvaporation actuelle des rggions vastes ?I l'aide d'une com- 

binaison de tGli5mesures ?I l'infrarouge thermique aussi que visible avec 

des mesures prises 1 la surface. 



1 Introduction 

Both size and complexity of the large aquifer systems in deserts only 

recently have been appreciated. This applies especially to the North 

African deserts, where during the last ten years generally accepted 

views about structure and potentiality of groundwater reservoirs have 

been reshaped. 

It appears that the accuracy required to judge projected water consump- 
8 3 tions is not fully realized. A figure of 10 m is considered as 

representative of the gross water requirement of a typical modern sprink- 

ling irrigation system. A conservative figure for the extension of outcrops 

towards the soil surface of a large aquifer system in North Africa is 
4 - 1 

10 km2. Hence the corresponding water exchange rate is 0.03 mm.d , 
which rate only can be measured by very accurately weighing lysimeters. 

Therefore the difference between 'groundwater mining' and 'managing a 

renewable resource' is a rather thin one. 

In the very arid zones of the world, where it might be raining less than 

once a year, groundwater is the only source for agricultural development. 

Groundwater reservoirs loose water by evaporation through playas, which 

are present in every desert area. The role of such groundwater discharging 

areas (playas) in the water balance of large groundwater basins in desert 

regions has been poorly assessed. Evaporation can be relevant not only 

where open water is present, but also where the water table is situated 

at shallow depths. The variability of surface characteristics, both in 

space and time, plays a most important role in establishing the evapora- 

tion rate. It appears that it is not only difficult to work out a local 

estimate of actual evaporation, but it is even more troublesome to esti- 

mate evaporation losses in volume. An evident bottle-neck in the proce- 

dure is the estimation of the area which has a given and known evapora- 

tion rate. 

The concepts and theories presented in this paper originated from a case- 

study on evaporation losses in playas, carried out as part of an opgra- 

tional hydrogeological study of the Fezzan region in Libya. Estimated 

evaporation losses had to be included in the specification of boundary 

conditions of a three-dimensional numerical model to simulate the aqui- 

fer's reaction to planned developments. 



Evaporation from playas was est imated by combining ground experiments 

wi th  remotely sensed da ta .  F i e ld  experiments i n  t he  w in t e r  and sunnner of 

1978 included an  InfraRed Linescanning (IRLS) a i rbo rne  survey both a day 

and a n ight  one of a 1500 km2 area ,  continuous ope ra t ion  of an adequate 

agro-meteorological s t a t i o n ,  energy balance measurements above e i g h t  

d i f f e r e n t  sur faces  (bare  and cropped s o i l ) ,  and s o i l  moisture measure- 

F igure  1 V i s ib l e  s a t e l l i t e  image of t h e  western Libya aqu i f e r  (dotted 

l i n e )  received on 19 September 1978 through t h e  Defense Meteo- 

ro log ica l  S a t e l l i t e  Program (DMSP). The a r e a  i n  Figure 6 is 

a l s o  i nd i ca t ed  



ments by neutron probe at some thirty places. Laboratory experiments in- 

cluded the determination of soil moisture retention and hydraulic conduc- 

tivity curves. Satellite imagery was also applied, both in the visible 

and thermal infrared spectral region, at different resolutions. A number 

of images gathered by the LANDSAT, HCMM and METEOSAT scanning radiometers 

was used. Emphasis was given to the quantitative analysis of thermal in- 

frared data. 

Photographic imagery proved an excellent mapping tool at the scale of the 

study. In Figure I a Defense Meteorological Satellite Program (DMSP) 

visible image of the Libyan desert is presented. Boundaries of the aqui- 

fer system are clearly visible, especially the Amguid fault system in 

the top left of the image. 

2 Physical background 

To give a qualitative impression of the theory to be presented in sections 

3 and 4, a few remarks will be mad'e on some physical facts relevant to 

the problems discussed in section 1. Relationships of physical facts with 

effects that can be remotely sensed are briefly discussed. 

Some of such physical facts are: 

a) a shallow water table, 

b) a moist top layer, 

c) a very efficient heat transport in the top soil layer, 

d) the availability of energy for evaporation. 

Items a) and c) are connected with the thermal behaviour of the soil 

surface, while items b) en d) relate to both soil thermal behaviour and 

surface reflectivity. 

2.1 Thermal behaviour 

ad a) In terms of thermal properties the depth of a water table is de- 

fined as the depth below which soil thermal diffusivity is equal to that of 



sa tura ted  s o i l .  The thermal behaviour of the  s o i l  surface  depends on 

groundwater t ab le  depth. The deeper t h e  groundwater l e v e l ,  t he  lower the  

frequency of the  temperature wave t h a t  reaches it and i n  reverse a f f e c t s  

the behaviour of surface  temperature. 

ad b) The behaviour of the  surface  temperature a t  d i f f e r e n t  frequencies 

of the  impinging temperature wave allows f o r  es t imat ion of the moisture 

content of the  top s o i l  when i t  has been wetted by r a i n  o r  runoff.  S o i l  

thermal d i f f u s i v i t y  is r e l a t i v e l y  high i n  a moist top s o i l ,  then decreases 

i n  the  d r i e r  layers  underneath, t o  increase  again c lose ly  to  the  water 

table .  

ad c) S o i l  thermal conductivity enhanced by moisture o r  a i r  flow is c lose  

t o  t h a t  found i n  s o i l s  with r e l a t i v e l y  high moisture contents.  On the  

contrary the  heat  capacity of the  same s o i l  layer  i s  typical  of s o i l s  

wi th  low moisture content.  Such contras t ing  evidence i s  typica l  of heat  

f l u x  enhanced by s o i l  a i r  flow. 

ad d) When evaporation takes p lace  ins ide  the  s o i l ,  the  s o i l  heat  f l u x  

i s  l a rge r  than when the  evaporation f r o n t  i s  s i t u a t e d  a t  the s o i l  sur- 

face. 

To t r a n s l a t e  the  thermal behaviour described under a )  to  d) i n t o  quanti- 

t a t i v e  parameters, a forcing fucnt ion i s  needed. It i s  wel l  known t h a t  

weather v a r i a b i l i t y  has many harmonics. Surface temperature undergoes 

na tu ra l  o s c i l l a t i o n s ,  which can provide an opportunity t o  study the  

s t ruc tu re  of the  upper few meters of the  ea r th  skin.  

2 . 2  S u r f a c e  r e f l e c t i v i t y  

ad b) Pet  s o i l s  have a r e l a t i v e l y  low surface r e f l e c t i v i t y ,  which 

increases l i n e a r l y  with decreasing moisture content.  

ad d) Surface r e f l e c t i v i t y  provides two types of information with respect  

t o  the  ac tua l  evaporation r a t e .  Surfaces with low r e f l e c t i v i t y  have a 

higher evaporation r a t e ,  everything e l s e  being equal. A threshold f o r  

surface  r e f l e c t i v i t y  can be es tabl ished to  decide whether evaporation 

takes place a t  t he  s o i l  surface  o r  below it. I n  sec t ion  4 a method to  



estimate actual evaporation from remotely sensed surface temperature and 

reflectivity will be presented. 

3 Detection of shallow groundwater tables 

The thermal admittance y (= Ay) of a semi-infinite medium is defined by: 

where 

G = soil heat flux 

z = vertical distance 

A = soil thermal conductivity 

T = soil temperature 

pscs = soil heat capacity 

P = the period of the temperature wave 

The parameter Ay can be written as: 

1 

Ay = exp i n/4  . (2 n A p c/p)l 

where 

AY = Y 

Eq. (1) is obtained when seeking a traveling wave solution to the heat 

conduction equation, under the boundary conditions: 

T(O, t) = A exp i(wt-4) (3a) 

and 

lim G(z,t) = 0 
z- 

Details of the derivation are given by Carslaw and Jager (1959; page 69). 

For the three-layer system depicted in Figure 2, the ratio of the appar- 

ent thermal admittance at the soil surface y to the thermal admittance 
of the first layer y l  is (Menenti, 1983) : 



Figure  2 Sketch of a t h r ee  l aye r  s o i l .  S o i l  temperature and heat  f l u x  

a r e  defined a t  t he  upper boundary of each l aye r .  The upper 

boundary of the  deepest  l aye r  a t  Z = Z + Z corresponds wi th  
g 1 2  

t h e  shallow groundwater t a b l e  depth 

'.s= R e N + i I m N  - 
y1  R e D e +  i ImDe 

where the  expressions f o r  each term a re :  

B -D 1 m  De = ( (b  +b ) e  + (bl-b3)emB)sin B + ( ( b g b 4 ) e U  + (b2-b4)e ) s i n  D 
1 3  

( 8 )  

The following symbols a r e  used t o  s impl i fy  t he  expressions:  



It should be  r eca l l ed  t h a t  according t o  eq. (2) t he  thermal admittances 

y.  depend on t h e  period P of t h e  impinging temperature wave and a r e  com- 

p lex  var iables .  

Taking the  thermal admittance y3 i n  Figure 2 a s  applying t o  a s a tu ra t ed  

s o i l ,  the depth (Zl+Z2) i s  equal t o  the  groundwater t a b l e  depth Z From 
g '  

eq. (4) an expression can be  der ived f o r  t he  modulus k representing 

I Y ~ / Y ~ I :  

which can be ca lcula ted  a s  a funct ion  of Z2 f o r  d i f f e r e n t  values of Z 
1 '  

Eq. (12) has been ca lcula ted  f o r  a number of combinations of Z I  and Z2 

wi th  both Z 1  and Z 2  varying i n  the  range 0.01 m t o  7 m, and a number of 

temperature waves with periods ranging from 1 t o  550 days. The thermal 

proper t ies  of the th ree  l aye r s  of the  dese r t  sand a r e  given i n  Table 1 ,  

where 1, 2 and 3 r e l a t e  t o  the  upper l aye r  going downwards t o  the  water 

sa tura ted  region. The values of l Y i l  of Table 1 a r e  p lo t t ed  i n  Figure 3. 

The r a t i o  k can be p lo t t ed  a s  a funct ion  of P f o r  a few d i f f e r e n t  combi- 

nations of Z and Z2. Figure 4 r e l a t e s  t o  Z 1  = 0.5 m with Z 2  = 0.2, 0.5, 1 
1 ,  2, 5 and 7 m. When l a r g e  period lengths have been obtained,  t he  sepa- 

r a t e  curves proved t o  have a good accordance wi th  the  s p e c i f i c  thermal 

admittance graphs ( t h e  genera l  shape of which was shown i n  Figure 3).  The 

curves i n  Figure 4 therefore  provide a good desc r ip t ion  of t he  layer ing  

of the  s o i l .  

Table 1 Thermal admittance 1 1 of a dese r t  sand f o r  d i f f e r e n t  moisture 

condit ions.  Thermal conductivity ( A )  and heat  capaci ty  (pc) a l s o  

a r e  given 

IyiI PC X 
( w . ~ - ~ . K - ' )  ( J . ~ - ~ . K - ' )  (w.mml .K-') 

1, top l aye r  11.1 0.96.10 
6 

1.4 

2, middle l aye r  3.7 0.96.10 
6 

0.2 

3, s a tu ra t ed  subsoi l  19.3 3- lo6 1.7 

Thus p l o t s  a s  i n  Figure 4 can be  applied t o  es t imate  Z 1  and Z as  appear- 2 
ing i n  eq. (1 I ) ,  and the re fo re  i n  eqs. (4) and (12), from experimentally 
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Figure  3 Modulus of  thermal admittances applying t o  t h e  system depicted 

i n  F igu re  2. See a l s o  Table 1 

I I 1  1 1 1 1  I I I I I , I  I I I I , ,  

1 2 5 101 5 102 5 10 3 
p e r ~ o d  P ldays l  

Figure 4 Modulus of t h e  r a t i o  k of apparent  su r f ace  thermal admittance 

I Ys(  and thermal admittance of the  top s o i l  l aye r  l Y l  1 VS. the 

period P of temperature waves. Thickness Z 1  of top l aye r  is 

0.5 m; t h e  thickness of t he  second l a y e r  v a r i e s  from 0.2 m t o  

7 m. Each curve r e l a t e s  t o  a constant  groundwater t a b l e  depth. 

obtained values of k. Values of k a r e  p l o t t e d  vs .  t he  per iod  P. Then a 

curve of t he  family generated by eq. (12) i s  t o  be found t h a t  f i t s  t h i s  

experimental ly obtained curve. Eventually t he  unknown Z 1  and yi va r i ab l e s  

a r e  obtained a s  t h e  parameters of t h e  curve b e s t  approximating the  mea- 

sured  po in t s .  



Problems involved i n  t he  determination of k w i l l  be discussed i n  d e t a i l  

i n  Menenti (1983). Here it s u f f i c e s  t o  po in t  out  t h a t  only r a t i o s  of am- 

p l i t udes  of temperature and hea t  f l u x  a t  t h e  su r f ace  a r e  needed. Further-  

more c e r t a i n  ca tegor ies  of e r r o r s  on these  amplitude r a t i o s  w i l l  not  

cause major problems. A cons tant  e r r o r  percentage w i l l  only  change the  

absolu te  va lue  of k ,  but  not  i t s  shape which s t i l l  w i l l  vary  wi th  the  

groundwater t a b l e  depth a s  i t  i s  expected. A normally d i s t r i b u t e d  e r r o r  

over not  too l a r g e  period i n t e r v a l s  w i l l  p l ace  t he  measured po in t s  above 

and below t h e  t r u e  curve, bu t  t h e  problem can be overcome i n  t he  f i t t i n g  

procedure. It should a l s o  be  noted t h a t  a c a l i b r a t i o n  of t h e  experimen- 

t a l l y  obtained curves can be  achieved by comparing some of them wi th  t h e  

ac tua l  s o i l  layer ing .  This l a t t e r  t a sk  is by f a r  e a s i e r  than c a l i b r a t i n g  

an est imated d i s t r i b u t i o n  of su r f ace  temperature o r  s o i l  hea t  f l ux .  Final-  

l y  i t  must be noted t h a t  a long term drawdown of a water t a b l e  w i l l  g ive  

curves showing a gradual  connection of t he  curve per ta in ing  to t h e  i n i t i a l  

groundwater depth and the  curve f o r  t he  groundwater depth f i n a l l y  reach- 

ed. 

Although the  procedure was appl ied  to  e s t ima te  t h e  groundwater t a b l e  

depth Z = Z1+Z2, t he  thermal behaviour of any layered s t r u c t u r e  can be 
g 

s tudied  a t  shallow depths according t o  t h e  same approach. For a more 

than th ree  layered system, graphs s i m i l a r  t o  t h e  ones of F igure  4 can be 

drawn. 

4 Estimation of r eg iona l  evaporat ion 

To r e l a t e  t he  a c t u a l  evaporat ion r a t e  t o  more r e a d i l y  measurable va r i -  

ab les ,  a combination of t h e  energy balance equation,  a t r anspor t  equa- 

t i o n  f o r  s e n s i b l e  hea t  i n  a i r  and add i t i ona l ly  known r e l a t i o n s h i p s  can 

be defined a s  an  e x p l i c i t  f unc t ion  LE(a S y  Rs, Tay Tsy ray GE) y where 

as  = su r f ace  r e f l e c t i v i t y  (0.4-1.1 urn) (-1 
Rs = shortwave incoming r a d i a t i o n  (0.4-2.5 pm) ( ~ . m - ~ )  

T = a i r  temperature a (K) 
Ts = su r f ace  temperature (K) 

r = aerodynamic r e s i s t a n c e  a (S .m-I) 
G = s o i l  hea t  f l u x  a t  t h e  evaporat ion f r o n t  E (~.m-') 



From s a t e l l i t e  da t a  only surface  temperature and r e f l e c t i v i t y  can d i r ec t -  

l y  be obtained and GE can be in fe r r ed  from them. Before devising means t o  

ob ta in  the  o the r  va r i ab le s  it i s  important t o  e s t a b l i s h  the  r e l a t i v e  

weight of each va r i ab le .  This can be accomplished by ca l cu la t ing  p a r t i a l  

d i f f e r e n t i a l s  of LE(D LE 6 x . )  f o r  a pre-specified s e t  of average con- 
Xi I 

d i t i o n s  and ranges of v a r i a b i l i t y  (fix.) f o r  each v a r i a b l e  x.. Values a s  

i n  Table 2 were appl ied .  The r e s u l t s  a r e  presented i n  Table 3. It appears 

t h a t  the most s i g n i f i c a n t  cont r ibut ions  a r e  due t o  Ts, GE and i n  t h i s  s 
order.  To decide about the  f e a s i b i l i t y  of a c a l c u l a t i o n  procedure based 

on remotely sensed da ta  the  d i f f i c u l t i e s  involved i n  performing the re- 

quired ground measurements a r e  t o  be  known. 

Table 2 Numerical values f o r  average condit ions i n  the  Libyan dese r t  of 

the  parameters appearing i n  the  funct ion  LE 

Parameter 01 Rs Ta Ts a G~ r 

Value 0.4 250 300 305 200 100 

Unit 
- 2 K K s.m W.m - 1 - W.m 

- 2 

Table 3 Numerical values of p a r t i a l  d i f f e r e n t i a l s  Dx. LE f o r  average 
1 

condit ions i n  the  Libyan dese r t .  The assumed range f o r  each in-  

dependent va r i ab le  i s  a l s o  shown (bx.)  

D (LE) DR (LE) DT (LEI DT (LE) Dr (LE) D (LE) 
as s a s a G~ 

- 2 
W.m 25. 0. -22 110. -15 -50 

6xi 0.1 0. 2 10 100 50 

Unit - K K - 1 -2 s.m W .m 

I t  should be noted t h a t  the f i g u r e s  i n  Table 3 do not imply t h a t  t he  

va r i ab le s  R s ,  Ta, ra a r e  unrelevant o r  should not  be measured i f  t h i s  

e a s i l y  can be done. The range of v a r i a b i l i t y  ind ica t e s  t h a t  fewer measur- 

ing  s i t e s  a r e  needed f o r  R s ,  Ta, ra than f o r  T s, as and GE. Values a s  

given i n  Tables 2 and 3 r e l a t e  t o  the  experiments performed i n  the  Libyan 

deser t .  Under those  condit ions f o r  t h e  Wadi Ash Sha t i  Basin (see Figure 
3 2 6) of 2.10 km su r face  area,  one agrometeorological s t a t i o n  wi th  a n  

addi t ional  measuring point  f o r  Ta s u f f i c e s  t o  make an e f f i c i e n t  and fea- 



s i b l e  remote sensing approach t o  study ac tua l  evaporation. With increasirtg 

dens i ty  of t he  required ground measurements, t h i s  approach becomes l e s s  

e f f e c t i v e  and i n  the  end comparable with d i r e c t  use of ground data  only. 

It has been shown (Menenti, 1980) by comparing measured LE-values with a 

f i r s t  order  Taylor 's  expansion of LE t h a t  the  l a t t e r  i s  a s a t i s f a c t o r y  

approximation when ground reference  measurements a t  few s i t e s  a r e  ava i l -  

able.  

The kind of approximation achieved by the above presented procedure, can 

be explained a s  follows. 

An est imator f l  of LE should be defined wi th  which a six-dimensional ( a ,  

Rs, Ta, Ts, ray GE) space i s  mapped onto a s e t  of LE-values: 

Since only a,, T can be determined from remote observations,  i . e .  over 

the  e n t i r e  a rea ,  i t  appears t h a t  t he  problem of defining an est imator f 
2: 

i s  i l l -posed,  unless the  6-str ings corresponding t o  the same 2-str ing can 

be speci f ied .  This d i f f i c u l t y  becomes even more c l e a r  i n  Fig. 5, where a 

surface  e.g, a funct ion  LE = LE(as, Ts) has been depicted.  Any v a r i a t i o n  

i n  as and T causes the  point  P* t o  move t o  P", e.g. LE". The po in t s  P*, 

P" and the  a r c  P*-P" l i e ,  by d e f i n i t i o n  on t h e  su r face  LE = LE(a s~ Ts). 

I n  a r e a l  case the  same couple (as1', T ") r PI' may r e l a t e  t o  d i f f e r e n t  

s e t s  of t he  remaining va r i ab le s  i n  eq. (13). Thus the  ac tua l  evaporation 

/ 

Figure 5 Sketch showing poss ib l e  e r r o r s  on es t imates  of l a t e n t  heat  f l u x  

hue t o  approximated formulas of lower than six-dimensionality 



r a t e  a t  P" can be d i f f e ren t :  LE' i n s t ead  of LEV' say. Hence the  va r i ab le s  

which cannot be  measured a r e a l l y  must be assigned t o  a p a r t i c u l a r  s e t  of 

(as, T ) couples on the  bas i s  of a -p r io r i  knowledge. 

A l i n e a r  est imator f; can be obtained by cas t ing  i n  matr ix  form t h e  con- 

d i t i o n  fo r  four  po in t s  t o  l i e  on the  same plane: 

1 - 2 2  
where the  coordinates of poin ts  P I  1 (cis, T:, LEI) ,  P2, = (as,  Ts ,  LE2) 

3 3 
: (as,  Ts, LE). When numerical and Pg ' (as, Ts, LE3) a r e  spec i f i ed  and P - 

values a r e  s u b s t i t u t e d  i n  eq. (15), one f inds  f o r  LE: 

where a .  a r e  dimensional constants.  The coordinates of the  points Pi can 

be ca lcula ted  from a reference  value  LEO and the  de r iva t ives  D (LE) and 
as 

DT (LE). I t  can b e  expected t h a t  po in t s  defined i n  t h i s  way a r e  not com- 

p l z t e l y  r ep resen ta t ive  of the  ac tua l  shape of t he  LE-function. Thus ex- 

periments must be  made and one o r  more measured 3-s t r ings ,  o r  poin ts ,  

included i n  eq. (15). A f u r t h e r  improvement i n  the  es t imate  of LE can 

be achieved by applying correc t ions  t o  account f o r  t he  e f f e c t  of those 

va r i ab le s  which cannot be observed a r e a l l y .  F i n i t e  increments can be cal- 

cula ted  by in t eg ra t ion  of p a r t i a l  d i f f e r e n t i a l s  Dx. LE &xi. To c a l c u l a t e  
1 

these  correc t ions  ground based measurements again  a r e  needed. A more 

de t a i l ed  desc r ip t ion  of t he  procedure can be found i n  Menenti (1980). 

According to  t h e  eq. (15) an es t imator  of t h e  kind spec i f i ed  by eq. (14) 

was es tabl i shed applying t o  the  Wadi Ash Sha t i  b a s i n  i n  Fezzan Libya: 

The approach involving the  determination of f ;  i s  e s s e n t i a l l y  d i f f e r e n t  

from the  invers ion  procedures described i n  l i t e r a t u r e .  There an es t imator  
- 1 

f  is defined t o  c a l c u l a t e  from va r i ab le s  defined a t  a  given point  (x,;) 
t he  s o i l  dnd l a t e n t  hea t  f luxes  defined a t  the  same po in t  (x,:): 



Now f '  on the  cont rary  bears  only an i m p l i c i t  dependence on space: 2 

The dependence on space, f 3 ¶  i s  spec i f i ed  by the  sensor mapping a 
S Y  TS* 

while f i  r e l a t e s  s t a t e  va r i ab le s  t o  each o the r .  

By means of eq. (1 7) a map of ac tua l  evaporation was ca lcula ted  from 

HCMM (Heat Capacity Mapping Mission) da ta .  A r e s u l t  i s  presented i n  

Figure 6. ~ a y t i m e  v i s i b l e  and thermal in f r a red  da ta  r e l a t e  t o  18-9-1978 

and night-time thermal i n f r a r e d  data  t o  16-9-1978. Experiments performed 

a t  overpass time and during the  e n t i r e  year 1978 provided the  required 

ground reference  data .  

Figure 6 Evaporation map of Wadi Ash Sha t i  ca l cu la t ed  from HCMM v i s i b l e  

and thermal in f r a red  data.  A t  the point  indica ted  by the cross  

the  evaporation r a t e  i s  2.3 m.d - l .  The darkes t  p ixe l s  i nd ica t e  

the  lowest evap~ i -a t ion  l a t e  

324 
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Abs t rac t  

The Sironcha t e h s i l  i n  t h e  Chandrapur d i s t r i c t  o f  Maharashtra S t a t e ,  

I n d i a  is a dense ly  f o r e s t e d ,  t r i b a l  l a n d .  It h a s  remained unexplored 

due t o  l a c k  o f  a l l -wea ther  roads  and communication f a c i l i t y .  When t h e  

Government o f  Maharashtra dec ided  t o  open t h i s  backward r e g i o n  t o  

i n d u s t r i a l i z a t i o n ,  it became impera t ive  t o  e v a l u a t e  i t s  water  r e s o u r c e s .  

This  reg ion  is  enc losed  by t h r e e  p e r e n n i a l  r i v e r s  bu t  t h e  i n t e r i o r  

p a r t s  have no s u r f a c e  water  r e s o u r c e .  Hence, s t r e s s  had t o  be g iven  on 

e v a l u a t i n g  groundwater r e s o u r c e s .  

This  paper d e s c r i b e s  how remote s e n s i n g  t e c h n i q u e s  were a p p l i e d  i n  

con junc t ion  w i t h  convent iona l  l and  based methods t o  e v a l u a t e  groundwater 

r e s o u r c e s  o f  a  6 0 0 0  sq.km a r e a  i n  t h i s  r e g i o n .  

1 I n t r o d u c t i o n  

This  s t u d y  a r e a ,  6  000 sq.ka, is l o c a t e d  between l a t i t u d e s  

18'41 ' N - 1 9 ~ 4 5 '  N and between l o n g i t u d e s  79'45 ' E - 80'42' E. This  

r e g i o n  is  i n h a b i t e d  m o s t l y b y t r i b a l s  and had n o t  been explored  f o r  i ts  

r e s o u r c e s  though r e s o u r c e s  were known t o  be p r e s e n t .  Very dense t e a k  

wood f o r e s t s  cover  about  70% o f  t h e  s u r f a c e  i n  t h i s  r e g i o n .  Lack o f  

a l l  weather roads  c u t s  o f f  t h i s  r e g i o n  from t h e  r e s t  o f  t h e  count ry  for 

about  3 months d u r i n g  r a i n y  s e a s o n s  every y e a r .  I n  t h e  l i g h t  o f  t h e s e  

c o n s t r a i n t s ,  t h i s  r e g i o n  was i d e a l  f o r  a p p l i c a t i o n  o f  remote s e n s i n g  



t echniques  i n  de te rmin ing  i t s  groundwater r e s o u r c e s .  

2  Methodology 

S ince  t h i s  r e g i o n  under s t u d y  was h i t h e r t o u n e x p l o r e d ,  a  method was 

evolved which would y i e l d  knowledge of t h e  v i t a l  c o m p o n e n t s o f t h e  water  

mass balance equa t ion .  Thus f o l l o w i n g  mass ba lance  e q u a t i o n  was s e t  up 

i n  terms o f  on ly  t h e  most s i g n i f i c a n t  f a c t o r s .  

P r e c i p i t a t i o n  = Runoff + i n f i l t r a t i o n  t o  s u b s u r f a c e  

water  + e v a p o t r a n s p i r a t i o n  ( 1 )  

Following s t e p s  were involved i n  t h e  a c t u a l  d e t e r m i n a t i o n  of  t h e  

components mentioned i n  e q u a t i o n  ( 1 ) .  

2.1 P r e p a r a t i o n  o f  Base Map 

For t h e  purpose o f  p r e p a r a t i o n  o f  base  map, f o l l o w i n g  i n p u t s  were 

u t i l i s e d  

1. topographica l  maps 

2. a e r i a l  photographs - panchromatic 

3.  Landsat MSS (Mul t i  S p e c t r a l  Scanner )  imagery. 

The a r e a  was f i r s t  o u t l i n e d  on t o p o g r a p h i c a l  maps and boundaries  were 

i d e n t i f i e d .  This map was updated w i t h  in format ion  superposed from 

a e r i a l  photographs which were o f  a  l a t e r  d a t e .  Base Map o f  s o u t h e r n  

p o r t i o n  o f  s tudy  a r e a  is shown i n  F igure  1. 

A d r a i n a g e  map was a l s o  prepared from base map by i n c o r p o r a t i n g  d e t a i l s  

from a Landsat M.S.S. imagery which was of  l a t e s t  d a t e .  

2.2 Es t imat ion  o f  Tota l  P r e c i p i t a t i o n  

The s tudy  a r e a  is, f o r t u n a t e l y ,  covered by meteoro log ica l  o b s e r v a t o r i e s .  

The annual  and s e a s o n a l  i s o h y e t a l  maps were produced by averag ing  d a t a  

f o r  over t h i r t y  y e a r s .  The i s o h y e t a l  map was superposed on t h e  d r a i n a g e  

map. By p lan imet ry ,  t o t a l  p r e c i p i t a t i o n w a s d e t e r m i n e d  f o r  each o f  t h r e e  

d r a i n a g e  b a s i n s  i n  t h e  s t u d y  a r e a .  
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2.3 Estimation of Infiltration 

A pedological map showing various soil units in the study area was 

prepared from aerial photographs. The soil units were classified on the 

basis of the parent material from which they were formed and their 

occurrence with respect to physiographic units. During the field visit, 

checks were made to correct the map. 

On each of the distinct soil units,infiltration tests were carried out 

using a Single Ring Infiltrometer with a diameter of 457.2 mm ( 1 8 " ) .  

By planimetry, areas in each basin covered by various soil units were 

calculated. Assigning field measurements values of infiltration over 

each distinct soil unit; basin-wise loss of water due to infiltration 

was calculated. 

2.4. Estimation of Evapotranspiration 

Using Penman's Equation, which is based on the most complete 

theoretical approach which relates evapotranspiration to quantum of 

radiative energy incident on surface, evapotranspiration losses for the 

entire area were calculated. 

Evaporation pan testswere made at 2 different sites in the study area 

to determine mean monthly extra terrestrial radiation in mm of water 

evaporated per day. 

Area of reflecting surface was determined from aerial photographs. 

2.5 Calculation 

By reconstituting equation 1 ,  runoff was obtained as: 

Runoff : Precipitation - (evapotranspiration 
+ infiltration) 



Runoff was a l s o  c a l c u l a t e d  u s i n g  e m p i r i c a l  e q u a t i o n  g iven  by 

Msrs. Inghs and D'Souza, which is a p p l i c a b l e  f o r  p l a t e a u  r e g i o n  t o  t h e  

e a s t  o f  Ghats i n  Maharashtra. The e q u a t i o n  is  

were R = Annual runof f  i n  i n c h e s  

P = Annual p r e c i p i t a t i o n  i n  i n c h e s .  

For one o f  t h e  major s t reams  i n  t h e  s t u d y  a r e a ,  v i z .  Godavari River ,  

annual  mean runof f  d a t a  were a v a i l a b l e .  F igures  o f  runof f  c a l c u l a t e d  

u s i n g  equa t ions  ( 2 )  and ( 3 )  compared favourab ly  w i t h  t h e  a c t u a l  d a t a .  

Departure o f  c a l c u l a t e d  d a t a  from a c t u a l  d a t a  was found t o  be + 3.5%. 

3 Es t imat ion  o f  groundwater 

Resources 

F igures  o f  i n f i l t r a t i o n  f o r  t h e  s t u d y  a r e a  had i n d i c a t e d  t h e  amount o f  

water t h a t  was augmenting t h e  s u b s u r f a c e  s t o r a g e  o f  wate r .  To determine 

s p a t i a l  and temporal  v a r i a t i o n  o f  groundwater r e s o u r c e  i n  t h e  s tudy  

a r e a ,  over  100 dug w e l l s  were monitored d u r i n g  pre-monsoon and 

post-monsoon' p e r i o d s  spread  over  two y e a r s .  

A groundwater t a b l e  contour  map was genera ted  and a r e a s  s u r p l u s  and 

d e f i c i e n t  i n  groundwater a v a i l a b i l i t y  were marked. Groundwater y i e l d  

c a p a b i l i t i e s o f t h e  e n t i r e  r e g i o n  were i n d i c a t e d  i n  ano ther  map which 

now i s  be ing  used f o r  g u i d i n g  groundwater e x p l o r a t i o n  i n  t h i s  r e g i o n .  

Pre-monsoon groundwater t a b l e  con tour  map f o r  s o u t h e r n  p o r t i o n  o f  s t u d y  

a r e a  is shown i n  F igure  2 and t h a t  of post-monsoon per iod  is shown i n  

Figure 3. 



Figure 2 Groundwater contour map postmonsoon-period 1Jov. , 1977 



Figure 3 Groundwater contour map premonsoon period May, 1977 



Mass Balance of the entire study area is shown in Table 1 .  

Table 1 Results of Investigation 

Area 

Mean Precipitation 

Total Precipitation 

Evapotranspiration 

Infiltration 

Runoff 

4 Conclusion 

Groundwater resources of this study area were evaluated using mass 

balance equation. This approach has proved very useful in assessing 

resources of this densely vegetated, unexplored region. Remotely 

sensed data enabled in completing this study in a very short duration 

of about 12 monthswhith only two scientists. 
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Abstract 

A method for estimating the natural groundwater resources of intermontane 

depressions, based on the use of remote sensing data and knowledge of the 

general geological and physiographic conditions of the area under inves- 

tigation is discussed. This method allows the investigators to obtain a 

preliminary estimate of the thickness of the sedimentary cover of inter- 

montane depressions and their natural groundwater storage. 

1 Introduction 

Natural groundwater resources are an important component that is taken 

into account when solving problems, associated with the evaluation of 

groundwater safe yield, movement, circulation rates, and discharge. The 

natural groundwater resources of a groundwater basin, area, or aquifer 

includes all types of groundwater flowing or filling porous media. 

Under artesian conditions, they also include "elastic" resources formed 

as a result of water release under pressure from an artesian basin 

(~udelin , 1960). 
The general formula for estimating natural groundwater storage is 



where W = groundwater storage 

F = aquifer area 

H = saturated thickness 

n = effective porosity 

Formula (1) shows that the estimation of the natural resources of an 

aquifer, water-bearing system, or groundwater basin is a complicated 

task, since it requires a large amount of factual data for determining 

such an important hydrogeological parameter as the thickness of water- 

bearing rocks over the area of their occurrence. This task becomes par- 

ticularly complicated under specific conditions of intermontane depres- 

sions with a sharp lithological and permeability non-uniformity of rocks 

in horizontal and vertical directions. Therefore, a new method allowing 

the investigators to make a preliminary estimate of the natural ground- 

water storage of these areas, not resorting to exploration drilling or 

geophysical investigations, which are used in traditional methods for 

estimating natural groundwater resources, is proposed. 

Method for determining natural groundwater storage 

of intermontane depressions 

The method to be discussed is based on using satellite pictures and 

knowledge of the physiographic and geological conditions of the area 

under investigation. As to physiographic conditions, we should bear it 

in mind that a river in an intermontane depression with a closed hydro- 

graphic cycle is not only a climatic product, but also a result of the 

tectonic regime of the area: the rise and subsidence of the basement of 

the depression resulted in the fluctuation of the base level of erosion 

and therefore affected the formation of the river valley (~uznetsov, 

1968). 

The investigations carried out by Obruchev (1945), Murzaev (1952), and 

Kuznetsov ( 1968) convincingly proved that the main features of the 

topography of Central Asia had formed in the Mesozoic area, though the 

hypsometric levels of elevations were lower than those of recent ones. 

At that period, there was a river and lake network separate areas of 

which were located where they are at the present time that is indicated 



by the fact that valleys of recent rivers may be confined to fairly thick 

conglomerates within ancient alluvial fans. In the cenozoic era, orogenic 

processes became more active that resulted in the separation of the Paleo- 

zoic fold country, already broken into blocks, into horsts (mountain 

ranges) and grabens (intermontane depressions ) at various elevations. 

This topography constantly developed in the course of the struggle be- 

tween erosion eliminating uplifted areas and vertical movements raising 

them. The topography, created by the latest uplifts at the end of the 

Neogene period or the beginning of the Quaternary period, has been pre- 

served until the present time due to later lower uplifts. 

In addition to topography, climate (air temperature, the amount and 

regime of precipitation in particular) makes a significant contribution. 

Sinitsyn ( 1959), Kuznetsov ( 1968), and Murzaev ( 1952) have established 

that the aridization of the climate of Central Asia began in the Upper 

Jurassic epoch and continued until recently. The paleoclimatic, paleo- 

hydrological, and palynological investigations, made within Central Asia, 

show that rivers being a product of the climate were no more water abun- 

dant in the geological past as compared to the recent epoch, and there- 

fore the climate of the region is comparable to that of the present 

time . 
The functions of mountains and valleys differentiated due to the in- 

crease in aridity:mountainous areas became river runoff formation areas, 

while valleys became river runoff dissipation areas. The reconstruction 

of the river network, however, is more frequently associated with moun- 

tain building processes. An example is the Gobi-UtaT earthquake of the 

4th of December, 1957, that resulted in the rise of a part of the Gobi 

Alta? ranges up to 2-7 m, the rock displacements were responsible for 

situations where a new river was formed in one of the intermontane val- 

leys and existing valleys with streams were buried (~olonenko et al., 

1960). 

The external look of rivers is also associated with slow uplift and sub- 

sidence of separate blocks: in subsiding areas they constantly wind, 

change their plane outlines; valleys are poorly expressed, in uplift 

areas a river may flow in one downcut valley. The step-like character 

of longitudinal river valleys, the transformation of drainage lakes into 

drainless oces, deep gorges, and narrow flushed valleys connecting dif- 

ferent depressions are indicative of these block movements. For instance, 



the separation of the large basin of the existing drainless lake Kukunor 

from the Hwang Ho River system is thought to be due to the action of 

tectonic and erosional factors rather than due to the change in the water 

abundance of rivers. This shows that the recent erosion rate in the ma- 

jority of regions of Central Asia appreciably lags behind the rate of 

tectonic movements. Thus, tectonic movements are leading not only in the 

formation of the structural look of a region, but also in changing the 

outlines of the drainage network. The structural look of vast areas with 

an extended network of rivers and lakes is distinctly seen in satellite 

pictures. 

The block structure of the sedimentary cover indicates that the tectonic 

zones limiting the blocks are likely to be relatively stable, retaining 

their position for all the period of the formation of the area. The 

change in the structural look of the area occurring in periods of tecto- 

nic activity results in the redistribution of blocks of emerging uplifts 

and subsided formations, in the change of their orientation, etc. , but 
the boundaries of the blocks remain unchanged or move slightly. 

Proceeding from the above, analysing a satellite picture in detail and 

taking into account natural factors, geological and structural features 

in particular, one may distinguish artesian basins of different orders, 

determine their boundaries, and make measurements of the areas of the 

basins and individual natural elements within them. The modern high- 

resolution optics allows the investigators to deternine, accurately, 

using stereoscopic pictures, the relative elevation of some topographic 

features as compared to other features. The obtaining of quantitative 

indices of intermontane basins from satellite pictures is not so diffi- 

cult since the open vast areas of Central Asia are practically free from 

interferring factors, such as vegetation, agriculturalactivities and the 

like. 

Proceeding from the above, we may assume the existence of the proportional 

relationship between the widthrb'and depthrh'of the downcutting of a 

recent river valley and the widthf13'and depth'~'of a distinctly shaped 

tectonic accumulation drainless depression dr he depth of river downcutt ing 
is also determined as the difference between the weighted average height 

of the catchment area h and the average elevation of the longitudinal 

profile of the river channel hr: h = hc - h,): 



In fact, thel~'value characterizes the thickness of the loose sedimentary 

cover of depressions, while the'b'and'h'parameters are easily taken from 

large-scale stereoscopic photographs of the land surface, and the  pa para- 
meter is readily taken from medium- and small-scale satellite pictures 

(~zhamalov et al., 1977; Obyedkov, 1982). ~he'h:'b;'~'values are averaged 

for an intermontane valley. 

We should know the volume of rocks filling the depression in order to 

estimate natural groundwater resources. In the case of the simple struc- 

ture of the crystalline basement (the single block basement), the rock 

volume is 

where = volume of rocks filling the intermontane depression 

in cubic metres 

F = depression area in square metres 
d 
H = depth of the depression or thickness of its sedimentary 

cover in metres 

However, the crystalline basement of a depression is often a system of 

small blocks at different elevations. Then, in formula (2) the parameter 

H = H and it expresses the generalized characteristic of the depres- 
av 

sion depth. Knowing the volume of rocks filling the intermontane de- 

pression, we may determine natural groundwater resources W* which, n 
according to formulas ( 1 ) and (2 ) , are estimated as 

where a = coefficient taking into account the relative amount 

of water-bearing rocks in the profile 

h = thickness of the zone of aeration (in metres) deter- 
a 

mined on the basis of general hydrogeological charac- 

teristics of the area. 

- The rest of the symbols are defined in formulas ( 1 ), (2), (3). The values 



of the porosity of rocks composing the sedimentary cover are taken from 

reference publications (e.g. Maksimovich, 1948). 

3 Results of estimation of natural groundwater resources 

The method for estimating natural groundwater resources in intermontane 

depressions was tested in some artesian basins of Central Asia for which 

sufficient factual data were available. The thickness of the sedimentary 

cover of the basin was estimated using gravimetric survey data, which 

allowed determining the character and depth of the crystalline basement 

of the depression, and the thickness of water-bearing rocks was evaluated 

using data obtained from deep oil exploration drilling, water well boring 

(to depths of 250-400 m), and geophysical measurements of numerous sites 

and profiles. The rest of the parameters, required for estimating natu- 

ral groundwater resources, were evaluated from experimental field and 

laboratory data. 

The data on the natural groundwater resources of intermontane depressions 

of one of the regions of Mongolia, estimated using geophysical and ex- 

ploration information as well as satellite pictures at regional and local 

levels of generalization are given in Tables 1 and 2. 

The analysis of the parameters and values of natural groundwater resources 

obtained using satellite pictures and exploration data, shows that sedi- 

mentary cover thickness values estimated from formula (2) are 10-15% 

smaller than actual ones. Natural groundwater resources values, deter- 

mined from formulas ( 4 )  and ( 5 ) ,  are smaller than actual ones by the 

same percent. 

4 Conclusion 

The discussed method allows the investigators to determine approximately 

the thickness of the sedimentary cover of intermontane depressions and 

roughly estimate their natural groundwater storage. Using this method, 

it is possible, however, to obtain the integrated values of rock thick- 

ness and natural groundwater resources for all the hydrogeological struc- 

tures,these values for individual aquifers or water-bearing systems or 
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for separate areas within the artesian basin cannot be obtained. The 

method does not take into account the "elastic" artesian groundwater 

resources, though their contribution to total natural groundwater re- 

sources is insignificant as calculations show. To sum up, the proposed 

method for regional estimation of natural groundwater resources has a 

number of advantages, if the area under investigation is poorly studied 

as far as its hydrogeological conditions are concerned, since it does 

not require expensive exploration and experimental investigations. 
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Abstract  

Knowledge of t h e  hydraul ic  conduct iv i ty  of shallow weathered o r  poorly 

consolidated ma te r i a l s  is  important t o  t h e  understanding of i n f i l t r a t i o n  

and movement of p o l l u t a n t s .  D i f f i c u l t i e s  i n  sampling such ma te r i a l  

n e c e s s i t a t e  t he  use of i n - s i t u  t e s t s .  Techniques have the re fo re  been 

developed which enable reproducible measurements of hydraul ic  conduc- 

t i v i t y  t o  be made i n - s i t u  on loose ma te r i a l s  us ing  i n s t a l l a t i o n s  which 

can be emplaced between 1 .5  and 20 metres below ground l e v e l .  The 

i n s t a l l a t i o n s  comprise a range of modified piezometers which can be 

bought ready made o r  e a s i l y  cons t ruc ted .  Surface t e s t  equipment employing 

i n j e c t i o n ,  and where poss ib l e  pumping, t e s t s  a t  cons tant  o r  va r i ab l e  

head is described and t h e  r e s u l t s  of such t e s t s  a t  two s i t e s  a r e  d is -  

cussed. 

1 Int roduct ion  

To understand groundwater flow i n  rocks i t  i s  necessary t o  know how the  

hydraul ic  conduct iv i ty  of t he  system va r i e s  both l a t e r a l l y  and wi th  

depth.  Knowledge of t h e  hydraulic conduct iv i ty  of ma te r i a l s  can be 

important i n  understanding i n f i l t r a t i o n ,  movement of po l lu t an t s  and 

s u b s o i l  behaviour dur ing  i r r i g a t i o n .  Unfortunately much shallow mater ia l  

i s  i n s u f f i c i e n t l y  consol ida ted  f o r  undisturbed samples t o  be removed f o r  

labora tory  t e s t i n g  and t e s t s  must be performed i n - s i t u .  Also, t h e  



L l imi ted  s a t u r a t e d  th ickness  of such ma te r i a l s  o f t e n  prevents t h e i r  t e s t -  

ing  by conventional  pumping t e s t s .  

Unsaturated ma te r i a l  can be t e s t e d  by water  i n j e c t i o n ,  though p r e c i s e  

analys is  of t h e  r e s u l t s  is d i f f i c u l t  and var ious  formulae have been used 

(Stephens and Neuman, 1982). However we cons ider  t h a t  t h e  va r i a t i ons  

between formulae a r e  not s i g n i f i c a n t  when compared with t h e  e r r o r s  

caused by d i f f i c u l t i e s  i n  ob ta in ing  a c l ean ,  unsmeared undamaged t e s t  

zone. We have the re fo re  t r i e d  t o  develop a simple,  cheap technique 

whereby a repeatable  value of s a t u r a t e d  hydraul ic  conduct iv i ty  can be 

obtained f o r  a small  volume of shallow ma te r i a l  above o r  below t h e  water  

t a b l e .  By us ing  such a technique it was hoped t h a t  enough va lues  of 

hydraul ic  conduct iv i ty  could be obtained t o  enable  t he  s p a t i a l  v a r i a t i o n  

of t h i s  property t o  be determined f o r  a  given ma te r i a l .  

2 Equipment 

2 . 1  Downhole i n s t a l l a t i o n  

The technique involves emplacing an i n s t a l l a t i o n  of known geometry 

associa ted  with su r f ace  equipment wi th  which t o  perform constant  o r  

va r i ab l e  head i n j e c t i o n  t e s t s  o r ,  i n  t he  s a t u r a t e d  zone, a  pumping t e s t .  

Two downhole i n s t a l l a t i o n s  have been used (Figure  1 ) .  

13mmlD slotted tub 

bentonite and cemen 

perforated 

s t e e l  element 

open 

Type 'A' plezometer Type 'B' piezometer 

Figure 1 Downhole i n s t a l l a t i o n s  
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The type ' A '  piezometer cons i s t s  e s s e n t i a l l y  of a s tandard  Cambridge 

dr ive- in  piezometer (Par ry ,  1971),  manufactured by S o i l  Instruments Ltd. 

and modified by removal of t h e  porous element and t h e  d r i l l i n g  of 

add i t i ona l  holes t o  increase  t h e  length  of  t he  pe r fo ra t ed  sec t ion  t o  

O . l m .  The per fora ted  s e c t i o n ,  made from 16 mm OD p l a t e d  mild s t e e l  is 

protec ted  during i n s t a l l a t i o n  by a 27mmOD conical-ended s t e e l  guard 

which is r e t a ined  a s  a s l i d i n g  f i t  by a rubber O-ring. 

The piezometer is  emplaced e i t h e r  by being dr iven  from t h e  su r f ace ,  o r  

i n s e r t e d  i n t o  a s l i g h t l y  undersized ho le  made by a hand auger. Af ter  

emplacement t h e  guard is knocked o f f  by a s t e e l  mandrel whichis  i n s e r t e d  

through the  s tandpipe  i n t o  t he  piezometer, thus exposing t h e  t e s t  

s ec t ion .  Weathered ma te r i a l  a t  depths down t o  3 .5  metres has so  f a r  

been t e s t e d  using these  piezometers. The i n s t a l l a t i o n s  a r e  cheap t o  

buy and emplace, and can be withdrawn and re-used (al though t h e  guard 

i s  l o s t  on withdrawal). 

The type 'B' piezometer (Figure 1) c o n s i s t s  of a 50mmID perfora ted  

p l a s t i c  o r  metal p ipe ,  blanked o f f  a t  one end and reduced a t  t he  o the r  

t o  accept 25mmID water  pipe.  I t s  emplacement procedure is  more compli- 

ca ted  than t h a t  f o r  t h e  type ' A '  piezometer. I n i t i a l l y  a l O O m m  ho le  is  

d r i l l e d  s l i g h t l y  deeper than t h e  intended t e s t  zone depth.  A power 

auger has proved s a t i s f a c t o r y  i n  weathered sandstone and non-f l in ty  

Chalk t o  depths of 15 m.  Below t h i s  depth,  o r  where f l i n t s  a r e  trouble-  

zome, a t ruck  mounted percussion r i g  has been used. The piezometer and 

standpipe a r e  then  emplaced i n  t h e  ho le  along wi th  13mmID PVC access 

tube which i s  s l o t t e d  over t h e  length  of t h e  t e s t  s ec t ion .  The access 

tube allows t h e  head i n  t h e  t e s t  zone t o  be monitored d i r e c t l y .  Both 

the  standpipe and t h e  access tube extend about 0.5 metres above ground 

l e v e l  t o  f a c i l i t a t e  connection t o  t h e  t e s t  apparatus.  

The bottom of t he  hole  is back f i l l ed  wi th  sand t o  de f ine  t h e  bottom of 

t he  t e s t  zone, followed by gravel ,  and f i n a l l y  more sand t o  def ine  t h e  

top  of  t h e  t e s t  zone. These ma te r i a l s  a r e  emplaced v i a  a 25mmID 

temporary p l a s t i c  p ipe  s o  t h a t  damage t o  t h e  t e s t  zone is minimised. 

Cement/bentonite p e l l e t s  a r e  used t o  s e a l  t he  top  o f  t h e  test zone, and 

a second p l a s t i c  access tube pe r fo ra t ed  over t h e  bottom 0.5m is  then 



emplaced t o  de t ec t  leakage through t h e  plug.  The hole  is  then  back- 

f i l l e d  t o  t h e  su r f ace  wi th  sand. 

The t e s t  zone length  is  taken t o  be t h a t  of t he  gravel  pack, and t h e  

t e s t  zone r ad ius  t o  be t h a t  of  t h e  hole.  During a test t h e  head i n  t he  

t e s t  zone is  measured wi th  an e l e c t r i c  water  l e v e l  d ipper ,  and a s i m i l a r  

instrument is used t o  d e t e c t  any leakage through t h e  grout  p lug  dur ing  

i n j e c t i o n  t e s t s .  The i n s t a l l a t i o n  measures hydraul ic  conduct iv i ty  over 

a l a rge r  volume than the  type  ' A '  piezometer, is  more proof aga ins t  

leakage,  can be emplaced deeper,  and can b e  used f o r  a g r e a t e r  v a r i e t y  

of tests. However it c o s t s  more t o  emplace, p a r t i c u l a r l y  i f  a t ruck- 

mounted r i g  has  t o  be used. 

2.2 Surface equipment 

2.2.1 Injection testing 

\ 
standpipe 

gravel 

clear plastlc tube hlgh flow system 

leak detectlon 

Figure 2. Surface equipment f o r  i n j e c t i o n  test 

For an i n j e c t i o n  t e s t  two su r f ace  systems a r e  ava i l ab l e ,  providing 

e i t h e r  low o r  high i n j e c t i o n  r a t e s  (Figure 2 ) .  For t h e  low flow system 

water  is pumped from a r e s e r v o i r  by a smal l  c e n t r i f u g a l  pump through a 

CiapmeterTM flowmeter v i a  a r egu la t ing  t a p  i n t o  t h e  standpipe.  By i n t e r -  

changing tubes  and f l o a t s  t h e  Gapmeter is ab le  t o  accura te ly  measure 

flows up t o  5 l/min, above which r a t e  t h e  high flow system is used. 



I n  t h e  high flow system water is pumped by a submersible garden founta in  

pump i n  t he  r e s e r v o i r  through a h e l i c a l  flowmeter and r egu la t ing  valve 

i n t o  t he  piezometer s tandpipe.  The flowmeter is accura te  between2 l/min 

and 110 l/min, and t h e  submersible pump w i l l  d e l i v e r  up t o  60 l/min. 

During an i n j e c t i o n  t e s t ,  when t h e  i n j e c t e d  head i s  h igher  than t h e  top  

of t h e  t e s t  zone access tube a 2m long 25mmID c l e a r  p l a s t i c  tube is  

a t tached t o  t h e  top  of t h e  access t ube ,  and t h e  head is  observed d i r ec t -  

l y .  The 50mmID c l e a r  p l a s t i c  tube  a t tached t o  t he  top  of  t h e  stand- 

p ipe  serves  t h r e e  main funct ions .  I t  provides a means of escape f o r  

a i r  displaced during t h e  e a r l y  p a r t  of t h e  t e s t  when t h e  pipework is  

f i l l i n g  with water ;  it i s  an e f f e c t i v e  surge  tank which damps smal l  

o s c i l l a t i o n s  i n  t h e  discharge from the  founta in  pump ( a  common event  

caused by v a r i a t i o n  i n  e l e c t r i c a l  genera tor  ou tpu t ) ;  and i t  provides t h e  

means of head measurement during i n j e c t i o n  t e s t s  on type  ' A '  piezometers 

where t he  head i n  t h e  t e s t  zone cannot be measured d i r e c t l y .  These 

values of head a r e  correc ted  f o r  head lo s se s  through pipework and t h e  

piezometer t i p .  A subs id iary  funct ion  of t h e  50mm tube i s  t h a t  i t  

provides a r e s e r v o i r  during a f a l l i n g  head t e s t  - t h e  head during t h e  

test being measured i n  t h e  test zone access zone. 

A l l  t h e  equipment used f o r  i n j e c t i o n  t e s t i n g  is r e a d i l y  ava i l ab l e  and 

is r e l a t i v e l y  cheap. However, two modificat ions can reduce t h e  c o s t  

s t i l l  f u r t h e r ,  i f  requi red .  F i r s t l y ,  t h e  e l ec t r i ca l ly -d r iven  pumps 

(and the re fo re  t h e  generator)  can be e l iminated  i f  a high constant-head 

r e se rvo i r  tank i s  used (Pearson and Money, 1977). Secondly, t h e  i n j ec -  

t i o n  r a t e  can be determined from t h e  r a t e  of  f a l l  o f  water  l e v e l  i n  a 

tank supplying t h e  constant-head tank ,  thus  removing t h e  need f o r  flow- 

meters. 

Pumping t e s t s  

When t h e  t e s t  zone i s  beneath t h e  water  t a b l e  a small-scale pumping t e s t  

may be performed. F igure  3 shows t h e  equipment used. A downhole sub- 

mersible pump cannot be  used because of  t h e  smal l  diameter  of  t h e  stand- 

p ipe ,  and the re fo re  a system employing a vacuum t o  provide suc t ion  from 



t he  sur face  is  used. E s s e n t i a l l y  t he  system uses a vacuum pump t o  

evacuate a cy l inde r .  Water is drawn i n t o  t h e  evacuated cyl inder  from 

the  piezometer v i a  a p l a s t i c  pipe placed i n s i d e  t h e  standpipe.  The r a t e  

of discharge is con t ro l l ed  by a r egu la t ing  valve on the  discharge pipe 

and the  discharge is measured by observing t h e  r a t e  a t  which the  

cyl inder  f i l l s .  Two cy l inde r s  a r e  used s o  t h a t  flow is not  i n t e r rup ted  

- when a cy l inde r  is f u l l ,  flow is  switched t o  t h e  second cy l inde r ,  

while t h e  f i r s t  is emptied and evacuated. 

Figure 3 Surface equipment f o r  pumping t e s t  

tap-T -dap  

As with t h e  i n j e c t i o n  t e s t s  t he  head (o r  i n  t h i s  case  t he  drawdown) is 

measured by observing t h e  l e v e l  of  water  i n  t h e  access tube i n  t h e  

It 

gravel  pack. This implies t h a t  constant  drawdown t e s t s  cannot be per- 

formed us ing  t h e  type ' A '  piezometer because the re  is  no access tube.  

However r is ing-head t e s t s  can be employed by removing a ' s l ug '  of water  

from t h e  s tandpipe  and monitoring t h e  recovery of t h e  water  l e v e l  wi th in  

t h e  standpipe.  

3 Test  s i t e s  

- '  

yacuum vessel 

Tests  have been c a r r i e d  out  on t h e  Chalk a t  two s i t e s  i n  north-west 

Norfolk, England. The s i t e s  a r e  i n  t he  Terebra tu l ina  l a t a  zone which 

d ips  gent ly  eastward a t  l e s s  than  &O and is represented  by beds of 

r a the r  hard p l a t y  chalk with frequent  s c a t t e r e d  and t abu la r  f l i n t  bands 

valve 
/ 

1 

- 
tap tap 
4 

!I-' 
vacuum v e s s e a  

piezometer 
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(Peake and Hancock, 1961). P e r i g l a c i a l  weathering during the  

Ple is tocene  has extens ively  a f f ec t ed  the  near-surface chalk which is 

highly f i s su red  and covered by 1 t o  2 . 5  metres of d r i f t  and s o i l .  

A t  the  f i r s t  s i t e  seven type ' A '  piezometers were emplaced a t  depths 

ranging between 1 .5  and 3.5 metres,  and ten  type 'B '  piezometers were 

i n s t a l l e d  a t  depths ranging between 2 and 17.5  metres. The water t a b l e  

a t  t h i s  s i t e  is  always below the  deepest  piezometer. 

A t  the  second s i t e  t h e  water t a b l e  v a r i e s  between 2 and 6 metres below 

ground l eve l  and 11 piezometers were emplaced, most of which lay  i n  the  

zone of water t a b l e  f luc tua t ion ,  t he  t o t a l  va r i a t ion  i n  piezometer 

depth being 1 t o  6 . 5  metres. One type 'A', e igh t  type 'B' and two 

shor t e r  versions of the  type 'B'  were used. 

4 Testing 

Only in j ec t ion  t e s t s  could be performed a t  the  f i r s t  s i te .  These were 

i n  the  form of stepped constant-head i n j e c t i o n  tests with th ree  s t eps .  

Falling-head t e s t s  were a l so  performed f o r  comparison. Each piezometer 

was t e s t e d  a t  l e a s t  twice;  once during the  winter ,  when the  s o i l  

moisture d e f i c i t  was lowest ,  and once during t h e  summer, when the  

d e f i c i t  was h ighes t .  Most of t he  piezometers were t e s t e d  more 

f requent ly ,  over a period of two years .  

A t  the  second s i t e  t h e  piezometers were t e s t ed  by i n j e c t i o n  when the  

t e s t  zone was unsaturated and when it was sa tu ra t ed ,  and by pumping when 

the  t e s t  zone was sa tu ra t ed .  

5 Theory 

Assuming t h a t  t he  mater ia l  around the  t e s t  zone is homogeneous, i so-  

t r o p i c  and sa tu ra t ed  and t h a t  t he  in j ec t ed  water i s  flowing i n t o  the  

mater ia l  under condit ions which s a t i s f y  Darcy's law, then  the  hydraul ic  

conduct iv i ty ,  K ,  of t he  mater ia l  under condit ions of constant  r a t e  



i n j ec t ion  is given (Hvorslev, 1951, Figure 12) by: 

where 

Q = i n j e c t i o n  r a t e  

H = i n j e c t i o n  head i n  the  t e s t  zone 

k = length of t e s t  zone 

r = radius  o f  t e s t  zone 

Equation (1) can be reduced t o :  

where S i s  a constant  f o r  a given i n s t a l l a t i o n  and i s  termed the  shape 

fac tor .  

Where the  t e s t  zone is below the  water t a b l e  H is measured r e l a t i v e  t o  

t h e  water t a b l e .  In  the  case  of i n j e c t i o n  tests i n  unsaturated mater ia l  

we assume t h a t  t he  mater ia l  under t e s t  is s a t u r a t e d ,  and H is measured 

from the  cen t r e  of the  t e s t  zone. Support f o r  t h i s  assumption comes 

from the  r e s u l t s  from the  second s i t e ,  where values of hydraul ic  con- 

duc t iv i ty  der ived from i n j e c t i o n  t e s t s  i n  unsa tura ted  mater ia l ,  and 

from the  same mater ia l  when sa tu ra t ed ,  a r e  s u b s t a n t i a l l y  the  same 

(Allen, 1981). Pumping t e s t s  a r e  t r ea t ed  i n  the  same way as  i n j e c t i o n  

t e s t s ,  wi th  H being taken as  drawdown ins t ead  of t h e  in j ec t ed  head. 

For f a l l i n g  head t e s t s  equation (2) is modified (Allen and P r i ce ,  1980) 

t o  : 

where 

A = cross-sec t ional  a rea  of standpipe 

t = time s ince  s t a r t  of t e s t  



Ho = head a t  s t a r t  of t e s t  

Ht = head a t  time t 

Where r i s i n g  head t e s t s  a r e  performed, H and H r e f e r  t o  drawdown. 
t 

6 Resul ts  

A s  s t a t e d  above, it is considered t h a t  values of hydraul ic  conductivity 

derived from i n j e c t i o n  t e s t s  i n  unsaturated mater ia l  represent  values 

of s a tu ra t ed  conductivity.  

A t  t h e  f i r s t  t e s t  s i t e ,  where the  f u l l e s t  i nves t iga t ion  has taken place, 

values of hydraulic conductivity genera l ly  decrease wi th  depth, ranging 

from about 15 m/d a t  the  top of t h e  Chalk t o  0 . 1  m/d a t  about 15  metres 

depth. These values were obtained i n  winter .  A s  t he  s o i l  moisture 

d e f i c i t  b u i l t  up through the  sp r ing  and summer t h e  values of hydraul ic  

conductivity tended t o  f a l l  t o  a minimum value i n  l a t e  summer (when 

the  s o i l  moisture d e f i c i t  was h ighes t )  which was, i n  genera l ,  about 50% 

of the  winter  value. I t  i s  considered t h a t  t h i s  is because of a i r  

entrapment i n  the  t e s t e d  mater ia l  i n  summer (Pr ice  e t  a l . ,  1979). 

The above values of hydraul ic  conductivity a re  about an order  of magni- 

tude higher than those  obtained from s i m i l a r  mater ia l  by i r r i g a t i o n  

experiments (Wellings and Cooper, 1982). However these  discrepancies 

a re  not  unexpected because the  i r r i g a t i o n  values were obtained from 

mater ia l  which s t i l l  re ta ined a tens ion of a few centimetres of water.  

This tens ion  would be s u f f i c i e n t  t o  prevent flow i n  t h e  l a rge r  f i s s u r e s  

which, i n  the  mater ia l  t e s t e d ,  would provide most of t h e  sa tu ra t ed  

permeabil i ty.  

A t  t he  second s i t e ,  where pumping tests were poss ib l e ,  w e  found no 

s i g n i f i c a n t  d i f f e rence  between values obtained by pumping and by 

i n j e c t i o n ,  i nd ica t ing  t h a t  the  i n j e c t i o n  technique does not  cause f rac-  

t u r i n g  of t he  t e s t e d  mater ia l .  

F a l l i n g  head t e s t s  from both test s i t e s  provided s i m i l a r  r e s u l t s  t o  con- 



s t a n t  head i n j e c t i o n  t e s t s  and have been used t o  extend t h e  lower l i m i t  

of the  in j ec t ion  technique. 
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Les forages exBcut6e B travers des formations aquif6res carbonatbes, 3 

l 'aide des installations de forage hydraulique 2 circulation inverse, 

n'offrent pas d'informations completes sur  l e  collecteur par lequel l'eau 

circule. L'utilisation des combinaisons de  m6thodes g6ophysiques 

d'investigation adequates pour l'btude des formations carbonatees nous a 

permis l a  determination assez exacte de ses  traits  physiques, de l a  

lithologie e t  l a  structure geologique, de l a  min6ralisation du fluide; ces 

donn6es-la sont utiles pour 1' 6tude de l a  dynamique complexe des eaux 

souterraines qu'on reneontre dans une zone de cote de l a  mer  Noire, B 

structure g6ologique compliquBe, oh la couche aquifare es t  intenshment 

exploi t6 e . 

Abstract 

Boreholes sunk i n  carbonized water bearing formations by means of 

hydraulic d r i l l i n g  r i g s  with reverse c i rcu la t ion  do not y ie ld  complete 

information on the conduit through which the  water is calculating. 

The appl icat ion of combinations of adequate geophysical invest igat ion 

methods fo r  the  study of carbonized rocks has allowed us t o  determine 

ra ther  accurately the physical features ,  the  l i thology and the  geological 

s t ructure  and the mineralization of the l iquid .  Such data a r e  useful f o r  

the study of the  complex dynamics of the groundwater encountered i n  



coasta l  zone of the Black Sea which has an i n t r i c a t e  geological s t ruc tu re ,  

and where the aquifer  is being intensively exploited. 

1 Introduction 

L 'utilisation en Roumanie du forage hydraulique a circulation inverse pour 

l'investigation e t  l 'exploitation des eaux souterraines a engendr6 

1'6laboration des programmes d'investigation geophysique complexe des 

trous de forage Bfin d'obtenir l e s  donnees necessaires au choix de plus 

efficientes solutions d'equipement des forages B filtres, pompes etc. en 

vue d'exploitation. La reussite de  ces programmes d'investigation 

geophysique depend du choix judicieux des mhthodes aussi bien que de l a  

correlation des rhsultats 3 fin d'obtenir correctement les  caracteristiques 

physiques des formations aquifsres (porositk, permgabilitb, kpaisseur, 

lithologie, aspects tectoniques etc.). 

Le programme d'investigations ex6cutbes su r  un forage emplace dans des 

formations carbonatbes a inclut: 

- des determinations phtrographiques e t  microfaunistiques en vue de 

reconstituer l a  colonne lithologique, les  limites e t  les  rapports 

stratigraphiques e t  tectoniques entre les  formations; 

- l'investigation geophysique complexe 3 1' aide de I' installation PGAC; 

- l e  ieste de  l a  couche aquifsre : 

- le  pr616vement des Bchantillons d' eaux pour des analyses isotopiques 

e t  phy sico-chimiques ; 

- l e  mesurage de l a  pression e t  de l a  temperature; 

- des pompages expkrimentaux. 

2 Cadre nature1 de 1' emplacement du forage 

Le forage d'investigation a 6th emplace dans une zone situBe 3 l ' e s t  de 

l a  Dobrogea mhridionale, limitrophe au littoral roumain de l a  mer  Noire 

(Figure 1). 



Figure 1 Emplacement du Figure 2 Section g6ologique dans la 

forage zone du forage 

La Dobrogea meridionale repr6sente une unit6 structurale connue dans la 

litt6rature g6plogique comme la  "Plate-forme sud-dobrog6enne7~ Mutihac 

e t  Ionesi (1973). Cette unitB-1% pr6sente des traits caracteristiques a l a  

sbdimentation e t  a 1'6volution tectonique des zones de plate-forme qui 

contiennent des formation carbonatees trGs kpaisses qui surmontent un 

soubassement cristallin. 

~ ' o b j e t  de  nos investigations es t  represent6 par l a  couche aquifGre des 

formations jurassiques, intens6ment exploit6s. On a emplac6 l e  forage 

entre l a  zone exploit6e e t  l a  rive de la mer,  a fin de 1' utiliser comme 

forage d'observation pour l'etude de l a  limite eau douce - eau sal6e 

(Figure 2). 

3 Programme d' investigation g6ophysique 

On le  sait que l*utilisation du forage hydraulique ZI circulation inverse 

n'offre pas d' informations exactes s u r  l a  lithologie des formations traver- 

shes, s u r  l a  limite entre elles e t  surtout sur  leurs caracteristiques 

physiques. 

~ 'Bquipement des forages d'exploitation pase des probl5mes concernant 

lSeffici6nce e t  le prix de revient. 



L' efficience d'un tel investissement doit Btre maximum, surtout dans les 

conditions prhsentes, c e  qui implique : 

- 1' investissement initial minimum; 

- frais d'exploitation rbduits; 

- extraction du debit maximum; 

- fonctionnement de longue dur6e du puits. 

~ 'accomplissement  de ces conditions-1% depend surtout d'une bonne connais- 

sance des caracteristique physiques du collecteur, en vue d e  choisir l a  

solution d' Bquipement l a  plus efficiente. 

Parmi ces caracteristiques, l e  trait  l e  plus important es t  represent6 par 

la determination de l a  porosit6 efficace, qui influence directement l a  

capacitk d'emmagasinage au de cession. 

E n  vue de prhciser ces caract6ristiques, on a Blabor6 un 'lprogramme 
optimum" d'investigation, en utilisant de diff6rentes combinaisons de 

m6thodes g6ophysiques propres aux formations carbonathes. On a pris 

pour exemple lYexp6rience de l'investigation g6ophysique concernant les 

hydrocarbures ODPT (1972). 

Notre programme d' investigation geophysique a inclut: 

- des mhthodes Blectriques; 

- des mhthodes radioactives; 

- d 'autres m6thodes. 

Les analyses phtrographiques des fragments de roche ont mis en bvidence, 

dans 1' intervalle 120-420 m, des formations carbonat6es constitubes de 

deux composants minkralogiques (CaC03 et  M~COQ),  d6pourvues d' argiles , 
2 porosith secondaire (fissures, cavernes) bien d6veloppbe. 



On a choisi les  m6thodes g60physiques d'investigation en tenant compte 

des conditions g6ologiques e t  hydrog6ologiques rencontr6es. On va pr6- 
senter bri6vement les caractkristiques de ces m6thodes e t  l e s  paramktres 

d6termin6s. 

3.1 Mkthodes klectriques 

Pour une d6termination correcte de l a  rksistivit6 apparente on a utilis6 

le  carottage Blectrique inductif en correlation avec l e  lat6rologue. On a 
obtenu 3 l a  fois l a  courbe du potentiel naturel (P.S.). Les diagraphies 

nous ont offert un premier indice sur le fluide de  l a  formation carbonat6e 

et su r  la presence des zones 3 porosit6 accentu6e. 

3 . 2  Mkthodes radiometriques 

On utilise ces mhthodes pour d6termines des 6I6ments qui caractdrisent 

les coltecteurs. On acquient ainse des informations su r  l a  corrdlation des 

formations, l a  determination de la Iithotogie, ta  determination des proprik- 

t6s physiques (porosit6 initiale e t  secondaire, densite' e tc . ) .  

Parmi les  m6thodes radinmktriques frequemment utilisees pour I'investiga- 

tion du trou de forage, on a employ6 les  m6thodes gama naturel ( s ), 
gama-gama ( r - r  - carottage de densitk) e t  neutron-neutron ( n  - n ). 

3.2.1 Carottage g m  vatzcr? 2 

On l ' u t i l i s e  pour mesurer l a  r a d i o a c t i v i t 6  n a t u r e l l e  des formations 

t raversses .  La courbe obtenue s e r t  pour l a  comparaison avec l e s  a u t r e s  

courbes de ca ro t t age  r ad ioac t i f .  



On l'utilise pour mesurer t e  parametre de densitk des formations, par 

t'intermede d'une emission de radiations gama provenues d'une source 

radioactive. Ce type de carottage reprksente t 'une des mkthodes 

principales de determination des vateurs de  la porositk de la formation 

investiguke. 

3.2.3 Carottage neutron-neutron 

On utilise une source kmettrice de neutrons rapides, tandis que Kes 

diagraphies enregistrkes representent l 'effet de retantissement des 
neutrons a ta  suite de l a  collision avec les  atoms de hydrogene des 

roches. 

La m6thode du carottage neutron-neutron met en valeur l e s  faits suivants: 

- l a  dktermination de l a  porositk des formations qui manquent d'argile, 

surtout dans des puits non-tubks, forrks par des fluides doux; 

- l'identification de l a  lithotogie associke a d'autres carottages de  

porositk (carottage gama-gama). 

Cette mgthode s e  caracterise par une haute prkcision, ca r  l a  diagraphie 

n 'es t  pas influencke par l a  radioactivit6 naturelte on par celte gama 
Qmise par l a  course de  neutrons, fait qui engendre un paramktre de 

porositi5 bien rket comme dimension. 

3 . 3  D' autres mkthodes 

On a utilisk aussi l e  carottage acoustique de vitesse compensk, l a  

pendagemktrie e t  l a  diagraphie du chtore. 



3.3.1 Carottage aeoustique de vitesse eompens& 

Cette diagraphie utilise tes propri6tk.s 

elastiques des formations de propagation 
des ondes ultra acoustiques pour dkter- 

miner te  paramktre de porositk. 

Ce type de carottage s'associe au 

carottage neutron-neutron (Figure 3) e t  

offre des donees su r  l a  lithologie e t  l a  

porosite secondaire ODPT (1 973). 

Figure 3 Dktermination de l a  porositQ et  
l a  lithologie des carottages 

acoustique e t  de neutrons 

La dgtermination du sens e t  du pendage des couches d'argiles e t  anhydrites 

qui surmontent l a  formation carbonatke es t  tout a fait importante pour 

notre Qtude, ca r  cetles-ci proggent ou non l a  couche aquifhre douce 

contre l'effet inattendu des eaux satQe a travers l e  temps. 

Ainsi on a effectu6 la pendagemetrie s u r  l 'intervalle 94-112 m. A l a  suite 

de t'utilisation de cette mhthode on a determine exactement la pendage et 
te  sens des couches traverskes aussi bien que l a  dkviation du trou de 

forage. 



On a 6ffect.uk la diagraphie du chtore en vue de mettre en kvidence une 

intrusion d'eau salke marine on des zones locales de phnktration des eaux 

salke dans les  conditions d'une exploitation intensive de l a  couche aquif6re 

La mkthode consiste en l'activation du chlore (dans l'acception de s a  

prksence dans l 'eau comme chlorures) comme source de neutrons e t  

l'enregistrement de  son activitk. 

4 Interpretation des rksultats de l'investigation gkophysique 

Les diagraphies gkophysiques ainsi obtenues contiennent des informations 

pktrographiques e t  des donnkes sur les  propriktks physiques du collecteur 
e t  du fluide qu'y circute. 

Selon l a  colonne lithologique reconstituke suivant les  fragments de roche 

e t  les  donn6es fournies par l'investigation gkophysique, on note tes  

formations suivantes: 

0 - 13,O m sable gris 2i fragments de coquilles (Quaternaire); 

13 - 15,O m blocs de calcaire lumachellique, blanc-jauniitre dans 
une matrice argileuse jauniitre (Sarmatien); 

15 - 56,8 m craie blanche e t  rose (Crktack supgrieur - Sknonien); 

56,8 - 61,O m grks calcaire verdiiatre, glauconitique (Crktack moyen- 

A1 bien) ; 

61 - 121,O m alternance de catcaire d'eau douce, anhydrites rose- 

jaunaatres e t  argiles e t  marnes rouges e t  vertes 
(CrBtack infkrieur - Purbekien - Wealdien) ; 

121 - 420,O m alternance de calcaires jaunstres-ManchPtres, calcaires 

dolomitiques e t  dolomies grisiitres, dures structure 

saccharoide, fissurees , karstiques (Jurassique sup6rieur) 

L'analyse des diagraphies du carottage Qtectrique inductif en corrdation 

avec l e  latbrologue e t  l a  courbe du potentiel nature1 demontre l'existence 

des formations surtout carbonatkes, tr&s fissurees e t  karstifihes, 

surmontkes dans l'intervalle 85-121 m par un paquet d 'argites et marnes. 



Les valeurs klevkes de l a  resistivitk indiquent que par ces fissures e t  

cavernes-la circule de I'eau a teneur diminuke en sels,  fait confirm6 

aussi par les  analyses physico-chimiques effectukes su r  des Qchantillons 

d'eau prklevks a l 'aide de l'installation PGAC. 

La diagraphie gama naturel, par les  valeurs diminukes de l a  radioactivit6 
naturelle 10-15 u API, met en evidence pour l'intervalle 121-420 m, des 

formations dkpourvues de minkraux argileux, c e  qui confirme en outre la 

prksence des formations carbonatkes. 

La carottage d e  densitk gama-gama a mis en valeur des formations a 
porositk intergranulaire, a valeur t ras  rkduites, ce qui teur confare le  

caractare impermhable. La porositk secondaire de cettes-ci crkke par le  

systbme de fissures et creux, m&ne a des valeurs klevkes de l a  porositk 

totale, dkterminee par les carottages neutron-neutron e t  acoustique de 

vitesse compensk. 

C~~~~ l,tholo~,aue re~on.t l~YF La porosit6 secondaire de 

ces formations earbonatkes 

es t  doe aux exondations 

rkpktkes durant l e  Jurassi-  

que B l a  suite des 
mouvements tectoniques qui 
ont affect6 l a  zone. Dans l a  

Figure 4 on presente l a  

colonne lithologique e t  la 
U distribution verticale de l a  

porosit6 efficace. En 

considkrant l e s  valeurs trks 

" ' I  ""'/I 1' rkduites de l a  porositk 
primaire, 1' interpretation 

des carottages de densit6, 
2 2 
x neutron-neutron e t  

Figure 4 Variation de l a  porositk acoustique, on a determink 
efficace par rapport a l a  l a  valeur de l a  porositk 

profondeur efficace, en utilisant l a  
a) selon l e  carottage acoustique relation ODPT (1977): 

d e  vitesse compensk 
b) selon l e  carottage neutron-neutron 



ou : gse - porositk secondaire 

eN -D - porositi. dkterminke par l a  diagraphie neutron- 

neutron e t  gama-gama 

flS - correction de porositk 

En considkrant aussi les  carottages neutron-neutron e t  acoustique de 
vitesse compens6, on a dktermink assez corectement l a  lithologie e t  on a 

ktabli que les  intervalles a porositk totale diminuke correspondent aux 

roehes dolomitiques, tandis que ceux porositk totale Bevke correspon- 

dent aux catcaires. 

On a effectu6 la pendagemktrie a fin d'6claircir certains aspects de la 

dynamique des eaux souterraines douces du systbme aquif&re investigu6 

aussi bien que t e  r6Ie d'bcran jouk par l a  formation argilo-marneuse a 
calcaires et anhydrites du toit du complexe carbonatique, Bgncilg (1969) 

L'interprktation de ces donnkes-la indique que i e s  dkp6ts presentent un 

pendage de 5-36' vers  la N la base e t  vers 1'E la partie supkrieure 

e t  des variations du sens entre W-E e t  N S ,  ce qui montre soit une discor 

dance angutaire soit un dkrangement tectonique. 11 faut remarquer quand 
meme que l'investigation gkophysique a mis prkciskment en dvidence i e  
r6le d'kcran des argiles et des marnes du toit, en assurant la protection 

du gisement d'eau douce contre l'invasion des eaux sa1i.e marines durant 
1 * exploitation. 

A fin de dktecter les  zones par lesquelles l'eau salke de l a  mer pourrait 

y phnktrer, dans les  conditions de l'exploitation intense de la couche 

aquif&re, on a effectuk la diagraphie du chiore en stimulent l'activitk de 

l'ion ~ 1 -  par une source de neutrons. P a r  la superposition de la courbe 

de l'activiti. de t ' ion Cl- et la courbe gama naturel, on a dkmontrk 
qu'it est impossible que tes eaux satke de la mer  pknktrent jusqu'a la 

profondeur de 420 m dans tes conditions des dkbits exptoiti.~, Simionag 

(1 9 74) . 



Conclusions 

La corroboration des donnkes obtenues de t'investigation gkophysique avec 

les analyses pktrographiques et micropalkontologiques des fragments de 

roches, avec les  donnkes s u r  l a  composition lithologique et la tectonique 

de la zone (de l a  littkrature spkcialiske) e t  avec les  donnkes obtenues des 

forages situks dans des zones avoisinantes, a conduit : 

- l a  determination exacte de 2 a colonne lithostratigraphique, de la limite 

entre les  formations e t  leur kpaisseur rkelle, aussi bien que des 

Qlkments de tectonique; 

- la dktermination des valeurs du sens e t  du pendage des dkp6ts argilo- 

marneux du toit de  l a  formation carbonatke aussi bien que leur role 

dans l a  protection du gisement d'eau douee; 

- l a  determination de la porositk efficace du complexe carbonate, 

kl6ment principal de  la dynamique des eaux souterraines et la 

dktermination exacte des zones intenskment fissurkes; 

- le  choix de l a  plus kconomique et l a  plus efficace solution d'equipement 

du trou de forage en vue de tester l a  couche aquifhre; 

- l 'daboration des "programmes optimums d'investigation gkophysique" en 

tenant compte des besoins pour tous l e s  types de formations h porositg 

interstitielle ou des fissures. 
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Abstract 

For a substantiated mapping of hydrogeological parameters and indices 

of rocks it is necessary to have a continuous information of their space 

variations. It leads to large expence, even with the use of traditional 

methods of studies (drilling and sampling of wells, pumping-test works). 

An application of geophysical methods for investigation is considered 

to be more perspective. 

An effective complex of geophysical methods, being an integral part of 

hydrogeological and engineering-geologic studies performed for the 

purpose of land reclamation and in groundwater exploration, has been 

developed and widely used in the U.S.S.R. 

A complex of geophysical mehods enables an estimation of the following 

phenomena to be made (on the basis of empirical correlations): 

a) permeability coefficient or hydraulic conductivity of the productive 

aquifers ; 

b) permeability coefficient of sandy-argillaceous rocks in the zone of 

aeration; 

c) water yield of sandy-gravel deposits under the conditions of un- 

confined aquifers; 

d) groundwater mineralization and the degree of rock salinization in 

the zone of aeration; 



e) depth of the first from the earth's surface unconfined aquifer; 

groundwater flow rate; 

f) granulometric composition of sandy-argillaceous rocks, as well as 

a number of engineering-geological properties. 

Error limits of the quantitative evaluation of the parameters vary 

from 10 to 30%. 

1 Introduction 

For a substantiated mapping of hydrogeological parameters and 

engineering-geological properties of rocks it is necessary to have a 

continuous information on their variations in space. It leads to large 

expences and a long time of their production even with the use of 

traditional methods for studies (drilling and sampling of wells, 

pumping-tests works). 

An application of mobile and less labour-consuming geophysical methods 

of investigation is considered to be more perspective. 

An effective complex of field geophysical methods, being an integral 

part of geological and hydrogeological studies, when carrying out 

hydrogeological and engineering-geological surveys on the 1:50 000 

scale for the purpose of land reclamation and fresh groundwater 

exploration, has been developed and widely used in the U.S.S.R. 

When developing the procedure we have taken into consideration that 

the optimal results ofgeophysical works can be only those which are 

directly taken into account and used in preparing and compilling the 

final maps and sections, which contain a quantitative information on 

the rock properties. In this connection, the main peculiarity of the 

procedure developed is a quantitative geological and hydrogeological 

interpretation of the geophysical data with the aim of estimating the 

values of hydrogeological and engineering-geological parameters and 

aqueous-physical properties of rocks. 

A quantitative geological and hydrogeological interpretation of the 

geophysical data is based on compilling and applying the empirical 

correlations between the geophysical parameters on the one hand, and 

between the hydrogeological parameters and the rock properties on the 

other hand. The correlations are found on the basis of comparing the 



interpretation results of parametric soundings around the wells and 

other mine openings with the data on their hydrogeological and 

engineering-geological testing. 

The character of the relationships and the procedure of their compiling 

can be significantly different depending upon the geological and hydro- 

geological conditions of the area under survey or the type of a ground- 

water development area. 

However, under various geological and hydrogeological conditions of the 

area a complex of geophysical methods allows one to assess: 
- the permeability coefficient or hydraulic conductivity of productive 

or recharge aquifers composed by loosely fragmental, sandy-argilla- 

ceous, fractured, and fissured-karst rocks; 

- the permeability coefficient of sandy-argillaceous rocks in the zone 

of aeration; 

- the water yield of sandy-gravel deposits under the conditions of 

unconfined aquifers; 

- the groundwater nineralization and the degree of rock salinization 

in the zone of the aeration; 

- the granulometric composition of sandy-argillaceous rocks (content 

of separate fractions, plasticity index, specific surface) as well 

as a number of engineering-geological properties (moisture, 

porosity). 

A solution of the above problems is made by applying the resistance 

method and the method of induced polarization of electrical prospec- 

ting, and the refraction method of seismic prospecting. 

mile applying the above methods the main parameters are: 

- specific electrical resistance of rocks ( p ); 

- polarization of rocks ( q ) ;  

- relative values of polarization or conductivity of induced * 
polarization (q = *l ) . 

P ' 
- velocities of longitidinal and transversal refracted waves 

(Vp and Vs). 

Under natural conditions the values of the above parameters are de- 

pendent upon a change in a sufficiently wide spectrum of hydrogeolo- 

gical and engineering-geological properties and indices of rocks. 

At present, a sufficient amount of data has been accumulated, which 



enabled the most stable correlations to be found out between the geo- 

physical and geological-hydrogeological parameters and indices of rocks 

and their complexes. 

2 Main correlations in solving the geological and 

hydrogeological problems 

2.1 Determination of the rock permeability of aquifers 

This determination is made by using the method of induced potentials 

under the conditions of sandy-gravel deposits and, in addition, the 

refraction method, when an aquifer is represented by fissured corbonate 

rocks. 

The value of a specific electrical resistance of loose sandy-gravel 

deposits tends to decrease with decreasing the permeability of rocks. 

Accordingly, the correlations p =  F(Kf) can be made. However, it is 

necessary to note thatin a general case the prescribed interrelation 

is unstable above all, due to a determining effect on the value, p 

of a dissolved solids content of groundwater. Finding the correlations 

between the relative value of polarization and the permeability 

coefficient of rocks is more effective. For the aquifers represented 

by sandy-gravel deposits a general regression equation is I/Kf = 

-a + bnf, where a value of the factor "a" amounts to 0.06 and a value 

of the factor "b" varies depending on the groundwater mineralization 

from 0.126 (with the mineralization 0.5 g/l) to 0.044 (with the mine- 

ralization 4.0-5.0 g/l). 

The values of the correlation coefficients of particular regression 

equations range from 0.92 to 0.97. 

A high stability of the interrelation q*= F (Kf) is marked for various 

stratigraphic and genetic complexes of rocks. 

When the aquifer thickness is slightly changeable within the work area, 

it is possible to find the correlation of the form nR= F (Km), where 

"Km" is the permeability coefficient of an aquifer. 

Mapping of the permeability of fractured collectors is carried out 

using the correlations of the form p = F (Kf), n*= F (Kf), V and 
P 

Vs = F (Kf). 



A necess i ty  f o r  f inding several  co r re la t ions  is dictated, above a l l ,  by 

the f a c t  tha t  an increase of the water contained i n  f issured rocks can 

be re l a t ed  both t o  the increase i n  t h e i r  degree of jo int ing and the  

decrease i n  the content of a c lay crack f i l l e r .  

I n  the f i r s t  case, when Kf increases,  the value of a s p e c i f i c  e l e c t r i c a l  

res is tance decreases and a r e l a t i v e  polar iza t ion increases.  

For carbonate deposi ts  the regression equations a r e  obtained as  

follows: 

In Kf = 17.6 - 3.06 In P , cor re la t ion  coef f i c i en t  0.81. * 
In Kf = 2.5 + 0.3 In  q , cor re la t ion  coef f i c i en t  0.94. 

In  the second case,  when Kf increases ,  the value " pnincreases  and a 

r e l a t i v e  polar iza t ion decreases. The regression equations f o r  the same 

area  a r e  as  follows: 

In Kf = 1.15 + 0.5 In  p , cor re la t ion  coef f i c i en t  0.84. 

In Kf = 2.3 - 3.1 In  n*, cor re la t ion  coef f i c i en t  0.95. 

The corre la t ion of a boundary veloci ty  of longi tudinal  and t ransversal  

e l a s t i c  waves refracted on the top of carbonate rocks t o  the permea- 

b i l i t y  coe f f i c i en t  i n  both cases i s  single-valued and characterized by 

the equations: 

In  Kf = 19.1 - 2.0 V cor re la t ion  coef f i c i en t  0.85. 
P '  

In Kf = 1.8 - 0.6 V cor re la t ion  coef f i c i en t  0.80. 
s '  

The permeability of f ractured co l l ec to r s  can be unequivocally estimated 

using the above equations. 

Finding the above corre la t ions  i s  made by comparing the  r e s u l t s  of the 

data  in te rp re ta t ion  on the parametric soundings ca r r i ed  out near the 

groups of wells,  i n  which the  pumping-test works have been carr ied  out. 

An e r r o r  of estimating the values "Kf" ranges from 10% t o  30% accor- 

ding t o  the r e s u l t s  i f  the  geophysical works. 

2.2 Determination of the permeability coe f f i c i en t  of the 

rocks i n  the zone of aera t ion 

This determination can be done using the  i n t e r r e l a t i o n s  q* = F (Kf). 

I n  t h i s  case, it i s  necessary t o  take i n t o  account a s ign i f i can t  

dependence of polar iza t ion and a s p e c i f i c  e l e c t r i c a l  res is tance of rocks 

on t h e i r  moisture content and a dissolved so l ids  content of i n t e r s t i -  



* 
tial water. In this connection, the correlation graphs V='F (Kf) are 

plotted separately for the aquifers differing in the values of moisture 

and the degree of rock salinization. 

The following regression equations obtained for the areas of Zavolzhje 

can be given as an example: 

In Kf = -1.82 - 2.85 In q* (the degree of rock salinization is 

less than 0.1%, moisture is more than 15%). 

In Kf = 0.94 - 3.1 In q* (the degree of rock salinization is 

1.0-2%, moisture is more than 15%). 

Estimation of the value of the gravitational water yield 

of rocks 

This estimation is based on a close dependence of the parameters of the 

method for induced polarization upon the specific surface and porosity 

of sandy-argillaceous rocks. 

For the areas of the Nechernozenmai zone of the R.S.F.S.R. the equation 

of the correlation graph obtained is as follows: * 
In ~.r = -4.6 + 1.21 In q , correlation coefficient 0.94. 

2.4 Estimation of the groundwater mineralization (M) and the 

degree of rock salinization (C) in the zone of aeration 

This estimation is made by the value of a specific electrical resistance. 

The relationship p= F (M) at a double logarithmic scale is a straight 

line for the gravel-pebble deposits. An increase in the degree of the 

rock dispersivity results in changing the angular coefficient of the 

straight line in the field of small mineralizations. The dependence 

graphs pon M are characterized by the presence of two straight line 

segments, one of which (in the field of large mineralization) is the 

same for all the types of rocks. The example of the regression equations 

of the graphs obtained may be: 

In M = 3.89 - 0.90 In p (gravel-pebble deposits) ; 

In M = 3.89 - 0.90 In p (sands, water mineralization is more 

than 2.0 g/l) ; 

In M =  21.5 - 5 In (sands, water mineralization is less 

than 2.0 g/l). 



An e r r o r  of determining the groundwater minera l iza t ion  wi th  the use of 

the  above equations w i l l  no t  exeed 10%. The degree of the  rock s a l i n i -  

za t ion  has a determining inf luence  on the  value of a s p e c i f i c  e l e c t r i c a l  

r e s i s t ance  of rocks i n  the zone of ae ra t ion .  The e f f e c t  of the moisture 

and a l i t h o l o g i c a l  composition of the rocks on the  value,^ , is  a 

changeable f ac to r .  I n  t h i s  connection, the r e l a t ionsh ips  p = F (C) a r e  

p l o t t e d  sepa ra t e ly  f o r  the rocks of a d i f f e r e n t  l i t h o l o g i c a l  composition 

and indiv idual  i n t e r v a l s  of t h e i r  moisture. The following equations of 

the graphs of the  i n t e r r e l a t i o n  under cons idera t ion  a r e  given a s  an 

example : 

In  C = 1.36 - 0.8 In  P (loams, moisture i s  l e s s  than 10%) ; 

In  C = 1.25 - 0.96 In P (loams, moisture is more than 10%). 

The co r re l a t ion  c o e f f i c i e n t  of the  f i r s t  equation i s  0.72. The corre la-  

t i o n  coe f f i c i en t  of the second equation i s  0.89. An e r r o r  of deter-  

mining the  degree of rock s a l i n i z a t i o n  does not  exceed 15-30% with 

allowance f o r  a l l  the  i n t e r f e r i n g  f a c t o r s .  

2.5 Determination of the  sandy-argillaceous rock composition 

A rock i s  usual ly  r e l a t e d  t o  one o r  another l i t h o l o g i c a l  d i f ference  

on the bas is  of i t s  granulometric ana lys i s  and studying the  p l a s t i s c i t y  

indices  and a s p e c i f i c  surface.  

Table 1 The b a s i c  regress ion  equations - 
Name of co r re l a t ion  Regression Amount of Corre la t ion  

equation da ta  coe f f i c i en t  

Spec i f i c  e l e c t r i c a l  
r e s i s t ance  ( p) and 
s p e c i f i c  surface  (S) In  S=8.29-05211-1 p 34 

Relative po la r i za t ion  
(q*) and s p e c i f i c  
su r face  (S) * 

I n  S=5.01+1.671n q 34 

P a r t i c l e  content  i n  
diameter of l e s s  t an B 0.005 m (vl)and q lnYl=2.5+0.681n q* 120 

P a r t i c l e  content  i n  
diameter of l e s s  than  
0 . 0 1 m ( y 2 )  and 111~~=3.1+0.61nq* 120 0.89 

P l a s t i c i t y  index@) 
and rl* Inn  =3.39+0.36 1n q* 120 0.91 



In this connection, finding particular correlations is needed to 

characterize a lithological composition of a rock on the results of 

geophysical investigations. 

The basic regression equations obtained from comparing the results of 

the curve interpretation of parametric soundings to individual rock 

indices are given in table 1. 

3 Porosity of rocks 

Porosity of rocks has an important influence on the values of a 

specific electrical resistance and polarization of rocks. However, in 

most cases, a certain correlation between the electrical parameters 

of rocks and their porosity can be obtained only for coherent soils. 

Thus, the correlation between the relative polarization (rl*) and 

porosity (II) has been attained for morainic sandy loams and loams. 

The correlation equations are In 1I= 4.6 1 + 0.72 In rl* , the amount of 
initial data is 44, the correlation coefficient is 0.86. A range of 

changing the rock porosity is 25-53%. 

Such basic empirical correlations are used for the geological and 

hydrogeological interpretation of the geophysical results. However, 

despite the fact that in each particular case we can use a double 

correlation, a multifactor analysis is expedient to apply with the 

aim of increasing a reliability of estimation of the hydrogeological 

parameters and rock indices. 

Thus, the equation has been obtained to estimate the groundwater 

mineralization: 
2 In (M + 1.7) = 3.76 - 0.24 p -  0.013 n*+ 0.004 p , 

the amount of data is 136, the correlation coefficient is 0.91. The 

correlation equation for assessing the rock clayness has a form as: 

In T I  = 21.95 - 14.1 n +  1.38 n2+ 0 .78  lnP+ 33.1 

In ( n +  1.93) + 0 . 6 9  1n ( n * +  1.85) 

The amount of data is 201, the correlation coefficient amounts to 0.81. 

The permeability of sandy-gravel water-bearing deposits can be esti- 

mated by the equation: 
* * 

In (Kf +1.98) = 4.09 + 0.12 q - 0.78 - 1.83 ( 11 + 1.5) + 

2.03 In ( o +  1.8) - 0.38 In p 



The amount of initial data is 40, the correlation coefficient amounts 

to 0.79. 

Combining the traditional and geophysical methods for studies allows the 

geological and geophysical sections along the profiles and maps of litho- 

logical-stratigraphical rock complexes, maps of the groundwater minerali- 

zation, maps of the degree of rock salinization in the zone of aeration, 

maps of hydraulic conductivity of particular aquifers and their complexes, 

maps of the rock permeability in the zone of aeration to be constructed 

using the results of the combined works. 

The maps showing individual indices are contructed in the gradations 

meeting the requirements for the survey and prospecting works for water. 

In conclusion, one of the important points of the procedure under 

consideration should be emphasized. 

In case of the geological and hydrogeological interpretation of geo- 

physical data based on the use of the correlations. special demands are 

made on wells applied to parametric measurements, non-observance of 

which can lead to the negative results. 

The parametric wells by its purpose can be divided into mapping hydro- 

geological and engineering-geological wells and wells for studying 

hydrodynamic parameters. 

The first group wells enable the initial data to be obtained to estimate 

the indices of a granulometric composition of porosity, moisture, and 

a specific surface. 

The requirements for their sampling are as follows: 

a) rock samples designed for a granulomatric analysis and an analysis 

of aqueous extract must be taken by a furrow method; sampling inter- 

vals are chosen for uniform (visually) beds and corrected by the 

results of a quantitative interpretation of parametric curves; 

b) sampling for moisture is carried out over the thickness of the 

aeration zone with a necessary decrease of sampling intervals in 

its lower part; 

c) monolithes are taken from each of lithological horizons to determine 

the engineering-geological properties of rocks. 

The requirements for wells or more exactly for groups of wells and 

also pits, on which the results of pumping-test studies are the basis 

of making the correlations of geophysical parameters and the permea- 



bility coefficient of rocks, are presented as follows: 

a) studiesin situ on the permeability coefficient of aquifers and rocks 

in the zone of aeration must provide for obtaining the value Kf(Km) 

with a high degree of reliability, theybeing carried ouy by a single 

procedure over the whole area of works to obtain the compared results; 

b) under conditions of a layered section the filter intervals established 

for a total sampling of an aquifer complex must correspond to the 

depth interval of a homogeneous aquifer distinguished on the curves 

of induced polarization; 

c) in the presence of a persistent aquifer clearly distinguished on the 

curves of induced polarization, a construction of the central well 

must be as perfect as possible. 

The well logging is needed. 

A production application of the procedure developed has showed its high 

efficiency in the course of hydrogeological and engineering-geological 

prospecting-survey and exploration in many regions of the U.S.S.R. 
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Abstract 

In the last decade much work has been done to numerically simulate 

subsurface transport of contaminants and heat connected with ground- 

water flow. Several simulators have been put forward. They may be 

judged by their completeness in taking account of the physics and 

chemistry pertaining to porous media flow domains, and by their nume- 

rical reliability. Prediction of transport, however, cannot be improved 

with even the most elaborated simulator if the physical and chemical 

parameters of the flow domain are insufficiently known. With regard to 

subsurface transport there is a definite need to identify variations 

of hydraulic conductivity within the flow domain. These variations may 

be identified by measurement of temperature profiles in observation 

wells, if groundwater passing these wells is labeled thermally. Such 

situations arise at wells where water is injected at temperatures 

deviating from ambient underground temperatures, at waste disposal sites 

in which percolating water has become heated and at heat wells. Several 

measured temperature profiles clearly indicate variation of hydraulic 

conductivities along the vertical. These observations give rise to the 

question whether the incorporation of non-microscopic hydrodynamic or 

thermal dispersion in numerical simulators truly accounts for transport 

phenomena in subsurface porous media. 



1 Introduction 

One of the most outstanding problems to scientists and engineers dea- 

ling with the subsurface environment is to efficiently identify and 

predict man-induced changes in its physical and chemical state. The 

most important changes pertain to such variables as groundwater piezo- 

metric head, concentration of dissolved constituents in groundwater, 

subsurface temperature and stress. 

Changes are brought about by exploitation of the Earth's natural re- 

sources and by underground injection. The latter activity aims not only 

at disposal of waste products, but also at temporary storage of fresh 

water, gas, compressed air or heat. Furthermore there is an increasing 

flux of contaminants from located and distributed sources at the ground 

surface into the underground. Most contaminants are dissolved in water, 

recharging groundwater flow systems; some contaminants are immiscible 

with water and occur as a distinct phase. 

Subsurface groundwater flow systems as parts of the hydrologic cycle 

may have a pronounced effect upon the Earth's subsurface temperature 

field (Van Dalfsen, 1981). Compared to the hypothetical case of no 

groundwater flow, which means only conduction of the Earth's internally 

generated heat to the ground surface, subsurface temperatures are lower 

in areas with downward groundwater fluxes (recharge areas) and higher 

in areas with upward groundwater fluxes (drainage areas). The influence 

of heat transport by flowing groundwater upon the subsurface tempera- 

ture field is clearly demonstrated by the relatively low temperatures 

at 100 m depth below the Veluwe and Utrechtse Heuvelrug recharge areas 

in The Netherlands (Figure 1). From these data it appears that subsur- 

face temperature in a groundwater flow domain may be regarded as a 

variable depending upon flow and thermal history of the groundwater. 

Conversely, deviation in measured subsurface temperatures may be in- 

dicative with respect to spatial variation in groundwater flow. In this 

paper it is exemplified that subsurface temperature deviations may be 

used to identify local variations in groundwater flow and hydraulic 

conductivity. 



Figure 1 Isotherms at 100 m depth in The Netherlands 



2 Injection at temperatures different from 

ambient subsurface temperatures 

Figure 2 shows two temperature profiles measured by lowering a platinum 

resistance temperature probe in an observation well (PVC tube of 2,5 cm 

diameter with a 1 m screen at its lower end). This observation well is 

located 5 m aside an injection well screened between 108 m and 123 m 

depth. Both wells are involved in a pilot test of the Amsterdam Water 

Supply to store fresh surface water in a (semi)-confined aquifer 

between 94 m and 141 m depth with salt groundwater. 

The dotted temperature profile represents undisturbed temperatures, 

measured a few days before the start of injection. Below 35 m depth it 

shows an increase of temperature with depth, which fits quite well into 

the large scale subsurface temperature field delineated by Van Dalfsen 

(1981). The temperature profile to the left, with linear interpolation 

between measured temperatures at depth increment of 1 m, was obtained 

after about 40 h injection of cold ( 4 O C )  water at a volumetric flow 

rate of 20 m3/h. 

Within the aquifer the latter temperature profile identifies three 

levels at which the temperature decrease attained a (relative) maximum 

These levels are at 109 rn, 113 m and at 117 m depth. Obviously these 

depths mark the presence of three distinct flow paths, through which 

the temperature front proceeds faster than at the levels immediately 

above and below. As the velocity of the temperature front is proportio- 

nal to that of the injected water, we have also identified three flow- 

paths with relatively high hydraulic conductivities. 

It appears that in case of injection at temperatures different from 

ambient subsurface temperatures, hydraulic layering can be identified 

quite easily by recording temperature profiles in nearby observation 

wells. 

3 Heated percolate from a waste disposal 

site in a groundwater flow system 

In the last decades large volumes of waste materials have been accumu- 

lated in waste disposal sites. If there is a hydraulic contact between 



Figure 2 Subsurface temperature profiles before and after start of 

cold water injection through a nearby well 



a waste disposal site and its underground, contaminated percolate may 

enter a groundwater flow system. In many cases this groundwater flow 

system is (partly) due to an elevated water table in the waste disposal 

site, compared to that in its surroundings. Apart from any change in 

water table elevation, the groundwater flow field may be affected by 

density differences between natural groundwater and heavily contamina- 

ted percolate out of the waste disposal site. In such a case an unsta- 

ble groundwater stratification gives rise to vorticity in the subsur- 

face flow domain, 

An important phenomenon in the context of this paper is the heat, which 

is generated inside a waste disposal site through (bio)chemical decom- 

position of waste materials. Figure 3 shows three temperature profiles, 

measured in spring 1980 for the National Institute for Water Supply of 

The Netherlands at the waste disposal site Noordwijk. The profiles are 

designated by the codes PI, P2 and P3, which have also been assigned 

to the locations of the observation wells in which they were measured. 

PI is a normal profile, whereas P2 and P3 show deviating high tempera- 

tures, which attain their maximum deviation at depths of 13 m and 31 m 

respectively. 

These deviations are ultimately due to heat generation inside the waste 

disposal site. At P2 the maximum temperature deviation at 13 m depth 

occurs about 2 m above the bottom of the site. The variation of the 

temperature deviation along the vertical through the site depends on a 

large number of factors including heat loss to the atmosphere, percola- 

tion of infiltrated precipitation and spatial and temporal variation in 

heat generation. Anyway, percolate leaving the site to enter the exis- 

ting groundwater flow system has become labeled thermally. In view of 

this thermal labeling, the temperature maximum at 31 m depth at P 3  

identifies a flowpath for heated percolate passing this observation 

well. Furthermore this is the path which has become more heated than 

any other path passing P3. Therefore one may interpret this path as a 

relatively high hydraulic conductivity path or (and) as a path origina- 

ting from a relatively high temperature part inside the waste disposal 

site. 
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Figure 3 Subsurface temperature profiles at a waste disposal site 



4 Heat well in unconsolidated sediments 

At a number of places in The Netherlands heat wells are in active ope- 

ration to recover heat from shallow depths. A heat well is a borehole 

with a tubing system, through which a cooling fluid circulates. With 

respect to its subsurface surroundings the cooling fluid acts as a heat 

sink, receiving heat and transporting it to an heat pump. The heat flow 

across the tube is proportional to the difference between the tempera- 

tures on inner and outer side of the tube. 

An important question is whether a heat well can sustain a sufficient 

heat flow for a long time or not. With respect to the heat transfer to 

an heat well, there are two different cases: a situation with ground- 

water flow passing the heat well or a situation without. In the latter 

case there is only conduction of heat towards the heat well, which im- 

plicates an inefficient mode of heat transfer. In case of groundwater 

flow passing the heat well, heat transfer towards the well is sustained 

much better. In fact the combination of heat well and groundwater flow 

acts as a subsurface heat exchanger. 

Figure 4 shows a temperature profile measured in a PVC tube in a bore- 

hole, completed to an heat well. The temperature profile was measured 

after the heat well had been in active operation for more than three 

months. Due to heat extraction, temperatures are below normal which is 

somewhere in the range between 10°C and ll°C. More important seems the 

variation of temperature versus depth. This variation is tentatively 

ascribed to groundwater flow, whose horizontal velocity varies with 

depth along the heat well. In this view the high temperature peaks 

identify flow paths with relatively high hydraulic conductivities. 

Admittedly, the above interpretation of the temperature profile is not 

the only one possible. The temperature variations nay also be ascribed 

to variation in distance between PVC tube and cooling fluid or to va- 

riation of thermal conductivity versus depth. 

5 Dispersion based transport simulators 

Several numerical codes exist, developed to numerically simulate sub- 
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Figure 4 Subsurface temperature profiles along a heat well 



surface transport of heat or constituents dissolved in groundwater. 

Among these, the more popular simulators are based upon the hydraulic 

approach (Bear, 1979). In this approach all values of both hydraulic 

conductivity and (point) storativity are lumped into the parameters 

transmissivity and aquifer storativity, respectively. Formally this is 

achieved by integrating hydraulic conductivity and (point) storativity 

along the vertical through the aquifer. The resulting groundwater flow 

equation is independent of the depth coordinate, and therefore also its 

solution in terms of groundwater velocity or front motion. Then in 

transport problems account is made for the undetermined variation in 

groundwater velocities by adding a dispersion coefficient to the ther- 

mal or solute diffusivity. This procedure has been proven to be useful 

with transport experiments on preparated samples on the laboratory 

scale. 

Application of dispersion coefficients to simulate transport in aqui- 

fers is problematic. As a consequence of aquifer hydraulic heteroge- 

neity, in this paper exemplified by the thermometrical method of 

investigation, part of the heat or solute is transported much more ra- 

pidly than the other part along relatively high hydraulic conductivity 

flow paths. Along these paths the groundwater velocity is much higher 

than the aquifer averaged velocity according to the hydraulic approach. 

To account for this variation with a dispersion based model, one has to 

introduce irrealistically large dispersion coefficients. Their irreali- 

ty becomes manifest in the appearance of heat or solute upstream of the 

direction of groundwater flow. 
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The Madrid aqu i f e r  system is a l a r g e  (6000km2) t e c t o n i c  bas in  f i l l e d  

with th i ck  (up t o  almost 4km) T e r t i a r y  con t inen ta l  d e t r i t a l  sediments. 

An environmental i so tope  study of oxygen 18 (99 d a t a ) ,  deuterium (261, 

t r i t i u m  (18), carbon 13  (14) and carbon 14 (21) is presented,  including 

a reassessment of  l i t e r a t u r e  da ta .  The range of 0-18 v a r i a t i o n  is r e l a -  

t i v e l y  small (-7.0 t o  -9.2%0). Groundwaters i n  t h e  recharge areas  a re  

enriched i n  heavy isotopes,  a s  compared t o  discharge a reas ,  i nd ica t ing  

confinement and suggesting t h e  presence of 'paleowaters ' .  This hypothe- 

sis is  i n  agreement with the c o r r e l a t i o n  found between oxygen 18 and 

carbon 14 contents.  However no s i g n i f i c a n t  v a r i a t i o n  i n  deuterium 

excess i s  observed be tween anc ien t  (discharge) and r ecen t ,  t r i t i u m  

bearing (recharge) waters suggesting s i m i l a r  average etmospherica c i rcu-  

l a t i o n s  during flow t r a n s i t  time. 

2 
Le bassin,  v a s t e  (6000km ), tec tonique  de Madrid est combld pa r  un pu i s -  

s a n t  (pr\es de 4000m) complexe d d t r i t i q u e ,  t e r t i a i r e ,  cont inenta l ,  aqui- 

£&re. On pr6sente une Qtude des teneurs  en i so topes  du milieu:  oxyghe  

18 (99 mesures), deuterium (26) ,  t r i t i u m  (18),  carbone 13 (14) e t  car -  

bone 14 (21) q u i  i n c l u t  des r 6 s u l t a t s  i ngd i t s  e t  re'examine l e s  donndes 

de l a  l i t t g r a t u r e .  Les teneurs en  oxygsne 18 v a r i e n t  peu mais de fafon 

s i g n i f i c a t i v e  e n t r e  -7,O e t  -9,2%, . Les eaux sou te r r a ines  des zones de 

recharge son t  systdmatiquement en r i ch ie s  en  i so topes  lourds par  rappor t  

% c e l l e s  des zones de ddcharge. Ceci  confirme l e  confinement des circu- 



l a t ions  e t  suggsre l a  prGsence d'eaux anciennes dans l a  recharge. Cette 

hypoth5se e s t  en accord avec l a  corr6la t ion q u i  e s t  mise en 6vidence 

entre  teneurs en oxyg'ene 18 e t  en carbone 14. Toutefois, on ne releve 

aucune var ia t ion s ign i f i ca t ive  des exces en deut6rium en t re  eaux ancien- 

nes de d6charge e t  eaux re'centes (contenant du t r i t ium) de recharge ce 

qu i  supposerait  que l e s  c i rcu la t ions  atmosph6riques sont res tges  simi- 

l a i r e s  s u r  l a  plage de temps correspondant au t r a n s i t  des eaux. 

1 Introduction 

Environmental isotopes provide a well-suited technique fo r  groundwater 

s tudies .  Methodology and most s ign i f i can t  r e s u l t s  (obtained during the 

past  two decades were recently reviewed (Fontes, 1980; IAEA, 1981). 

Groundwaters from the sedimentary basin of Madrid were investigated f o r  

several  years, combining i so top ic  s tudies  (mainly oxygen 18 and carbon 

14 analyses) with other hydrogeological methods (Sastre,  1978; Herrgez 

e t  a l . ,  1979; Lopez Vera e t  a l . ,  1981; Herrzez and Llamas, 1982). 

Conclusions from isotopic  s tud ies  appeared i n  agreement with hypotheses 

on flow systems drawn from water po ten t i a l  d i s t r ibu t ion  and c l a s s i c a l  

hydrochemistry. 

Carbon 14 contents of the t o t a l  dissolved carbon appeared much lower i n  

the discharge zones than i n  the areas considered a s  recharge zones. Be- 

cause the 180 contents of waters i n  the discharge zones were somewhat 

lower than i n  the recharge zones, Sast re  (1978) advanced the hypothesis 

of a paleoclimatic e f fec t .  Lower 180 contents were a t t r ibu ted  t o  a 

colder climate during recharge episodes. This in te rp re ta t ion  was c r i t i -  

cised by Lopez Vera e t  a l . ,  (1981) who maintained t h a t  the observed dif -  

ferences (=l%o) were not s t a t i s t i c a l l y  s ign i f i can t .  From almost the 

same s e t  of da ta  and a new evaluation of previous r e s u l t s  ~ e r r d e z  and 

Llamas (1982) reached the conclusion t h a t  there  is a small but s i g n i f i -  

cant s h i f t  i n  180 contents between discharge and recharge zones. Fur- 

thermore, these authors observed a d i r e c t  trend between 180 and 14C 

contents. 

For the present paper, a much greater  number of 180 data  (99) is avai- 

lable.  Deuterium contents were a l so  measured on selected samples (26) .  



2 Hydrogeology of t he  Madrid Basin 

2 
The sedimentary bas in  of Madrid i s  a l a rge  (6000km ) t ec ton ic  depression 

f i l l e d  with d e t r i t a l  deposi t s  of Te r t i a ry  age. The thickness of these  

cont inenta l  depos i t s  is more than 3000m i n  the  deepes t  p a r t s  (Figure 1). 

Sediments a re  d e t r i t a l  (sands, silts and c lays)  i n  t h e  v i c i n i t y  of the 

surrounding mountains. Evaporites and limestones occur toward the  cen- 

t r e  of the  basin.  Groundwaters loca ted  i n  d e t r i t a l  sediments were 

extens ively  inves t iga t ed  i n  the  r ecen t  years  (Llamas, 1976; Llamas and 

Martinez Alfaro, 1981) . 
Annual p r e c i p i t a t i o n  is  about 500mm with almost no summer r a ins .  Annual 

mean temperature i s  about lS°C (g°C i n  winter  and 21°C i n  summer). 

Annual mean recharge over the  whole bas in  is  est imated a t  60 mm a-'. 

Groundwater c i r c u l a t i o n s  occur mainly through l o c a l  flows from recharge 

areas  ( in t e r f luves )  t o  the  nea res t  r i v e r  beds. A l l  t he  r i v e r s  (under 

na tu ra l  regime) a r e  i n  dra in ing s i t u a t i o n .  The occurence of intermedi- 

a t e  and regional  flows and of s t agna t ion  zones is highly probable (Fig- 

ure l b ) .  The aqu i f e r  system is made up of l a rge  l e v e l s  of  sands i n t e r -  

bedded i n  c lays  and silts. D i g i t a l  models were e labora ted  assuming a 

s i n g l e ,  ph rea t i c ,  heterogeneous and an i so t rop ic  aqu i f e r .  The ho r i zon ta l  
- 1 

permeabil i ty is  low (0.1 t o  0.3 m d ) and the  v e r t i c a l  permeabil i ty is 

lower by two orders  of  magnitude. Therefore, one would expect  lone 

residence t i m e s ,  g r e a t e r  than seve ra l  mi l lenia  even i n  l o c a l  flows of 

average length (Figure l b )  . 

3 Sampling and I so top ic  Analyses 

Sampling dea l s  wi th  small  spr ings  (21) ,  shallow we l l s  (5) and boreholes 

deeper than 50 m (73) (Figure l a ) .  Table 1 lists t h e  o r i g i n  of availalde 

r e s u l t s  wh i l s t  d e t a i l e d  lists of d a t a  w i l l  be published elsewhere. 

Oxygen 18 and deuterium contents a r e  expressed i n  terms of 6 (or  % o )  

versus SMOW. Carbon 13 contents a r e  a l s o  given i n  % O  and r e fe r r ed  t o  

PDB standard. Carbon 14 a c t i v i t i e s  a r e  expressed i n  % of modern carbon 

(pmc). Tri t ium a c t i v i t i e s  a re  given i n  Tri t ium Units  (T.U.). Carbon 14 

contents of t o t a l  d issolved carbon ( co l l ec t ed  according t o  the  IAEA 

f i e l d  protocol)  were no t  converted i n t o  radiometric 'ages ' .  Reasons f o r  



Figure 1 The sedimentary bas in  of Madrid 

a )  Location of samples i n  the  s tudy a rea  

b) Groundwater flow system i n  a v e r t i c a l  p r o f i l e  ( a f t e r  Lla- 

mas e t  a l .  i n  ~ e r r g e z  and Llamas, 1982) 

t h a t  are:  

- the  concept of 'age' is of poor s ign i f i cance  i n  the  case of c i r c u l a t -  

ing  groundwaters submitted t o  d i spe r s ive  phenomena (Fontes, 1982) and 

should be s u b s t i t u t e d  by t h a t  of t r a n s i t  time d i s t r i b u t i o n .  

- a l l  t he  samples most probably cons i s t  of  mixtures of waters having a 

wide spectrum of t r a n s i t  time, due t o  hydrogeological condit ions 



(multi-layered aqu i f e r )  and t o  d r i l l i n g  and pumping condit ions (sev- 

e r a l  l eve l s  of withdrawal). 

Table 1 Origin of ava i l ab le  r e s u l t s  

180 2H 13C 14C 3H 
Reference Laboratory 

Sas t r e ,  1978 Univ. P a r i s  V I  15 - - - - 
Herrgez e t  a l . ,  1979 Univ. Tucson 13 - 2 2 - 
Lopez e t  a l . ,  1981 GANOP (*) 10 - 10 17 11 

This work Univ. Paris-Sud 61 26 2 2 7 

To ta l  99 26 14 21 18 

(*) Gabinete de Aplicaciones nucleares de Obras ~ G b l i c a s ,  Madrid 

4 I so top ic  f ea tu res  of t he  recharge 

2 3 
Stab le  isotope ( H and 180) and H contents  of p r e c i p i t a t i o n s  co l l ec t ed  

i n  the  meteorological  s t a t i o n  from the  'Centro de Estudios Hid rogr~f i cos '  

(Madrid, e levat ion  580m) a r e  measured from 1978 care  of 'Gabinete de 

Aplicaciones Nucleares de Obras ~ G b l i c a s '  (GANOP). This record gives 
18 2 

average weight values of 6 0 = -4.6 and 6 H = -36.6%, f o r  t he  period 

1978-1981. Taking i n t o  cons idera t ion  the  season of recharge (November 

t o  March) the  average values f o r  t he  f r a c t i o n  of p r e c i p i t a t i o n  which 
18 2 

i n f i l t r a t e s  ' e f f e c t i v e  r a i n ' ,  becomes 6 0 = -7.3 and 6 H = -41.6%0. 

These values were compared with s t a b l e  i so tope  contents  of sp r ing  and 

shallow wells  (Figure 2 ) .  Springs wi th  low flow a r e  assumed t o  repre- 

s e n t  l oca l  recharge (Gonfiantini  e t  a l . ,  1976). This is supported by 

the  exis tence  of a g rad ien t  between the  a l t i t u d e  and the  180 content  of 

sp r ing  waters. The value of -0.23%0 pe r  lOOm appears cons i s t en t  with 

d a t a  avai lable  from the  l i t e r a t u r e  (Fontes, 1980, 1981). The corre la-  

t i o n  includes t h e  r ep resen ta t ive  p o i n t  of the  e f f e c t i v e  r a in ,  

Assuming t h a t  the  180 content  of t he  recharge is thus  evaluated through 

t h a t  of shallow sp r ings ,  one computes the  values f o r  t he  recharge on t h e  

i n t e r f l u v e  of each s i n g l e  subbasin. Thus, i n  the  Henares-Jarama i n t e r -  
18 

f luve  (800m a l t i t u d e )  t he  6 0 value would be -7.8; i n  the  Jarama-Manza- 

nares  (750m) -7.7; i n  the  Manzanares-Guadarrama (650m) -7.5; and i n  the  

Guadarrama-Alberche (550m) -7.3. 
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Figure 2 6 0 i n  springs versus a l t i tude .  ( A l l  the Ter t iary  springs 

a re  located i n  recharge areas. The flow is lower than 

0.1 1.s-I) 

5 Isotope contents of groundwaters 

5.1 Discussion on 180 contents 

Over the e n t i r e  basin, waters most depleted i n  heavy isotopes appear i n  

discharge zones i.e. valley bottoms (Figure 3)  . Table 2 and Figure 4 

give the d i s t r ibu t ion  of 180 average contents i n  each subbasin according 

t o  the hydrogeological conditions (recharge zone, discharge zone and 

t rans i t ion  zone) . 
From the r e s u l t s  (Table 2 and Figure 4) one can point  out the following: 

a) Even i f  180 is  ra the r  homogeneous, there  is a c lea r  difference 

between recharge and discharge waters ( the  l a t t e r  being depleted by 

about l . l%o)  despi te  the f a c t  t h a t  discharge zones are,  of course, 

located a t  a lower a l t i t u d e .  

b) The standard deviation on the average s t a b l e  isotope content is 

reduced when recharge, t r a n s i t i o n  and discharge zone, a re  considered 

separately (cr = 0.24%0 f o r  recharge, 0.31%0 f o r  t r ans i t ion  and 0.25%0 
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RECHARGE ZONE ( R )  

TRANSITION ZONE ( T I  

DISCHARGE ZONE ( D l  

18 18 Figure 4 Histogram of 6 0 values (Distribution of 6 0 average) 
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Table 2 S t a t i s t i c a l  values i n  each subbasin according t o  the  hydro- 

geologica l  condit ions 

Sub- Hena- Jarama Manza- Guada- Alber- Tota l  
bas in  

Zone nares rrama che 

Recharge 3 -7.85 9 -791 2 -7.95 11 -754 19 -732 44 -752 

Trans i t ion  2 -860 4 -8A5 0 - 3 -7.90 6 -7.48 14 -7.84 

Discharge 8 -9L7 7 -877 2 -835 5 -854 12 -840 34 -863 

N = n u m b e r o f s a m p l e s  X = a v e r a g e  

f o r  discharge zones respect ive ly  and 0.53"s f o r  a l l  93 samples). This 

suggests  t h a t  two d i s t i n c t  masses of water a r e  involved i n  the  same 

flow process. 

C) Groundwater discharge is  c l e a r l y  more deple ted  i n  the  e a s t e r n  p a r t  of 

the system (Henares subbas in) .  This can hardly be a t t r i b u t e d  t o  the  

s l i g h t  topographical  r i s e  (cooler  condensation = a l t i t u d e  e f f e c t )  

s ince  t h e  l o c a l  recharge does not  show the  same e f f e c t .  Three hypo- 

theses  may be invoked t o  account f o r  t h i s  deplet ion:  (i) a supply of 

water i n f i l t r a t e d  a t  high a l t i t u d e  ( s i e r r a ) ,  ( i i )  a l o c a l  concentra- 

t i o n  of groundwaters i n f i l t r a t e d  under cooler  c l ima t i c  condit ions 

( 'pa leowaters ' ,  Fontes, 1981) and (iii) a recharge process preferen- 

t i a l l y  due t o  heavy and except ional  r a i n s  having thus a lower heavy 

isotope content  (amount e f f e c t )  under c l ima t i c  condit ions s i m i l a r  t o  

present  ones. Because of hydrogeolog+cal cons t r a in t s  ( t he  c rys t a l -  

l i n e  S i e r r a  is l a rge ly  impervious) hypothesis  (i) may be discarded. 

In t e rp re t a t ions  (ii) and ( i i i )  a r e  no t  exclus ive  but  (ii) is i n  agree- 

ment with 14C da ta .  

5.2 Relat ionship between oxygen 18 and deuterium 

A l l  t h e  26 analysed samples (9 i n  the  recharge zones, 17 i n  the  d i s -  

charge zones) l i e  along a co r re l a t ion  s i m i l a r  t o  the  c l a s s i c a l  'world 

meteoric l i n e '  (Craig, 1961) which is rep resen ta t ive  of present  day 
2 18 

oceanic p r e c i p i t a t i o n  (Figure 5 ) .  The deuterium excess d = 6 H-86 0 



close  t o  10 f o r  both recharge and discharge types would indicate  t h a t  

atmospheric pat terns  and a i r  moisture or igin  remained s imilar  during the 

time elapsed i n  groundwater flow. 

SHALLOW GROUNOWATER(SPRINGS1 
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w0 - 
rO 
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ISPRINGSI 

-9 - 

(DEEP > 250 m 1 

o Ib ;o 40 50 M 70 80 90 1W 1% tpmc) 

18 2 .  18 
Figure 5 6 0- 6 H p lo t .  Figure 6 6 0 as  a function of water ages 

5.3 Relationship between oxygen 18 and carbon 14 

Figure 6 shows a ra the r  good corre la t ion between ''0 of waters and 14c 
contents of the t o t a l  dissolved carbon. Carbon 13 contents suggest 

t h a t  no (or small) i sotopic  exchange occured between the dissolved car- 

bon and some old s o l i d  carbonate from the matrix. This is i n  agreement 

with the lack of carbonate i n  the recharge zones. Therefore, any 

decrease in  1 4 C  a c t i v i t i e s  may be due t o  ( i )  age e f f e c t ,  ( i i )  mixing 
14 

with very o l d  ( C 'dead') waters. Because of the rough l inea r  trend 

observed between s t a b l e  and radioactive environmental isotopes,  we 

think t h a t  a mixing phenomena could provide a va l id  explanation fo r  the 

evolution of the system. 

Groundwaters from Madrid basin would be essen t i a l ly  the  product of vari-  

able proportions of mixing between recent waters (present day recharge) 

with an ancient component. This old water i n f i l t r a t e d  under cooler but 

s imilar  climatic conditions as  present day ones and is now t o t a l l y  f ree  

of l4 C by radioactive decay i .e .  probably 'o lder '  than 20  thousand 

years.  
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Abstract 

Limitations of conventional resistivity sounding in the study of sub- 

surface conditions within resistive formations, call for multifrequency 

sounding (sensing) techniques. One such method called central frequency 

sounding (CFS) has theoretically been developed which involves the 

measurements of vertical component of magnetic field induced at the 

centre of a circulor ar square loop of limited and convenient extent. 

An analysis of response characteristics for frequency-domain and time- 

domain CFS in terms of resolution, detectability and equivalence confirm 

the applicability of the approach for shallow groundwater sensing in 

hard formations. Resolutions is found to be largely controlled by 

thickness and conductivity of individual layers. Equivalent is observed 

to be stronger in K-type compared to H-type earth model, the detecta- 

bility of intermediate conductive layer being satisfactory. 

Les limitations de sondages conventionnels de r6sistivith dans l'e'tude 

des conditions substratum dans lws formations rhsistantes, appelent des 

techniques de sondage multi-fr6quence. Une telle m6thode "central 

frequency sounding" a 6t6 ddveloppge thhoriquement et comprends le 

mesurage des components verticaux du domaine magnhtique induit au centre 

du ruban circulaire ou carr6 de dimension limithe et convenable. 



L'analyse de caracthristiques de rhponse pour le domaine de frhquence 

ainsi que le domaine de temps CFS en termes de rhsolution, de detection 

et d'hquivalence confirme l'application de l'approche pou "shallow 

grounaater sensing" dans les formations difficiles. La rhsolutions se 

trouve contr~6~6e en grande partie par l'gpaisseur et la conductibilitg 

de couches individuelles. On remarque que l'equivalence est plus fort 

dans le type-K que dans le type-H du modile terre. La dhtection de 

couches conductibles intermgdiaires est bonne. 

1 Introduction 

Following Xoenigsberger (1939) and Yoshizumi et al. (1959), Patra 

(1967, 1970) introduced a multifrequency sounding (sensing) method 

using a horizontal circular loop known as central frequency sounding 

abbreviated as CFS. Later studies on CFS through numerical integration 

by Sanyal (1975) and through Koefoed's (Koefoed et al., 1972) digital 

linear filter technique by Shastri (1981) have led to an easy availabi- 

lity of frequency- and time-domain response curves for CFS over multi- 

layer earth models. 

2 Statement of the problem 

Application of digital linear filter technique to the computation of 

CFS response curves over a multi-layer earth opened up avenues for 

presentation of data in various forms and analysis in terms of resolu- 

tion of layer parameters. The problem consists of a comparison of 

frequency- and time-domain approaches, an analysis of resolution between 

curves, studies on detectability of intermediate layers and equivalence 

conditions for H- and K-type earth models. 



3 Presentation and analysis of data 

An insulated circular loop carrying an alternating current is placed on 

the ground (transmitter) and the vertical component of the secondary 

magnetic field induced at the centre is measured trough a receiver coil 

placed concentrically (Figure 1). Shastri (1981) has presented sets of 

7 LOOP 

Figure I A loop of radius a over a three-layer earth 

mukti-layer curves. One set of typical three-layer amplitude versus 

conductivity parameters (B) curves is repriduced in Figure 2. Curves 

showing variation of time-domain response are presented in Figure 3. 

Figure 4 and 5 correspond to the separation of amplitude responses 

respectively of three-layer earth (for two values of thicknessratio) 

from that of the homogeneous earth giving an idea of the detectability 

in frequency-domain. Phasor diagrams for H-type and K-type models 

respectively equivalence in frequency-domain are reproducted respec- 

tively in Figures 6 and 7. Figures 8 and 9 represent phasor diagram 

for equivalence in time-domain measurement. The results of analysis of 

data are as folows: 



3.1 Resolution 

Amplitude responses over two- and three-layer earth models provide a 

significant resolution of layer parameters. The separation between 

curves on response diagrams is prominent for different layer thicknesses 

meaning thereby a good resolution for two-layer earth. Layer parameters 

for three-layer model (Figure 2) are well resolved at high conductivity 

contrasts for varying loop radius. This is particularly true for highly 

resistive basement. Significant dissimilarity in the shape of three- 

layer time-domain response curves (Figure 3) is also observed. Variation 

in both layer conductivity and thickness is well resolved on two-layer 

time-domain response curves (not presented here). In general resolution 

of layer parameters in both the modes is satisfactory over three-layer 

earth models. 

Figure 2 Amplitude response curves over a three-layer earth model 
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Figure  3 Time-domain response curves  over  a  th ree- layer  model 

3 .2  D e t e c t a b i l i t y  

D e t e c t a b i l i t y  of i n t e rmed ia t e  conductive l aye r  i n  H-type i s  found 

t o  be s a t i s f a c t o r y  i n  both t h e  modes p a r t i c u l a r l y  w i th  l a r g e r  loop 

r ad iu s  (Figure 4 ) .  Detec t ion  of i n t e rmed ia t e  r e s i s t i v e  l aye r  (K-type) i s  

improved even f o r  l a r g e r  loop r a d i u s  (Figure 5) .  Thus, i n t e rmed ia t e  

conductive l a y e r  is w e l l  de t ec t ed  by t h e  shal low sens ing  method, CFS. 



Figure 4 
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Figure 5 Detectability of an intermediate resistive layer 
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3.3 Equivalence 

Phenomenon of equivalence is analysed in both the modes of presentation. 

Typical examples for H- and K-type earth models are given in Figures 

6 and 7 for frequency-domain and in Figures 8 and 9 for time-domain. 

RMS difference of four percent or less between responses of original 

and equivalent models is considered for defining equivalence. In case 

of H-type earth models, equivalence is observed to be poor. Equivalence 

is found to be strong in K-type earth models implying thereby a poor 

resolution of layer parameters. 

0 . 1 ~  
LOOP RADIUS = 500 m 

Figure b Frequency-domain phasor diagram for H-type model 



LOOP RADIUS = 500 m 
0.1~ 

Figure 7 Frequency-domain phasor diagram for K-type model 

Figure 8 Time-domain phasor diagram for H-type model and its equivalent 



LOOP RADIUS = 500m 

Figure 9 Time-domain phasor diagram for K-type model and its equivalent 

4 Conclusion 

A study of variation in amplitude of normalized magnetic field on the 

surface of multi-layer earth models (only three-layer cases presented 

here) provides an idea of relative depth of investigation and the 

resolution capabilities. An analysis of sets of curves puts the depth of 

investigation approximately at half the loop radius. Resolution of 

intermediate conductive layer in a three-layer sequence is significant, 

particularly with the increase of loop radius. Frequency-domain response 

resolution is poor for increasing number of layers. Time-domain soun- 

ding resolves layer parameters better in a sequence comprising more 

than three layers. Plots of RMS difference values (not reproduced here) 

of frequency- and time-domain responses and phasor diagrams between 

H-type and K-type original and equivalent models show that the 



equivalence in K-type model is stronger than that for H-type. Studies 

show that H-type model offers better detectability compared to K-type. 

For models with more than three layers, the resolution of layer para- 

meters, in general, is poor in both the modes even with increased 

loop radius. 

5 Concluding remarks 

It is established that three-layer H-type models with weak equivalence 

are well resolved and detected. The results, therefore, are likely to 

play an important role in delineating saturation zones between top 

hard formation and a resistive basement. CFS, thus, can help in a 

rapid shallow groundwater sensing as and when a suitable instrument 

is developed for purpose. 

References 

Koenigsberger, J.G., 1939. Elektrische vertikal-sondierung von der 

erdoberflzche aus mit der zentral-induktions methode. Beitr. 

Angew. Geophys., 7: 112-161. 

Patra, H.P., 1967. Some studies on geoelectric sounding in engineering 

and hydrogeological problems. Ph.D. thesis, Indian Institute of 

Technology, Kharagpur. 

Patra, H.P., 1970. Central frequency sounding in shallow engineering 

and hydrogeologycal problems. Geophys. Prospect., 18: 236-254. 

Sanyal, N., 1975. Some studies on electromagnetic depth sounding for 

shallow groundwater exploration problems. Ph.D, thesis, Indian 

Institute of Technology, Kharagpur. 

Shastri, N.L., 1981. Some studies on electromagnetic depth sounding 

over a multi-layer earth. Ph.D. thesis, Indian Institute of 

Technology, Kharagpur. 

Yoshizumi, E., K. Taniguchi and T. Kiyono, 1959. Vertical electrical 

sounding by central inducation method. Mem. Fac. Eng., Kyoto 

Univ., 21: 154-169. 



ESTIMATION OF AQUIFER TRANSMISSIVITY 

FROM SURFACE GEOELECTRICAL 

MEASUREMENTS 

D.C. SINGHAL and SRI NIWAS 

Department of Earth Sciences, 

University of Roorkee, 

Roorkee - 247667, India 

Abstract 

An analytical relationship between aquifer transmissivity and a normal- 

ised transverse resistance of homogenereous and isotropic aquifers has 

been suggested in the paper, after modifying an earlier relation 

established by the present authors, between aquifer transmissivity and 

transverse resistance. By normalising the aquifer resistivity suitably, 

with the help of aquifer water resistivity, a modified relation is obtai- 

ned between aquifer transmissivity and normalised transverse 

resistance. The relationship obtained is found to be linear as the 

product of aquifer hydraulic conductivi~y and normalised aquifer 

conductivity is constant for a particular basin ans seems to be valid 

for calculation of aquifer transmissivity in areas with varying ground- 

water quality. The transmissivities obtained by this approach are closer 

to the actual field transmissivities as evident from a field example 

of alluvial aquifers of Southern Banda District, Uitar Pradesh, India. 

1 Introduction 

Many approaches are available for estimation of aqaifer pzrameters 

like transmissivity and storativity. The formulae for calculating these 

parameters from pumping tests are valid only if various assumptions 

about aquifer continuity, thickness, homogeneity, isotrspy and well 

storage are valid. All the assumptions are, however, seldom satisfied 



in ~ractice, and the results are, more often, quice approximate. At the 

samk time the procedures are time consuming and costly if resorted to 

indiscriminately in a particular area. However, if we have some 

approximate information of transmissivity and storativity of the aquifer 

from some other methods, on lower cost / information ratio basis, the 
excessive use of pumping test methods to calculate these parameters 

can be minimised. In the present paper, an attempt has been made to 

calculate aquifer transmissivity from surface geoelectrical measure- 

ments. 

The surface resistivity sounding techniques are commonly employed in 

ground water investigations. The results obtained after interpretation 

of the resistivity data give thicknesses and resistivities of various 

sub-surface layers. From this data, the Dar Zarrouk parameters, i.e., 

transverse unit resistance (R) and longitudinal unit conductance (C) 

(Maillet, 1947) can be calculated easily. In the recent past, Dar 

Zarrouk parameters have been used for development of indirect methods 

of resistivity interpretation (cf. Orellano, 1963, Zobdy, 1965, 1974). 

Some attemptshmalso been made recently, to establish empirical and 

semi-empirical relationships between aquifer transmissivity and some 

geoelectrical parameters obtained in resistivity measurements (Ungemach 

et al. 1969, Steeples, 1970, Henriet, 1976, Kelly, 1977; Heigold, 1979; 

Kosinski and Kelly, 1981). 

Kelly (1977) tried to establish empirical relationships between aquifer 

resistivity and aquifer hydraulic conductivity, and transverse resis- 

tance and aquifer transmissivity in glacial outwash materials of Southern 

Rhode Island. He also gave semi-empirical relation between the aquifer 

formation factor and hydraulic conductivity. Heigold et al. (1979) 

obtained an inverse relationship between the aquifer resistivity and 

hydraulic conductivity for glacial outwash materials in Central Illinois. 

Kosinski and Kelly (1981) tried to establish a direct equivalence 

between so called "normalised transverse resistance" and aquifer trans- 

missivity. Sri Niwas and Singhal (1981) established, for the first time, 

an analitycal relationship between ttansverse unit Resistance and 

Aquifer Transmissivity, by combining the two fundamental laws., viz. 

Ohm's law of Currentflow and Darcy's law of ground water flow for hamo- 



geneous and isotropic porous media. They tested the applicability of 

the relation using published data for glacial outwash materials of 

Rhode Island. However, the applicability of the formula was restricted 

in the sense that an assumption was made that the quality of ground- 

water remains fairly constant in a basin with uniform geological 

conditions. 

In the present study, a modification has been suggested in the analyti- 

cal relationship originally proposed between transmissivity and 

transverse resistance, so as to account for variation in chemical 

quality of groundwater as well. This modified relationship is likely 

to have wider applications as aquifers having groundwater with varying 

chemical quality can be considered for calculation of the aquifer trans- 

missivity. The approach has been tested using some 'data of Banda 

District Uttar Pradesh, India. 

2 Formulation 

If a prism of isotropic and homogeneous aquifer material having unit 

cross sectional area and thickness "h" is considered, the Darcy's law 

and Ohm's law can be combined to give the folowong relationship 

(Sri Niwas and Singhal, 1981). 

T = K O R  

where 

T = the aquifer transmissivity 

K = the hydraulic conductivity 

a = the electrical conductivity (= Ilp, the resistivity of the 

medium) 

and R = the Transverse Unit Resistance. 

Equation (1) assumes that the change in aquifer resistivity is due to 

changes in aquifer material (excluding rock matrix), and tortuosity of 

the interconnected pores, while it is presumed that the gross chemical 

quality of the groundwater remains relatively uniform. The equation also 

indicates a linear relationship between aquifer hydraulic conductivity 

and aquifer resistivity. This linear relationship was explained by 

Kelly (1977) and Sri Niwas and Singhal (1981). 



Equation (1) can be modified by taking into consideration a "normalized 

aquifer resistivity" instead of "aquifer resistivity" (Kosinski and 

Kelly, 1981). The normalization factor is always the ratio of actual 

average aquifer water resistivity (p av) and the aquifer water resis- 
W' 

tivity (p ) at a particular location. Thus we can rewrite equation ( 1 )  
W 

where 
P w u' ( = a  .- ) and Rt ( = R. w av ) are, respectively, 
P av P w  

"normalized cond~ctivity'~ and "normalized transverse resistance" of 

the aquifer. 

Equation (2) gives an analytical relation between aquifer transmissivity 

and the so called "normalized transverse resistance" of the aquifer by 

taking into consideration the variation of quality of aquifer water at 

different places In this equation, product K. a' remains constant. 

A natural corollary of equation (2) can be written as, 

where 

a is equal to product K cr' which is always constant in a basin 

and p t  is the normalized aquifer resistivity. 

Equations (2) and (3) appear to be useful for computing the transmissi- 

vity and hydraulic conductivity of the aquivers in porous, homogeneous 

and isotropic media where the variation on quality of groundwater is of 

consequence in influencing the bulk resistivity of the aquifer. In such 

a situation equation ( 1 )  is not applicable as the product 'K o' varies 

considerably at different locations. A rise in aquifer water resistivity 

at any place, would result in an increase in the resistivity of the 

aquifer at that point and the figure for transmissivity obtained by 

using equation (1) is likely to be higher than the actual field trans- 

missivity. The transmissivity thus obtained can be normalized with res- 



pect to an average value of aquifer water resistivity (p av) within 
w' 

the basin, by considering the fact that for boreholes with higher 

aquifer water resistivity, the transmissivity should be reduced by an 

appropriate factor and vice versa. However, use of this approach would 

be valid only if rock matrix, like interstitial clay etc. is not respon- 

sible for changes in overall aquifer resistivity. 

3 Results and discussion 

The validity of equation (2) has been tested using the data of unconfined 

aquifers in the alluvial materials of South Banda District, India. The 

actual field transmissivities of the aquifers were calculated by conduc- 

ting pumping tests on five large-diameter dug wells (or dug cum bore 

holes) using the methods given by Papadopolous (1967), and Boulton and 

Streltova (1976) for early stages of response of unconfined aquifers 

tapped by large diameter wells. The aquifer water samples of the wells 

were tested and their electrical conductivities were measured which 

were later, reduced to temperatures of 25'~. Subsequently the vertical 

electrical soundings were recorded on the well sites and were inter- 

preted using direct as well as indirect methods. Table 1 summarises 

the results of vertical electrical soundings, aquifer water resisti- 

vities, field hydraulic conductivities and transmissivities for five 

locations of the alluvial aquifers of Banda District, India. With the 

help of data of aquifer water resistivity, an average value of aquifer 

water resistivity ( p  av= 12.01 ohm-m, at 25'~) may be calculated for 
w' 

the purpose of calculation of the normalized aquifer resistivity 

( p '  =p . Pw,av ) and normalized transverse resistance (Rf=hp'). 

Pw 

It is clear from Table 1, and figure 1 plotted between products K p '  

(and KIT) at different sites and spatial distribution of test sites 

that product KG' is constant (1 .13)  in the basin, while the product 

Ko without normalization of electrical conductivity, shows considerable 

variation. From this general value of Ko' for the alluvial aquifers of 

Banda distt. values of transmissivity using equation T=1.13 R' have 

been computed (Co1.12 Table 1). These values of computed transmissivi- 

ties compare fairly well with the actual field transmissivities (Col. 

1 1  Table I). 
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Figure 2 Test plot between Transmissivities obtained using various 

approaches and the Normalized transverse resistance (R') .  



Figure 2 shows a graph between transmissivities derived from different 

approaches and the normalized transverse resistance. The root mean 
2 

square error (= iT/n C(Te - To) ) between the actual field transmissivi- 
2 

ties and those derived by equation (2) amount to 32.6 m /day and is 
2 

found to be lower than the error (76.1 m /day) between actual field 

transmissivity and the normalized transverse resistance as suggested 

by Kosinski and Kelly (1981). Here T and T are the computed and obser- 

ved transmissivities respectively and n is no. of data points. This 

suggests that if there is no information available, whatsoever, about 

the hydraulic conductivity at any point in the considered formula T = 

R' may be used for having an approximate idea of the aquifer trans- 

missivities. 

It is relevant to note that electrical anisotropy of different geolo- 

gical formations in field conditions may be of considerable consequence 

in giving rise to variation in values of actual field transmissivities 

(arrived at from the pumping tests) as well as the normalized transverse 

resistance (calculated from geoelectrical data). A proper correction 

factor for the aquifer transmissivity and transverse resistance may 

be feasible to calculate particularly in case of transversely isotropic 

homogeneous aquifers if extent of anisotropy is known. 

4 Conclusions 

From the above discussion, it may be concluded that the direct relation 

between aquifer transmissivity and so called normalized transverse 

resistance of a homogeneous and isotropic aquifer in a groundwater basin 

with varying water quality is more valid rather than the one between 

aquifer transmissivity and transverse resistance. Accordingly, equation 

(2) seems to be avaible relation to estimate the aquifer transmissivity 

from so called, normalized transverse resistance, if some limited 

information about hydraulic conductivity and aquifer water quality at any 

other point is available from existing data. The hydraulic conductivity 

at a location may be estimated from the relation K =a p ' .  These relations 

may not however hold good if the bulk resistivity of the aquifer is also 

affected by the rock matrix. The approach needs to be tested in areas 

with differing geological conditions. 
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Abstract 

A new interpretation of a conventional test, the slug test, is presented 

together with a new unconventional test approach. It is shown that 

using conventional slug test analysis leads to large errors in the 

determination of specific storage and smaller errors in the 

determination of hydraulic conductivity from slug tests in fractured 

crystalline rocks. A method for correcting conventional analysis is 

given. The sinusoidally varying pressure test is briefly described 

together with a preliminary trial. It is seen that homogeneous porous 

medium analysis is not appropriate so the fissured porous medium 

approach is suggested here also. Some of the possibilities of the test 

are outlined together with some of the practical benefits. 

Cet exposd pr'esente une nouvelle interprdtation de l'essai classique dit 

'slug test" et dscrit un essai innovateur 1 pression variable en fonction 

sinusoidale du temps.0n met en dvidence que lS'analyse classique des slug 

tests faits dans roches cristallines fracturdes amzne ii des erreurs impor- 

tantes sur le stockage sphcifique;de plus il y a des erreurs moins impor- 

tantes sur la conductibilitd hydraulique.0n pr6sente une mdthode de correc- 

tion de ces analyses classiques.L'essai 1 pression sinusoidale est brEve- 

ment ddcrit y compris une premisre e'preuve de ce principe. L'analyse des 



resultats a partir d'un milieu poreux homogsne s'averant inapte, et on 
reprend le modsle du milieu poreux fissur4. On decrit Zi grands traits 

quelques possibilit4s et avantages pratiques de cette technique. 

1 Introduction 

During the course of carrying out hydrogeological investigations as part 

of the UK programme on the feasibility of geological disposal of 

radioactive waste, a number of techniques of wider application have been 

developed. In particular, whilst working in fractured granites, a new 

analysis of the behaviour of slug tests in fissured porous media has 

been developed. The basic assumption that water in fissures interacts 

with pore water within the rock matrix has also been used in the 

analysis of a novel variation of interference testing involving a 

sinusoidal pressure change as a source. 

Whilst slug tests are a comparatively well-known method for measuring 

rock properties with a generally accepted analysis, the idea of using an 

artifically-generated, sinusoidally-varying pressure wave to measure 

aquifer properties is new to hydrogeology. Thus it has been necessary 

both to carry out practical trials of the method and to develop an 

adequate method of analysing the results. 

This paper sets out to show that a fissured porous medium slug test 

analysis explains the responses obtained in a large number of slug tests 

in fractured granite and that the same applies to fissured aquifers. It 

can be seen that the results of a slug test in fissured rock are 

primarily a function of the time scale of the test compared to the 

hydraulic properties of the matrix rock. In slug testing there is only 

a limited ability to alter the timescale of the test by changing the 

diameter of the tubing in which water level fluctuations occur. On the 

other hand, using a periodic signal of sinusoidally varying pressure 

enables a whole range of timescales to be controlled by the 

experimenter, thus yielding results which can include varying amounts of 

fissure-matrix interaction. The sinusoidal test has the added advantage 

of being a cross-hole technique whose interpretation is envisaged as a 

point source with a number of observation points. This potentially 

enables the results to be analysed in terms of a hydraulic conductivity 



ellipsoid if sufficient measurements are made. 

The refinement of slug test analysis and the methodology of the 

sinusoidal wave test both offer obvious benefits to the assessment of 

pollution migration in fissured rocks. 

2 Slug Tests in Fissured Rock 

The analysis of slug tests in homogeneous rocks is well established and 

all effective variations are based on the method put forward by Cooper 

et a1 1967. In their analysis every test yields values for hydraulic 
-9 

conductivity and specific storage (the amount of water elastically 

stored in unit volume of rock per unit change in pressure). In actual 

rock the amount of possible variation in specific storage is 

comparatively limited, resulting either from the compressibility of the 

matrix (with a minimum value of about m-1 for granite and higher 

for all sedimentary rocks) or from the compressibility of the water in 

the fissures (with a maximum value for very frequent fissures of about 

m-I). The results from a large number of slug tests in crystalline 

rocks at Altnabreac,,Scotland (Holmes, 1981) show (Figure 1) that many 

tests yield specific storage values which are outside the values 

possible for flow in either the fissures only or the matrix only. It is 

also notable that a large number of results apparently involve less 

specific storage than even a single planar fissure per slug tested zone. 

Another general observation about the results is that as hydraulic 
C 

conductivity 'increases specific storage decreases. This is exactly the 

opposite of what would be expected in a homogeneous porous medium. 

It was against this background that a new analysis was derived (Barker 

and Black, in press) which explicitly includes fractures (which account 

for the bulk of the rock's hydraulic conductivity and very little of the 

storage) and porous matrix with complementary properties (i.e. low 

hydraulic conductivity and the bulk of the storage). The analysis is 

expressed in the form of four dimensionless parameters a, 8,  y and T of 

which two (a and T) are common to the original analysis of Cooper et al, 

1967. It can be shown that as the rock matrix becomes less permeable or 

has little storage capacity the parameter p will be very small and the 
analysis becomes the same as Cooper et al, 1967. In other words the 
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Fig. 1 Results of slug tests in three boreholes at Altnabreac derived 
using the analysis of Cooper et al, 1967 

fractured rock behaves qualitatively as homogeneous rock with a specific 

storage related only to the fissures. Alternatively if the permeability 

of the rock matrix is large or there are very frequent fissures then the 

parameter y will be small. This means that the fractured rock behaves 

qualitatively as would homogeneous rock with a specific storage equal to 

the sum of the storages of the fissures and the matrix. 

Since the analysis of individual test results now involves solving for 

four unknowns, rather than two, the previous type curve method becomes 

unwieldly since there are an infinite number of possible type curves. A 

technique for solving this problem by treating groups of test results on 

the same interval has been presented (Black and Barker, 1982) but is 

still unwieldy and not altogether satisfactory. The ideas underlying a 



more practical approach have now been put forward (Barker and Black, in 

press) whereby the errors involved in using the pre-existing homogeneous 

analysis in fissured rock are evaluated. Thus the errors in hydraulic 

conductivity and specific storage derived using the analysis of Cooper 

et al, 1967 are calculated in relation to the dimensionless parameters 

a, @ and y. It can be shown that derived hydraulic conductivity will 

not be wrong by more than a factor of 3 and under most circumstances 

will not exceed a factor of 2. Errors in derived specific storage when 

compared to fissure-only storage can range from to 10' whilst 

errors compared to total storage range from no error to 

I 1 10 100 per metre 
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Fig. 2 The results of Figure 1 replotted after "correcting" with the 
fissured porous medium analysis 



The results in Figure 1 have been "corrected" using this method whilst 

those which cannot be "corrected" have been left "uncorrected". As can 

be seen in Figure 2 the bulk of the test results are more than 

adequately explained by the fissured porous medium analysis. Where the 

maximum number of fissures in any particular interval are known by some 

independent method (such as borehole television), or the matrix 

properties are known, then the results can !w analysed in more detail. 

However if tests are carried out with this sort of detail then it is 

obviously more sensible to use the fissured porous medium analysis 

directly rather than using the inappropriate homogeneous analysis and 

then "correcting" it afterwards. 

3 Sinusoidal Pressure Tests 

The sinusoidal pressure wave method has been suggested as a method for 

measuring directional hydraulic diffusivity (hydraulic 

conductivity/specific storage) by Black (1981) and Black and Kipp 

(1981). The method consists of generating a sinusoidal variation of 

pressure in a small packered-off section of a borehole and detecting the 

signal in a packered-off section of an adjacent borehole. By moving 

both the source zone and the receiver zone various orientations can be 

measured. 

The method has been tried in two adjacent boreholes at an experimental 

quarry in granite (Black and Holmes, in press). Signals were measured 

easily for zones separated by up to 40 m of rock. The source signal 

with a frequency of 1.3 x loq3 Hz was generated by alternately 

abstracting-from and injecting-into a 7 m long packered-off section of 

140 nrm diameter borehole. A sample of the output from both the source 

and receiver zone is shown in Figure 3. Although the pulsing of the 

hydraulic pump is clearly evident on the source signal the received 

signal is as expected with considerable peak amplitude attenuation and 

phase lag and none of the very short wavelength pulses discernible. 

The results (Table 1 )  were analysed by taking the amplitude attenuation 

and the phase lag and deriving values of diffusivity from the 

homogeneous analysis presented in Black and Kipp (1981). When this was 

attempted only two of the seven positive results yielded completely 



satisfactory interpretations (Black and Holmes, in press). For this 

reason the analysis was extended to take into account the idea of a 

fissured porous medium. 

source 

quilibrium lev .. . . . . ... . ... .. .*... .* . . 
in source zone 

Fig. 3 Example of source zone and receiver zone pressures during a 
sinusoidal pressure test 

The fissured porous medium analysis is similar in configuration to that 

for the slug test and depends on a number of dimensionless parameters 

which include five unknowns (fissure hydraulic conductivity, fissure 

specific storage, matrix hydraulic conductivity, matrix specific 

storage, block geometry). In the case of the results reported here, the 

matrix properties were known approximately, the two fissure properties 

were combined as fissure diffusivity and the block geometry was assumed 

to be in the form of slabs. The two results for each test (amplitude 

attenuation and phase shift were then used to derive fissure diffusivity 



Table 1 Summary of r e s u l t s  

Average 
Depth of r ece ive r  Direc t  d i s t ance  from 

zone i n  Borehole 4 Phase source t o  rece iver  

(m below c t )  Received s h i f t  zone 

( r ad i ans )  (m) 

* A l l  amplitudes r e s u l t  from ca l cu l a t i ng :  maximum amplitude received 

maximum amplitude generated 

\ 

of receiver 
zones 

Pig. 4 Resul t s  of s inusoida l  pressure  tests p lo t t ed  i n  terms of 
d i r e c t i o n a l  hydraul ic  d i f f u s i v i t y  vec tors  

422 



and slab thickness. 

The results of the trial are shown in Figure 4 in terms of the hydraulic 

diffusivity measured in the direction between the source zone and each 

receiver zone. 

The trial thus showed that a sinusoidal wave test is possible, that it 

yields measurable fluctuations over significant distances in fractured 

granite and gives directional results. It was notable that the measured 

fluctuations died away within one cycle of stopping the source cycling 

thus allowing the source or receiver zone to be moved relatively 

rapidly. In comparatively low hydraulic conductivity rock such as 

fissured granites the amount of water stored at the surface was in the 

order of a few tens of litres for a cycle period of 13.2 minutes. 

Unfortunately borehole availability did not allow either a change of 

source zone or the use of a range of different frequencies. 

4 Conclusions 

Work in fissured, low permeability rocks has focussed attention on the 

way in which interaction between fissures and matrix affects the results 

from slug tests and sinusoidal pressure tests. It can be seen that the 

interaction has a major effect on the specific storage results derived 

from slug tests and a minor effect on the hydraulic conductivity 

results. Calculations show that the same effects can be expected in 

results from fissured aquifers such as the Chalk of the U.K. 

The sinusoidal pressure test is introduced as a method to yield detailed 

results between boreholes on such topics as directional hydraulic 

conductivity, matrix properties and system geometry. Additionally there 

are practical benefits such as the ability to carry out such tests 

against a background pumping regime and the need only to store a small 

amount of water on surface without the requirement of either a water 

supply or a discharge main. The best ways of analysing data from such 

tests are only just being developed but ambiguity of interpretation is 

reduced to a minimum if a number of frequencies are used. In fissured 

porous media it should be possible, at certain distances, to use a 

"cocktail" of frequencies with some penetrating the matrix and others 

not. Further work is concentrating on these aspects. 
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Abstract 

Spatial hydrogeological variations, like lateral transitions in litho- 

logy or groundwater quality, in many cases are connected with lateral 

variations in subsurface electrical resistivity. These variations can 

be identified by either direct current (DC) or electromagnetic (EM) 

resistivity methods, with which the (apparent) resistivity of the 

subsoil is determined at the surface. In general EM resistivity 

profiling is faster and cheaper than DC resistivity profiling. In the 

present study two different EM resistivity measuring devices, a 

horizontal or vertical loop (HL/VL) induction instrument (EM34-3) and 

a very low frequency (VLF) radio wave instrument (EM16R) have been 

used. The results obtained with these instruments are in good agree- 

ment with those obtained by DC measurements and borehole information. 

Four examples of the application of both the HL/VL and VLF resistivity 

methods in the Netherlands will be discussed. They were applied to 

detect a shallow fresh groundwater lens in a saline area, to locate a 

conductive clay layer and to map groundwater pollution plumes around 

two waste disposals. The examples prove to be successful applications 

of EM resistivity profiling and mapping. 



1 Introduction 

The direct current (DC) or geo-electrical resistivity method has 

proved to be a successful tool for groundwater and geological in- 

vestigations. Combined with geophysical borehole logging DC sounding 

has been frequently applied for regional groundwater reconnaissance in 

the Netherlands. In particular it has been used to examine the regio- 

nal distribution of fresh, brackish and salt groundwater, and of sand 

and clay (loam and peat) in the Pleistocene and Holocene sediments in 

the Netherlands. 

A combination of DC sounding and profiling has been used in several 

detailed hydrogeological surveys. 

Recently, some successful examples of EM methods in hydrogeological 

investigations were published (Miillern and Eriksson, 1981 and Steward, 

1982). In the Netherlands several experimental studies with the 

horizontal or vertical loop (HL/VL) resistivity (conductivity) method 

have been carried out (Van Dongen, 1979, Hoogeveen et al., 1980 and 

Overzee, 1981). 

Figure 1 Location of survey areas Grijpskerke (I), Marum (21, 

Noordwijk ( 3 ) ,  and Utrecht (4) 



Thusfar the Very Low Frequency (VLF) radio  wave r e s i s t i v i t y  method has 

not  been used f o r  groundwater invest igat ions  i n  the  Netherlands. 

The paper shor t ly  t r e a t s  both EM r e s i s t i v i t y  methods and describes 

t h e i r  u t i l i t y  t o  determine l a t e r a l  changes i n  groundwater qua l i ty  and 

l i thology by means of the  r e s u l t s  obtained i n  four d i f f e r e n t  survey 

areas  i n  the Netherlands (Figure 1).  

2 .  Electromagnetic r e s i s t i v i t y  methods 

EM methods have been used i n  mineral exploration f o r  half  a century. 

The various EM methods and t h e i r  theor ies  of operation a r e  desribed i n  

several  handbooks. EM methods use time varying, magnetic and e l e c t r i c  
/ 

f i e l d s .  Under ce r ta in  conditions (low induction number, magneto- 

t e l l u r i c  configurations) the apparent e l e c t r i c  r e s i s t i v i t y  (or conduc- 

t i v i t y )  of the ea r th  can be calculated from measurable components of 

(transmitted or  received) magnetic o r  e l e c t r i c  f i e l d s .  

Because of the attenuation of EM f i e l d s  i n  conductive media EM f i e l d s  

have a cer ta in  (effect ive)  penetration depth o r  skin  depth f o r  a 

homogeneous ear th .  The skin depth represent the exploration depth ( fo r  

a homogeneous ea r th )  of "source- l imited EM r e s i s t i v i t y  methods, which 

use large transmitter-receiver spacings. The exploration depth of a 

source l imited method depends on the  frequency of the  EM f i e l d s  used 

and the r e s i s t i v i t y  of the ear th .  For EM r e s i s t i v i t y  methods where the 

transmitter-receiver spacings a r e  much smaller than the  skin depth f o r  

a l l  frequencies used and r e s i s t i v i t i e s  of the  ea r th  (condition of low 

induction number) the  exploration depth is  "geometry" limited. It 

depends on the  transmitter-receiver spacing and configuration. 

When horizontal  layering occurs within the  exploration depth of the  EM 

r e s i s t i v i t y  method, the  measured r e s i s t i v i t y  no longer represents the 

t r u e  r e s i s t i v i t y  of the  earth.  It i s  ca l l ed  the apparent r e s i s t i v i t y .  

The HL/VL r e s i s t i v i t y  instrument used is the  EM34-3 of Geonics, which 

has been described by McNeill (1980). It consis ts  of two portable 

co i l s :  one t o  transmit a magnetic f i e l d  and another t o  receive t h i s  

and the  magnetic f i e l d  excited by conductors i n  the  e a r t h  (Figure 2 ) .  

The EM34-3 is  so deviced t h a t  the  condition of low induction numbers 



e x i s t s  f o r  both horizontal  and v e r t i c a l  coplanar loops. Then the 

apparent r e s i s t i v i t y  of the  e a r t h  can be derived from the r a t i o  of the 

secondary and primary magnetic f i e l d  a t  the  receiver .  

0 0 

. .. ., . YRZD. & O n  ' * ; 4 . '  

. .  . - .  - - - .  .- \ ,  , . - . -  - .  . 

EM16R 
Figure 2 EM34-3 and EM16R i n  f i e l d  operation 

When the  determined apparent r e s i s t i v i t i e s  a r e  low t h i s  r e la t ion  no 

longer holds. Therefore, the  measured conductivit ies can be corrected. 

However, when the apparent r e s i s t i v i t y  of the e a r t h  f a l l s  below 5 ohmm 

the HL loop mode cannot be used properly. 

The determined r e s i s t i v i t i e s  apply t o  the geometry l imited exploration 

depth. The possible exploration depths of the  EM34-3 depend on the 

i n t e r c o i l  spacing (and the  respective frequency) and the or ienta t ion 

of the c o i l s .  They a re  shown i n  Table 1. 



Table 1 Possible penetration depths f o r  the EM34-3 

In te rco i l  spacing frequency Exploration depth 

(m, Hz) VL (m) HL (m) 

10, 400 7,s 15 

20, 1600 15 3 0 

40, 6400 30 60 

With the  EM34-3 one hundred HL/VL r e s i s t i v i t y  measurements a day can 

be carr ied out by two persons f o r  loca l  hydrogeologic surveys. 

The VLF radio wave r e s i s t i v i t y  instrument, described by Col le t t  

(1968), is  the  EM16R of Geonics. I t  uses very low frequency radio  

waves (15-20 kHz) transmitted from d i s t a n t  s t a t ions  a s  the  primary 

magnetic f i e ld .  The EM16R is mainly a radio  receiver ,  measuring the 

r a t i o  and the phase angle between the horizontal  e l e c t r i c  and magnetic 

f i e lds .  When the instrument i s  well  oriented with respect  t o  the  VLF 

radiosta t ion (Figure 21, the apparent r e s i s t i v i t y  of the  ea r th  can be 

derived from the r a t i o  between the  horizontal  e l e c t r i c  f i e l d  i n  the 

di rect ion of the  radio  s t a t ion  and the  horizontal  magnetic f i e l d  

perpendicular t o  t h a t  d i rect ion using a magneto-tellurical r e la t ion .  

The exploration depth of the  VLF method is  source l imited, therefore ,  

it equals the skin  depth. For a f ixed radiosta t ion with appropriate 

frequency the skin depth only depends on the r e s i s t i v i t y  of the ea r th  

(Table 2) . 

Table 2 Exploration depths of the  EM16R (f=ZOkHz) f o r  various 

r e s i s t i v i t i e s  

Resis t iv i ty  ( o h )  Exploration depth (m) 

10 12 

50 2 5 

100 35 

500 80 



With the EM16R one person can make about 125 measurements a day for a 

local survey. 

With both HL/VL and V L F  resistivity measurements a limited two-layer 

interpretation is possible. Two-layer interpretations are not made, 

because of the complex situations at the investigation site and the 

fact that with DC sounding better results are achieved. Both EM 

resistivity methods are merely used to do resistivity profiling and 

mapping. 

3 Resistivity profiling and mapping 

EM resistivity methods measure, like DC methods, apparent resistivi- 

ties. When the condition of horizontal homogenity is met or when slow 

lateral variations are present, they are constant or change regularly 

and smoothly. When lateral changes over a short distance occur, 

anomalous apparent resistivities are measured, which by themselves can 

be used as diagnostic features. This paper treats measurements over 

targets, which slowly vary laterally as compared to the exploration 

depth of the resistivity method. 

It is of utmost importance to tune the exploration depth of the 

resistivity method to the depth of the lateral variations to be 

examined. 

The optimum exploration depth for the survey is the depth for which 

the lateral variations show up best in the measurements. To find the 

optimum depth for DC resistivity profiling in general DC sounding 

curves are used, which are measured or calculated for both sides of 

the transition zone. The depth at which these curves differ most can 

be taken as the optimum exploration depth for DC resistivity profiling 

and mapping. In the same way using EM sounding curves for both sides 

of the transition zone, the optimum exploration depth should be 

determined for HL/VL resistivity profiling. This method has not been 

followed. Instead the optimum exploration depth for DC profiling has 

been used as starting point to choose the exploration depth for HL/VL 

profiling. As far as V L F  resistivity profiling is concerned, it can 

only be checked if the exploration depth is sufficient. It is ad- 

visable to conduct surveys combining many EM resistivity measurements 



and a few well-chosen d i r e c t  current  soundings. In t h i s  way not only 

information about the  horizontal  changes but a l s o  about the v e r t i c a l  

changes of the r e s i s t i v i t y  i s  obtained. 

4 Results i n  four survey a reas  

4.1 Shallow f resh  and brackish groundwater i n  

a sa l ine  area ( G r i  jpskerke) 

Underneath the is lands  of the  southwestern Netherlands only ra re ly  

f resh (~1-  < 150 mg/l) and brackish (150 < ~ 1 -  < 1000 mg/l) ground- 

water occurs. Except fo r  the coas ta l  dunes only Holocene (sand-fil led) 

channels a re  areas  of loca l  i n f i l t r a t i o n  of f resh groundwater. The 

l a s t  a re  creekridges and a re  s l i g h t l y  elevated (1-2 m) because of the 

s e t t i n g  of the surrounding Holocene c lay and peat  deposits,  which a r e  

t h i n  (0-3 m)  over the  Holocene channels and r e l a t i v e  th ick  (5-10 m )  

besides them. The f resh  and brackish groundwater present under these 

creekridges may be of loca l  importance a s  a groundwater source f o r  

domestic use. 

VL and VLF r e s i s t i v i t y  measurements have been conducted (Ritsema, 

1982) over a creekridge near Grijpskerke (Figure 1 ) .  Because of the 

low r e s i s t i v i t i e s  of the  sa l t ed  lowlands (< 10 ohmm) no HL measure- 

ments have been ca r r i ed  out. The VL and VLF apparent r e s i s t i v i t y  

p rof i l e s  (Figure 3 )  show a maximum a t  the  creekridge. The VL measure- 

ments with 7.5 m penetration depth and the VLF measurements a r e  the 

most c lear .  The lower p a r t  of Figure 3 shows the  in te rp re ta t ion  of the 

electromagnetic r e s i s t i v i t y  measurements, three  DC soundings and three  

boreholes. Under the  creekridge a t h i n  lens  (< 5 m )  of f resh  ground- 

water ex i s t s .  Underneath t h i s  lense and above the  s a l t e d  sediments a 

brackish t r ans i t ion  zone (< 15 m)  is  present.  

This example c lea r ly  shows t h a t  VL and VLF r e s i s t i v i t y  measurements, 

combined with a l imi ted number of DC soundings can be used t o  map 

shallow fresh and brackish groundwater i n  sa l t ed  areas.  



Figure 3 Resis t iv i ty  p r o f i l e s  (EM34-3, 10, 20 and 40 m,  

v e r t i c a l  and EM16R) over a shallow f resh  water 

lens  i n  a creekridge a t  Grijpskerke 

4.2 Conductive clay (Marum) 

In the northern Netherlands near Marum Pleistocene g l a c i a l  deposits 

occur i n  a wide channel-like s t ructure .  Besides sand (60-100 ohmm) 

these sediments contain a t  the  top a very conductive c lay layer  (about 

10 ohmm), known a s  potclay, with varying thickness (0-50 m ) .  Because 

of i ts  high v e r t i c a l  flow res is tance it i s  in te res t ing  t o  know the 

location and thickness of the potclay. A t  the  request of the Groningen 

Water Supply f i v e  HL/VL (s=20 m) p r o f i l e s  combined with 12 DC soun- 

dings have been executed t o  del ineate  the west s ide  of the potclay 



occurrence (Ritsema, 1982). The r e s u l t s  of p r o f i l e  2 is given i n  

Figure 4. 

dc. sounding 

boundary 
Glacial deposits 

Figure 4 Res i s t iv i ty  p r o f i l e  (EM34-3, 20 m,  hor izontal  and 

v e r t i c a l )  t o  locate a conductive c lay layer 

The sudden increase i n  r e s i s t i v i t y  t o  about 100 o h  ind ica tes  the  

limkt of the potclay formation. The e f f e c t  of the c lay  layers  

occurring deeper than 30 m,  is  no t  sensed by the EM r e s i s t i v i t y  

measurements. Though these  clay layers  a r e  in terpreted from DC soun- 

dings and borehole information. The DC soundings and the  HL/VL pro- 

f i l e s  resul ted i n  the r e s i s t i v i t y  map given i n  f igure  5. It c lea r ly  

shows the l i m i t s  of occurrence of the  potclay and gives  a qua l i t a t ive  

impression of i ts  thickness. 



Figure locate  a 

conductive c lay layer  a t  Marum 

Groundwater pol lut ion plume around a waste 

disposal (Noordwi jk) 

The investigated waste disposal  s i t e  l i e s  p a r t l y  beneath the phreat ic  

groundwater level .  It has been b u i l t  up t o  about 4 m above surrounding 

surface, causing a loca l  elevated groundwater l eve l .  The f resh water- 

s a l t  water boundary l i e s  a t  a depth of 40 m below surface. Above t h i s  

l eve l  contaminated groundwater follows two separated streampaths. One 

through the  upper 15 m,  which consis ts  of f i n e  sand and t h i n  loam 

layers,  and another one a t  about 35 m i n  the main aquifer,  which 

consis ts  of coarse sand. HL/VL and DC r e s i s t i v i t y  measurements, 

conducted fo r  the  National I n s t i t u t e  f o r  Water Supply i n  the Nether- 

lands (Overmeeren, 1979, Van Dongen, 1979 and Ritsema, 1981), show 

t h a t  the  apparent r e s i s t i v i t i e s  vary from 10 ohmm near the  waste 

disposal t o  about 35 ohmm fa r the r  away, caused by groundwater contami- 

nation within the upper 15 m. The VLF r e s i s t i v i t y  measurements (Figure 



6) show the same pa t t e rn  as t h a t  obtained by the  other  methods. Low 

r e s i s t i v i t i e s  (< 10 ohmm) occur a t  a l l  s ides  near the  waste disposal,  

due t o  divergent flow, because of the  elevated groundwater level .  

Further away the values become higher,  till they reach the  normal o r  

background value of the area  (35-40 ohmm). The shallow pol lut ion plume 

is la rger  t o  the south-east, due t o  the  regional groundwater flow. The 

r e s u l t s  have been confirmed by ana lys i s  of groundwater samples. 

' VLF measurement 
o 6 line of equal resistivity ( 30 ohmm) 

Figure 6 Resis t iv i ty  map (EM16R) t o  locate  the pol lut ion plume around 

a waste disposal  a t  Noordwijk 



Groundwater pollution plume around a waste 

disposal (Utrecht) 

This HL/VL r e s i s t i v i t y  survey i s  carried out  f o r  the Provincial 

Department for  Groundwater i n  Utrecht. It was the f i r s t  s tep i n  

examining the possible influences of the waste disposal on the ground- 

water quality.  The waste disposal is  s i tuated beneath the phreatic 

groundwater level.  To a depth of about 40 m a sand aquifer occurs. A t  

the surface a thin clay layer exis ts .  There was some uncertainty about 

the direction of groundwater flow. I t  could be westwards according t o  

the regional flow direction, or  eastwards influenced by a large 

draining channel located i n  t ha t  direction. Figure 7 shows clear ly 

tha t  low apparent r e s i s t i v i t i e s  occur mainly a t  the eas t  s ide of the 

waste disposal. It i s  concluded tha the groundwater is contaminated 

and streams eastwards t o  the draining channel. This r e su l t  is con- 

firmed afterwards by the analysis of groundwater samples from a 

proposed borehole location. 

Figure 7 Resistivity map (EM34-3, 40 m,  ve r t ica l )  t o  locate a 

pollution plume around a waste disposal a t  Utrecht 



The last two examples clearly show that electromagnetic pollution 

plume mapping can diminish the costs of realising a monitoring net- 

work. 
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Abstract  

The hydrogeological app l i ca t ion  of electromagnetic measurements on hard 

rock a reas  of western Africa and f o r  a sedimentary a r e a  i n  The Nether- 

l ands  is  discussed. 

On the  Niger and Upper Volta Pre Cambrian Shield groundwater i n  exploi- 

t a b l e  q u a n t i t i e s  is found mainly i n  the  bedrock wi th in  narrow zones as- 

socia ted  with f r ac tu res .  

I d e n t i f i c a t i o n  of these  f r ac tu res  i n  the  f i e l d  using EN pro f i l i ng  has 

g r e a t l y  improved the  success r a t i o  of new boreholes. 

I n  The Netherlands electromagnetic p ro f i l i ng  has been used to  study the  

s p a t i a l  d i s t r i b u t i o n  of contaminated groundwater and the  method proved 

use fu l  when s u f f i c i e n t  cont ras t  i n  conductivity between contaminated and 

n a t u r a l  water was present .  

The speed with which r e s u l t s  may be obtained g ives  the  technique a par- 

t i c u l a r  advantage over conventional r e s i s t i v i t y  measurements. 



LIApplication hydrog'eologique de mesures 'electromagn'etiques dans des ro- 

ches c r i s t a l l i n e s  en Afrique de l ' 0 u e s t  e t  dans une zone s'edimentaire 

des Pays Bas e s t  discut'ee. 

Dans l e  soc le  Pr'e Cambrien de Niger e t  de Haute Volta, on trouve de 

l ' e a u  sou te r r a ine  en quantit 'e exploi table  dans des roches c r i s t a l l i n e s  

lie'es 2 des zones de f r ac tu re .  

La l o c a l i s a t i o n  des f r a c t u r e s  su r  l e  t e r r a i n  par des p r o f i l s  'electromag- 

ne t iques  a QnormeLent am'elior'e l e  pourcentage de succss des nouveaux 

sondages . 
Aux Pays Bas, l a  m'ethode QlectromagnStique e s t  appliqu'ee 1 1"etude de l a  

d i s t r i b u t i o n  s p a t i a l e  d'eau sou te r r a ine  contaminge. La m'ethode donne des 

bons r ' e su l t a t s  quand l e  con t r a s t e  en conductivit 'e e n t r e  l ' e au  contaminee 

e t  l ' e a u  n a t u r e l l e  e s t  su f f i s an t .  

Ce t t e  m'ethode pr'esente de grands avantages su r  Zes mesures de r ' es is t iv i -  

t'e conventionnellesen ce qui  concerne l a  rapid i t ' e  d'ex'ecution. 

1 In t roduct ion  

Geophysical methods a r e  normally used f o r  i nves t iga t ion  of groundwater 

flow systems i n  IWACO projec ts .  

I n  addi t ion  t o  the  widely accepted methods such a s  r e f r a c t i o n  seismics,  

geo -e l ec t r i ca l  methods and borehole geophysics, another method was in- 

troduced th ree  years  ago, which u n t i l  then was only inf requent ly  used 

f o r  groundwater s t u d i e s  i .e. t h e  electromagnetic (EM) multi-f requency 

ho r i zon ta l  loop and v e r t i c a l  loop p r o f i l i n g  method. This EN method is 

cu r ren t ly  being used wi th in  sedimentary a reas  of The Netherlands and 

f o r  hard rock a r e a s  i n  western Africa. 

Experiments wi th  the  EM method were i n i t i a t e d  i n  Upper Volta i n  collabo- 

r a t i o n  with the  Universi ty of Utrecht ( ~ a l a c k y  e t  a l ,  1981 ). 

These proved succesful  and the  method was consequently accepted as a 

means of groundwater explora t ion  in hard rock areas ,  a t  l e a s t  i n  pa r t  

replac ing geo-e l ec t r i ca l  techniques. 

With the  a v a i l a b i l i t y  of new equipment f u r t h e r  experiments were car r ied  

out  i n  The Netherlands to  determine whether EM methods could a lso  be 



used i n  s tud ie s  involving groundwater qua l i t y  problems i n  sedimentary 

formations. The recent  discovery of numerous i n d u s t r i a l  waste dumps, 

c rea ted  i n  the  post-war economic boom, made i t  necessary t o  f ind  a rapid 

method by which the  l a t e r a l  d i s t r i b u t i o n  of polluted groundwater could 

be defined. The EM p r o f i l i n g  method has proven its usefulness i n  these 

s tud ie s .  

2 P r inc ip l e s  of the EM method and 

instrumentation.  

2.1 Theory 

The objec t ive  of EN measurements is  t o  loca t e  underground conductors. In 

hydrological  explora t ion  these conductors may represent  l oca l  groundwa- 

t e r  occurrences i n  f rac tured  zones i n  the substratum (upper Volta) o r  

t h e  occurrence of groundwater with r e l a t i v e l y  h igher  e l e c t r i c a l  conduc- 

t i v i t y  due t o  contamination  h he  etherl lands). 

A l l  equipment systems i n  present  use a r e  completely por table  and cons is t  

of  a t ransmit ter  which provokes an a l t e r n a t i n g  electromagnetic f i e l d  

(primary f i e l d )  and a coplanar r ece ive r  connected with the  t ransmit ter  

a t  a f ixed d is tance .  The rece iver  and t r ansmi t t e r  c o i l s  can be used both 

v e r t i c a l l y  and ho r i zon ta l ly  (ho r i eon ta l  loop and v e r t i c a l  loop). 

Eddy currents 

Figure 1 Primary and secondary electromagnetic f i e l d .  

( a f t e r  Grant and West, 1965) 



The primary f i e l d  genera tes  eddy cu r ren t s  i n  an  underground conductor 

wi th in  its zone of inf luence ,  which i n  t u r n  genera tes  a secondary elec- 

tromagnetic f i e l d  ( f i g u r e  1). The r ece ive r  separa tes  t he  secondary from 

the  t o t a l  f i e l d  and d i sp lays  t h i s  a s  a percentage of the  primary f i e l d ,  

e i t h e r  a s  an in  and out of phase (quadrature) component o r  a s  apparent 

conductivity.  

EM response of a conductor and depth of penet ra t ion  depend on the c o i l  

spacing, frequency and on the e l e c t r i c a l  and magnetic c h a r a c t e r i s t i c s  of 

t he  conductor  e el ford e t  a l ,  1976). 

2.2 Instruments 

Three instruments a r e  a t  present  i n  use: the  Apex Max Min from Parame- 

t r i c s  Canada, t he  Slingram 3.6 Khz hor izonta l  loop u n i t  from the Swedish 

Geological Survey and the  EM 34-3 from Geonics, Canada. 

With the  Apex Max Min f i v e  frequences can be chosen between 222 and 3555 

Hz, while cables  f o r  c o i l  separa t ions  of 25, 50, 100 and 200 m a r e  avai- 

l ab l e .  The frequency is f ixed f o r  the  Slingram u n i t  and c o i l  separa t ions  

of 50 and 100 m a r e  avai lable .  The EM 34-3 uses  a f ixed frequency f o r  

t h ree  d i f f e r e n t  c o i l  separa t ions  of 10 m (6400 HZ) ,  20 m (1600 Hz) and 

40 m (400 HZ). 

The Apex and Slingram u n i t s  measure i n  and out  of phase components sepa- 

r a t e l y  a s  an percentage of the  primary f i e l d ,  while the  EN 34 d i r e c t l y  

measures the  apparent  e l e c t r i c a l  (magnetic) conductivity.  

Application of EN p ro f i l i ng  

i n  Upper Volta 

The cen t r e  and eas t e rn  pa r t  of Upper Volta and the  western pa r t  of Niger 

a r e  almost completely underlain by igneous and metamorphic rocks of the 

Pre-Cambrien Shield.  

Rel ief  of t h i s  o ld  peneplain is ra the r  f l a t  and a th ick  weathered zone 

is present ,  cons is t ing  of (sandy) clay and sometimes a w e l l  developed 

l a t e r i t i c  c rus t .  Thickness of the  weathered l a y e r  genera l ly  v a r i e s  be- 

tween 0 and 30 m ,  but may occas ional ly  reach 100 m. 



The t r a n s i t i o n  zone from clayey a l t e r i t e  t o  bedrock has  a thickness of 0 

t o  10 m with both c l ay  and t r a n s i t i o n  zone genera l ly  characterized by 

h igh poros i ty  but r e l a t i v e l y  low primary permeability. 

Primary poros i ty  of the  bedrock is  neg l ig ib l e  but due t o  f r ac tu r ing  a 

sometimes important  secondary poros i ty  may be present .  The weathered and 

t r a n s i t i o n  zones i n  the  f r ac tu res  a r e  th i cke r  and may be more coarsely 

developed. 

The locat ion  of these  f r ac tu res ,  f i r s t  with the  a id  of a e r i a l  photo- 

graphs followed by geophysical surveys i n  the f i e l d ,  is hence the  most 

important  a c t i v i t y  i n  Upper Volta groundwater exploration.  A s  demonstra- 

ted  by Palacki  (1981), the  inp rec i se  loca t ion  of a borehole by only a 

few meters can make the d i f ference  between a good water supply (depen- 

ding on the a rea ,  > 1 m3/hr) and a poor one. 

EM p r o f i l e s  al low the  presence of f r a c t u r e s  t o  be r ead i ly  ve r i f i ed  and 

t h e  exact  l oca t ion  of boreholes i n  the  f i e l d  es tabl i shed.  

Two examples of t h e  method applied t o  urban water supply s tud ie s  a r e  

worthy of mention - Bouss'e and Toma. The required y i e lds  exceed 2 m3/hr 

a s  the  w e l l s  a r e  to  be equipped with engine driven pumps. In  BoussL ( a  

migmatite a r ea )  t h e  groundwater occurrence was determined by d i f ferences  

i n  bedrock l i thology.  For Toma, under la in  by g ran i t e s ,  the  groundwater 

was found i n  f r ac tu red  zones. 

3.1 Bouss'e 

I n  Bouss'e a s tudy of a e r i a l  photographs showed an a rea  with important 

l ineaments which were not  v i s i b l e  i n  the  f i e l d .  Geophysical survey i n  

t h e  area  consisted of various EN and geo-e lec t r ica l  p r o f i l e s  of which 

one is shown i n  f i g u r e  2. The advantage of EM p r o f i l i n g  over conventio- 

n a l  r e s i s t i v i t y  p r o f i l i n g  is obvious i n  t h i s  f i g u r e  i n  t h a t  the  JN pro- 

f i l e  c l e a r l y  shows two anomalies, while the  r e s i s t i v i t y  p r o f i l e  indica- 

t e s  only one broad anomaly. Subsequent d r i l l i n g  showed the  conductors t o  

be  f rac tured  amphiboli te bands i n  magmatites; boreholes i n  the amphibo- 

l i t e  gave y i e l d s  of 2 and 7 m3/hr while i n  the g r a n i t e  only 0,s-1 m3/hr 

was achieved. The d i r e c t i o n  of anomalies, a s  deducted from the EM and 

r e s i s t i v i t y  p r o f i l e s ,  i s  more o r  l e s s  i d e n t i c a l  with t h a t  f o r  the  l inea-  

ments deducted from a e r i a l  photos, but with d i f f e r i n g  locat ions .  
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I n  Toma the  region f o r  an extensive geophysical survey was a l so  se lec ted  

with the  he lp  of a e r i a l  photographs. Ver t i ca l  e l e c t r i c a l  soundings show- 

ed a th i ck  weathered l aye r  of 40 t o  50 m. Various EM and geo-e lec t r ica l  

p r o f i l e s  were ca r r i ed  out a s  well  a s  " s t a r "  measurements, i n  order to  

e s t a b l i s h  t h e  d i r e c t i o n  of anomalies. 

Figure 3 presen t s  pa r t  of the  apparent r e s i s t i v i t y  map a s  deducted from 

these  p r o f i l e s ,  together  with the  EM and r e s i s t i v i t y  data of one sec t ion  

(p7)- 
Two well marked low r e s i s t i v i t y  anomalies a r e  evident.  

Anomalies on the  EM p r o f i l e  a r e  l e s s  pronounced t h a n  f o r  t he  previous 

example, probably due t o  the  th i ck  weathered zone and t o  a smaller  con- 

t r a s t  between the  conductor and surrounding rocks. 



Since the anomaly i n  the South has a l a r g e r  extension than the o ther  i t  

was chosen f o r  t e s t  d r i l l i n g  and two boreholes producing 4 and 8 m3/hr 

were d r i l l ed .  A t h i r d ,  reconnaissance borehole was d r i l l e d  i n  the high 

r e s i s i t i v i t y  zone south of borehole 1 ;  t h e  y i e ld  of t h i s  proved to  be 

l e s s  than 1 m?/hr. 

The two good boreholes show a th i ck  t r a n s i t i o n  zone wi th  coarse grained 

quar tz  elements and with a f rac tured  and l i g h t l y  weathered bedrock. The 

borehole i n  the  high r e s i s t i v i t y  zone has a weathered zone which is more 

clayey and a t h i n  t r a n s i t i o n  zone, with no s ign  of f r ac tu r ing  i n  the  

bedrock. The low r e s i s t i v i t y  anomalies a r e  therefore  ascribed to  f a u l t s  

i n  zones with coarser  grained grani te .  

I n  t h i s  example the  geophysical anomalies a l so  do not correspond with 

a e r i a l  photo l ineaments,  though the  d i r e c t i o n  is  e s s e n t i a l l y  s imi lar .  

Figure 3 EM and r e s i s t i v i t y  p r o f i l e  of Toma 



Application of EM p ro f i l i ng  i n  

The Netherlands 

The electro-magnetic method was f u r t h e r  t e s t ed  with respect  t o  two 

groundwater po l lu t ion  problems i n  The Netherlands, i n  co-operation with 

t h e  department of  hydrogeology of the  Amsterdam Free University. 

I n  both in s t ances  the  s p a t i a l  d i s t r i b u t i o n  of contaminated groundwater 

has t o  be out l ined  i n  order  t o  e s t a b l i s h  an  optimum d r i l l i n g  program. 

An EM 34-3 instrument was used i n  v e r t i c a l  loop mode. 

4.1 Hierdensche Beek 

I n  the Hierdensche Beek d i s t r i c t  the  animal indus t ry  produces quan t i t i e s  

of  manure which g rea t ly  exceed those needed f o r  agr icul ture .  

Pa r t  of t h i s  overproduction of manure is  dumped on areas  used f o r  maize 

and grass  growing, causing s u p e r f i c i a l  groundwater pol lu t ion .  

- . EM U-3 V.ltr(ll 1- 
M Coil -EM lorn 

C-4 COll ,emrO,,M mm 

WEST 
- 
Monurc dump Old m u r .  dump EAST 

Figure 4 EM d a t a  and groundwater r e s i s t i v i t i e s  over a manure dump i n  

t h e  Hierdensche Beek a r e a  ( a f t e r  Verhoef f ,  E.K., 1982) 



The extent  of po l lu t ion  i n  one such a rea  was invet iga ted  by EN and geo- 

e l e c t r i c a l  methods. Figure 4 p re sen t s  a s ec t ion  through the  dumping area  

wi th  the  EN da t a  (EM 34-4) generated using c o i l  separa t ions  of 10 and 20 

m. Anomalies of t he  10 m separa t ion  a r e  more enhanced than f o r  20 m ,  in-  

d i ca t ing  contamination t o  be present  mainly i n  the  s u p e r f i c i a l  groundwa- 

t e r .  The measured r e s i s t i v i t y  values correspond well  with water r e s i s t i -  

v i t i e s  obtained f o r  samples from a subsequent d r i l l i n g  program. 

4.2 Sol id  waste dump 

The poss ib l i t y  of groundwater po l lu t ion  i n  a so l id  water waste dump i n  

t h e  eas t e rn  pa r t  of the  country was again inves t iga ted  using EM 34-3. 

Since the  phrea t ic  groundwater l e v e l  l i e s  about 10 m below surface  a 

c o i l  separa t ion  of 20 m was chosen. Figure 5 shows an EM sec t ion  located 

about 30 m from the  dump i n  the d i r e c t i o n  of regional  groundwater flow 

and ind ica t e s  a sharp  anomaly a t  the  dump. A borehole was d r i l l e d  to  a 

depth of 40 m i n  the  cen t r e  of t h i s  anomaly and was equipped with mini 

screens  from which groundwater samples could be ext rac ted .  These a r e  now 

being analyzed f o r  t r a c e  elements. Groundwater conduc t iv i t i e s  from t h i s  

borehole show a sharp  decrease from about 25 mS/m (40 Ohmm) to  8 mS/m 

(125 0hmm) a t  a depth of 18  m ,  i .e. a r a t i o  of about 3. 

R e s i s t i v i t i e s  a t  t he  cen t r e  of the  anomaly a l so  show a r a t i o  of about 3 

when compared with those  to  the west of the  dump. 

WEST EAST 

ffimcULwR', 
,.m 

w*nxmr w r 7  ? m m m a m  w 

Figure 5 EN s e c t i o n  over a so l id  wgste dump and e l e c t r i c a l  conductivity 

o f  groundwater samples from an explora t ion  borehole 



The higher r e s i s t i v i t i e s  e a s t  of the  dump a r e  probably due to  the pre- 

sence of f o r e s t ,  while i n  the  west the  land is  mainly used f o r  agricul-  

ture .  

5 Conclusions 

The advantage of EM p r o f i l i n g  over only r e s i s t i v i t y  p ro f i l i ng  in hard 

rock a r e a s  is  t h a t  i n  the  case of narrow v e r t i c a l  conductors a much 

sharper  anomaly is  produced, thus allowing more accura te  f i e l d  emplace- 

ment of boreholes. 

This has r e su l t ed  i n  a success record of over 75% f o r  recent  IWACO pro- 

j e c t s  i n  hydrogeologically d i f f i c u l t  a r eas  i n  Niger and Upper Volta. 

However, r e s i s t i v i t y  soundings and p ro f i l i ng  a r e  st i l l  necessary i n  or- 

d e r  t o  ob ta in  an i n s i g h t  i n t o  the  depth t o  and charac ter  of the  bedrock. 

Quant i ta t ive  i n t e r p r e t a t i o n  of EM measurements is s t i l l  d i f f i c u l t .  

Success of the  EM method i n  groundwater contamination s tud ie s  i n  sedi- 

mentary formations depend on the con t r a s t  i n  e l e c t r i c a l  conductivity be- 

tween the  contaminated and na tu ra l  groundwater. 

I n  the  two cases  described t h e  con t r a s t  was about 3 and the  l a t e r a l  dis-  

t r i b u t i o n  of contaminated groundwater could be es tabl i shed.  

F ina l ly ,  t he  r a p i d i t y  with which r e s u l t s  may be obtained g ives  the  me- 

thod p a r t i c u l a r  a t t r a c t i o n  over conventional r e s i s t i v i t y  techniques. 

However, i n  urban a reas  both methods a r e  l i a b l e  t o  disturbance from in- 

d u s t r i a l  noise. 
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Abstract 

Mathematical models for groundwater flow problems contain a number of 

parameters. In most cases these parameters must be known to obtain 

solutions of the model equations. With the aid of the Kalman filter 

algorithm, it is possible to estimate simultaneously the model 

parameters and the solution of the model equations. The Kalman filter 

algorithm is an optimal estimation algorithm in a least squares sence 

(see Sage and Melsa (1971)). In this paper two possible formulations of 

the Kalinan filter algorithm for the parameter estimation problem are 

presented. As an application a theoretical flowproblem has been worked 

out. 

1 Introduction 

The watermovement through the subsoil can be described with the aid of 

the system theory,in which there are system variables, system parameters 

and systeminput. The systemvariables, in this paper piezometric heads, 

can be measured by a measurement network. To evaluate the quality of 

this network one needs an interpolation technique for estimation of the 

variables on places where they are not measured. An advanced interpola- 

tion technique is the Kalman filter algorithm (Kalman (1960)). This 

filter algorithm is based on the state-space description which is well 

known in (linear) system theory (Sage and Melsa (1971)). Some examples 

on the use of this interpolation technique can be found, among others, 



'in O'Connell (1980), Van der Kloet et.al. (1982) and Van Geer (1982). 

The interpolation algorithm gives an, in least squares sense, optimal 

estimate of the state of the system. In each particular problem this 

state has to be defined in order to use the algorithm. In groundwater 

flow problems, for example, this state can be defined as a vector, of 

which the components are phreatic groundwater levels and piezometric 

heads. In groundwater flow problems the change of the state of the 

system with time can be deduced from Darcy's law, the equation of 

continuity and the system input. Hence some parameters are introduced 

which may or may not be known in advance. If they are not known, they 

must be estimated. This can be done with the Kalman filter algorithm by 

enlarging the state of the system. In this paper two parameter estima- 

tion methods are demonstrated for a simple model with only one system 

parameter. 

In section 2 a groundwater flow problem is described in a state-space 

formulation. In section 3 two estimation methods for the enlarged state 

are given. In subsection 3.1 a successive method, called 'single 

parameter estimation' is described. First the state is estimated and 

next the parameter. In subsection 3.2 a simultaneous method is described 

with which the parameter and the state of the system are estimated at 

the same time. In these subsections only the formulae are given and dis- 

cussed. For a detailed derivation of the formulae see Van Geer and 

Van der Kloet (1982). In section 4 the calculations and the results 

obtained are given for the chosen example. In the calculations no real- 

world data are used, but synthetically generated data. Finally in 

section 5 the results are discussed. 

2 Hydrological problem 

A strip of land of infinite length is considered, which is bounded by 

two watercourses, also of infinite length (Figure 1 ,  definition sketch). 

The strip of land consists of a confined aquifer above an impermeable 

base. The groundwater flow is one-dimensional only and the positive flow 

direction coincides with the positive E-direction. There are two obser- 

vation wells at distances L 1  and L2 from the watercourse at the lefthand 



ligure 1 Definition sketch for the chosen example 

side. The waterlevels in the watercourses are assumed to be known 

The equation of continuity and Darcy's law can be combined, which 

yields: 

exactly as a function of time (Figure 2). 
Wo + AH 

where 

4 = head 

T = transmissivity 

S = storage coefficient 

In order to obtain a state-space formulation with time as a discrete 

variable, the differentials are approximated by 

1 
t Ho - AH 

d$(iAE, kAt) , $(iAC, kAt + At) - $(iAg, kAt) 
dt At (2 

Figure 2 Waterlevel in the watercourses 1 Years 1 

I 5 

and 



where 

i = 2, 3 ... N - 1 

k = 0,  1, 2 ... 
A t =  t he  timestep 

Ag= the  s t e p  i n  d is tance  

Writing @ f o r  @(iAc, kAt), 9 = T/S and cr = A ~ / ( A C ) '  and s u b s t i t u t i o n  
i , k  

of (2) and (3) i n  (1) y i e lds :  

a 
In  the  g r idpo in t s  1 and N one has t o  adapt equation (4 ) because @ i s  

i , k  
not  defined f o r  i = 0 and i = N+l. However, one can use the input of the 

system, the water levels  H(t)  i n  the  watercourses,  t o  obtain:  

and 

where 

uk = ~ { ( k - t ) ~ t l  

b 
I n  the equations (4a), (4 ) and (4') 9 i s  assumed t o  be  an unknown 

parameter t o  be est imated.  The state-space desc r ip t ion  used i n  the 
a b 

Kalman f i l t e r  i s  based on equations (4 ) ,  (4 ) and (4'). To obta in  the  
+ 

f i l t e r  formulation the s t a t e  vec to r  cPk i s  defined f o r  t h i s  case  by 

having a s  components the heads i n  the  gr idpoints .  Now (4a),  (qb) and 

(4 ' )  can be w r i t t e n  as  



Or in vector denotation 

where 

= state transition matrix 
-+ 

of tlre input on the state of the system 

The model (6) will never describe reality exactly because of the simpli- 

fications in the formulae, inhomogeneity, etc. Therefore thesystemnoise 
-+ -+ -+ 
wk is introduced as the difference between the model ( C J ~  + Auk) and k- 1 
reality. The system noise represents an unknown random process. With 

equation (6) this results in: 

-+ This equation (7) is called the system equation. The noise process wk is 

assumed to be be an independent multi-dimensional random Gaussian 

process with zero mean and covariance matrix Q. In addition to the 

system equation (7) there is the measurement equation: 

where 
-+ 
yk = the vector of which the components are the measurements at 

t = kAt 

H = the measurement matrix 
-+ 
vk = the measurement noise, representing the measurement errors 

-+ It will be assumed that two components of the state vector (4 ), i.e. 
k 

two heads, are measured. This means that all elements of H except two 

are zero. The resulting two elements are equal to one. Furthermore the 

measurement noise is assumed to be an independent multi-dimensional 

random Gaussian process with zero mean and covariance matrix R. Moreover 

the system noise and the measurement noise are assumed to be statisti- 

cally independent. The matrices Q and R are dealt with as known quanti- 



ties in the calculations. 

3 Estimation methods 

In this section two methods are described to estimate, among others, the 
-+ 

parameter 8. To estimate a general state vector xk for known parameters 

the Kalman filter can be formulated with the following set of equations: 

S 'L 
with initial conditions x and Po 

where 

and 
'L -+ 3 
Pk = E[(X - x,) (: - q)T] 

The derivation of this set of equations can be found, among others, in 

Sage & Melsa (1971) and OIConnell (1980). denotes the prediction of 
+ S -+ \ and \ denotes the optimal estimate of x,. The two methods will be 
discussed briefly only. A complete description and the derivation of the 

equations of the parameter estimation algorithms are given by Van Geer 

and Van der Kloet (1982). 



3.1 Single parameter estimation 

If the parameter 8 is unknown the algorithm (9) to estimate the state of 

the system cannot be used, because the matrices @ and A contain the un- 

known parameter. Since 8 is a scalar and 8 appears only linear in @ and 
'-" 

A,@ and 2 can be defined as a solution of: 

@ = I + 83 and A = e'k (10) 

Substitution of (10) in (7) yields: 

and since 8 is a scalar 

3 
Substitution of (11) in (8) yields, if the measurement error vk is ne- 

glected 

+ %+ 3 

Yk = H(@$k-l + + H(;~-~ + wk) (12) 

3 3 -  
Define the state estimation error ek = $k - I$~ then 

Equation (13) can be considered as a measurement equation for the para- 

meter 8, where 

is the parameter measurement matrix and 

is the parameter measurement noise. In order to use the algorithm (9) 



for estimation of the parameter 8 one needs a parameter system equation. 

Since 8 is assumed to be invariable with time this equation is very 

simple: 

Now the other quantities which are required to fill in the equations (9) 

can be calculated. One of these quantities is the variance p of the 
k 

-& 
estimation error of the parameter 8. At each timestep the value of @ 

k- 1 
should be known in order to calculate the measurement matrix for the 

+x HkX 
parameter estimation. The value of 4k-l can be obtained with the 

a 
measurements and vith (9 ) in which the estimate of the parameter (E) is 

substituted in @ and A. 
-f - 3 

The assumption v = 8 is allowed only if the value of vk is small in 
k 

comparison with the other quantities. To start the calculations one 
-yr A 

needs initial conditions for the waterlevel (@ ),  the parameter (go), 
'I, 

the covariance matrix P of the state estimation error and the covarian- 

ce po of the parameter estimation error. 

3.2 Statelparameter estimation 

In the state/parameter estimation two Kalman filters are used at each 

time step. The first filter is the state estimation. This state estima- 

tion differs from the equations (9) by replacing the parameter 8 by its 

optimal estimate ( 5  ) in the state transition matrix Q. The influence of 
k 

the uncertainty in the parameter value is taken into account by the 
'I, 

calculation of the covariance matrix Pk. The second Kalman filter is the 

parameter estimation. Again the parameter is considered as a state and 

the same parameter system equation (10) is used 

-'x S 
Now the quantity yk = H x .  is used as a measurement vector (see also 

O'Connell (1980)) in the parameter estimation and hence the measurement 

equation is of the £om: 



Again 

b 
Substituting (ga) in (9 ) one obtains: 

Multiplication of this equation by H yields: 

which is of the form (15). Now the same quantities as in the single 

parameter estimation (especially the variance pk of the parameter esti- 

mation error) can be calculated. 

There are three important differences between the single parameter esti- 

mation method and the state parameter estimation method: 

- an optimal state estimate is made with a Kalman filter algorithm in 

the state parameter method; 

- the measurement vector used in the parameter estimation filter in the 
=7 

state parameter method is H while in the single parameter estima- 
%'+ 

tion method the measurements (y ) themselves are used; k 
- in the single parameter estimation method the measurement error is 

neglected, in the state parameter estimation method this error is 

taken into account. 

4 Calculations and results 

4.1 Data generation 

The two estimation methods described in section 3 are applied to the 

flowproblem of section 2. First the data series of the observation wells 

have been generated by a discrete simulation model with a grid as de- 

fined in figure 3. 



0 1 2 3 4 5  
Figure 3 Grid used in the calculations 

The data level used, coincides with the average waterleve'l in the water- 

courses. Initially the groundwaterlevel is horizontal. The inputdata of 

the simulation model are given in table 2. 

Table 1 Input data of the simulation model 

Parameter AH 
2 

1 L2 L3 Ow 
Value 1000 m 2000 m 5000 m 0.6 m 0.0025 m 2 

Parameter 
2 

At AS T S 

Value 0.0001 m2 14 days 1000 m 50 m2/d 0.0002 

The heads in the strip of land have been calculated for 100 time steps. 

After every 13 time steps the water level in the watercourses drops or 

rises 2 . A H ,  as indicated in figure 2. The data which are used in the 

estimation models are the heads at distances 1000 m and 2000 m from the 

watercourse at the left side. 

4.2 Input of the estimation methods 

To perform the calculations of the estimation models one uses the input 

data of table 1 except the values of T and S. Instead of these para- - 2 meters an initial estimate 8 = 0.25 m /S  is taken, with variance 
2 po = 0.0025 m . The initial waterlevel is horizontal and if one assumes 

that all heads are measured at time k = 0 the initial value of the co- 



% 
variance matrix becomes P = R. The observation wells are located in the 

first two grid points and consequently the measurement matrix H is 

known. 

4.3 Results 

The result of the single parameter estimation method is given in figure 

4. This figure shows the estimate of the parameter 8 as a function of 

time. The straight line represents the 'real' value of the parameter. 

The given 95 % confidence interval is calculated with (17) 

95 % confidence interval r f 1.96 dp k ( 1  7) 

which is permitted if the assumptions of normality are satisfied. Figure 

5 gives the same function as in figure 4, but now calculated with the 

state parameter estimation method. In order to compare the two methods 

the variance of the parameter estimation error is given in figure 6 for 

both methods. Finally the variances of the state estimation error are 
b 

given for the non-measured gridpoints 3 and 4, in figures 7a and 7 . 

5 Discussion 

In principle it appears to be possible to estimate the parameters of 

groundwaterflow equations with the two methods described. The possibili- 

ty for practical application depends on the convergence of the confi- 

dence interval with time. In other words in how many timesteps does one 

have an acceptable small confidence interval. This convergence depends 

for a great deal on the value of the covariance matrix of the system 

noise and on the accuracy with which this covariance matrix can be 

estimated in a real situation. The advantages of the parameter estima- 

tion with the described methods are obvious when comparing with other 

methods of parameter estimation: 

- in the computerprograms existing measurement series of groundwater 

levels and heads can be used; 

- the computerprograms are much cheaper than field measurements. 



Figure 4 Estimate of 8 with single parameter estimation method 

Figure 5 Estimate of 8 with state parameter estimation method 



Figure 6 Variance of the parameter estimation errors*) 

a 
Figure 7 State estimation error variances of gridpoint 3*) 

Figure 7b State estimation error variance of gridpoint 4 *> 

*) legend: state parameter estimation 

-.-.-.-. single parameter estimation 



The single parameter estimation method is simpler (cheaper) than the 

state parameter estimation method. However it can only be applied when 

the measurement error is relatively small. Moreover the state estimation 

error is much larger with the first method than with the second method. 

This is due to the fact that the second method uses a Kalman filter for 

a state estimation. 

Of course one can use at each timestep, in addition to the sigle para- 

meter estimation method a state estimation with the algorithm (9). After 

a few iterations a good result will be obtained. If one is interested in 

an optimal estimate of the state and the parameter simultaneously it is 

easier to use the state parameter estimation method. The use of the 

single parameter estimation method is restricted to the estimation of 

the parameter in advance in case one is not interested in the estimation 

of the heads. 

With the two estimation methods one can get some insight in the variance 

of the used parameter and hence in the error of the interpolation of the 

heads. This insight can be useful for the design of a measurement net- 

work of heads. 
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Abstract  

The observat ional  d a t a  of the  mineral  spr ings  i n  Carlsbad/Karlovy Vary, 

~zechos lovak ia /  and these  of the c l i m a t i c  f ac to r s  a r e  considered as a 

da ta  matr ix  charac ter ized  by n ob jec t s  with p c h a r a c t e r i s t i c s .  

The aim of the  mu l t i va r i a t e  ana lys i s  i s  t o  describe t he  p e c u l i a r i t i e s  

i n  the behaviour of the  ob jec t s  by p l o t t i n g  them a s  po in t s  i n  a space. 

The r e s u l t s  of the c l u s t e r  ana lys i s  po in t  t o  the  main t rends  i n  the  be- 

haviour of the  sp r ings  when confronted with the  c l i m a t i c  f ac to r s  : Most 

of the spr ings  show more temperature v a r i a t i o n  ( r e f l e c t i n g  so t he  sea- 

sonal  changes i n  t he  a i r  temperature) than the y i e l d  v a r i a t i o n  which i s  

more pronounced only by one spr ing .  Although the  c l i m a t i c  f ac to r s  do 

exe rc i se  t h e i r  inf luence ,  the general  pa t t e rn  of the displayed c lu s t e r -  

groups manifests  the  i n t e r n a l  s t a b i l i t y  of the q u a n t i t a t i v e  parameters 

of t he  spr ings .  

1 In t roduct ion  

Presented paper i s  based on t h e  r e s u l t s  of the  research  work ca r r i ed  out  

by numerous s p e c i a l i s t s  of the  Geological Survey, Prague, Czechoslova- 

k i a ,  of which the  author  was one. The ensuing s t u d i e s  on the applica-  

t i o n  of the  s t a t i s t i c a l  methods t o  t he  evalua t ing  of the  extensive 

amount of the  observat ional  da t a  i n  Karlovy Vary was undertaken l a t e r  on 

by the  author who was enabled t o  make use of the computer technique 

abroad. 



2 Regional s e t t i n g  

2.1 Location 

Karlovy Vary Spa and the  surrounding a rea  a r e  s i t u a t e d  i n  t h e  western 

p a r t  of Czechoslovakia and belong t o  t he  Bohemian Highland c a l l e d  "The 

KruSn6 hory Mountains system1' which i s  an important  p a r t  of the  Bohe- 

mian Massif (Svoboda e t  a l . ,  1964). 

The region i s  montainous ; t he  maximum a l t i t u d e  of 1,200 m above sea- 

l eve l  i s  reached a t  the  nor thern  p a r t  of  Krugn6 hory. The lowest a l t i -  

tude is reached i n  the v a l l e y  of the  Ohre r i v e r  ,( 368 m above sea- level )  

which i s  the main d ra in  of the region together  wi th  i t s  right-hand tri- 

butary Tepla' r i ve r .  The occurrence of t he  thermal spr ings  i n  t h i s  ri- 

ve r ' s  bed gave i t  a f t e r  a l l  i t s  name - "Tepl5" means warm. 

2.2 Climate 

The pos i t i on  of Karlovy Vary Spa predetermines t he  charac ter  of i t s  

cl imate - t he  cont inenta l  and highland type of c l imate  dominates t h i s  

area.  There a r e  long cold w in t e r s  with t he  snow cover remaining f o r  

60-80 days. The coldes t  month i s  January wi th  an average temperature 

of - 2 . 2 " ~ .  The summer i s  mostly sho r t  and r a t h e r  cold wi th  the  h ighes t  

temperature i n  Ju ly  - t h i s  month's average temperature i s  1 6 . 9 " ~ .  

( The da t a  taken from : Climate i n  CSSR, 1961 1. 

3 Geological and Hydrogeological f e a t u r e s  

General geologica l  f ea tu re s  of the  region a r e  t he  c r y s t a l l i n e  complex 

penet ra ted  by Variscean g r a n i t e s  and t ec togene t i c  s t r u c t u r e  charac ter i -  

zed by two main d i r ec t ions  of the  t e r r i t o r y  - t he  NE-SW (Krugn6 hory 

Mts d i r e c t i o n  and the NW-SE ( ~ u d e t e s  M t s  d i r e c t i o n ) .  Tectonic move- 

ments repeated i n  the  main d i r ec t ions  during a l l  important per iods  

crea ted  complicated f a u l t e d  s t r u c t u r e  wi th  most s t r i k i n g  Krugn6 hory 

t ec ton ic  graben wi th  T e r t i a r y  i n f i l l i n g s  extending NE-SW d i r e c t i o n  , 
see F igu re  1. The reopening and re juvenat ion  of the o ld  r a d i a l ,  deep 

reaching Variscean f a u l t s  i n t o  the  Karlovy Vary g r a n i t e  massif during 



0 
Praha 

Figure 1 G e o l ~ g i c a l  scheme of t he  Krusn6 hory Mts system 

1 - Precambrian rocks,  metamorphosed. 
2 - Paleozoic rocks,  unmetamorphosed. 
3 - Paleozoic rocks, metamorphosed. 
4 - Variscean magmatics. 
5 - Sediments folded. 
6 - Neogene e f fus ive  rocks. 
7 - F a u l t s ,  mylonitized zones. 

the l a s t  Saxonic tec togenet ic  period and the following volcanic ac t iv i -  

t y  were apparently the most favourable condit ions f o r  the genesis of the 

thermal mineral waters i n  t h i s  area.  

The ascent  of the  thermal mineral waters i n  Karlovy Vary Spa is deter-  

mined by the cross ing  of the Karlovy Vary Spring l i n e  and the submeri- 

d ional  f a u l t  zone and occurs most probably from the deep sea ted  zone of 

o r i g i n  up i n  the  common main stream together with the  f r e e  C02 gas near 

t o  the  surface  where f i n a l l y  the waters ramify following the  d i r ec t ion  

of the  Karlovy Vary Spring l i n e ( M y s l i 1  i n  : J e t e 1  et: a l . ,  1964). 

The mineral spr ings  d i f f e r  ocly i n  t h e i r  temperature and t h e i r  y i e ld ,  

while the chemical composition and the  minera l iza t ion  a r e  almost the 

same f o r  a l l  the spr ings .  



According t o  t h e i r  y i e l d  and temperature t he  sp r i ngs  a r e  d iv ided  i n  two 

main groups : The "large" sp r i ngs  - wi th  t h e  "Sprudel" a s  t h e  most fa-  

mous and a t t r a c t i v e  one - i s s u e  i n  the  c e n t r e  a l t o g e t h e r  about  1,500 - 
2Q00 l /min,  t h e i r  temperature vary ing  between 71-72.5"~. The "small" 

sp r i ngs  d i s p e r s e  along t he  r i v e r  ~ e p l a '  i n  t he  t o t a l  l eng th  of  1,250 m 

and t he  a l t i t u d e  v a r i a t i o n o f  20 m. The i r  t o t a l  y i e l d  i s  about  80-100 

l/min, t he  temperature v a r i e s  widely from 3 5 ' ~  t o t  65O~ .  

Se lec ted  sp r i ngs ,  t h e i r  c h a r a c t e r i z a t i o n  and t he  observa- 

t i o n a l  pe r i od  choice  

The more v a r i a b l e  group of "small" sp r i ngs  i nc ludes  nowadays 10 regular -  

l y  observed sp r i ngs .  Considering t h e i r  d i f f e r e n t  phys i ca l  parameters  

and t he  va r i ous  outf low p o s i t i o n ,  5 of t he se  sp r i ngs  have been chosen 

a s  r e p r e s e n t a t i v e  : The C a s t l e  Spr ing  (h ighes t  outf low, h i g h e s t  tempe- 

r a t u r e ) ,  t he  M i l l  Spr ing  ( lowes t  y i e l d ) ,  t he  Market Spring,  the  E l i s a -  

be th ' s  Spr ing  ( lowest  temperature)  and t he  Park Spr ing  (border  spr ing) .  

The choice of  the  t e s t e d  pe r i od  was predetermined by the  condi t ion  of 

t h e  l e a s t  pos s ib l e  e x t e r n a l  i n t e r f e r e n c e s  w i th  t he  regimen of the  

spr ings  and t he  l a r g e s t  p o s s i b l e  con t i nu i t y  of t he  records  f o r  t h e  s t a -  

t i s t i c s  sake.  

The d a t e  f o r  the  s e l e c t e d  pe r i od  of the  y e a r s  1922-1930 h o n t h ' s  ave- 

rages computed from the  d a i l y  measurements 3 were en t e r ed  i n  t he  compu- 

t e r  i n  f ou r  sequences each comprising t h r e e  over lapping  y e a r s ,  i . e .  

1922-1923-1924 ; 1924-1925-1926 and s o  on. 

5 Mu l t i va r i a t e  a n a l y s i s  

The aim of t he  m u l t i v a r i a t e  techniques a s  used he r e  was t o  a t t r a c t  the  

a t t e n t i o n  t o  c e r t a i n  p e c u l i a r i t i e s  i n  t h e  behaviour of t he  o b j e c t s  by 

r ep re sen t i ng  them a s  a  s e t  o f  p o i n t s  i n  2-dimensional space. 

Two a l t e r n a t i v e  approaches t h a t  should complement each o t h e r  were used : 

a) the  p r i n c i p a l  components a n a l y s i s  s o  as t o  have a r ep r e sen t a t i on  

wherein t h e  major con t r i bu t i on  t o  t he  g loba l  v a r i a b i l i t y  - measured a s  

the  sum of  squared pa i rwise  taken e u c l i d i a n  d i s t ance s  between t h e  o b j e c t s  



was visual ized ,  and 

b)  a p a r t i t i o n i n g  technique followed by a canonical  representa t ion  of 

the groups obtained (De Meuter and Symons, 1975) .  

That should eventual ly  allow pu t t ing  i n  evidence such re levant  informa- 

t i o n  t h a t  escaped our a t t en t ion  by looking a t  the  p l o t  of the f i r s t  two 

p r inc ipa l  components. 

5.1 P r inc ipa l  component ana lys i s  

Given number of spr ings  a s  n ob jec t s  with p c h a r a c t e r i s t i c s  the da ta  

matrix has been b u i l t  up i n  the way t h a t  throughout a l l  four  sequences 

each spr ing  was charac ter ized  by f i v e  va r i ab le s  - the c h a r a c t e r i s t i c s  

of the  spr ing  and the  c l imat ic  f ac to r s .  During a l l  the  procedures the 

ind ica t ion  of the va r i ab le s  i s  the  following : 

Variable 1 - y i e l d  of the sp r ing  

Variable 2 - temperature of the  sp r ing  

Variable 3 - barometric pressure  

Variable 4 - a i r  temperature 

Variable 5 - p r e c i p i t a t i o n  

To gain the maximum information about the v a r i a b i l i t y  of the s e t s  the 

da t a  matrix w i l l  be transformed by r i g i d  ro t a t ion  s o  t h a t  we obta in  

a new s e t  of va r i ab le s  tha t  had reduced the multidimensional space t o  

the l e a s t  possible number of dimensions. The demand on the new s e t  w i l l  

be t h a t  the f i r s t  new var iable  explains the l a r g e s t  poss ib le  p a r t  of the  

t o t a l  v a r i a b i l i t y ,  the second new va r i ab le  represents  the l a rges t  possi-  

b l e  cont r ibut ion  t o  the remaining p a r t  of it and s o  on. 

The f i r s t  i n s igh t  i n t o  the s t r u c t u r e  of our da ta  s e t s  we gain from the 

t o t a l  co r re l a t ion  matrix (Table 1) . 
The t o t a l  co r re l a t ion  matrix reveals  the valuable co r re l a t ion  between 

the y i e ld  and the temperature of the  springs and l e s s  valuable correla-  

t i on  between the a i r  temperature and the p rec ip i t a t ion .  



Table 1 Tota l  c o r r e l a t i o n  matr ix  

Variable 1 2 3 4 5 

For technica l  reason the  t a b l e s  and the  f i g u r e s  a r e  not  presented f o r  
a l l  four  sequences unless  t h e  d a t a  o r  t he  genra l  p a t t e r n  d i f f e r .  

P l o t t i n g  t h e  ob jec t  po in t s  along the  f i r s t  two p r i n c i p a l  axes, (F igu re  

2 )  , two f e a t u r e s  a r e  brought t o  our a t t e n t i o n  : 

Figure 2 P l o t  of t h e  spr ings  along f i r s t  two p r inc ipa l  axes 

Symbols r e f e r  t o  t h e  cluster-groups cha rac t e r i z ing  each spring:  

A - Castle Spring. 
B - M i l l  Spring. 
C - Market Spring.  
D - Elisabethr 's  Spring. 
E - Park Spring.  

w - winter  per iod  o 

s - summer period a 

p.c. - p r i n c i p a l  
components. 



a )  We can d i s t i ngu i sh  de v i s u  t h r e e  s epa ra t e  swarms ( e n c i r c l e d  i n  the  

p l o t ) .  The f i r s t  one contains a l l  de sc r ip t ions  of the  Cas t le  Spring. 

This i s  c l e a r l y  separa ted  from the  two remaining ones t h a t  l i e  c lo se  to- 

gether.  That one of them t h a t  i s  f a r t h e s t  removed from the  Cas t le  

Spring-swarm conta ins  a l l  E l i s abe th ' s  Spring desc r ip t ions ,  the o ther  

one a l l  descr ip t ions  from the  remaining three  spr ings .  

b )  I n  each of t he  swarms a c l e a r  d i s t i n c t i o n  i s  made between the  win- 

t e r  descr ip t ions  (upper s ide )  and the  summer desc r ip t ions  (lower s i d e ) .  

This  p l o t  gives no ind i ca t ion  whatever t h a t  t he re  should be some sys- 

tematic d i f f e r ence  between those t h ree  spr ings .  That such d i f ference  

e x i s t  w i l l  only become c l e a r  by using the  complementary p a r t i t i o n i n g  

technique. 

5.2 C lus t e r  ana lys is  

The bes t  poss ib le  p a r t i t i o n  of the  n objec ts  i n t o  a given number of k 

groups w i l l  be defined a s  t he  one f o r  which some cr i te r ion-funct ion  

i s  optimized. Each p a r t i t i o n  enables us t o  w r i t e  the  c o r r e l a t i o n  ma- 

t r i x  a s  a sum of two sepa ra t e  mat r ices  : one, noted W, needed t o  descr i -  

be the  within-groups v a r i a b i l i t y  , another one, noted B ,  needed t o  

descr ibe  the between-groups v a r i a b i l i t y .  

We did  choose the In of the r a t i o  1 w + B I  / I W I a s  the  cri ter ion-func- 

t i o n  t o  be maximized. 

The search f o r  the  b e s t  p a r t i t i o n  was done using the  s t r a t e g y  developed1 

by Rubin and Friedman (1967). 

We propose a comparison between the  a p o s t e r i o r i  p a r t i t i o n  i n t o  20 

cluster-groups wi th  t he  a p r i o r i  p a r t i t i o n  i n t o  5 spr ings .  The number 

of cluster-groups,  f a r  exceeding thenumber of sp r ings  w i l l  r e s u l t  i n  

more homogeneous groups. 

The summary of the  f i n a l  b e s t  p a r t i t i o n s  a s  shown i n  Table 2 gives us 

an imagination about the  s t r u c t u r e  of the da ta  s e t s  : 

The c l u s t e r i n g  of t he  ob jec t s  i n t o  20 groups is throughout a l l  four  se- 

quences q u i t e  r egu la r  ; most of the  ob jec t s  a r e  spread i n t o  4-5 separa- 

t e  groups, only the objec ts  cha rac t e r i z ing  the Market and the Park 

Springs a r e  always found i n  a common group. 



Table 2 Final set memberships for best partition 

r -m N, m " 2 



For v i sua l i z ing  the r e l a t i o n s  between and wi th in  the  groups we can p l o t  

them along the canonical  axes. Projec ted  on the plane generated by the 

f i r s t  two canonical v a r i a t e s  the general  pa t t e rn  of the  displayed clus- 

ter-groups ( Figure 3 ) reveals  some re levant  information about the va- 

r i a b i l i t y  between and wi th in  the groups. 

For the separa t ion  of the c l u s t e r s  along the ho r i zon ta l  ax i s  i s  the 

f i r s t  canonical va r i ab le ,  i . e .  the y i e l d  of the spr ings ,  responsible.  

The separa t ion  along the v e r t i c a l  ax i s  i s  due t o  the second canonical 

va r i ab le  - the  temperature of the spr ings .  

Most of the c l u s t e r s  form separated e l l i p s o i d s  elongated i n  the ve r t i -  

c a l  d i r ec t ion ,  only the  c l u s t e r  represent ing  the Cas t le  Spring i s  elon- 

gated i n  wry d i r e c t i o n  and f a r  d i s t a n t  t o  the r i g h t .  

Figure 3 P lo t  of t he  spr ings  alongs f i r s t  two canonical  axes 

See Figure 2 f o r  meaning of symbols; 

C.V. - canonical  v a r i a t e  



The v a r i a b i l i t y  of the spr ings  when confronted wi th  the  c l ima t i c  fac- 

t o r s  can be l ikewise observed studying the  values of t h e i r  s tandardized 

means ( Table 3 ). Throughout a l l  four  sequences the  y i e l d  va r i a t i ons  

a r e  s t rong ly  pronounced by the  Cas t le  and the  Park Springs,  l e s s  by the 

Market Spring and inapprec iable  by the M i l l  and the  E l i s abe th ' s  Springs. 

Inverse ly  t he  temperature va r i a t i ons  a r e  unnoticeable by the  Cas t le  

Spring and we l l  pronounced by a l l  the  remaining spr ings .  

6 Conclusion 

Considering the  deductions of the  mu l t i va r i a t e  ana lys i s  and pa r t i cu l a r -  

l y  the  c l u s t e r  ana lys is  t he  inf luence  of the  c l ima t i c  f ac to r s  on the 

regimen of the  examined mineral  spr ings  i s  t o  b e  est imated a s  a c t i n g  

d i f f e r e n t l y  on the i nd iv idua l  spr ings .  

Most of the  spr ings  produce h igher  temperature v a r i a b i l i t y  compared t o  

the v a r i a b i l i t y  of t h e i r  y i e l d  i nd i ca t ing  s o  the  d i r e c t  response t o  

the seasonal  a i r  temperature va r i a t i ons .  

The e f f e c t  of the  p r e c i p i t a t i o n  wi th  the  reverse  r e l a t e d  barometric 

pressure i s  more d i f f i c u l t  t o  t r a c e  and can be explained r a t h e r  hydrau- 

l i c a l l y  ( M y s l i l ,  Opavskd i n  : J e t e 1  e t  a l . ,  1964). 

The p r e c i p i t a t i o n  and the  barometric pressure  cont r ibute  t o  the  o sc i l -  

l a t i o n  of the  surrounding ground water  l eve l  t h a t  i n  i t s  t u rn  a f f e c t s  

the outflow of the spr ing .  The except ional  pos i t i on  of the  Cas t le  

Spring during the analyses wi th  i t s  h igh  y i e l d  v a r i a t i o n  is to  be re- 

f e r r ed  t o  t he  r ec ip roca l  i n t e r a c t i o n  of the above mentioned c l ima t i c  

f a c t o r s  which is  enhanced by t h e  h ighes t  i s s u e  a l t i t u d e  of t he  a l l  ob- 

served spr ings .  

The wi th ing  group v a r i a b i l i t y  can be evalua ted  considering the  d i f f e -  

rences between the  utmost po in t s  of each c l u s t e r .  For the c l u s t e r s  of 

the M i l l ,  t h e  Market, t he  E l i s abe th ' s  and p a r t l y  t he  Park Springs the  

v a r i a b i l i t y  along the second canonical  ax i s  dominates, while f o r  t h e  

c l u s t e r  of t he  Cas t l e  Spring t h e  v a r i a b i l i t y  along the  f i r s t  canonical  

ax i s  is more pronounced. 

Within t he  c l u s t e r s  of the  Mil l ,  the Market and the  E l i s abe th ' s  Springs 



Table 3 Standardized means z in each group. 
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the d lv l s lon  concernxng the  ob jec t s  representing respectively the  sum- 

mer and the  winter  per iod  can be observed. 

The genera l  unchangeable p a t t e r n  of the displayed c l u s t e r s  throughout 

t he  observed per iod  gives however evidence of the  i n t e r n a l  s t r eng th  and 

the s t ead ines s  of the  t e s t e d  group of spr ings  i n  view'of the  c l ima t i c  

f ac to r s .  This can be regarded a s  an important aspect  support ing the  

theory of the  ascent  of the  thermal waters i n  the  common huge stream 

t h a t  ramif ies  only near  t o  the  su r f ace  making the spr ings  vulnerable 

only i n  t he  very l a s t  phase of the  ascent .  

P r a c t i c a l  app l i ca t ion  of t he  r e s u l t s  of these  analyses can give guidance 

f o r  the  maintenance of the sp r ings  i n  the  choice of  the s u i t a b l e  time 

f o r  recaptures ,  repa i res  o r  o the r  in ter ferences .  
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Abstract 

In India, dug wells are a primary source of groundwater for irrigation 

and domestic use. Determination of parameters of aquifers tapped by dug 

wells is thus important for optimal exploitation of the groundwater 

resources. 

Hydrological tests, performed by using the pumps installed by farmers 

on dug wells, show a sharp decline in the discharge with time. Also the 

wells are emptied in a few hours because of high capacity of pumps. 

Satisfactory hydrological tests on dug wells, lasting for several hours 

and indicating significant aquifer response, are possible only if the 

discharge is kept low and constant. This objective has been achieved 

through a new device which involves return of a variable fraction of the 

output to the well. Details of the device are described. Some examples 

of use of this device in estimation of parameters of aquifers tapped 

by dug wells in the Deccan Trap basalt lava formation are described. 

The analytical solution by Papadopulos and Cooper (1967) was used for 

interpretation of the time-drawdown data. 

1 Introduction 

The sirnple and cheap method of exploiting groundwater practiced in 

India and other Souht Asian countries since ancient times, involves 

digging of large diameter shallow wells tapping mostly the near surface 

aquifers. Even at present, major exploitation of groundwater resources 



i n  India i s  through dug wells .  A 2  t h e  bngia2ing of t he  year 1978, about 

79% of the  t o t a l  e x i s t i n g  wel ls  i n  India  were dug wel ls  (Baweja, 1979), 

18% were shallow bore-tubewells and r e s t  3% were deep tube wel ls .  Lahi r i  

(1975) has est imated t h a t  about 71% of the  groundwater d r a f t  i n  Ind ia  

was from dug wel ls .  

Approximately two t h i r d  (2.4 mi l l i on  sq.km)of the  t o t a l  a rea  of India  

is covered by hard rocks such a s  g ran i t e s ,  gneisses ,  s c h i s t s ,  b a s a l t s  

and indurated precambrian sediments. The farming community i n  these  

areas  i s  heavi ly  dependant on dug we l l s  as  a supplementarysource f o r  

i r r i g a t i o n  and domestic use. A b e t t e r  understanding of aqui fer  charac- 

t e r i s t i c s ,  a s  r e f l e c t e d  i n  dug we l l s ,  i s  therefore ,  important f o r  an 

optimum development of groundwater resources.  

A dug well  s ec t ion  i n  hard rock comprises a top l aye r  of weathered 

mantle o r  r e g o l i t h  which gradually changes with depth i n t o  wearhered 

rock and then t o  f r e sh  rock which may be jo in ted  and f rac tured .  Some 

of the  dug we l l s  a r e  e n t i r e l y  i n  the  rocks, wi th  a t h i n  s o i l  cover, 

while some, e spec ia l ly  i n  low ly ing  o r  v a l l e y - f i l l  a r eas  a r e  e n t i r e l y  

wi th in  overburden o r  alluvium. 

2 Aquifer t e s t s  using dug wel ls  

Aquifer t e s t s  i n  dug wel ls  have been ca r r i ed  ou t  by various workers 

(Raju and Raghav Rao, 1969; Adyalkar and Mai, 1964; Deolankar, 1981). 

The dug wel ls  i t s e l f  served a s  an observation wel l  i n  most of t he  

cases.  Some of t he  t e s t s  were made under an assumption t h a t  the  d i s -  

charge from t h e  pumps powered by e l e c t r i c a l  motors remained cons tant  

throughout t he  t e s t  dura t ion .  However,in dug we l l s  t he re  is a gradual  

decl ine  i n  the  discharge because the  head of t he  water,  s tored  above 

the  foot  valve of the  pump, dec l ines  with pumping time. We have s tudied  

the  va r i a t ion  i n  discharge with time i n  the  case  of s eve ra l  dug we l l s  

i n  b a s a l t  flows, and two examples of such a dec l ine  a r e  shown i n  

Figure 1 .  



I 
-TIME SINCE PUMP STARTED IN MINUTES - 

Figure  1 Discharge v a r i a t i o n  wi th  time i n  t he  case  of 

two dug we l l s  i n  b a s a l t s  

An add i t i ona l  problem i s  t h a t  farmers genera l ly  use high capaci ty  

pumps and the  we l l s  a r e  emptied wi th in  two t o  t h r e e  hours of pumping. 

The r a t e  of d ischarge  through these  pumps i s  very  h igh  compared t o  t he  

r a t e  of inflow t o  t h e  wel l  (Same l ,  1974). This i s  p a r t i c u l a r l y  t r u e  i n  

t h e  case  of t he  dug we l l s  i n  hard rocks having poor transrnissivi ty.  

A s a t i s f a c t o r y  pump t e s t  i n  dug we l l s  has t o  l a s t  a t  l e a s t  f o r  a few 

hours,  i n  order  t o  g e t  t he  aqu i f e r  response. The d ischarge  i s  thus 

requi red  t o  be kept  low a s  we l l  a s  cons tant .  One method of achieving 

t h i s  i s  t o  in t roduce  a con t ro l  va lve  on t h e  output  p ipe  of . the e x i s t i n g  

pumping system. However t h i s  i s  no t  des i r ab l e  a s  i t  may cause damage 

t o  t h e  pumping device,  because of t h e  back pressure  which develops 

when the  discharge i s  required t o  be kept  q u i t e  low and f o r  s eve ra l  

hours.  We have the re fo re  f ab r i ca t ed  a simple, cheap and por table  device ,  

which can be e a s i l y  f i t t e d  on the  output  l i n e  of t h e  e x i s t i n g  pump and 

used f o r  keeping t h e  discharge cons tant  and a t  a des i r ed  (low) va lue  

throughout a dug we l l  pump t e s t .  



Device f o r  low and constant  

d ischarge  from dug we l l s  

A diagrammatic ske tch  of t h e  device i n s t a l l e d  on a dug we l l  i s  shown 

i n  Figure 2. The uncontrolled d ischarge  from t h e  w e l l  pump i s  d ive r t ed  f o r  

t r a n s i t  s t o rage  i n  a b a r r e l  of 200 l i t r e  capaci ty .  The water  is re leased  

i n  t he  b a r r e l  through a p ipe  (6.5 cm diameter )  reaching almost upto i t s  

bottom. Two o u t l e t s  a r e  f i xed  on the  ba r r e l .  One of them i s  i n  t h e  

na ture  of a V-notch having graduations.  This o u t l e t  is f ixed  j u s t  below 

t h e  top r im of t h e  b a r r e l  so  t h a t  t h e  water  leaves  t h e  drum a s  an  over- 

flow along t h i s  r e s t r i c t e d  channel. The o the r  o u t l e t  i s  a p ipe  (5 cm dia-  

meter) f ixed  a t  t h e  bottom of t h e  b a r r e l  and i s  used f o r  r e tu rn ing  a 

f r a c t i o n  of t he  discharge t o  t h e  we l l .  This pipe i s  connected t o  a 

f l e x i b l e  hose p ipe  through a con t ro l  valve.  The hose pipe i s  i n se r t ed  

i n  the  we l l  below t h e  water  l e v e l  till i t  almost touches t h e  we l l  

bottom, so  t h a t  t h e  r e t u r n  flow does not  g ive  r i s e  t o  any turbulence.  

The amount of r e t u r n  flow can be va r i ed  through manipulations of cont ro l  

valve.  Since the  r e t u r n  flow t o  t he  we l l  is always l e s s  than  the  amount 

taken out  by pump, t he  p o s s i b i l i t y  of recharge t o  t h e  well  due t o  the 

r e t u r n  flow does not  a r i s e .  

Figure 2 Diagrammatic ske tch  showing the  cons t an t  dicharge devices 

i n  use 



Under t h i s  arrangement, the overflow from the V-notch becomes the ne t  

discharge from the  well  during the hydrological t e s t .  The amount of over- 

flow i s  preset  and an appropriate mark i s  made on the  V-notch of the  

ins ide  wall of the  ba r re l .  It i s  ensured tha t  the  water level  of the  

overflow i s  kept a t  t h i s  mark throughout the pumping t e s t .  In  ac tual  

p rac t i ce ,  s ince  the  i n i t i a l  uncontrolled discharge i s  r a the r  high, the  

control  valve on the  re tu rn  flow l i n e  i s  kept nearly open a t  the s t a r t  

of the  pumping t e s t .  With progress of pumping t e s t  the  ac tua l  discharge 

undergoes gradual decl ine  and the  control  valve on the  re turn  flow l i n e  

is gradually closed i n  tandem with the  decline,  so t h a t  the quantum of 

r e tu rn  flow to  the  wel l  a l so  gets  correspondingly reduced. The n e t  dis-  

charge from the  wel l  a s  measured by the  quantum leaving the  ba r re l  along 

the  V-notch i s  thus kept constant throughout the  pumping t e s t .  As a 

seperate  check on the  constancy of the  n e t  discharge and a l so  t o  

determine i t s  absolute value, the  time required t o  f i l l  a 100 l i t r e  

drum, placed below the  overflow, i s  measured a t  frequent in te rva l s  

during the pumping t e s t .  

4 Analysis of pump t e s t  da ta  

The time-drawdown p l o t s  of large  diameter wells a r e  made of two i n i t i a l  

segments. The f i r s t  s t r a i g h t  l i n e  por t ion i s  a r e s u l t  of the  e f fec t s  

of wel l  storage and does not accurately represent the  aquifer  

cha rac te r i s t i c s .  However, the subsequent convex (upward) segment can 

be used f o r  determining the parameters of aquifers by using the 

Papdopulos and Cooper (1967) method. I n  the case of unconfined aquifers ,  

as  P r i c k e t t  (1965) has pointed out ,  t he  response w i l l  be s imi lar  t o  t h a t  

of a confined aquifer  during the e a r l y  s tage  of pumping. Narasimhan 

(1968) has been applied the Papadopulos and Cooper (1967) method i n  the  

case of l a rge  diameter wells i n  water-table aquifers .  We have therefore 

used the Papadopulos and Cooper method t o  analyse the ea r ly  s tage  

response of dug wel ls  i n  water t ab le  aquifer .  



5 Examples 

We have carried out pump tests on dug wells in Deccan Trap basalt flows 

at 29 places, in the Godavari-Purna basin of Aurangabad district using 

the constant discharge device. The duration of pumping test varied from 

2 to 8 hours. The constant discharge rate for each test was selected on 

the basis of a discussion with the farmer about the well behaviour. 

The dug well itself was used for monitoring water level. Time-draw- 

down curveswereplotted on a log-log paper and four such tests are 

shown in Figure 3. All the time-drawdown curves were matched with the 

master curves prepared by Papadopulos and Cooper (1967) and the trans- 

missivity and the storage coefficient values were calculated (Table 1) 

using the equations given by these authors, who state that although 

determination of storage coefficient is possible by their method, the 

values have questionable reliability. As has been pointed out by 

Papadopulos and Cooper (1967) themselves, the determination of the 

transmissivity value is not very sensitive to the choice of the master 

T ( rn2/d 

+ SULTANPUR 247 
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TIME SINCE PUMP STARTED (Minutes)---+. 

Figure 3 Time-drawdown plots of pumping tests data for dug wells 

in basalt flows using constant discharge device 



Table 1 .  Transmissivity of aqu i f e r s  tapped by 
dug wel ls  i n  b a s a l t  flows 

Transmissivity Storage Lithology of 
Location m2/day c o e f f i c i e n t  Well Section 

Gevrai 552 0.21 Regoli th under la in  by jo in ted  
and f rac tured  b a s a l t  

Dongargaon 434 0.19 Alluvium under la in  by 
breccia ted  b a s a l t  

Boigaon 344 0.05 Alluvium under la in  by 
ves i cu la r  b a s a l t  

Sul  tanpur 247 0.13 Alluvium 

Chauka 155 0.027 Regoli th under la in  by jointed 
and f rac tured  b a s a l t  

Akola 2 15 0.01 Alluvium 

Haldula 155 0.010 Regolith under la in  by jo in ted  
and f r ac tu red  b a s a l t  

Dhop teshwar 15 1 0.01 Alluvium 

Phulambri 123 0.02 Alluvium 

Pimpalkhuta 1 16 0.009 Alluvium under la in  by 
breccia ted  b a s a l t  

Ganori 9 1 0.012 Weathered ves i cu la r  b a s a l t  

Devlana 76 0.01 Weathered ves i cu la r  b a s a l t  

Phulambri 7 5 0.01 Join ted  and f r ac tu red  b a s a l t  

Badanapur 7 4 0.008 Join ted  and f r ac tu red  b a s a l t  

Dongargaon 6 9 0.001 Weathered ves i cu la r  b a s a l t  

Relgaon 6 1 0.013 Weathered ves i cu la r  b a s a l t  

Dhamangaon 5 5 0.008 Weathered ves i cu la r  b a s a l t  

Sa ra i  53 0.012 Weathered ves i cu la r  b a s a l t  

Valha 48 0.008 Vesicular  b a s a l t  

Taj napur 45 0.01 Massive b a s a l t  

Ganori 39 0.003 Vesicular  b a s a l t  

Bb and egaon 37 0.018 Vesicular  b a s a l t  

Kingaon 36 0.015 Massive b a s a l t  

Jategaon 3 2 0.023 Vesicular b a s a l t  

Khadgaon 2 3 0.001 Massive b a s a l t  

Shelgaon 23 0.03 Massive b a s a l t  

Khuldabad 20 0.07 Vesicular  b a s a l t  

Gokulwadi 18 0.08 Massive b a s a l t  

Shi rudi  Kd. 15 0.014 Massive b a s a l t  



curve; however, the value of s torage coe f f i c i en t  changes by an order 

of magnitude when the  data  p lo t  i s  moved from one to  another adjacent 

master curve. 

I n  view of the uncertainty i n  the s torage coe f f i c i en t  values thus 

determined, we have t r i e d  t o  obtain an independant check on t h e i r  

r e l i a b i l i t y .  I n  the  case of 11 wells out of the  29 s i t e s  l i s t e d  on 

Table 1 ,  water l eve l  f luc tua t ion  data was a l s o  avai lable  f o r  the year 

1980-1981. The di f ference i n  pre and post monsoon water l eve l s  was 

used along with s torage coe f f i c i en t  values f o r  ca lcula t ing the  recharge 

t o  the phrea t i c  aquifer .  These values were compared with those obtained 

by Athavale e t  a l .  (1982) through the Tritium in jec t ion  technique. The 

two s e t s  of values (Table 2) show a reasonable agreement: i n  seven out 

of eleven cases.  

This study thus indicates  t h a t  approximately r e l i a b l e  values of the  

storage coe f f i c i en t  can be obtained by using the Papadopulos and 

Cooper (1 967) method. 

Table 2 Comparison between recharge values by hydro- 
geological and Tritium in jec t ion  methods 

Waterlevel Specif i e  Recharge Hydro- Recharge : ~3 
Location change h y ie ld  geological: method (cm) 

i n  en (SY) h x Sy (post monsoon 
(em) values) 

Gadana 140 0.05 7.0 6.2 

Takli 215 0.05 10.8 

Ganori 270 0.012 3.2 

Varegaon 250 0.015 3.8 

Phulambri 260 0.02 5.2 

Pimpalgaon 105 0.05 5.2 

Lambkana 125 0.009 1.1 

Pimpalkhuta 130 0.009 1.2 2.6 

Wala 140 0.008 1.1 1.1 

Selgaon 125 0.030 3.7 

Dhopteswar 165 0.01 1.7 



6 Conclusion 

A simple and cheap device has been developed for keeping the discharge 

low and constant in the case of aquifer tests performed on dug wells. 

The device has been used in determining parameters of phreatic aquifers 

in the Deccan Trap basalt lava flows. Results obtained through pumping 

tests on 29 dug wells show a variation in transmissivity values from 
2 2 

552 m Id to 15 m Id. The storage coefficient values vary between 0.21 

to 0.001. 
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Abstract 

The drawdown of the groundwater level in  a pmpirg t e s t  can be deter- 

mined by measuring the transit-time of ultrasonic pulses in the water. 

An ultrasonic transducer is placed several m t e r s  helm the water table 

i n  each observation wel l .  The transmitted pilse is reflected by the 

water surface arid detected a t  the transducer. The design of the masur- 

ing equipment; ncrmber and spacing of the *emation wells; accuracy of 

the measurerents of the water table level; aqu i s i t i on  of other data such 

a s  pumping rate ,  baranetric pressure, t enpra ture ,  ard conductivity of 

the water; and data  q u i s i t i o n  arid processirg +re discussed in  de ta i l .  

The resul ts  of a punping t e s t  in  a very permeable aquifer of coarse 

gravel i n  the upper part of the I l l e r  Valley i n  the Alp foreland (near 

Ravensburg in Baden-Wiirttenbeq) clearly show tha t  the accuracy of the 

data  obtained by th i s  mthod is decisive for  the evaluation of the test. 

Because of the ccmplicated geanetry of aquifers, it is necessaq to ob- 

t a i n  the data £ran wlls that are spaced a s  clasely a s  p s i b l e  i n  order 

t o  be able to delineate the hydraulically effective bcundaries. %ile 

the influence of the b n d a r i e s  of a simple, rectargular crass-section 

can be described analytically by relat ively few measurements, the g e e  

hydraulic boundaries of the naturally fonned crass-section of a valley 

can be detennined only in the course of relat ively long study. 



Enregistrement des donnees l o r s  d f e s s a i s  de pompage 3 l f a i d e  

de l a  methode de l a  "mesure du niveau dteau par  l a  mesure du 

temps de parcours des impulsions ultrasoniquestt .  - Calcul des 

param&x-es hydrauliques des aquifkres. 

Les rabattements du niveau dfeau  l o r s  des e s s a i s  de pompage sont 

determines 3 l f a i d e  de l a  mesure du parcours dfune  impulsion 

ultrasonique. Dans chacun des piezomktres un v ibra teur  u l t r a -  

sonique e s t  pendu quelques mstres au-dessous du niveau de l a  

nappe. Ltimpulsion kmise e s t  r e f l ec tke  au niveau dfeau  e t  r e p e  

par l e  v i b r a t h r .  Les d e t a i l s  techniques su ivants  sont t r a i t d s  

cornme su i t :  construct ion de l f a p p a r e i l l a g e  de mesure, nombre e t  

d i s tance  des pi6zomktres qu i  sont  observes simultanement, 

exact i tude de l a  mesure du niveau dfeau,  enregistrement d f a u t r e s  

donnees (p.ex. deb i t  pompe, prec ip i ta t ion ,  pression atmospherique, 

temperature, conductivi te  Blectr ique de l f e a u  ex t r a i t e ,  enre- 

gistrement e t  t rai tement  des donnges). 

Le r e s u l t a t  des travaux depend de fayon dec i s ive  de l f e x a c t i t u d e  

des donnees obtenues, comme l e  montre l fexemple dfun  e s s a i  

de pompage dans l f a q u i f k r e  t r k s  permeable d fun  gravier  g ros s i e r  

s i t u e  dans l e  haut de l a  va l l6e  de t t I l l e r"  (avant-pays a lp in-dans  

l e  d i s t r i c t  de Ravensburg,  ade en-liiirttemberg). A cause dlune 

gbomktrie compliquee une sequence rapide des donnees e s t  in- 

dispensable. Alors que l e s  in f luences  du bord de sec t ions  

rec tangula i res  simples s e  l a i s s e n t  d e e r i r e  analytiquement avec 

relativement peu des donnees, l e s  bords des sec t ions  naturel lement  

arrondies  des va l l ee s  ne  s e  presentent  geohydrauliquement qufau  

cours d'une longue phase de t r ans i t i on .  



1 Introduction 

The measurement of the water level i n  observation wlls mnually during 

pumping tests usually provides too l i t t l e  and too inaccurate data and 

the personnel a t s  are wry high. 

The use of the usual autcmatic instruments for  recording the height of 

the groundwater table mkes canprcmises necessary, since rto single 

instrument m e t s  all of the requirements for  cptimal masurenent of the 

water level. For example: be t te r  accuracy than a water level i rdicator  

inunediate reaction to rapid & q e s  in the water level,  high resolution 

of time, exact recording of the times of masurenent, and lay mt for  

each observation site. In  addition, the data is normally presented in  

the form of long lists o r  analog recordings. A detailed evaluation re- 

quires  a large m u n t  of time and the recordings cannot b fed direct ly 

into a canputer for ~ o c e s s i n g .  For these reasons, w have constructed 

an apparatus for collecting punping t e s t  data t ha t  has the follaying 

characteristics: 

- Significant improvement i n  accuracy relat ive to  conventional, esp- 

c i a l l y  manual mthods for  masuring the gramdwater table in obser- 

vation wlls and reduction of the a t  of the e q u i p n t  per ~ 1 1 .  

- Measurement and recording of other parmeters during the pumping 

test, e.g. punping rate ,  precipitation and a i r  pressure, tenperatme 

ard oonductivity of the groundwater, and water level i n  receiving 

streams and other surface waters in  the area. 

- Automation of the water level and other pimping test paraneter 

measurements; c losely spaced masurements a t  the beginnirg of the 

tes t ;  recording of the data on a canputercanpatible storqe n-ediurn. 



2 Wscript ion of the  EGR Systm 

The apparatus described here (Fig. 1) is a f u r t h e r  development of the  

equipment described by Erbaum & Kohlmeier (1970 ). 

2.1 Measurement of the  Groundwater Level 

An ultrasonic transducer is placed i n  each okservation wll  a t  a spci- 

f i c  depth measured re la t ive  to a fixed p i n t .  This transducer, which is 

t o  function as both transmitter d receiver, is to be set up so t h a t  it 

w i l l  not change p s i t i o n  during the e n t i r e  test. The time an u l t r a s n i c  

pulse takes to t rave l  frQn the  transducer to the water surface and back 

is measured with a device f o r  measuring very short  time intervals.  This 

t r a n s i t  time, measured with a resolution of 0.1 ps, on multiplication by 

t h e  velocity of mund i n  groundwater yields the  distance £ran the trans- 

ducer to the water surface times two. 

Thus, the resolution of the distance measurement is a b a t  0.14 mm. 

Considering a safety factor  of 6, a precision of b e t t e r  than 1 mm is 

obtained fo r  & a y e s  i n  the  water level. Thus the  accuracy of the  water 

l eve l  measurement is dependent on the accuracy with which the transducer 

was p s i t i o n e d  re la t ive  to the fixed p i n t .  

A scanner is used to read the data £ran up to 30 transducers one a f t e r  

t h e  other. With a mximurn length of each masurenent of a b a ~ t  50 m s ,  

readings can be me for  all of the observation wells i n  abcut 1.5 s, 

f o r  all pract ical  purposes, simultanecusly. 

The measuring un i t  consis ts  of a pulse transmitter,  a pulse receiver 

( including an anplif  ier), and an electronic  counter f o r  maswing  short  

time intervals  (Fig. 1). Each of the transducers is m ~ e d e d  to the  

central  masuring and control un i t  ins ta l led i n  an intmmentation 

vehicle nearby. The cable lengths should not exceed 600 m. 

Depending on the amount of d r m d m  expected, the  transducers a r e  placed 

1 - 3 m below the water level.  I f  the  d r a w d m  during the test is 

grea te r  than th i s ,  the transducer can be lowered a k n m  mount. This 

change in  the  depth of the transducer is then taken into  acccxmt i n  t h e  

evaluation of the  data. For fu r ther  de ta i l s ,  see Diirbaum & Kohlmier 

(1970). 



Pumping 

of Water 

Figure 1 Device for  data q u i s i t i o n  dur iw pumping tests; measurement 

of water level by rreasurement of the transit time of ultra- 

sonic pulses 



2.2 Measurement of Other Pumping Test Paraneters 

The w i n g  r a t e ( s )  can he masured with a rragnetic £ l a t e r  (100 o r  

200 nun m i n a l  width) a d  recorded as an e l ec t r i c  signal. 

When masurements are being made in  an existing instal lat ion (e.g. pump 

ing tests in an existing mter works), ins tmmnts  belowing & the 

water works can be wnnected to the central w n t r o l  unit: 

A precipitation gauge (0.1 mm resolution) and a d ig i t a l  baraneter, both 

with an e lec t r ica l  a t p u t ,  can be used to masure and record precipith- 

t ion ard a i r  pressure in the area. A piezoelectric pressure transducer 

with e lec t r ica l  output can be used to  masure and record the water level 

i n  a receiving stream. A conductivity transducer and a t-rature 

transducer munted direct ly in the discharge pipe can be used to  masure 

and record the conductivity and tenFerature of the pumped groundwater. 

The scanner in  the central aontrol uni t  is used to read each of the at- 

put signals one a f t e r  the other. The signals are  masured by a d ig i ta l  

multimeter and then recorded. 

2.3 Control ard Data m u i s i t i o n  Unit 

A desk-top m p u t e r  (HP 9825) is used a s  control uni t  for  a l l  of the 

measurements. A standard interface, the "IEC-625-Bus" (IEC-Wls for  

short)  (IEC Publication 625-1 1979), is used to connect a l l  of the 

individual units. 

Starting with time ts, where ts is the s t a r t  of the pumpiq t e s t  o r  

recovery t i m e ,  the wnputer controls the s t a r t  of each masurirg cycle. 

The time is provided by a d ig i t a l  clock. The scanner is activated via  

the IK-Bus in tedace  ard each transducer is connected with the corre- 

spnding m a s u r i q  instrument and the resulting readillg is stored. The 

start of each masuring cycle during the f i r s t  hour of the pwrpirg test 

o r  of the recovery t i m e  is pr~grammed s3 t ha t  h e n  the data is plotted 

semi-lcgarithmically, the p i n t s  w i l l  be equidistant on the time axis 

(Table 1). 

After the f i r s t  hour o r  during masurements of the water level  when the 

w e l l  is not being pun@, the time interval bebeen the individual ma- 

suring cycles is provided by the -rator. Generally, quarter o r  half 



hour in tewals  are selected. All of the readings (water level ard other 

parameters) nrrde during a cycle are stored, beginning with date and the, 

together with other information as a data f i l e  on magnetic tape (car- 

t r idge) .  A cartridge can b l d  600 da ta  f i les .  This correspnds to the 

data  for about 6 days. The data a r e  then transferred £ran the cartridges 

to magnetic txge oanpatible £or use with a large canputer, which can 

then ke used to process the data ard plot the results (drawdm curves) 

on a plotter.  

Table 1 S t a r t i q  t i m e  for  each cycle durirg the f i r s t  bur of the t e s t  

cycle 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

cycle 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

3. Example of a Geohydraulic Evaluation 

3.1 Test S i t e  ard Implementation 

The test s i t e  was in an area s t r o n ~ l y  influenced by a channel structure 

carved into the impermeable sardy marl of the Uppr  Fresh-water Molasse 

of the Miocene (Figs. 2a & 2b). The channel f i l l  consists of coarse 

glaciofluvial gravel and can be divided into two par t s  on the basis  of 

its sand content. 

The lower prt of the channel f i l l ,  except for petrographic differences, 



Figure 2 Hydrogeological situation 

a) map b) cross section 



has a significantly higher sand oontent than the upper par t  and is 

therefore less permeable. The channel f i l l  is two-thirds f u l l  of 

groundwater. In the center of the channel the aquifer reaches thick- 

nesses of 30 m maximum. 

The pumping test was done in the two fu l ly  penetratirq w e l l s  used for  

supplying water t o  Aitrach near Ravensburg. These w e l l s  a re  clcse to 

each other on the *st side of the channel structure (Fig. 2b). The 

w e l l s  %ere pumped a t  a constant r a t e  of Q = 0.05 m3/s fo r  170 h. This 

water was fed into the supply l ine  via  a water tank placed high on a 

h i l l .  The rate  of drawdm was followed in  12 observation wells, a l l  of 

which reached to the b o t m  of the q u i f e r  (Fig. 2a). 

3.2 Results 

Linear, semi-logarithmic, and logarithnic plots  of the drzwdam ard 

recovery data *re made by m p u t e r  and waluated. Only the smi-log 

p lo ts  of the drawdown phase a re  shown here (Fig. 3) .  Although the 

amount of drawdown was wry small (between 8 and 17 an), even a f t e r  170 

hours of pumping, an excellent geohydraulic waluat ion could be made, 

due to the high precision and large m u n t  of data. 

3.2.1 Aquifer Boundaries 

A l l  of the curves are, as expected, defini tely influenced by the edges 

of the channel. For t h i s  reason, the curves £or the mre dis tan t  obser- 

vation wells (E 250 - E 652) do not becane l inear  unt i l  the end of the 

t e s t .  A t  t h i s  time homver , the influence of both of the channel sides 

had already reached a maximum -- canpare the curves for  oksewation 

w e l l s  W 74, S 70, and E 90, which are near the plrmped w e l l s  (wells 1 & 

2). These curves each have three l inear  sections of di f fe r i rg  slq+s, 

separated by long transi t ion stqes. The intercepts of these l inear  

sections with each other are  labeled t, (intercept with the normal water 

level,  s = 0), tl, and 3. These values can be used (Bear, 1979) to 

determine the hydraulically effect ive distance to the bcxlndaries of the 

aquifer as £0110~~: 



Figure 3 Drawdown data: pumpirq test  a t  Aitrach 
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The linear form of the wll  equation yields the f o l l w i r q  formula for  

the  radius r of the oone of depression when s = 0: 

From this ,  it follows tha t  

t/2 = constant (2)  

Accordingly, the follcwirq relationships are valid for  the iptercepts of 

the  l inear  sections : 

I f  ro is the distance £ran the observation w11 t o t t h e  pwrped ell, then 

rl and r2 are the distances to  the f i r s t  and second imaginazy wlls, 

respc t ive ly ,  tha t  mithematically reproduce the influence of the bcund- 

aries of the aquifer. The aquifer b n d a r i e s  are only r/2 apart. Usirg 

Equation (31, the distances r2/2 = 877 m, 717 m, and 804 m w r e  obtained 

f o r  the three observation wlls E 90, W 74, arid S 70, respc t ive ly ,  

where ro = 90 rn, 74 m, and 70 m, respectively. A plot  of the q u i f e r  

boundaries on the basis of these distances (Fig. 2a) canpares qui te  

favorably with those of the s tructure :determined hydrqeolq ica l ly .  ' ' 
The hydrqeo lq i ca l  section (Fig. 2b) also clearly shows tha t  the area 

of a r ec t aqu la r  crcss-section correspnds clcsely to tha t  of the actual 

aquifer crcsssect ion.  

3.2.2 Aquifer Parameters 

To determine the trawmissivity T an3 the storage &f i c ien t  S, only 

the f i r s t  l inear  prt of the curve, which represents abcut 20 hours, is 

necessary. This section is not w t  influenced by the q u i f e r  bcund- 

ar ies .  The follawirq values w r e  determined £ran the slopes arid inter- 

cepts  of these cuwes: 



Table 2 Transmissivity and storage ~ 0 e f  f i c i en t  values 

w e l l  aquifer thickness transmissivity storage coefficient 

1 & 2  26.0 0.231 not determinable 

E 90 28.5 0.298 0.086 

W 74 20.5 0.237 0.098 

S 70 22 0.250 0.074 

The transmissivity value for  a well is quite  certainly influenced by the 

e f fec ts  of well loss, as w11 as "wellbore storage". The relat ively 

small S value (under 0.1) f o r  an unconfined aquifer indicates a s t r o q  

z-anisotropy of the hydraulic conductivity, and a typ-curve evaluation 

according to a mthod by Neumn (1975) actually yielded animtrcpy fac- 

t o r s  htween 4 and 10. 

The fact  t ha t  the aquifer is divided into two par t s  with d i f  f e r i q  pr- 

meabilities prevented the determination of a man  hydraulic corduct iv i ty  

kf. A simple man would not prwide the d e s i r d  information. 

But i f  the proportions of "lower" and "upper" channel f i l l  (Du and Do) 

were determined for the aquifer thickness (D) ,  kf values cmld  be 

roughly estimated £or the two parts of the q u i f e r  when difference i n  

the T values are considered. 

Table 3 Transmissivity and aquifer thickness values 

well transmissivity Du Do 

Using the difference in  the Du values and i n  the values of T betneen the  

wells E 90 and W 74 and between the wlls E 90 and S 70, kf values of 
U 



7.63 ' mJs ard 6.86 ' m/s, respectively, e r e  obtained, which 

d i f f e r  l i t t l e .  The axrespndil lg kf values are 13.57 ' m/s ard 
0 

14.13 ' m/s, respectively. That mans the lwer part of the chan- 

nel  f i l l  is only half as ~ermeable as the upper part. 
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Une station de mesure automatique de la succion dans un sol a 6t6 

construite et install6e dans un bassin versant de lqAlberta. La mesure 

de la succion se fait B l'aide de tensiomStres reli6s B un robinet B 

voies multiples. Un capteur de pression rgagit B la succion de chaque 

tensiomztre 1 travers le robinet B voies multiples; les valeurs de la 

succion aux tensiomgtres sont enregistrses sur bande de papier. Un 

micro-ordinateur commande les fonctions de 1z station. Un panneau 

solaire permet le fonctionnement de la station de facon continue. On 

envisage d'squiper la station de telle sorte que les donn6es puissent 

&re transmises 2 un ordinateur central qui traitera les donn6es. Le 

micro-ordinateur utilis6 peut l'btre pour commander la mesure d'autres 

paramztres tels que niveau de l'eau dans un puits ou un pi6zomStre, 

tempgratures, pression, conductivit6s etc... 

Abstract 

An automatic soil suction measuring station has been constructed and 

installed in a basin in Alberta. Soil suction measurements are done 

with tensiometers linked to a fluid switch. A pressure transducer 

reacts to the suction at each tensiometer through the fluid switch. 

Values of the suction measured at each tensiometer are recorded on a 

strip-chart recorder. A microcomputer controls all the functions of the 



station. A solar panel allows the functionning of the station on a 

continuous basis. Future plans are to equip the station in such a way 

that the data can be transmitted to a central computer. The micro- 

computer in this application could be used, with the proper interfaces, 

for the measurement of other parameters, such as water levels in a 

well or piezometer, temperatures, pressures, conductivities etc. 

1 Introduction 

Dans le cadre du d6veloppement d'un systsme automatique d'acquisition 

des donn6es dont on parlera plus loin, nous avons 6tudiE, d6velopp6 et 

construit une station automatique de mesure et d'enregistrement que nous 

avons appliqu6 au d6part 1 la mesure et & l'enregistrement des succions 

1 des tensiomstres. A ce sujet la litt6rature offre un certain nombre 

d'exemples de stations qui ont 6t6 construites dans diff6rents pays: 

entre-autres celles d6crites dans les articles de Watson (1967), Bureau 

de Recherches G6ologiques et Minisres (1972), Vachaud et a1 (1974), 

Williams (1978). 

Cette station est install6e dans le bassin exp6rimental de Pine Lake en 

Alberta, Figure 1. Le bassin en question est sit& 1 environ 150 

kilomstres au sud-est d3Edmonton. 

Edmonton 

Red Deer Pine . *Lake 

Alberta 

0 1 6 0  km 

Ce bassin de 230 km2 de superficie 

fait l'objet d'une gtude qui cont- 

inue depuis 1978, Garven (1980), 

avec l'installation r6cente d'instr- 

mentation pour Gtudier plus 

particuliGrement: 

a) la distribution des permgabi- 

lites, porositgs, lithologies et 

6paisseurs des principales 

zones aquifsres du bassin (grss 

palEocSnes) 1 l'aide de forages 

et d'essais de pompage. 

Figure 1 Localisation du basin L'acquisition des paramstres 

du Pine Lake hydrauliques aux forages est 



importante pour la calibration de modtles num6riques qui seront 

appliqugs plus tard 2 d'autres rsgions de la province. 

b) Le mouvement de l'eau dans la zone non satur6e; et pour ce faire 

nous avons install6 sur 9 sites des tubes d'accts dans lesquels des 

profils hydriques sont faits de fason pgriodique 2 l'aide d'une 

sonde2 neutrons (Troxler). Des tensiornttres ont Bt6 aussi 

install6s pour la mesure des gradients, et nous suivons les 

fluctuations de la nappe phr6atique 5 un certain nombre de puits 

pour dsterrniner l16vapotranspiration. 

Notre dgpartement veut donc d6velopper un systtme automatique d1acqui- 

sition de donnges hydrog6ologiques qui pour des raisons de co6ts 

pourrait 8tre d6veloppd et construit localement. Les raisons dl@tre 

d'un tel systPme sont les suivantes: 

Dans maintes r6gions de la province de 1'Alberta (qui fait plus de 

660,000 km2 avec une population d'un peu plus de 2 millions 

d'habitants), llaccSs est inexistant et on est limit6 2 

l'utilisation de llhElicopttre ce qui est, de meme que la main- 

d'oeuvre, trts couteux. 

Un tel systtme Gliminerait beaucoup d'erreurs humaines (reports 

de limnigrammes 2 la main par exemple). 

Les limnimstres que nous utilisons ne fonctionnent bien que pour 

des niveaux pidzomgtriques qui se trouvent 2 une profondeur de 

moins de trente mttres. 

Le climat de llAlberta qui en hiver est assez rude, avec des 

tempGratures qui peuvent atteindre parfois - 40°c, est aussi une 

autre source de mauvais fonctionnement d'instruments mgcaniques. 

Dans le futur nous avons donc en vue, un systtme qui, avec les "inter- 

faces" voulus, nous donnerait la possibilit6 de mesurer et d'enregistrer 

des niveaux, des pressions, des tempsratures, pH, conductivit6, succion, 

ainsi que des paramttres mdt6orologiques. 

Dans ce qui suit nous d6crivons dans un premier temps la station et les 

diffgrentes parties qui la composent et, dans un deuxitme temps 

1'6volution du systPme d'acquisition des donn6es tel que nous le 

concevons dans le futur. 



Description des diffErentes parties de la station 

dans un premier stade de d6veloppement 

Dans un premier stade de dgveloppement la station comprend Figure 2: 

a) Un micro-ordinateur construit par la compagnie Transwave Corporation 

de Pennsylvanie, U.S.A., Vanderbilt 8000 series, K8073. Ce 

micro-ordinateur utilise un micro-processeur de National Semi 

Conductor INS8073 MPU 5 tach orients. Ce micro-ordinateur a une 

horloge 5 temps r6e1, un programmeur d'EPROM. Le langage de 

programmation est "NSC Tiny Basic". Le micro-ordinatuer posssde 

1 K byte de mEmoire RAM qui peut Etre Gtendue B 9 K bytes. I1 a 

aussi 2 K de mEmoire de fonctionnement sur ROM. I1 a Evidemment en 

plus une prise de type RS 232 pour connection avec un terminal, et 

la possibilits d'avoir jusqulB 24 signaux diffgrents. 

Enregistreur B bande 

Panneau Solaire 

Niveau du Sol 

Figure 2 Schgma de la station automatique de mesure de la succion 



b) Un enregistreur sur bande de papier (pour le moment!) distribuE par 

la firme Markson de Californie. Cet enregistreur fonctionne sur 

110 volts qui rechargent une batterie interne de 12 volts. Son 

6chelle de sensibilit6 va de 1 millivolt B 10 volts. Et la vitesse 

de dgroulement du papier peut varier de 10 centimstres B la minute 

B 0,5 centimstres 1 l'heure. I1 est assez precis pour cette 

application. 

c) Un solhnoide permet le fonctionnement d'un robinet B voie multiples 

(12 voies). Sept de ces voies sont utilis6es actuellement et sont 

reli6es B un capteur de pression qui mesure la succion aux tensio- 
mstres. Sol6noTde, robinet B voiesmultiples et capteur de pression 

sont fabriqu6s ou distribu6s par la compagnie Scanivalve Corporation 

de Californie. 

d) Le capteur de pression diff6rentiel avec r6f6rence B la pression 

atmosph6rique a une fourchette de mesure de -1033 B+1033 millibars. 

Ce capteur de pression a 6th calibr6 au laboratoire oii l'on a 

utilis6 une pompe B vide, un manomstre 2 mercure et un millivolt- 

mstre pour d6terminer la courbe de calibration. 

e) Sept tensiomstres sont installss B la station; B un pas de 0,3 

mstre; leurs longueurs respectives sont les suivantes: 

0,19; 0,345; 0,495; 0,645; 0,955; 1,265 et 1,565 mstres. Leurs 

bougies en porcelaine font 5,5 centimstres de long. Ces tenszo- 

sont fabriqu6s par la compagnie Soilmoisture Corporation de 

Californie, U.S.A. 

3 SEquence de fonctionnement de la station 

Le micro-ordinateur est programm6 sur lWEPROM, Table 1. Ce programme 

rPgle la s6quence des 6vGnements qui conduisent B la mesure des succions 

aux tensiomstres. Les mesures sont faites trois fois par jour, et la 

dur6e des mesures est de 19 minutes pour chacune des trois p6riodes de 

la journ6e qui ont St6 choisies. 

Le micro-ordinateur qui est le seul element qui fonctionne 

continuellement, a une horloge B temps r6el qui d6termine le moment 

de la journ6e nuquel les Zesures seront faites. Lorsque le moment de la 

mesure est arriv6 la mise en circuit de l'enregistreur et du capteur de 



Table  1 Automat i sa t ion  d e s  mesures .  

5 X=#3F00 

10  $X="0800083012001230160016300000000000" 

1 5  @#~803=#9A : l3=#~802 : L=7 : Y=O : R=12 

20 GOSUB 135 

2 5 J=1 : GOT0 50 

30 @B=l : J=2 : GOT0 50 

35 DO : Y=Y+1 : @B=5 : @B=l : P=O 

40 DO : P=P+1 : DELAY 1000 : UNTIL P=120 

45 UNTIL Y=L : GOT0 15  

50 I=(@(X)-48)*lO+(@(X+l)-48) 

55 N+(@(X+2)-48) "lO+(@(X+3)-48) 

6 0 I F  1=0 GOT0 5 

6 5 I F  IS+H GOT0 95 

7 0 I F  NS+M GOT0 95 

75 X=X+4 

8 0 I F  J=1 GOT0 30 

85  I F  J=2  GOT0 35 

9 0 STOP 

95 S = @ # ~ 8 0 2  : S=S/16 : I F  S=15 GOT0 150 

100 T=#3FCO : LINK #83BO : I F  J=1 GOT0 125 

105 I F  J=2 GOT0 130 

110 H=(@ (T+5)-48) *lo+(@ (T+6) -48) 

115 M=(@ (T4-7) -48)*10+(@ (T+8) -48) 

120 GOT0 65 

125 @B=8 : @B=O : GOT0 110 

130 @B=9 : @B=l : GOT0 110 

135 FOR Z=0 TO R : @B=2 : DELAY 500 : @B=O : NEXT Z 

140 RETURN 

145 REM TEST ROUTINE 

150 GOSUB 135 

155 S=@#B802 : S=S/16 : I F  S=15 GOT0 5 

16 0 @B=l 

165  S=@#B802 : S=S/16 : @B=9 : @B=l : I F  S=14 GOT0 165 

170 500 . . PB = .  1 . GOTO 155 



pression est faite automatiquement. Au d6but de l'expdrimentation on 

laissait chauffer l'enregistreur pendant 30 minutes, mais lCexp6rience 

acquise nous a permis de constater que ct6tait inutile, l'enregistreur 

n'est maintenant laiss6 1 chauffer que pendant cinq minutes. La voie 

num6ro un, qui correspond au tensiomstre le moins profond, est d6j5 

mesur6e pendant ces cinq minutes. Puis le sol6noIde est activ6, l'on 

passe alors 2 la voie numgro 2; cette voie d'ailleurs comme les autres 

est ouverte pendant 2 minutes car nous avons constat6 qu'il faut un 

certain temps de stabilisation du circuit du tensiomstre qui est mesur6. 

'Donc toutes les deux minutes un tensiomstre est mesur6; arriv6 2 la 

voie num6ro 8, l'enregistreur, le sol6noIde et le capteur de pression 

sont alors d6sactiv6s jusqu'2 la p6riode de mesure suivante oii le cycle 

recommence. 

Nous avons done une mesure de voltage maximum 1 chaque voie, Figure 3, 

cette mesure est pour le moment convertie manuellement en millibars de 

pression n6gative 1 l'aide de la courbe de calibration du capteur de 

pression, dont on a par16 plus haut. 

.Zorsque l'appareillage est install6 ou bien aprgs que les tensiomstres 

aien 6t6 purg6s il faut pouvoir Stre sGr d'ajuster le z6ro de 

l'en egistreur. Ceci est fait de la manisre suivante: 

la voie numgro 8 est connect6e 2 l'air libre; comme nous utilisons 

un capteur de pression 1 r6f6rence atmosphi5rique, lorsque la voie 

numgro 8 est ouverte nous avons donc la pression que nous 

consid6rons comme notre z6ro. Un test peut Etre fait 1 la main 

1 l'aide d'un interrupteur qui permet de faire fonctionner le 

soldnoIde 1 la demande. Lorsque l'on est 1 la s6quence de test et 

si l'on s'est arrGtG 1 une voie quelle qu'elle soit sauf la no. 1, 

et quel'on passe alors 1 la s6quence automatique, le solEnoIde 

ramSne le robinet 2 voies multiples 5 la voie num6ro un automati- 

quement (ceci est fait par le programme). 

Au printemps 1983 la voie numdro un sera la voie qui sera 1 la pression 

atmosphgrique. Cette pression sera enregistrde et elle nous servira 

de repsre pour les autres mesures. Une autre modification n6cessaire 

sera aussi l'envoi d'un signal 2 l'enregistreur qui produira une marque 

verticale 1 la fin de la pgriode de mesure de chacun des tensiomstres, 



Figure 3 Fac-simile d'un enregistrement de la succion aux 

sept tensiomgtres 



car 1 l'endroit 05 la station est installge, les pressions mesur6es 5 

certains niveaux dans certains tensiomstres sont les mgmes et on ne peut 

les sdparer. 

Lorsque cet article paraTtra, la station aura dt6 6quipde d'un panneau 

solaire construit par la compagnie Solarex du Maryland, U.S.A. Ce 

panneau fournit 17,25 volts dans des conditions d'ensoleillement 

maximum de trois heures par jour avec un ampgrage de 2,l amptres. Ce 

panneau rechargera les batteries de la station; un r6gulateur de 

tension et une diode seront ajoutds de telle sorte que d'une part, le 

voltage aux batteries ne dgpasse pas 14 volts et d'autre part pour 

5viter une inversion du courant des batteries vers le panneau solaire. 

Equipde ainsi la station devrait fonctionner de fa~on continue sans 

aide ext6rieure. 

La station aura aussi fonctionnd pendant une partie de l'hiver pour 

voir si les composants r6sistent bien au froid; les tensiomstres auront 

Bt6 d6connect6s (ils l'auront 6t6 depuis octobre 1982). 

4 Plans pour le futur 

Dans le futur (1983-84) nous voulons remplacer l'enregistreur sur bande 

de papier par une m6moire interne ou bien par un magndtophone, ou 

encore une mdmoire 1 bulles (il nous faudra 6valuer la facilit6 de 

fonctionnement de chacune de ces options dans des conditions clima- 

tiques extrgmes). La mdmoire interne sur RAM sera la plus intdressante 

et probablement la moins sujette aux problSmes de tempdratures surtout 

si 1'6quipement est construit en utilisant les normes militaires 

(-55'~ 1 50'~). Huit ou 10K de mdmoire devraient permettre l'enregis- 

trement des informations pour une pgriode de temps trts longue. 

A peu prBs en mgme temps nous dtudierons ou ferons dtudier et 

d6velopper un systsme d'acquisition de donndes bas6 sur les mgmes 

principes. I1 serait composd de deux unit&, l'une laissde sur un puits 

et qui pourrait, b l'aide "d'interfaces" approprids 1 chaque paramttre, 

mesurer les niveaux, la tempdrature, le pH etc... ou bien encore durant 



un essai de pompage mesurer et enregistrer une sdrie de niveaux dans 

une s6rie de puits d'observation en plus d'un dgbit, par exemple 1 

l'aide d'un d6bimStre Halliburton au puits de pompage. L'information 

ainsi recueillie en m6moire interne, selon un taux d16chantillonage 

donnd (et que l'on pourrait faire varier) peut dtre lue par une 

deuxigme unit6 qui est une unit6 intelligentent de lecture et qui est 

capable de rendre cette information intelligible en unit6s S.I. m, 

m3/s, O C  etc.. . Cette unit6 intelligente devrait dtre capable de 

certains ealculs ou encore de pr6senter de faqon visuelle les rEsultats 

obtenus. De retour au bureau cette unit6 intelligente peut-stre 

connect6e 1 notre ordinateur central (VAX 70 de Digital) pour la 

pr6servation et la manipulation des donn6es. A partir de ces donn6es 

une reprgsentation graphique automatique des rapports d'essais de 

pompage peut stre faite (par exemple), pour ensuite en faire 

1'interprGtation. 

Plus loin encore dans le futur, nous voudrions pouvoir avoir un accss 

direct 1 l'information 1 l'endroit oh elle est recueillie. Dans le 

cas de paramGtres qui sont mesurBs continuellement, nous pourrions 

utiliser les ondes radio, une ligne tElGphonique, la retransmission 

par satellite ou bien encore utiliser les propriGt6s de retransmission 

P partir d'essaims de m6t6ores. Dans ce cas l'accss aux donn6es serait 

donc direct et elles pourraient donc Stre trait6es rapidement au lieu 

d'avoir 1 attendre par exemple plusieurs mois pour pouvoir les 

r6cupErer. 

5 Conclusion 

Bien qu'on ne soit pas encore arriv6 1 un systsme final, le fonctionne- 

ment de cette station automatique pour le mesure et l'enregistrement 

de la succion 2 des tensiomgtres nous paraIt Etre correct. L'emploi 

d'un micro-ordinateur permet de contrcler la station de fafon efficace. 

Par des changements apport6s au programme on peut trgs facilement 

changer les s6quences de mesures. Cette station n'est qu'un premier 

pas vers un systsme d'acquisition des donn6es plus sophistiqud qui 

sera d6vloppB dans le futur. 
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Abstract 

The technical arrangement which is chosen for permeability tests, 

particularly when low-permeable deep-lying formations are investigated, 

is an essential factor regarding both the cost of the project and the 

reliability of the results. 

The technical arrangement and function of a single and straddle-packer 

wire-line tool, pumping arrangement and data acquisition system are 

described. 

This equipment was used to depths of 550 m b.s. in 9 inch uncased bore- 

holes. 

Le choix de l'installation technique 2 utiliser pour les essais de 

permgabilit6, en particulier dans les htudes de couches peu perdables 

2 grande profondeur, est un facteur essentiel pour calculer les coQts 

du projet et la crhdibilite' des rgsultats. 

La mise en place et la fonction d'un seul packer et d'un "straddle - 
packer" attache' au csble, le dispositif de pompage et le systsme 

d'acquisition de donne'es sont de'crits. 

Ce mat6riel a 6t6 employ6 1 des profondeurs de 550 m au-dessous du 

niveau de la mer, dans des puits de 9", sans tubage. 



1 Introduction 

The proper choice of testing equipment, particularly when deep boreholes 

are considered, is essential for the evaluation of the costs and results 

of an investigation. 

The testing equipment for the determination of transmissivities in the 

open section of a borehole usually consists of one or more packers, 

pressure transducers and a pumping arrangement. 

The equipment can be attached either to a drill pipe or to a wire. The 

experience regarding the testing equipment and the data acquisition 

system, which the authors acquired during the hydrological investigation 

of the tight Chalk formation at Mors (Northern Jutland, Denmark,)is 

discussed here. More than sixty tests were performed in four 550 meter 

deep boreholes. 

The results of the investigation were reported earlier by Gosk, E. 

(1981), Andersen et al. (1981a) and Andersen et al. (1981b). Additional 

information about the Mors-investigation can be found in two other 

communications presented at this conference: Bull et al. (1983) and 

Gosk, G. (1983). 

2 Wire-line packer test equipment 

During the Mors-investigation, several technical arrangements were 

tested. Due to the low transmissivity of the tested Chalk formation, 

it was necessary to eliminate the effect of storage in the borehole. 

In one of the first arrangements, this was done using packers attached 

to the drill-pipe. The results showed however, that even drill-pipe 

storage made evaluation of transmissivity difficult. Furthermore, the 

round trip with drill-pipe was time consuming and problems with its 

tightness, particularly during injection tests, occurred. 

In order to save time and achieve more reliable results, a wire-line 

apparatus was designed, Fig. 1. 

There were two versions of the wire-line equipment. The technical 

arrangement, shown in Fig. 1, is the straddle-packer version, but the 

single-packer version was very similar and for this reason only the 

shown arrangement will be described. 



centrifugal pump (Grundfos CPE 3) 
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inflation line (318" Goodyear hydraulic hose) 
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reducing socket (2" - 112") 
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Figure 1 Technical arrangement for Straddle Packer Test 



The equipment consists of: 
- two LYNES packers connected by approximately sixty meters of 

perforated 2" pipe. 

- an ejector (Grundfos llB4) attached to the packers by a 22/16 mm 

or 15/10 mm suction hose. 
- two 60 bar Driick pressure transducers measuring pressures below the 

lower packer and within the tested interval. 

- a 1 bar transducer for detection of the water level in the casing. 
- a centrifugal pump (Grundfos PE3) connected to the ejector by the 

pumping tubes (40 and 32 mm in diameter). 

- a 10 mm steel wire. 

- a data acquisition system HMS300 (Hydrological Measuring System). 

- an injection line (for certain tests only). 

The LYNES packers proved to be reliable and well-suited for the purpose. 

During one of the tests, an attempt to set the packer in a large dia- 

meter interval resulted in bursting of the rubber coating, but the 

repair (exchange of the rubber) was done on the site and took only 112 

hour. The inflation pressure was normally 60 bars. 

The pumping arrangement, consisting of an ejector and a centrifugal 

pump, gave great flexibility with regard to combinations of flow rates 

and lifting capacities which is very useful for testing formations with 

highly varying properties. 

The pressure transducers were calibrated and their characteristics, 

including temperature correction, were coded into a microprocessor 

(see chapter 4). 

3 Testing methods 

The equipment shown in Fig. 1, was used for four different types of 

tests: 

- constant rate pumping tests. 

- step drawdown tests. 

- step injection tests. 

- pressurized slug tests. 



Constant rate pumping tests were performed either as single or straddle2 

packer tests and the duration of pumping and recovery periods ranged 

typically from a few hours to a few days. Pressure drawdowns from 50 to 

120 m of water column and flow rates from 0.1 to few l/min were charac- 

teristic for these tests. The transmissivity for these tests was calcu- 

lated from the recovery data. 

Step drawdown tests were used to determine pressure-dependent permea- 

bility. Several quasi steady state situations (constant drawdown and 

flow) were obtained by introducing additional flow resistance (gradual 

closing of the valve on the pumping tube). The variation of transmis- 

sivities, corresponding to the different steps, was small and it was 

concluded that permeability did not depend upon the pressure. 

The purpose of step injection tests was similar to that of step drawdown 

tests. A hand-operated piston pump was used to provide constant injec- 

tion rates and constant overpressures. Due to the low permeability of 
-10 the chalk, - 10 m/sec, pressure oscillations with every stroke of 

the pump occurred and it was difficult to obtain quantitative results. 

During the pressurized slug test, a pressure pulse was applied in the 

tested interval by injection of a small amount of water. The pressure 

decline as a function of time was used for an evaluation of the trans- 

missivity. 

The performance of the equipment during all the above-mentioned permea- 

bility tests was satisfactory. 

4 \Data acquisition system 

The data collected during wire-line packer tests consisted of pressure 

and flow rates measured as a function of time. 

For the investigation, a special Hydrological Measuring System 

(HMS300) was designed by the Danish firm of Gunnar Larsen. 

The HMS300 consists of: 
- pre-programmed microprocessors for the control of the system. 

- data logger. 



- chart recorder. 

- Keyboard Send-Receiver (KSR) data terminal. 

- emergency power supply. 

High pressure and temperature accuracy was required and an extensive 

calibration of the transducers, together with their cables, was carried 

out. The characteristics of each transducer within the range of 0-60 bar 

were obtained and coded into the microprocessor. In the field situation, 

the incoming signals were corrected for temperature and non-linear 

behaviour using the calibration functions stored in the computer. For 

each of the six 0-60 bar input channels, it was possible to achieve an 

accuracy for absolute measurement, of better than 0.03% and a resolution 

of 25 mbar. For relative measurements, the resolution was 2.5 mbar. 

The temperature was measured with a 0.06 OC accuracy and a 0.01 OC 

resolution. The computer control of the HMS300 provided the user with 

an option to define several successive data scanning frequencies and 

made it possible to run tests of long duration without an operator on 

the site. 

The choice of an optimal scanning frequency is essential if the amount 

of data is considered. During hydrological tests, the pressure readings 

had to be taken very frequently at both the start, and immediately 

after, the stop of the pump. After these highly transient phases of the 

test, the frequency may be drastically reduced without any loss of 

information. The EMS300 provided the possibility to use five different 

frequencies for five different time intervals. As the transmissivity 

evaluation was based on recovery data, it would have been costly to lose 

these data as the scanning frequency was usually Low at the moment when 

the pump stopped. One of the preprogrammed routines of the HMS300 

helped to overcome this problem by resetting the scanning sequence after 

the pump was stopped. 

As unattended testing requires control of the equipment's performance as 

well as security control on the site, the HMS300 was provided with 

several emergency functions: 

1) a switch on the emergency power supply. 

2) activates the high frequency scanning of data in case of pump 



failure. 

3) activates an alarm in case of intrusion on the site. 

All these functions were followed by a telephone call to a specialized 

company which took further action according to instructions received 

beforehand. 

A warning about the end of tape on the data logger and the end of paper 

on the terminal was also included on the HMS300. 

The keyboard terminal proved to be a very important part of the equip- 

ment. It proved an easy means of communication with the system and made 

it possible to keep a detailed track of events at the drilling site. All 

the messages (alarms, resets, etc.) were printed out, giving an excel- 

lent documentation for reporting, and the messages typed by the operator 

helped to reconstruct the events. Printouts of the pressure records 

were used to make plots and preliminary evaluation of the tests. 

5 Summary and conclusions 

The experience with the wire-line packer equipment and the data acqui- 

sition system may be summarized as follows: 

1) The wire-line packer equipment can be used for different tests: 

constant and stepwise pumping or injection, slug tests etc. 

2 )  The equipment proved to be reliable under different test conditions. 

3) For the constant rate pumping tests, only the recovery data can be 

used for transmissivity evaluation. 

4 )  The accuracy of the measurements is significantly improved if a 

proper calibration of the transducers is performed. 

5) Savings in cost and time can be obtained if the computer is used 

to control the tests. 

6 )  The Keyboard Send-Receiver (KSR) data terminal is an important piece 

of the recording system as it provides excellent documentation for 

the events which take place at the test site. 

7) Duplication of measurements is advisable, as it can save a round 

trip in case of the transducer's failure. 
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Abstract - Resum6 

Several types of groundwater sampling techniques are described and dis- 

cussed. Packer samplers able to collect groundwater from arbitrary 

levels of an open or screened section of a water well are used. The 

first version utilize a triple-zone-packer unit whereas the two other 

types use a auto-setting single sampler. All equipment requires pumping 

and contain an auto-sampling collecting vessel, emptied either by nitro- 

gen or by the pressure of the pumped water. 

Groundwater sampling is itself as importent as the analysing procedure. 

Water samples from fully penetrating wells in aquifers with varying 

head may not represent the original water of the aquifer. 

De nombreux techniques employds pour les prises d16chantillons sont 

dgcrits et commentds. Des e'chantillonneurs packer qui peuvent prendre 

des e'chantillons d'eau souterraine 5 des profondeurs arbitraires d'une 

section ouverte ou prote'ghe d'un puitssont utilisds. Le premier modsle 

utilise un triple-zone-packer, tandis que les deux autres modsles 

prdldvent les e'chantillons automatiquement. Les e'chantillonneurs sont 

vidds par l'azote ou par la pression de l'eau pompe'e. Le prdlevement 

d'e'chantillons d'eau souterraine est aussi important que son analyse 

postdrieure. Les e'chantillons de puits 5 pdndtration complste dans des 

aquifsres 5 charge variable ne reprdsentent pas toujours l'eau 

originelle de l'aquifsre. 



1 Introduction 

Analyses of groundwater and formation water are expensive and with the 

increasing pollution of subsurface water, water samples will be collec- 

ted in increasing numbers in the future for monitoring and localizing 

groundwater pollution. An important task related to both groundwater 

monitoring and groundwater quality is groundwater sampling. Represen- 

tative samples are absolutely necessary in order to obtain usable 

results, and where this is impossible, analyses should be omitted since 

non-representative samples are of no value and make accurate interpre- 

tation difficult to impossible. 

When sampling groundwater in connection with drilling, care should be 

taken with respect to pollution of the sample from the drilling fluid. 

Mixing of groundwater from different levels may be difficult to eli- 

minate when sampling from existing water-supply wells. 

Three types of samplers using a packer-technique developed and used at 

the Geological Survey of Denmark will be described and discussed below. 

2 Triple Zone Sampler 

This sampler is describedelsewhereby Andersen (1979). (Figure 1). 

Four inflatable packers separate three zones of a screened well or an 

open borehole. A water sample is collected from the middle zone during 

continuous pumping from the upper and lower zones. The pumping, as 

described above, creates divergent flow lines of the groundwater within 
B 

the sampling interval. The inflatable vessel under the lower pressure, 

governed by the drawdown from the pumping, collects the groundwater 

from the middle zone without the possibility of pollution from leakage 

around the packers. If leakage does take place, the direction of the 

leakage would be from the middle zone to the upper or lower zones. The 

tightness of the packers therefore does not adversely influence the 

quality of the sampled water. However, in cases of high leakage, the 

groundwater head from the middle zone could be approaching that of the 

zone from which the water leaks. This could result in a low hydraulic 

gradient between the sampling zone and the collecting vessel and a slow 

inflow, if any, to the collecting vessel. However, if any water at all 
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Figure 1 Schematic illustration of the Triple Zone Sampler 



is collected in the collecting vessel, it can be concluded that it 

derives from the middle zone. The vessel has to be emptied a number of 

times, dependent upon the ratio of the volume of the vessel and that 

of the sampling interval. The sampled water in the vessel is discharged 

to the surface using compressed nitrogen. 

This type of sampler has been used successfully for localizing the 

nitrate front in water-table aquifers of meltwater sand penetrated by 

screened water wells by Andersen and Kristiansen (1982). 

3 Single Packer Sampler 

The single-packer devices described below make use of the same sampling 

principle as the Triple Zone Sampler. A first version described by 

Andersen (1982), (Figure 21, uses an inflatable packer combined with a 

collecting vessel of the same type as that of the Triple Zone Packer. 

The sampler is set by the pumped water and starts sampling just after 

the setting. The water sample is discharged by compressed nitrogen. A 

second version described below, (Figure 31, is auto-setting and auto - 
sampling and the sample is brought to the surface using the pumped 

water pressure as the driving force. The collecting vessel is placed 

inside the packer between two rubber sleeves, surrounded by water of 

the same head as inside the well during pumping. Piercing tubes in the 

bottom of the equipment secure this equalization. A belt of porous 

material located at the middle part of the packer limits the zone of 

sampling. A submersible pump produces drawdown in the well, sets the 

packer and initiates a water flow from the sampling zone to the col- 

lecting vessel (eg. the space between the sleeves). The pressure of 

the pumped water is directed to the exterior part of the collecting 

vessel through a valve which is electrically or mechanically activated 

from the pumping system. The total sampling equipment consists of a 

submersible pump, the single-packer-sampler unit, and only three con- 

necting lines to the surface, (eg .  the discharging pipe for pumped 

water, the electrical cable to the pump and the discharging pipe for 

the sampled water). 

This equipment is usable for sampling shallow groundwater to a depth of 

about 50 meters. In case of greater depths, the samples should be stored 
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in collecting vessels, able to maintain the natural pressure of the 

groundwater. In order to get the samples to the surface the whole 

equipment should be removed from the borehole. 

The design and development of the equipment, Figures 2 and 3, are 

speculative at present, and have not yet been tested in the field. 

4 Limitation and recommendations 

The penetration of an aquifer by water-supply wells may connect zones 

of different head. When such wells are not pumped, a flow of water 

takes place from one zone to another through the well. Within the dis- 

charging zones, water sampled by the equipment described above will be 

representative of the formation water. Within zones of invasion, water 

samples will only be representative after back pumping of the invaded 

water. 

5 Conclusions 

The groundwater samplers described in this paper are able to collect 

formation water without mixing with the liquid inside the well. In case 

of invasion however, representative samples of formation water may only 

be sampled after the invaded water has been removed. 
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Abstract  

A da t a  a q u i s i t i o n  system which monitors groundwater o r  su r f ace  water  

l e v e l s  and loads  t h e  recorded d a t a  i n t o  a computer is  described.  It 

f ea tu re s  a novel  bore water  l e v e l  t ransducer and a po r t ab l e  mul t i -  

purpose d a t a  reader.  The equipment i s  r e l a t i v e l y  inexpensive,  adapt- 

ab l e  t o  o the r  app l i ca t ions  and has proved t o  be r e l i a b l e  and accura te  

i n  a f i e l d  study.  The system requ i r e s  minimal opera tor  time t o  load 

and v e r i f y  t h e  da ta .  

Une desc r ip t ion  d'un systsme d ' acqu i s i t i on  des  donndes q u i  c o n t r a l e  l e s  

niveaux d'eaux sou te r r a ines  e t  d'eaux de su r f ace ,  e t  q u i  al imente un 

ord ina teur  en donndes en reg i s t r6es .  I1 y a un nouveau t ransducteur  d e  

niveaux d'eau sou te r r a ine  e t  une mdmoire p o r t a t i v e  et  multi-usages pour 

f ou rn i r  des  donndes. ~ ' A ~ u i ~ e r n e n t  e s t  relat ivemeil t  bon marchb, 

adaptable B d ' au t r e s  app l i ca t ions ,  e t  s'est r6v616 f i d z l e  et  p rdc i s  au 

cours des e s s a i s  s u r  l e  t e r r a i n .  L 'a l imenta t ion  et  l a  v d r i f i c a t i o n  des  

donndes demandent peu de  temps dans ce systbme. 



1 Int roduct ion  

A study of groundwater recharge from a regulated stream overlying a 

heavi ly  exploi ted  aqu i f e r  has been undertaken j o i n t l y  by theEngineering 

and Water Supply Department of South Aus t r a l i a  and t h e  Universi ty of 

Adelaide. Flow exchange between t h e  stream and the  groundwater was 

found t o  depend on t h e  pos i t i on  of t h e  ph rea t i c  su r face  adjacent  t he  

stream. This was monitored a t  s e l ec t ed  observation bores.  I n i t i a l l y  

a cha r t  recorder wi th  a pul ley  and f l o a t  arrangement f o r  de t ec t ing  

water l e v e l  changes was i n s t a l l e d  a t  each s i t e .  However t h i s  produced 

s t a i r cased  records due t o  pulley s t i c t i o n  and the  smal l  water plane 

cross-section of t he  f l o a t ,  whose s i z e  was r e s t r i c t e d  by the  casing 

dimensions. Charts had t o  be replaced weekly and t h e  recorders were 

un re l i ab le  i n  the  humid environment i n  which they w e r e  placed. There 

remained the  onerous t a s k  of manually d i g i t i z i n g  the  c h a r t s  and enter -  

ing  the  da t a  i n t o  computer f i l e s  f o r  subsequent ana lys i s .  Al ternat ive  

commercially ava i l ab le  recording equipment was beyond the  study's  

budget. To resolve  these  problems a d i g i t a l  recording system was 

designed, developed and constructed c h i e f l y  by M r .  S. Woithe an 

instrumentation technic ian  a t  the  Univers i ty  of Adelaide. This system 

has been i n  rou t ine  opera t ion  f o r  n i n e  months, recording groundwater 

l e v e l s  a t  s i x  observation bores and stream s t age  and water temperature 

a t  s eve ra l  r i v e r  gauging s t a t i o n s .  The recorded d a t a  is  fed  i n t o  

computer f i l e s .  

2 System Operation 

The d a t a  a q u i s i t i o n  system is composed of f i v e  p ieces  of equipment i n  

add i t ion  t o  a computer. See f i g u r e  1. The transducer and recorder 

a r e  loca ted  a t  t h e  observation bore  o r  gauging s t a t i o n .  A t  regular  

i n t e r v a l s  t he  b a t t e r y  and s o l i d  s t a t e  memory of the  recorder  a r e  

replaced and da te ,  t i m e  and an independent measurement of water l e v e l  

a r e  recorded on a f i e l d  d a t a  sheet .  Warning l i g h t s  on the  recorder 

i n d i c a t e  whether t h e  recorder is  opera t ing  co r rec t ly .  The por table  

reader  is plugged i n t o  t h e  recorder a t  si te v i s i t s  t o  g ive  a d i r e c t  

reading of momory contents  a s  an a d d i t i o n a l  check. 
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Later  back i n  t h e  labora tory  t h e  memory is plugged i n t o  the  reader and 

t h i s  i s  coupled t o  a po r t  on a PDPll computer. The d a t a  is fed down 

t h e  l i n e  and s to red  on a floppy disk .  An i n t e r a c t i v e  e d i t i n g  program 

is  engaged on a computer te rminal  and t h e  contents of t h e  f i e l d  d a t a  

sheet  a r e  keyed in .  The raw d a t a  f i l e  i s  automatically ed i t ed ,  sca led ,  

reformatted and saved a s  a processed d a t a  f i l e .  The program a l s o  per- 

forms bas ic  checks on da ta  qua l i t y .  A calcomp (automated) graphical  

p l o t  is obtained a s  an add i t iona l  check. Such checks a r e  a v i t a l  

component of any recording system (Brown, 1980). The v e r i f i e d  da t a  is  

then merged i n t o  t h e  d a t a  bank. The s o l i d  s t a t e  memory is  erased using 

u l t r a v i o l e t  l i g h t  and the  ba t t e ry  i s  recharged ready f o r  t he  next change 

over. 

3 System components 

3.1 Transducer 

A r i s e  i n  groundwater l e v e l  l i f t s  t h e  f l o a t  ( f i g u r e 2 ) a t t a c h e d  t o  a 

punched s t a i n l e s s  s t e e l  tape  which is wrapped around a sprocketted 

master pulley.  A s  t h e  pul ley  tu rns ,  t h e  s h a f t  of a mult i- turn potent-  

iometer r o t a t e s  causing a v a r i a t i o n  i n  e l e c t r i c a l  r e s i s t ance .  The 

vol tage  across  t h e  potentiometer te rminals  is  t h e  transducer output.  

A jockey pulley d i r e c t s  t he  counterweight down i n s i d e  t h e  bore casing.  

A tape  j o l t e r  is ac t iva t ed  p r i o r  t o  t h e  recorder taking a reading and 

the  impact is  s u f f i c i e n t  t o  overcome pul ley  s t i c t i o n  and f r i c t i o n  

between f l o a t  and casing.  The j o l t e r  and potentiometer c i r c u i t s  a r e  

only powered f o r  a s h o r t  t i m e  before  and during readings.  Where water 

l e v e l s  a r e  monitored i n  bore cas ings  g r e a t e r  than 250 mm diameter t he  

j o l t e r  and jockey pul ley  a r e  not  required.  The transducer has a range 

of 3750 mm with a r e so lu t ion  of 1 mm and is  l i n e a r  t o  f 2  mm over t he  

f u l l  range. Transducer output is i n s e n s i t i v e  t o  temperature from O 0  t o  

50°C. In  s t r a i g h t  casing the  j o l t e r  allows f l o a t s  a s  small  a s  50 mm 

diameter t o  g ive  water l e v e l s  w i th in  22 mm of t h e i r  t r u e  value f o r  

s t a t i c  and dynamic t e s t s .  For water temperature recording a thermo- 

couple is used a s  t h e  transducer.  



Recorder 

The recorder is of modular design and cons i s t s  of four  standard s i z e  

pr in ted  c i r c u i t  boards. These provide regula ted  power suppl ies ,  

microprocessor con t ro l ,  a transducer i n t e r f a c e  and s o l i d  s t a t e  memory. 

Power supply 

The power supply board produces a number of independent regula ted  

suppl ies  f o r  operating t h e  recorder and transducer.  

3.2.2 Microprocessor control 

A reprogrammable chip on t h e  microprocessor board con t ro l s  t heope ra t ion  

of t he  recorder and gives it remarkable v e r s a t i l i t y .  The r eco rde r t akes  

readings a t  time i n t e r v a l s  of e i t h e r  10 seconds, 1 minute, 10 minutes 

o r  1 hour, s e l ec t ed  by s e t t i n g  a switch on t h e  recorder.  Each reading 

is s t a r t e d  by a c t i v a t i n g  t h e  j o l t e r ,  and pausing. The vol tage  reading 

across  t h e  potentiometer i s  then converted t o  a d i g i t a l  value. 

I f  t h e  reading is  d i f f e r e n t  t o  the  l a s t  reading s tored  i n  the  s o l i d  

s t a t e  memory by more than a spec i f i ed  threshold value,  then t h i s  read- 

ing  and t h e  t i m e  increment numberare s to red  i n  t h e  next  memory location.  

I f  more than a spec i f i ed  period of time has passed s ince  the  l a s t  va lue  

was s tored  then t h e  new reading and t i m e  increment number a r e  s tored  

regardless.  I f  n e i t h e r  of t hese  condit ions apply no new values a r e  

s tored  and t h e  recorder ' r e s t s '  u n t i l  t he  next  time i n t e r v a l  has 

elapsed. At t h e  t i m e  of removing t h e  s o l i d  s t a t e  memory, a manual 

over-ride ensures t h a t  t h e  current  da t a  a r e  s tored .  

This da ta  compression procedure reduces t h e  number of da ta  s tored  

without l o s s  of information, g iv ing more e f f i c i e n t  use of memory s t o r -  

age i n  t h e  recorder  and l a t e r  a l s o  i n  t h e  computer. I f  s p e c t r a l  

analys is  is required t h e  threshold values a r e  s e t  t o  zero t o  comply 

with Fas t  Fourier  Transform rout ines .  



Afte r  65000 t i m e  increments (45 days a t  one minute t i m e  increments) t he  

t i m e  value is reset t o  zero and continues counting. Therefore only 

da t a  s torage  and power supply capaci ty  l i m i t  t he  length  of unattended 

f i e l d  operation.  I n  the  event of a power f a i l u r e  t h e  memory is not 

erased.  

3.2.3 Transducer i n t e r f a c e  

One board is used t o  i n t e r f a c e  the  water l e v e l  transducer with the  

recorder.  This conta ins  sca l ing  potentiometers which enable very f a s t  

c a l i b r a t i o n  of t h e  transducer.  The analogue vol tage  from the  t rans-  

ducer is converted t o  a d i g i t a l  s i g n a l  on t h i s  board. When monitoring 

temperatures only t h i s  board need be replaced. 

3.2.4 S o l i d  s t a t e  memory 

The four th  board conta ins  a bank of e igh t  s e m i  conductor chips (eproms) 

each of which s t o r e  500 p a i r s  of t i m e  and d a t a  va lue  readings.  Thus 

one board can record a t o t a l  of 4000 reading p a i r s .  The time reading 

is  s tored  a s  a four  d i g i t  hexidecimal number ( r e so lu t ion  1:65000) and 

t h e  d a t a  value is  s t o r e d  a s  a four  d i g i t  decimal number ( r e so lu t ion  

1:10000). The eproms a r e  e r a s i b l e  using u l t r a -v io l e t  l i g h t .  Two 

boards a r e  required f o r  each recorder so  t h a t  one can be brought i n  f o r  

reading while t h e  o the r  has its t u r n  i n  the  recorder.  

3 . 3  Reader 

A microprocessor u n i t  mounted i n  a b r i e fcase  serves  a s  a recorder 

checking t o o l  and a s  a computer i n t e r f a c e  f o r  t he  eprom boards. When 

plugged i n t o  a recorder i t  displays  t h e  l a s t  time and value s tored  i n  

the  memory and the  current  t i m e  and value. Back i n  the  laboratory t h e  

contents  of an eprom board a r e  fed i n t o  the  computer by plugging t h e  

board i n t o  a socket  on the  reader which is connected t o  a computer 

terminal  l i n e .  No add i t iona l  hardware is required.  One reader can 

s e r v i c e  a da t a  network of many recorders .  



3.4 Memory Eraser 

A p a i r  of u l t r a v i o l e t  l i g h t  tubes a r e  used t o  e r a s e  up t o  four  eprom 

boards simultaneously. Erasure takes approximately 30 minutes. The 

reader is used t o  check t h a t  each board is completely erased and ready 

f o r  re-use. 

3.5 Battery charger 

A s a f e  u n i t  t o  f a s t  charge sea l ed  rechargeable b a t t e r i e s  has been 

developed. A f u l l y  drained 8 Amp-hour 12  Volt b a t t e r y  can be f u l l y  

recharged i n  6 hours. The buildup of gas wi th in  the  ba t t e ry  isminim- 

ized with a consequent reduct ion  i n  the  l ike l ihood of explosion. Lead- 

ac id  b a t t e r i e s  a r e  used a s  they a r e  r e l a t i v e l y  cheap and do not  have 

the  "memory" problems of Nickel-cadmium b a t t e r i e s .  Each g ives  about 8 

weeks power supply f o r  a transducer and recorder  a t  one minute resol -  

ut ion.  

4 Example of d a t a  a q u i s i t i o n  

The L i t t l e  Para River recharge study is  located  i n  a metropoli tan a rea  

so  the  l ike l ihood of undes i rable  in t e r f e rence  wi th  equipment was aver t -  

ed by concealing it underground. Concrete boxes 400 m deep were 

constructed and covered by s t e e l - r i m e d  f i t t e d  concrete l i d s  600 m x 

450 mm s e t  a t  ground l eve l .  The top of t h e  observation bore casing 

penetrated t h e  bottom of t h e  box. Temperatures ranging from 3O t o  44OC 

were observed and humidity f requent ly  reached dew point .  This harsh 

environment d i d  not  impede recorder performance. 

Thresholds of 50 m and 4 hours were programmed i n  the  recorder micro- 

processor a s  t h e  maximum change i n  groundwater l e v e l  and maximum time 

lapse  between successive d a t a  e n t r i e s  i n  memery. A t i m e  increment of 

1 minute was set. Eproms and b a t t e r i e s  were exchanged a t  i n t e r v a l s  of 

about 6 weeks. These values of t he  thresholds  were chosen t o  allow 

detec t ion  of d iu rna l  f l uc tua t ions  i n  groundwater l e v e l s  due t o  evapor- 

a t i o n  and t r ansp i r a t ion  of phreatophytes f lanking the  stream, The da ta  



value threshold was only t r iggered  when streamflow commenced a f t e r  t he  

bed had been dry  o r  when nearby i r r i g a t i o n  bores w e r e  i n  use. 

Examples of t h e  f i e l d  da ta  shee t ,  raw data  f i l e ,  processed da ta  f i l e  

and calcomp p lo t  f o r  a sho r t  period of record from an observation bore 

adjacent  t he  r i v e r  a r e  given i n  Figures 3, 4, 5 and 6 respect ive ly .  

5 Costs 

This system was designed t o  keep t h e  c a p i t a l  out lay  below AusS600 per 

f i e l d  i n s t a l l a t i o n  and t o  minimize operator in tervent ion  a t  a l l  s t ages  

of system operation.  The materials c o s t s  and the labour involved i n  

producing the  equipment i s  out l ined  below: 

AUS$ Manhours - 
Transducer - bore 5 0 10 

- temperature* 20 2 

Recorder** 420 18 

Reader + ba t t e ry  charger 

+ eprom e raso r  1 560 1 40 

Ba t t e r i e s  (2) 80 - 
"includes temp transducer i n t e r f a c e  board 

** includes bore water l e v e l  i n t e r f a c e  board and 2 eprom boards. 

P r i ces  a r e  i n  1981 Aust ra l ian  d o l l a r s  and labour times cover f ab r i c -  

a t i o n  and an e l e c t r o n i c s  technic ian ' s  t i m e  i n  assembling and t e s t i n g  

t h e  equipment. 

AUS $1  = 2.6 Dutch Guilders;  6.6 Fr Francs; 2.4 Deutsche Marks; 

0.56 Pounds; USS0.98 (August 1982). 

Operation cos t s  depend p r inc ipa l ly  on t r a v e l  t i m e  t o  reach the  record- 

i ng  equipment. Changeover of memory and ba t t e ry  and equipment checks 

a t  a f i e l d  s t a t i o n  take  only t e n  minutes. Reading t h e  d a t a  and prod- 

ucing a processed d a t a  f i l e  r equ i r e s  about twenty minutes per s t a t i o n .  

Perusing the  calcomp p l o t  and s o r t i n g  the  processed f i l e  i n t o  the  d a t a  

bank requi res  a f u r t h e r  t e n  minutes. Memory erasure  and ba t t e ry  

recharging r equ i r e  minimal operator time. 



L i t t l e  Para recharge s tudy f i e l d  da t a  sheet .  

Bore No. 36 Eprom No: 12 Battery No: $3 
ON OFF MM - A=CHANGE (Mins) ERRORS 

Date IT 18/9/81 9/10/g1[ 30079 gT = AT - AET 
Time 

I so5 I 5x4 6, = ATG+(AEV) 

GL (m) 4.928 4.S40 - 88 +I4 D=mean (TG-GL)  

TG (m) g-535 8-442 -93 f2 = 3 -GO2 m. 
(15 rrudlng~> 

ET (min) 1 6 000 1 7 592 30 037 (dec) 6 = -18cnin 
T 

EV (mm) 1865 1961 36 bV = 3 mn, 

checks J I/ 
7>n 'Pm GLI = TGI - D 

i n i t i a l s  
= 4 - 9 3 3 m  

GL = sounding gauge reading ( s t  e r r o r  = f 7  mmlreading) 

TG = tape  gauge reading (st e r r o r  = fl minireading) 

ET = eprom recorded time 

EV = eprom recorded d a t a  value p361oer 
F i l e  Names: Raw da ta  f i l e :  x36i08 1 Processed da ta  f i l e :  

. .4 

Figure 3 Example f i e l d  da t a  sheet  

tr me value t ~ m e  value trme value trme value 

0001 1865 ,$OF1 1853 DIE1 1869 D2D1 1868 

- - . - ~ 7 2 6 ' 1  1978 7351 1970 
7441 1964  7531 1961 7592 1941 FFFF FFFF 

Figure 4 Example raw da ta  f i l e  

I N.T. L A G G E D  R O T .  B Y  -18 W I N S  
T f M E  S C A L E  P A C T D Q  + 0.999 
TIME C O R R E C T I O N  A P P L I E D  

E R R O R  I N  L E V E L  CHANGE 3 WM 
X E R R C R  I N  L F V E L  C H N G  = -3.2 % 

L E V E L  C O R R E C T I O N  A P P L I E D  

36 180981 P805 OL 4.933 
36 180981 2 2 0 4  G L .1.935 

Figure 5 Example processed d a t a  f i l e  
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Figure 6 Example calcomp plot 

6 Summary 

The system described in this paper has proven reliable and accurate and 

was economically viable for a field study of groundwater recharge. 

Interested instrument manufacturers and users of hydrologic data aqui- 

sition systems are invited to correspond with the author. 
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Abstract 

The programs of the U.S. Geological Survey (USGS) require instrumentation 

for collecting ground-water-level data continuously and unattended for 

long periods. At present, no single cost-beneficial system exists to con- 

trol the data collecting and recording processes for monitoring ground- 

water levels on a long-term basis, or for short- to long-term aquifer 

tests, where observations are needed at very short time (few seconds) 

intervals. The Geological Survey is developing a Ground-Water Monitoring 

System (GWMS), to meet these specific needs. The GWMS is a system of com- 

plementary instruments (a shaft encoder and pressure transducer for mo- 

nitoring water levels, a data recorder, and a data retriever) arranged 

to fit these ground-water data-collection needs. The system recorder will 

incorporate programmable microprocessor features with solid-state memory, 

and be capable of operation with an optical incremental shaft encoder or 

pressure transducer. GWMS will be flexible, in that size and programming 

alterations may be made easily with data need or technology changes. 

1 Introduction 

The U.S. Geological Survey (USGS) is the principal Federal organization 

responsible for providing water resources information. Through a system 

of interrelated data-collection programs, measurements of ground-water 

are made at remote field locations throughout the nation. These data are 



entered into a computerized data base system for analysis, storage and 

dissemination. 

Specific programs of the USGS require instrumentation for collecting 

ground-water-level data continuously and unattended for long periods, as 

well as for specialized needs such as aquifer tests. At present, no sin- 

gle cost-beneficial system exists to control the data collecting and re- 

cording processes for monitoring ground-water levels either on a long- 

term basis, or for aquifer tests where observations are needed at very 

short time (few seconds) intervals. 

The Geological Survey is developing a Ground-Water Monitoring System 

(GWMS), to meet the specific ground-water needs of the Survey. GWMS is 

a system of complementary instruments arranged to fit the ground-water 

data-collection needs. The system recorder will incorporate programmable 

microprocessor features with solid-state memory, and be capable of ope- 

ration with an optical incremental shaft encoder or pressure transducer. 

GWMS will be flexible, in that size and programming alterations may be 

made easily for specific data needs, and as technology changes. 

2 System components 

The GWMS consists of three main components as illustrated in Figure 1. 

These components are the water-level sensor (either an optical incremental 

shaft encoder or pressure transducer), the recorder and the retriever. 

2. I Water-level sensor 

2.1.1 IncrementaZ Shaft Encoder 

The incremental shaft encoder monitors water level with a small diameter 

float that is connected to a counterweight via a tape that runs over the 

wheel of the shaft encoder as shown in Figure 1. The shaft of the encoder 

is supported by two ball bearings and has very low starting and running 

torque specifications. This makes the encoder suitable for ground-water 

measurement because the small-diameter floats used in ground-water wells 

provide very little starting torque. The encoder is designed to monitor 



Figure 1 Groundwater monitoring system - Conceptual design 
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ground-water levels to 0.01 ft resolution. The shaft encoder uses two 

light-emitting diode (LED) optical interrupter modules and a slotted 

wheel to monitor ground-water level. As the wheel turns in response to 

water level changes, the slots are detected by the light beams in the 

interrupter modules. This information is sent to the microprocessor in 

the recorder which counts the slots and keeps track of the wheel posi- 

tion. The encoder has two light beams phased at 90 degrees with respect 

to the wheel slots. Two light beams are necessary so that the micropro- 

cessor can sense which direction the wheel is moving. There are 25 slots 

around the circumference of the wheel; however, since the microprocessor 

senses both the spaces and the lobes with two light-beam signals, it can 

detect 100 counts per revolution. Since the circumference of the wheel 

is one foot this translates to a resolution of 0.01 ft. 

2.1.2 Pressure Transducer 

Pressure transducers that sense water level changes through pressure are 

currently being evaluated for the GWMS. The precision of measurements 

using pressure transducers depend upon the range of water level to be 

monitored and the precision of the pressure transducer. The ranges in 

water level chosen will be selectable from 35, 70, 115 and 230 feet. 

Transducers chosen for this system must have an accuracy between 0.025 

and 0.1 percent of full scale. The design goal is to hold the probe 

diameter to less than 314 inch to assure its use in small diameter wells. 

This is a difficult goal because commercial transducers are larger in 

diameter than 314 inch. The transducer will be a differential type, 

equipped with an air-vent tube in the electrical cable that runs from 

the transducer to the land surface. This feature will eliminate the need 

for corrections due to changes in atmospheric pressure. Pressure trans- 

ducers have several types of voltage, amperes and frequency outputs. The 

recorder is designed to interface with most of them. 

2.2 Recorder 

2.2.1 Operation 



The recorder 's  use i s  two-fold: ( 1 )  monitor water l eve l s  on a long-term 

basis  (observation o r  network wel ls)  o r  ( 2 )  monitor aquifer-test  water 

levels .  It i s  ant ic ipated t h a t  most un i t s  w i l l  be configured f o r  the  

f i r s t  application. 

The recorder w i l l  have two switches, and a 6-digit display t h a t  w i l l  

allow an observer t o  view both present and past  values of time and data 

i n  the  recorder. The functions of the  switches and display w i l l  be sof t -  

ware programmable and thus  can be changed t o  s u i t  the  user ' s  needs. 

a .  Water-Level Monitor 

This version w i l l  be programmable t o  record/monitor water l eve l s  

throughout a frequency range of once every twenty-four hours t o  once 

every hour. 

b. Aquifer-Test Monitor 

This version w i l l  be programmable t o  record water l eve l s  i n  response 

t o  drawdown and recovery dynamics during pump t e s t s .  The program f o r  

an aquifer  t e s t  w i l l  permit a recording of twenty-four-hour antecedent 

conditions; drawdown and recovery water l e v e l s ,  with i n i t i a l  readings 

i n  each phase a s  frequent a s  f i v e  seconds; and w i l l  span a t o t a l  t e s t  

period of seven days. The aquifer-test  program w i l l  be pre-programmed 

in to  t h e  recorder ' s  memory. 

2.2.2 Configuration 

The recorder has four pr inted c i r c u i t  cards. The f i r s t  card w i l l  contain 

a microprocessor, a six-digit  Light Emitting Diode display, 5-volt s e r i a l  

input/output (I/O) por t ,  program memory and randomaccess memory (RAM). 

The second card contains t h e  memory ( 4 ~  byte capacity) fo r  data  storage. 

It w i l l  use a nonvolati le Electrically-Erasable Read Only Memory (EE PROM) 

t o  prevent data  from being l o s t  i n  the  event of a power f a i l u r e ,  and con- 

t a i n  t h e  voltage power supply t o  operate lrhis type of memory. 

The t h i r d  card i s  a power-supply card. This card accepts twelve v o l t s  

from an external  ba t t e ry  and converts it t o  a five-volt  s ignal  f o r  opera- 

t i o n  of t h e  other  cards. A highly e f f i c i e n t  switching regulator ,  although 

more expensive than other types,  w i l l  be used, but w i l l  double t h e  ba t t e ry  

l i f e  over t h e  use of conventional regulators.  



The fourth card is the signal conditioner. This card accepts the input 

from the probe(s) and converts it to a signal that the microprocessor 

will accept. Several types of this card will be available. 

2.3 Retriever 

The retriever's functions are to program the recorder, and read, extract 

and transport the data from the recorder to a computer or other data 

handling devices. The user will enter the function he desires through 

the keyboard, selecting that function from an instruction table. Once the 

function is selected, the retriever will direct the user through a se- 

quence of instructions by automatically advancing to the next instruction 

when the preceeding one has been completed. These instructions prompt the 

user for necessary information required by the recorder to perform the 

selected function. Such information includes data rates, time, etc. The 

retriever can detect some input errors that will be flagged by sounding 

a buzzer and displaying an error code number. The instruction table can 

then be consulted to let the user know the reason of the error. 

The retriever will have a RS232C serial I/O port (see Figure 2) which 

will allow the retriever to be attached to many different data-handling 

devices. These devices could be a mini or microcomputer, a phone modem, 

a RS232C cassette tape recorder, or a computer terminal. However, some 

devices may require special software in order to format the data in an 

acceptable way. Software for the most common I/O devices will be provided 

in the minimum configuration. The retriever will have enough memory to 

extract and transport data from several recorders. 

2.3.2 Configuration 

The retriever in its minimal form will contain five circuits cards. 

The first card has amicroprocessor, five-voltserialI/O port, program 

memory and FiAM memory. This card will control all of the functions of 

the retriever. 



Figure 2 Groundwater-monitoring system and data-handling options 



The second card contains the memory to store the data fromthe recorder. 

This card will be similar to the one in the recorder except that it will 

have a capacity of 16k bytes instead of 4k bytes used in the recorder. 

The third card is a power-supply card. This card will convert the twelve- 

volt battery power to 5 volts, which is necessary to power the other 

cards. 

The fourth card in the retriever will have a 16-key keyboard interface, 

a RS232C interface, and a buzzer. This card contains the I f 0  functions 

particular to the retriever. Use oT this card will allow use of the re- 

corder's microprocessor board in the retriever. 

The fifth card in the retriever contains two Liquid Crystal Displays 

(LCD's), a 4-digit instruction display and an 8-digit data display. 

3 Summary 

The G W S  is being designed to be a low-cost and flexible ground-water 

monitoring system. Alterations in programming may be made easily, prac- 

tically, and as technology changes. Additional memory may be required 

as data-collection responsibilities and field-investigational areas 

expand. Additional sensor inputs and satellite-telemetry capability are 

possible future options for modification of the system. 
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Abstract 

A wireline double-packer system has been developed which can measure the 

hydraulic conductivity, specific storage and hydraulic pressure within a 

well-defined zone in a borehole. The system incorporates the ability to 

sample groundwater from this zone. Using the system, which has 

capabilities down to about 1000m, uncontaminated groundwater samples 

have been collected from depths of 300m in a fractured crystalline rock. 

As an example one sample obtained was dead to carbon-14 with near-zero 

tritium. The system also allows the collection of samples for analysis 

of dissolved gasses. 

The system includes a pump line from the test zone which bifurcates 

immediately above a pneumatically actuated shut-in valve usually 

situated about 10m below the borehole water level. With the valve 

closed water can be flushed from the near-surface tubes using gas 

pressure. Once empty the shut-in valve is opened leading to an 

instantaneous change of head in the test zone. Thus as water is derived 

from the test zone a slug test is performed which incorporates a 

knowledge of the hydraulic properties and the equilibrium pressure in 

the zone. A profile of these properties vetsus depth identifies where 

groundwater is entering or leaving the borehole and thus the most 

suitable zones for geochemical sampling. For chemical sampling purposes 

the slug test procedure is repeated until constant field chemical 

parameters are recorded:- usually 3-5 inter-packer volumes. 



Un systGme 2 c2ble avec doubles packers a bte' dlvelopp6 qui peut mesurer 
la conductivit'e et la pression hydrauliques ainsi que le stockage 

sp'ecifiqw d'une zone d6finie dans un forage. Le systgme a la capacitg 

de prendre des Lchantillons d'eau dans cette zone. Le systgme, qui 

fonctionne jusqu18 un profondeur d'environ 1000m, a 6t6 utilise) pour la 

prise d16chantillons d'eau souterraine sans contamination un 

profondeur de 300m dans une roche cristalline fracturge. Pour donner un 

exemple, un gchantillon montrait un niveau de 14c en dessous des limites 

de dgtection avec presque aucun 3 ~ .  Le systeme permet 6galement la 

prise d16chantillons pour l'analyse de gaz dissous. Le systeme comprend 

une pompe, sous le forme d'un tuyau qui monte de la zone sous examen 

puis bifurque imm6diatement au-dessus d'un soupape pneumatique, qui se 

situe normalement 10m environ en-dessous de la surface d'eau dans le 

forage. A soupape ferm6, l'eau aupres de la surface peut Stre expuls/ee 

en introduisant du gaz comprimg. Une fois vid6e le soupape est 

rgouverte, ce qui m6ne 8 un changement instantan6 de la pression dans la 

zone sous examen. Ceci veut dire que lors de la prise d'eau de la zone 

un 'slug test' est exgcut6, ce qui donne des informations sur les 

caractgristiques hydrauliques et la pression 2 gquilibre dans cette 
zone. En trasant les variations de ces caract6ristiques selon le 

profondeur on peut identifier l'endroit oh l'eau entre et sort du forage 

et, de 11, les endroits qui conviennent le mieux pour une prise 

dq6chantillons g6ochimique. Pour la prise d16chantillons chimique le 

procgd6 ' slug-test ' es t r/ep/et/e jusqu' au constat de parametres chimiques 
stables:- normalement 3-5 fois le volume entre les packers. 

1 Introduction 

A double packer, wire line testing system has been developed, as part of 

a research programme into groundwater movement through poorly permeable 

media, to measure hydraulic conductivity (K), specific storage (S ) and 
s 

environmental pressure (AH) in boreholes. K and S give the rate at 
s 

which groundwater may be abstracted whilst AH indicates where 



groundwater enters into and exits from a borehole. This system has been 

modified to allow controlled abstraction of samples for geochemical 

analysis and is suitable even for collection of dissolved gases. 

2 Hydraulic testing 

The testing system, described in Holmes (1981), has been slightly 

altered as shown in Figure 1 and now acts as a gas pump. 

Ground level 

Water level 

Optional sampling, 
reservoir 

Y- tube 

Shut - in valve 

Pump line 

Above 

~ressureTest  
sensors 

Below 

Packer 

TEST ZONE 

Packer 

Figure 1 Diagram of the wire line straddle packer system 

A specific groundwater zone, isolated by inflating hydraulic packers, is 

connected to the surface by a flexible pump line. This bifurcates about 

10-15m below water level, immediately above a pneumatically actuated 



shut-in-valve (SIV). This is closed to isolate the pump line from the 

gas pump above. This gas pump comprises two tubes, one of which opens 

into a larger diameter steel tube, connected to a compressed nitrogen 

gas supply and venting valve. The entire assembly is suspended in the 

borehole on commercially available logging cable which also transmits 

information from down-hole pressure sensors to the surface. 

The procedure to abstract groundwater is as follows. After successful 

emplacement of the packers, SIV is closed, isolating the pump line from 

the gas pump. Nitrogen gas, at a pre-selected pressure, is introduced 

to the input-tube above SIV causing water to exit from the other tube. 

After total water removal, the gas flow is stopped and both tubes are 

vented to atmospheric pressure. This created head change is transmitted 

to the isolated zone when SIV is reopened. Groundwater flows into the 

zone and up the pump line in order to equalise the enforced pressure 

change. The cycle of isolation and gas pump operation is repeated until 

a representative groundwater sample is obtained. 

Down-hole sensors measure above, between and below packer pressures 

enabling the movement of groundwater around and into the isolated zone 

to be carefully monitored. Above and below the packers, pressures may 

fall during abstraction indicating leakage around the packers. If such 

falls are large and occur rapidly after a drop in between-packer 

pressure, serious leakage is indicated and a new zone should be 

selected. A slow and consistent fall indicates that leakage is present 

through the rock mass which may be tolerated. Between-packer pressures 

follow a regular pattern as groundwater is abstracted (Figure 2). 

S I V  S IV 
, opened closed 

~ e a d  
in 

test 
section 

I I water enters narrow 
sample col[ec:~on diameter tube 

blow-out after fill~ng steel pipe 

Time .- 
Figure 2 Between-packer pressure sensor recorder trace for a slug test 



Any deviation from this indicates equipment malfunction. The trace can 

be analysed and the whole cycle represents a repeatable slug test. The 

variant of recovery with SIV reclosed immediately after opening 

constitutes a pulse test. This can be analysed for hydraulic data in 

lower permeability zones in much shorter times than are necessary for 

the large volume flow into the whole system in the slug procedure. 

Sampling zones are selected from borehole profiles of K and AH. Zones 

having positive environmental pressure and K > 10-~m s-' are normally 

chosen to keep sampling times reasonable. As an example a borehole into 

Moine metasediments with granitic sheets, at Altnabreac, Caithness 

Scotland, produced the profiles illustrated in Figures 3 and 4. 

W sampled zow 

Figure 3 Hydraulic conductivity (K) Figure 4 Environmental pressure 

profile of borehole ALB difference (An) profile 

of borehole ALB 



From Figure 3 it can be seen that hydraulic conductivities range from 

about 1oq6m s-' to 10-I'm s-I. Figure 4 shows that the environmental 

pressures are negative above about 90m depth and positive below. They 

are generally about +0.5m below 150m. This means that in the open 

borehole water tends to flow into the bottom and out near the top. 

Superimposition of these two diagrams identifies suitable zones for 

chemical sampling. The three zones identified in Figure 4 are those 

from which chemical examples are given below. 

3 Chemical sampling 

During abstraction it is usual to measure the temperature, electrical 

conductivity, pH, Eh and selected specific ions of the fluid as it 

arrives at the surface. These values, together with abstracted volume 

and sampling times, can be conveniently noted on the pressure sensor 

recording trace. When the above values reach equilibrium, samples can 

be collected for any chemical, gas or isotopic analysis which is 

required. The rate of water abstraction can be controlled by the gas 

pressure applied from surface with SIV closed. 

Two criticisms can be made of such a simple system as regards sampling 

groundwater, especially for gases. Firstly there is direct contact 

between the purging gas and the sample and secondly groundwater is held 

in the system at lower than its environmental pressure, during which 

time degassing may occur. Compressed nitrogen gas is used to eject the 

water sample. If a long steel tube is used, as in this system, then the 

gasfwater interface is minimized. Evidence is given later that if the 

first and last litre of sample is not collected the remaining fluid is 

not contaminated, nor, for example, is there loss of radon. 

As groundwater flows through the equipment it experiences changes in 

both environmental pressure and temperature which could cause gases to 

exsolve from the water. The gas volume lost might be expected to be 

dependent upon the time within the equipment between leaving the 

sampling zone and collection at the surface. This residence time 

depends on: 

a) the volume of water in the pump line compared with that which is 

removed in each gas pump cycle. 



b) the time between each gas pump cycle. This is controlled by the rate 

at which groundwater enters the packer isolated section and is related 

to the hydraulic conductivity and specific storage of the rock. 

As an example, the equipment used at Altnabreac ejected 6 litres of 

groundwater for each gas pump cycle. The pump line (7m ID Nylon I1 

tubing) has a volume of 11 litres when sampling from 300111 below ground 

level. Thus two gas pump cycles were required to bring water from this 

depth to the surface. A sample zone hydraulic conductivity of 

approximately 1 x m s-' allowed gas pump cycle lengths of about 5 

minutes. An experimental procedure was performed which showed that 

degassing, on this time scale, was not a problem. 

3.1 Sampling for dissolved gases 

When well-head conditions had stabilised, samples were taken from a 

particular zone after varying transit times to surface. Results are 

shown in Table 1. 

Table 1 Dissolved gas data from borehole ALB, zone 94-8 - 106m (in 
Moine metasediments). The interpacker volume was 

approximately 105 1. The zone was continuously isolated 

throughout collection of the cumulated volumes (vol.) 

No. Vol. Method Date Time He Ne Ar Rn T 

1 cc STP/CC H20 p~ikg-l T U 

X ~ O - ~  x10-7 XIO-~ 

1 72 SIV 9.4.81 2011 201 2.61 4.93 5397 7.1 

4864 

2 90 SIV 10.4.81 1020 207 2.62 4.95 4809 

4543 

3 174 S IV 10.4.81 1240 165 2.66 4.95 3414 0.6 

After nearly one inter-packer volume (i.p.v.) air was used to flush 

samples for He and inert gases (collected in lcc glass tubes between two 

taps) as well as for radon (1 litre bottles). Fourteen hours later, 



during which time SIV was left open, the first flush was discarded and 

the second volume was sampled using nitrogen. This had therefore been 

resident between the packer zone and the surface for 14 hours. It can 

be seen from Table 1 that the He, Ne, and Ar values obtained are almost 

identical. Ne would be a sensitive indicator of any air contamination, 

which clearly has not occurred for samples 1 and 2. It should be noted 

that samples are routinely taken after discarding the first and last 

litre. As a further precaution, M2 has always been used subsequent to 

this first extraction. 

Radon contents of these two samples lie on a decreasing trend when 

compared with the later abstracted sample 3 (Table 1). This is 

attributed to the near-field of the matrix rock having a larger specific 

surface area (from which radon can be recoiled) and/or greater rock 

uranium contents than the further field involved when larger volumes are 

abstracted. The lower He content for sample 3 supports this view. 

Data for a zone where Rn was seen to increase are listed in Table 2, and 

the Rn contents are plotted against the abstracted volumes in Figure 5. 

Table 2 Field chemical parameters and radon contents from borehole 

ALB, zone 128.5 - 132.7m in Moine metasediments. The inter- 

packer volume was approximately 40 1. The zone was 

continuously isolated throughout collection of the cumulated 

volumes (vol .) 

No. Vol. Method Date Time pH Eh K Rn 

1 mv yscm-l p~ikg-l 

30 S IV 15.7.82 1500 7.1 +215 522 - 
4 115 syphon 15.7.82 1840 7.0 +255 520 8566 

8999 

5 240 syphon 16.7.82 1000 7.05 +240 507 9980 

9350 

6 710 syphon 17.7.82 1050 - - - 9920 

10077 

7 720 S IV 17.7.82 1158 7.05 +215 508 9034 



abstracted volume 1 

Figure 5 Radon content plotted against volume abstracted for two zones 

in borehole ALB. Sample numbers are indicated (Tables 1 and 2) 

In this zone a smaller inter-packer volume (- 40 1 with K 1.5 x 10-~m 
- 
s l) allowed sampling to continue until 18 i.p.v. had been abstracted. 

Field conditions remained very stable. Inert gas data from this sample 

suite are not yet available. A large positive AH (-1-0.5m) combined with 

a convenient relief difference between the casing top and a nearby 

stream (- 3m) made it possible to operate a syphon and thus compare SIV 

sampling and continuous abstraction wherein there was no gas interface 

(c.f. samples 6 and 7, Figure 5). 

The differences between replicates are believed to be due to diffusive 

losses during transport to the laboratory and from Rn loss in transfer 

of the sample into the extraction line. The maximum value is thus given 

greater weight in Figure 5. The similarity in Rn contents of samples 5, 

6 and 7 (Figure 5), collected by syphoning and SIV, shows that the SIV 

method does not affect dissolved gas contents. 

The proof that both technical and zone specific difficulties can 

sometimes be overcome lies in the chemical data obtained from the bottom 

zone in the same Altnabreac borehole (259-281m into granitic sheets 

within the Moine). Here a very low tritium content (4 i: 4 T.U.) 
accompanied a 4 3 %  modern carbon 14c determination. The age derived, 

>11,000 years, is the present detection limit for the small counter 



system employed (Otlet et al., 1982). Its He content (- 300 x ~ O - ~ C C  

STP/CC H20) was used to calculate an age. With radioelement contents of 

the rock matrix inferred from core material, this is - 3 x lo4 years. 
This zone is believed to yield such good samples because it was exposed 

for the shortest times to high heads during drilling and subsequent 

operations. Invasion has been further reduced by the natural flushing 

at the bottom of this borehole. Elsewhere very large volumes may have 

to be abstracted to obtain representative samples from boreholes in 

poorly permeable media. This of course means drawing upon a large 

storage and may pose the problem that the water environments are very 

different from those represented by borehole core material. 
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Abstract 

The paper considers the methods and techniques used for the investiga- 

tion of the submarine discharge of groundwater in the Caucasus shelf 

of the Black Sea. 

1 Introduction 

The study of the groundwater discharge into the seas and large lakes 

is essential in the general investigation of their salinity, temperature 

and water regimes. 

Two basic methods can be used for this study. The first one is the method 

of extrapolation. Data obtained during the onshore hydrogeological 

survey are extended to the sea region. This method is very convenient 

when applied to the sea research because drilling of wells, test pum- 

ping, regime observations and other traditional observations of the 

hydrogeological survey are very expensive and labour-consuming under 

sea conditions. Application of this method is restricted, however, to 

the regions where onshore hydrogeological data is reliable and suf- 

ficiently completed. 

The second method is a set of hydrogeological operations proper, 

in the open sea. In general, it is impossible to directly observe and 

measure groundwater manifestations on the sea bottom, in contrast to 

the onshore analysis of springs and hydrogeological wells. That is 

why the sea hydrogeological survey is based on the 



analysis of various anomalies in physical and chemical fields generated 

as the groundwater passes through the sea bottom (Jamalov, Zektzer, 

Meskheteli, 1977). 

The present techniqueused in the sea hydrogeological survey allow to 

measure with great accuracy basic hydrogeological parameters, such as 

temperature, heat flow, electric conductivity, natural electromagnetic 

and electric fields, and also to define microcomponent, chemical, 

gaseous and isotopic composition of the porous solutions in the bottom 

deposits and in the sea water. Anomaly in the distribution of each 

parameter is, by no means, a direct indicator of the groundwater see- 

page through the sea bottom. The scope of information significantly 

increases when we measure simultaneously at one site the parameters of 

several physical and chemical fields or various components of one and 

the same field. Informativity also increases with the increase in the 

frequency of measurements, which, in an ideal case, can form a conti- 

nuous profile. A correct choice of the optimal set of parameters is 

also essential in the sea hydrogeological survey. The set of parameters 

should carry the necessary information about the submarine discharge 

of the groundwater. The scale of the sea hydrogeological survey, number 

of sites, frequency of profiling and the optimal set of applied methods 

depend on the stage of the research, techniquesand concrete aims of the 

research, and also on the conditions of the sea bottom in the region 

under investigation. To provide for the adequate interpretation of the 

anomalous physical and chemical parameters it is necessary to know the 

geological and tectonical structure of bottom sediment deposits. This 

structure can be obtained by the seismoacoustic profiling. 

2 Methods and techniques in the 

investigation of submarine 

groundwater discharge 

The set of instruments for the sea hydrological survey comprises a 

seismoacoustic profilograph, a probe transported along the bottom, and 

a recorder on board the ship.Temperature, electric conductivity and 

pressure sensing devices are installed in the probe. 

Results of the complex profiling in the combination with the geo- 



chemical and isotopic testing of the porous solutions and near-bottom 

water at separate sites, allow to perform the sea hydrogeological survey 

and to map with great confidence submarine groundwater discharge. 

Seismoacoustic profilograph provides for the geological and tectonic 

data and, in some cases, data on the facies composition of the struc- 

ture of bottom deposits for the first hundreds of meters. 

The apparatus has the following algorithms of the operations. 

Some energy is accumulated in the high-voltage condensers. Then, it is 

transmitted to the source of excitement by a commutator, monitored by 

a synchronization system. An acoustic wave originates in the results 

of the electricdischarge in the source of excitement.This wave reflects 

from geological strata with various coefficient of reflection and 

dispersion, and is accepted by the piezoelectric detector. After the 

signal is intensified, it is transmitted to the recorder. At present, 

we know several methods to generate oscillations in water medium for 

seismoacoustic profiling. In our case, we used the group source of ex- 

citement with a ul~iform trace of energy supply to the elementary sources. 

This source is simple in production and has a high resolving power. 

The excitation block comprises a high-voltage rectifier and commutation 

system which permits to discharge the condensers at definite moments. 

Accumulation capacity of the excitation block is lOmf, voltage is IOkw, 

total energy of the sources is 500 J. The practice verified that this 

energy is sufficient to obtain the reliable information about the geo- 

logical structure of the bottom deposits to the depth of 200 m. 

The optimal towing rate for the seismoacoustic profiling is 4-6 km 

per hour. This rate provides for the best correlation between the time 

of the profiling, the quality of seismograms and the possibility to 

avoid the detachment of the seismic detector. 

The next component of the sea hydrogeological set of instruments is a 

bottom-towing probe which carries the detectors of electric conducti- 

vity, temperature and pressure. The probe should secured against 

detachment and its detectors should be protected from mechanical damaging, 

obstruction with muds and against corrosion. To meet all these requests 

the probe was produced of bronze. It has the shape of the ellipse, and 

all detectors are mounted in its tail-end. Curved metallic rods were 

used to protect the detectors. Fastening of the probe to 10 mm steel 

cable by four 10 m bolts and special hermetic junctions prevent it 



from detachment. 

During the  sea  hydrogeologiacl survey i n  the  shel f  a r e a  the  depth, 

a s  a ru l e ,  does no t  exceed 500 m and we can use f o r  hermetization of 

t he  probe the  tephlone laying and hermetic paste.  This method of her- 

met iza t ion  was t e s t ed  down t o  2000 m and was a success.  

Four-electrode measuring c e l l  was used a s  a de t ec to r  of t he  e l e c t r i c  

conduct iv i ty  of water. I n  some cases ,  under s p e c i f i c  condit ions on the  

sea  bottom we used a two-electrode c e l l  (Gril ikhes,  Filanovsky, 1980). 

Thermistor, placed i n  a me ta l l i c  p ro tec t ion  box was used a s  a tempera- 

t u r e  de tec tor .  The p rope r t i e s  of t h e  thermistor and geometry of t he  

box allowed t o  ob ta in  the  time cons tant  of t he  d e t e c t o r  which i s  about 

a tenth o f a  second, thus i t  meets t h e  request  of t he  research  wi th  

a towing instrument. To cont ro l  the  depth of t he  towing we used the  

standard de tec to r s  of pressure which provided f o r  t he  r e l a t i o n :  

R = f(Po) 
P 

where 

R = r e s i s t ance  of the rheos t a t  i n  the  de t ec to r  
P 

Po = pressure a t  the given depth 

Proper mounting of t he  probe and s t a b i l i z i n g  loads a r e  of grea t  

importance. 

Now, we can consider t he  behaviour of t he  probe during i t s  towing 

when the  mounted load is placed i n  various pos i t ions  and the  length 

of t he  s t e e l  cable  i s  t h r e e  times g r e a t e r  than the  s e a  depth i n  s i t u .  

The probe weights 20 kg, the  f r o n t a l  load weights20 kg, the  s t a b i l i -  

zing - 10 kg. I f  we p lace  the  loads i n  one place wi th  the  probe, t he  

probe w i l l  move wi th  jumping, t h a t  i s  with per iodic  u p l i f t  from the  

bottom. To avoid t h i s  type of t he  motion, the  f r o n t a l  load i s  advanced 

a t  25-30 m from the  instrument along the  s t e e l  cable.  I n  t h i s  case,  the  

probe w i l l  zig-zag over the  ho r i zon ta l  plane and it w i l l  a f f e c t s  t he  

q u a l i t y  of the  measurements and recording.  To remove these  hor izonta l  

o s c i l l a t i o n s ,  t he  s t a b i l i z i n g  load i s  mounted i n  the  tai l-end of t h e  

probe, a t  the d i s t ance  of 3-5 m. 

When towing, t he  probe can be anchored t o  the  sea  bottom due to  its rough- 

ness and can be detached and l o s t .  That i s  why the  instrument should be 

r a t h e r  simple i n  production and low i n  pr ice .  It is expedient t o  mount 



only sensible elements to the probe, and to process the signals, trans- 

mitted by the steel cable,. on board the research vessel. 

The towing rate, taken for the seismoacoustic profiling, is suitable 

for the measurements of temperature and electric conductivity, because 

the time constant of the detectors permits to recognize the change in 

temperature andelectric conductivity from site to site, removed from 

each other at 2 m. The greater rate of the towing reduces the accuracy 

in these measurements and can cause uplift of the probe from the bottom. 

So, the rate of 4-6 km per hour is optimal for the simultaneous 

seismoacoustic profiling, temperature and electric conductivity measure- 

ments - the factor basic for the success of the sea hydrogeological 
survey. 

The &lectronicblock, which receives and transfers the signals trans- 

mitted by the steels cable from the detectors is built with the usage 

of the precise operative amplifiers. Their parameters allow to reach 

high accuracy in the measurements of electric conductivity, temperature 

and pressure. The accuracy in the measurements of temperature and 

salinity during the towing is 0.05'~ and O.l%,accordingly. 

Before the commence of the profiling, the calibration test of the 

detectors was performed in the laboratory. The calibration curves were 

plotted in the result of the estiblished correlation between the vol- 

tage output and the electric conductivity, temperature and pressure. 

Measured parameters are defined by these curves. 

Multi-channel recorders were used in the research. The run-rate and 

duration of recording was similar to the recorder of the seismoacoustic 

profilograph. 

Another prospective way of data processing is data computering directly 

on board the research vessel. Computer processing of data does not 

require the intermediate operations between the stages "sensible 

elements - means of information recording". 
This fact is very important, because even the high-precision integral 

microschemes introduce errors for measurements. The simple commutator 

provides for the successive input of signals from the detectors mounted 

at the probe in the analogue-digital transformator. After the analogue 

signal is coded and transformed, it is forwarded to the computer, where 

it is processed according to the given program. 



The computer allows t o  use the  p l o t t e r  t o  map s a l i n i t y  and temperature 

i n  s i t u .  

3 Resul ts  of t h e  research  

The described methods and techniques were ve r i f i ednea r  t he  Caucasus 

shore of the  Black Sea. The polygon was s e t  i n  t h e  region of Gudauta 

basement u p l i f t  , manifested i n  the  bottom topography a s  a bank com- 

posed of t he  Cretaceous and Palaeogene-Neogene sediments. The polygon 

i s  loca ted  on t h e  s e a  cont inuat ion  of Bzyb a r t e s i a n  b a s i n  opened to- 

wards the  sea. Low Cretaceous and Upper Cretaceous-Palaeogene carbonate 

k a r s t i f i e d  rocks a r e  main aqui fers .  The groundwater discharge goes by 

t h e  ascending spr ings  along the  shore and on the  sea  bottom. I n  some 

spr ings  the  d e b i t  reaches severa l  hundreds of cubic meters per second 

(t leskhetel i ,  1980). 

Two complex p r o f i l e s  recorded dur ing  the  sea  expedit ion (Gudauta bank 

near the  town of Novy Afon, March, 1981) provide c l e a r  i l l u s t r a t i o n  

(Figure 1). The d i s t ance  between the  p r o f i l e s  i s  2500 m. Af ter  the  

d a t a  on e l e c t r i c  conduct iv i ty  was t r ans fe r r ed in to  s a l i n i t y  da ta ,  and 

temperature and s a l i n i t y  da t a  were v e r i f i e d  by s i t e s ,  we p lo t t ed  the  

d i s t r i b u t i o n  curves f o r  these  parameters and the  geologica l  cross- 

s e c t i o n  obtained from t h e  seismoacoustic p ro f i l i ng .  Both p r o f i l e s  show 

d i s t i n c t  a reas  of s a l i n i t y  decrease a t  1500 m of f  t he  shore. Curves 

of temperature d i s t r i b u t i o n  along t h e  p r o f i l e s  have no sharp changes 

and temperature gradually decreases from 10.9- 1 1. OOC t o  9.5-8. O'C, a s  

t h e  depth increases  of f  t he  shore. 

P r o f i l e  1 shows the  sharp f a l l  of s a l i n i t y  t o  16.5% and, then, more 

gradual  increase  i n  s a l i n i t y  t o  i t s  average on the  p r o f i l e ,  equal t o  

19.9 2. 

The temperature curve on p r o f i l e  1 has an  i n s i g n i f i c a n t  lowering, 

s h i f t e d  towards the  open sea a s  compared wi th  the  minimal value of t h e  

s a l i n i t y  curve. The seismogram shows coincidence of t h e  anomalous 

s a l i n i t y  and temperature values and t h e  concentrated k a r s t  spr ing  

recorded by the  seismoacoustic profi lograph.  The mouth of the  concen- 

t r a t e d  k a r s t  spr ing  i s  loca ted  a t  t h e  depth of 19 m and i s  a t t r i b u t e d  

t o  the  wedging of t he  pack of t he  l aye r s  covered by t h i n  Recent sea  
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Figure 1 Complex frofiles of marine hydrogeological survey 



deposits composed of sand and sandy muds. On the seismogram the area 

of concentrated karst spring is a narrow cone with the height of 3 m 

from the bottom. The reflection of the signal is possible because of 

the great density of the stream in the submarine karst spring which 

has greater pressure as compared with the surrounding sea water. The 

mouth of the area of karst spring concentration is not recorded by the 

seismoacoustic profilograph, as the diameter of the mouth seems to be 

less than its resolving power. Insignificant shift of the anomalous 

area on the temperature curve relative to the position of the karst 

spring concentration can be explained by the southeastern stream 

observed in the moment of the recording. 

Seismoacoustic profile 2 shows a distinct zone of the signal scattering. 

Its clear boundaries coincide with the boundaries of the salinity 

anomalous area. Such scattering of the signal can be explained by the 

ascending gas-saturated karstic groundwater. 

We believe that the karstic groundwater which is under great pressure 

arisedby the karst cave or tectonic discontinuity and is discharged 

through the filter of the porous Quaternary deposits. 

Relatively small temperature anomalies on profile 1 and their absence 

on profile 2 can be explained by the fact that we performed our inves- 

tigations in early March when the karstic and sea waters in the near 

shore region have almost the same temperature equal to 10-lloc. 

4 Conclusions 

Complex profiling, several examples of which we tried to describe in 

this report, is the basis for the sea hydrogeological survey. Performed 

according to the net, it allows, in combination with the hydrochemical 

and isotopic sampling at sites, to plot well-grounded maps of sub- 

marine discharge of groundwater, to define the type of submarine source 

and to detect the mechanism and volume of the submarine groundwater 

discharge. 
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Abstract  

The Labelled Slug Test  is a flow log  method using radioact ive  pulses 

and a gamma too l  f o r  determination of t he  flow ve loc i ty  i n  a borehole. 

The method has been used t o  evaluate  hydraul ic  conduct iv i ty  of low - 
permeable formations. Equipment and procedure a r e  described and d i s -  

cussed and comparison wi th  r e s u l t s  obtained from packer t e s t s  i s  made. 

Le "Labelled Slug Test" e s t  une diagraphie de rayons gamma u t i l i s a n t  

des t r aceu r s  r a d i o a c t i f s  pour l a  de'termination de l a  v i t e s s e  

d'e'coulement dans un t rou  de sondage. Cet te  me'thode a e'te' u t i l i s e ' e  

pour l 'e 'valuation de l a  conductivite'  hydraulique de formations peu 

perme'ables.~'b~ui~ement e t  l e s  proce'de's sont  de 'cri ts  e t  comnent6s. 

Les r 6 s u l t a t s  obtenus par  c e t t e  me'thode sont compare's avec ceux 

obtenus au cours des e s s a i s  packer. 



1 Introduction 

The knowledge of matrix and fissure permeability has great importance 

in connection with the investigation of groundwater utilization, waste 

disposal, geothermal energy, hot water storage, oil and gas production, 

etc. 

If the investigated rock has a high fissure or matrix permeability, it 

is easy to measure the hydraulic conductivity of the rock, by means of 

conventional pumping or injection tests, impeller flow logs or a number 

of borehole logs (resistivity, neutron, sonic and caliper). In rocks 

with a very low hydraulic conductivity, the conventional pumping test 

will be time-consuming, the impeller flowmeter log can not be run due 

to a mechanical minimum speed of the impeller and the borehole logs do 

not give a direct determination of permeability. 

The identification of fractures in low-permeable rocks by means of 

tracer tests has previously been studied by Marine (1979). The LST - 
test is a further development of this approach that will, at the same 

time, make it possible to calculate the distribution of the matrix 

permeability and the hydraulic conductivity of the fissures. Calculation 

of the hydraulic conductivity, based on a flow log type method, has been 

previously investigated by Schimscal (1981), Syms (1982) and Andersen 

et al. (1981). 

2 The Labelled Slug Test method 

During the LST, the distribution of water velocity in a pumped borehole 

is measured. This velocity depends mainly upon the hydraulic conduc- 

tivities of the open section of the borehole, the applied drawdown and 

the variation in the cross-section of the borehole. 

Assuming that the diameter of the investigated zone is constant, the 

inflow into the borehole within this zone, is expressed by the eq. (1). 



where : 

Qi = the inflow from the interval 1. 

r 
W 

= the average radius in the interval 

Vi and Viml = the fluid velocity at the end and at the beginning 

of the interval. 

Assuming that the borehole may be divided into a number of intervals 

with homogeneous and isotropic hydraulic conditions, the drawdown, H, 

the flow rates, Qi, the pumping time, t, the hydraulic conductivities, 

Ki, and the specific storage, Ss, are for every interval, li, related 

by eq. 2, Bear (1979): 

The measured velocity profile can be related to the matrix permeability 

by combining eqs. (1 ) and (2) : 

With an estimation of the specific storage, Ss, it is possible to calcu- 

late the hydraulic conductivity from eq. 3. 

The evaluation of the velocity (or inflow) profile in a borehole with a 

varying diameter, and procedures for the calculation of the matrix 

permeability and fissure cbnductivity are described by Gosk, G. (1983). 

3 LST procedure 

The LST-test consists of six steps: 

1) A caliper log is run to determine the cross-section of the borehole. 

2) A constant rate pumping or injection is carried out. 

3)  The radioactive tracer is placed in selected intervals. 

4 )  A continuous logging of the time-dependent depth to the single 

tracer pulses is performed. 

5) The distribution of the tracer pulse velocities is determined. 

6 )  The distribution and type of hydraulic conductivity in the borehole 

is calculated. 



The ca l ipe r  d a t a  a re  used t o  e l iminate  the  e f f e c t  of a changing d ia-  

meter on the  pulse  v e l o c i t i e s .  After  t h i s  procedure, only the  va r i a t ion  

of the flow r a t e ,  which is r e l a t e d  t o  the  permeabil i ty,  w i l l  influence 

the ve loc i ty  of the  pulses.  The c a l i p e r  t oo l  should be equiped with a 

depth ind ica to r  of the same kind a s  tha t  used wi th  the  LST-tool i n  order 

t o  ensure proper depth c o r r e l a t i o n  f o r  a l l  logs .  

Apart from n a t u r a l l y  flowing wel ls ,  the  LST-test has t o  be performed 

during i n j e c t i o n  o r  pumping. The choice of the  method w i l l  depend on 

the  depth t o  the  water t a b l e ,  because pumping normally w i l l  no t  be 

poss ib le  i f  depths a r e  g rea t e r  than 200-300 meter. I f  poss ib le ,  pumping 

w i l l  be p re fe r r ed ,  because i n j e c t i o n  may cause mud invasion o r  hydrau- 

l i c  f r ac tu r ing  of the  formation. 

Pumping o r  i n j e c t i o n  should be s t a r t e d  some hours before t e s t i n g ,  t o  

reduce the  wel l  s torage  e f f e c t  and t o  give a prel iminary es t imat ion  of 

the  water ve loc i ty  i n  the  wel l .  The recording of flow r a t e s  and draw- 

downs should be ca r r i ed  out  i n  order t o  evaluate  the  t ransmiss iv i ty  of 

t he  t e s t e d  i n t e r v a l .  

The LST-method requi res  a t r a c e r  t h a t :  (1) i s  easy t o  measure, (2) is 

pe r fec t ly  so lub le  i n  the  borehole water,  (3) causes no change i n  the 

water behaviour nor (4)  has any subs t an t i a l  t r a c e r  l o s s  during the  water 

movement. Only a radioact ive  t r a c e r  w i l l  f u l f i l  these  demands. I f  t he  

t r a c e r  has t o  be used i n  a groundwater environment, it must have low 

rad io tox ic i ty  and a shor t  h a l f - l i f e .  Bromine-82 i s  a useful  t r a c e r  t h a t ,  

i n  the  form of sodium bromine, has a s t a b l e  chemical bond, a low toxic i -  

t y ,  a  h a l f - l i f e  of 36 hours and a gamma r a d i a t i o n  energy of 0.556-1.478 

MeV. The Bromine-$2 i s  obtained by d i r e c t  i r r a d i a t i o n  i n  a r eac to r  and 

w i l l  t he re fo re  be ava i l ab le  i n  most places.  I n  order t o  secure high 

pulse recovery,  i n j ec t ion  of t h e  radioact ive  t r a c e r  pulses should be 

done uphole, because the  h ighes t  flow v e l o c i t i e s  w i l l  always be found 

i n  the  upper p a r t  of t h e  we l l .  

Se lec t ion  of t he  pulse i n t e r v a l  should be done i n  such a way t h a t  every 

meter of t h e  inves t iga t ion  wel l  w i l l  be passed by a t  l e a s t  one t r a c e r  

during the  t e s t .  A good preliminary s e t t i n g  of the  pulses w i l l  be 



obtained by injecting the tracers with a linear decreasing interval by 

depth. The life of the tracer will be limited by its radioactive decay, 

and it will therefore be important to save time by using a combination 

LST-tool with enough capacity to place additional pulses in "blank" 

intervals. 

All available information from the well site (i.e. core tests, borehole 

logs, packer tests etc.), should be taken into account during design of 

the LST-test. This will improve testing results by placing pulses at 

the most suitable levels. 

The evaluation of the water velocity distribution in the pumped well 

will be based on continuous measurement of the radioactive pulses by a 

gamma scintillation detector. The moving pulses will appear on the log 

record as discrete measurements of every single pulse. Due to this fact, 

it is of extreme importance to measure the single pulses with a time 

interval corresponding to the desired test resolution and to the actual 

pulse velocity. 

The LST-method was designed to measure permeability in very low conduc- 

tive rocks, which implies water velocities from about 60 m/hour down 
- 

to 0.1 mlhour or even lower. It is therefore obvious that both depth 

and time identification have to be very accurate. Depth determination 

should be based on the mechanical depth indicator, log markers such as 

the casing collar locator and formation resistivity and formation gamma 

profiles. Time has to be recorded and displayed simultaneously with the 

pulse logging record. 

If the investigated interval is long and the water velocity is high, it 

will not be possible to make continuous logging up and down through the 

entire interval without some loss of information in the high velocity 

intervals. For this reason, pulse velocities based on every two gamma 

logging runs have to be calculated during logging to optimize the 

further logging operations. 

Every single pulse will have its own appearance, and the definition of 

pulse depth and time will be easy to establish based on well site hard 

copy. Calculatioll of real pulse velocity can be made on a desk calcu- 



lator, when cross-section corrections, as described by Gosk, G. (1983), 

have been considered. Calculation of the hydraulic conductivities can 

be made with a simple desk calculator using the real velocity distri- 

bution and eq. 3., but because of the large amount of logging data and 

the considerable number of calculations, the use of a bigger computer 

is adviseable. For example, a 500 meter investigated interval, with 200 

pulses, 36 hours logging operation and with a logging speed of 4 meter 

per minutes, will result in 3.500 pulse observations, consisting of 

three different parameters: pulse number, depth and time. 

4 Field example 

The results of a LST-test at Mors, Denmark, during January 1981, with 

a total pumping period of about 33 hours, are reported by Andersen et 

al. (1981). A 550 m deep well, Erslev no. IS, which was drilled through 

Upper Cretaceous chalk and limestone, was used for the LST-test. The 

well, drilled in connection with the Danish Radioactive Waste Disposal 

Programme, was investigated by core inspection, a number of lithology/ 

permeability borehole logs and pumping tests. The logging indicated 

numerous fractures in several intervals in the chalk/limestone forma- 

tion, but pumping tests gave permeability values corresponding to per- 

meability of the matrix determined on cores in the laboratory. 

27 Bromine-82 pulses were released into the well in an interval from 

550 m to 130 m below ground level (Fig. 1) and pumping was maintained 

by an ejector pump mounted 96 m below ground level. The injection and 

logging procedure was carried out with single parameter tools, which 

means that depth determination was based only on the mechanical depth 

indicator and cable marks. 

The levels of the single tracer pulses were defined either by the pulse 

maximum or by an abrupt radiation change below or above the pulse 

maximum. The positions of the tracer pulses measured by 14 gamma logs 

during the 33 hours of pumping are illustrated in Fig. 1. The pulse 

velocities were corrected for variations in the cross-section of the 

borehole and these velocities were calibrated to a theoretical borehole 

diameter of 9 inches. A comparison of the measured and calibrated pulse 

velocity profiles shows that the intervals with an apparent upward 



Figure 1 Labelled Slug Test data from ERSLEV-1 well 

The positions of pulses, numbered 2-27, are plotted as a 

function of time. The flow rate and the drawdown are shown 

on the lower sketch 



veloci ty  decrease have been changed t o  an expected upward increase  in 

ve loci ty .  

The agreement between hydraul ic  conduc t iv i t i e s  ca lcula ted  from the  LST 

and from the  packer t e s t  proved t o  be s a t i s f a c t o r y ,  Andersen e t  a l .  

(1981) and Gosk (1981). 

5 Suuunary 

1 )  The LST-derived hydraul ic  conduc t iv i t i e s  a r e  of the  same order of 

magnitude as  those derived from the  packer pumping t e s t s .  The con- 

ventional  logs  used t o  i d e n t i f y  open f r a c t u r e s  o r  permeable zones 

may lead  t o  ambiguous i n t e r p r e t a t i o n s ,  i f  d i r e c t  t e s t s  such a s  

packer, pumping, spinner flowmeter and LST-tests a r e  not  made. 

2)  A considerable improvement i n  the  r e so lu t ion  of the  permeabil i ty 

p r o f i l e  may be obtained by using the  LST. A r e so lu t ion  down t o  1 m 

may be obtained i f  an appropr ia te  number of t r a c e r  pulses a r e  used, 

3)  The LST i s  always a wire-l ine t e s t ,  and no r i g  i s  required.  

4)  In  r e l a t i o n  t o  the  amount of information obtained,  the  dura t ion  of 

the LST may be regarded a s  very sho r t ,  and the  method therefore  i s  

a l so  s u i t a b l e  during d r i l l i n g .  

5)  The LST can be run p r i o r  t o  i n t e r v a l  pumping o r  i n j e c t i o n  t e s t s  i n  

order t o  s e l e c t  t e s t i n g  zones. This may be important f o r  t he  eva- 

l ua t ion  of f i s s u r e  permeabil i ty and may reduce the  time necessary 

t o  obta in  representa t ive  water samples. 

6)  Problems wi th  the  packer t e s t s ,  such a s  leakage around the  packers, 

do not  e x i s t  f o r  the  LST. 

7)  The ca l cu la t ed  v e l o c i t i e s  of t he  pulses can be influenced by the  

movement of the  logging t o o l  and by d i spe r s ion  of the t r a c e r .  Labo- 

r a to ry  t e s t s  a r e  needed t o  quant i fy  the  e f f e c t  of these  f ac to r s .  
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THE MEASUREMENT OF THE SOIL 

TEMPERATURE WITH THE 

TEMPERATURE CONE 

J . G .  d e  G i  jt 

Fugro B.V., Leidschendam, 

The Netherlands 

Abs t rac t  

In  t h i s  paper t h e  Fugro tempera ture  cone w i l l  be d i scussed .  The 

c o n s t r u c t i o n  o f  t h e  measuringdevice w i l l  be o u t l i n e d ,  whi le  a l s o  some 

test r e s u l t s  w i l l  be e v a l u a t e d  i n  r e l a t i o n  t o  t h e  way of  execu t ion .  

Also t h e  u s e  o f  t h e  t empera ture  measurements w i l l  be i n d i c a t e d .  

1 I n t r o d u c t i o n  

A s i t e  i n v e s t i g a t i o n  has  been performed by Fugro B.V., where both 

cone p e n e t r a t i o n  t e s t s  wi th  l o c a l  f r i c t i o n  measurement and pore water-  

p ressure -  and tempera ture  measurements were executed.  

This  s i t e  i n v e s t i g a t i o n  took p l a c e  a s  a p a r t  o f  a s tudy  i n i t i a t e d  by 

E s t e l  Hoogovens , IJmuiden and c a r r i e d  o u t  by Nederhorst Grondtechniek 

B.V. The purpose o f  t h i s  s t u d y  was t o  i n v e s t i g a t e  t h e  u s e  of  s e v e r a l  

groundworktechniques f o r  t h e  renova t ion  of  'Warmbandwalserij I*. The 

techniques  cons idered  t o  have a p p l i c a b i l i t y  a r e :  chemical  s t a b i l i s e d  

sand,  r e i n f o r c e d  augerbored p i l e s ,  diaphragm w a l l s  and grou tanchors .  

The a p p l i c a t i o n  o f  t h e s e  techniques  must be cons idered  i n  r e l a t i o n  t o  

t h e  e x c a v a t i o n s  immediately i n  t h e  v i c i n i t y  o f  matfoundat ions,  t h e  

i n t o l e r a n c e  of  d r i v i n g  v i b r a t i o n s ,  i n s u f f i c i e n t  space  f o r  t h e  s l o p e s  

of a b u i l d i n g  p i t  and t h e  n e c e s s i t y  t o  f i x  r e t a i n i n g  w a l l s  and t o  

prevent  t h e  u p l i f t  of c e l l a r -  and t u n n e l  f l o o r s .  

This r e s e a r c h  was considered necessary  a s  it was known t h a t  t h e  

groundwater t e m p e r a t u r e  was h igher  than  normal ( 5 - 10' C . )  i n  The 

Netherlands. This  h igher  groundtemperature was g e n e r a t e d  by t h e  



presence of  ovens i n  c e l l a r s  and t h e  i n f i l t r a t i o n  o f  ho t  wate r ,  

o r i g i n a t e d  from c o o l i n g  of  s t e e l  p l a t e s .  

The tempera ture  measurements t aken  provided t h e  b a s i s  f o r  r e s e a r c h  t o  

f.e. t h e  kippt ime o f  t h e  i n j e c t i o n  f l u i d s ,  t h e  p o s s i b i l i t y  t o  r e i n f o r c e  

t h e  g r o u t  of  t h e  augerbored p i l e s  and t h e  behaviour o f  t h e  i n j e c t i o n -  

f l u i d  and cement g r o u t .  

2 Measuring element 

In  f i g u r e  1 a s e c t i o n  o f  t h e  t empera ture  cone i s  shown. The drawing 

d i s p l a y s ,  t h a t  t h e  measuring e lement ,  a thermal  s e n s i t i v e  r e s i s t a n c e ,  

is  b u i l t  i n  a s t a n d a r d  Fugro f r i c t i o n  mantle  cone.  The tempera ture  

s e n s i t i v e  r e s i s t a n c e  i s  placed above t h e  cone and i s o l a t e d  from t h e  

o t h e r  p a r t  of t h e  cone. 

By means of  a sounding t r u c k ,  f i g u r e  2 ,  t h e  t empera ture  cone is pushed 

F i g  



i n t o  t h e  s o i l  (wi th in  t h e  t r u s t  c a p a c i t y  of  t h e  a p p a r a t u s ) ,  which g i v e s  

t h e  p o s s i b i l i t y  t o  perform tempera ture  measurements a t  t h e  r e q u i r e d  

dep ths .  

The measured s i g n a l s  of  both tempera ture  and cone r e s i s t a n c e  a r e  t r a n s -  

f e r r e d  v i a  an e l e c t r i c a l  measuringcable,  which g o e s  through t h e  hollow 

sounding r o d s ,  t o  t h e  measuring cab ine  o f  t h e  sounding t r u c k .  

The tempera ture  and cone r e s i s t a n c e  can d i r e c t l y  and cont inuous ly  be 

read o f  from t h e  s t r i p c h a r t r e c o r d e r ,  placed i n  t h e  cab ine .  The measuring 

range o f  t h e  t r a n s d u c e r  is between -25' t o  + 120' C wi th  an accuracy of 

l o  C. 

Fur ther  developments r e g a r d i n g  t h e  c o n s t r u c t i o n  of  t h e  t empera ture  cone 

a r e  undertaken and a r e  d i r e c t e d  t o  d e c r e a s e  t h e  measuring t i m e  (now 

being 10 - 15 min.) c o n s i d e r a b l e  t o  speed up t h e  o p e r a t i o n .  Also t h e  

accuracy o f  t h e  measuring system i s  being r e f i n e d .  

3 Test  r e s u l t s  

A t  t h e  l o c a t i o n  i n v e s t i g a t e d  t h e  s o i l  c o n s i s t s  from groundleve l  up t o  

t h e  maximum p e n e t r a t e d  d e p t h  of  dense  f i n e  sand.  

The r e d u c t i o n s  i n  t h e  cone r e s i s t a n c e  a r e  due t o  t h e  presence of  t h i n  

c l a y  a n d / o r  p e a t  l a y e r s .  

A t  a d e p t h o f  N.A.P. (Dutch Datum) -17.00 m. t o  N.A.P. -19.60 ma 

very s i l t y  sandlayer  is p r e s e n t ,  wi th  many r e d u c t i o n s  i n  cone 

r e s i s t a n c e .  These r e d u c t i o n s  i n d i c a t e  p o s s i b l y  t h e  presence o f  t h i n  

peat  and l o r  c l a y l a y e r s  . 
From a d e p t h  of  N.A.P. -19.60 m t o  N.A.P. -20.10 m t h e  s o c a l l e d  b a s i s  

p e a t l a y e r  is  l o c a t e d .  This  p e a t l a y e r  forms i n  t h e  Western p a r t  o f  The 

Netherlands t h e  s e p a r a t i o n  between t h e  P l e i s t o c e n e -  and Holocene 

d e p o s i t s .  

From a d e p t h  N.A.P. -20.10 m up t o  t h e  maximum p e n e t r a t e d  d e p t h  a very 
2 dense sand d e p o s i t  with cone r e s i s t a n c e s  i n  e x c e s s  o f  30 MN/m was 

encountered.  

Some r e s u l t s  o f  t h e  cone p e n e t r a t i o n  t e s t s  w i t h  l o c a l  f r i c t i o n  measure- 

ment a r e  p resen ted  i n  t h e  F i g u r e s  3 and 4. 

Besides t h e  cone p e n e t r a t i o n  tests, tempera ture  measurements and pore 

wate rpressure  measurements were performed. 



The tempera ture  measurements and t h e  pore wate rpressure  measurements a r e  

drawn on t h e  cone p e n e t r a t i o n  t e s t  r e s u l t s .  A s  can  be seen  from t h e s e  
0 measurements t h e  minimum recorded tempera ture  is  17-18 C, while  t h e  

maximum recorded tempera ture  is 50' C. 

Isotherms f o r  3 d e p t h s  a r e  p resen ted  i n  F igure  5. This  map shows c l e a r l y  

t h e  change i n  t empera ture  and t h e  a r e a s  i n f l u e n c e d  by t h e  hea t sources .  

F i g u r e  3 Cone p e n e t r a t i o n  test w i t h  l o c a l  f r i c t i o n  



The pore wate rpressure  measurements show a h y d r o s t a t i c  p r e s s u r e  

d i s t r i b u t i o n .  

The d i f f e r e n c e s  i n  h y d r a u l i c  head between t h e  l o c a t i o n s  i s  c o n t r o l l e d  by 

t h e  i n f i l t r a t i o n  of water  f o r  coo l ing  t h e  s t e e l  p l a t e s .  

It appeared t h a t  t h e  groundwater flow v e l o c i t i e s  were such t h a t  no 

washing o u t  of  g r o u t  was t o  be expected.  

F i g u r e  4 Cone p e n e t r a t i o n  t e s t  w i t h  l o c a l  f r i c t i o n  

578 



4 I n f l u e n c e  o f  t h e  t e s t i n g  method on t h e  measurement r e s u l t s  

Before c a r r y i n g  o u t  t h e  t empera ture  measurements t h e  measuring element  

must be c a l i b r a t e d .  This  can be achieved by p l a c i n g  t h e  tempera ture  cone 

i n  water  and t o  check t h e  read ing  ob ta ined  with t h a t  measured wi th  a 

c a l i b r a t e d  thermometer. 

By r e p e a t i n g  t h e s e  a c t i o n s  before  and a f t e r  each completed tempera ture  

sounding t h e  p o s s i b i l i t y  e x i s t s  t o  c o n t r o l  t h e  i . e .  p o s s i b l e  z e r o d r i f t .  

Bearing i n  mind t h e  c o n s t r u c t i o n  of t h e  t empera ture  cone it i s  c l e a r ,  

t h a t  some accommadationtime is unavoidable before  t h e  e x a c t  t empera ture  

i s  measured. To i n v e s t i g a t e  how f a s t  t h e  measurements can  be performed 

e s p e c i a l l y  i n  r e l a t i o n  t o  t h e  accomodation t ime t h r e e  ways of  execu t ion  

Legend : 

3 .5  m + N . A . P .  

F i g u r e  5 Isotherm map f o r  3 d e p t h s  ---- N . A . P .  

.. . . . . . . . . . . . . , . . . . . . . . 1 . 0  m - N . A . P .  



were cons idered .  

Method a :  pushing t h e  cone i n t o  t h e  s o i l  up t o  t h e  

d e s i r e d  d e p t h  and making a t e s t  t o  r e p e a t  

t h i s  procedure u n t i l  t h e  maximum d e p t h  

is  reached.  

Method b: pushing t h e  cone i n  a s tandard  way i n t o  

t h e  s o i l  up t o  t h e  maximum depth  and 

c a r r y i n g  o u t  t h e  t empera ture  measurements 

a t  each r e q u i r e d  d e p t h  when r e t r a c t i n g  

t h e  cone s tepwise .  

Method c :  i n  a d d i t i o n  t o  t h e  f i rst  method, some 

measurements can  be made when l i f t i n g  t h e  

sounding rods .  

The p e n e t r a t i o n  speed f o r  a l l  methods i s  c a .  20 mm/s. 

The r e s u l t s  o f  t h e  3 above mentioned methods a r e  p resen ted  i n  t h e  

Figures 6 and 7. 

The execut ion  t ime  fo l lowing  method a and b does  n o t  show s i g n i f i c a n t  

d i f f e r e n c e s .  In t h e  c a s e  o f  u s i n g  method c however t h e  execu t ion  t ime 

is about  one hour longer  t h a n  f o r  t h e  o t h e r  methods. 

The accomodation t ime  under t h e s e  c i rcumstances  was 10 - 15 min. 

The t i m e  necessary  t o  c a r r y  o u t  t h e  above measurements was about  3 

hours ,  i n c o r p o r a t i n g  1 1  - 13 tempera ture  measurements. 

Summarizing t h e  a f o r e  mentioned it is  concluded t h a t  method b p r e v a i l s ,  

a s  it has  t h e  b ig  advantage of  performing a s t a n d a r d  cone p e n e t r a t i o n  

t e s t  (Dutch Standard NEN 3680, U.S. Standard ASTM D3441), whi le  by 

l i f t i n g  t h e  tempera ture  cone an a c c u r a t e  t e s t  c a n  be performed a t  each 

requi red  dep th .  

Another advantage of  t h i s  method is, t h a t  an i n d i c a t i o n  of t h e  s o i l  

s t r a t a  i s  p r e s e n t ,  s o  one is a b l e  t o  d e c i d e  a t  t h e  s i t e  a t  which l e v e l s  

t h e  s o i l  t empera ture  must be measured. 



Figure 6 Cone penetration test 
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Figure 8 Correlation between cone and local friction to determine 

sub bottom layers 



5 Appl ica t ions  

The tempera ture  of t h e  s o i l  can  be measured w i t h  t h e  tempera ture  cone up 

t o  t h e  p e r m i s s i b l e  sounding dep th  o f  t h e  s o i l  p r o f i l e .  With a 200 kN 

sounding t r u c k  and wi thout  s p e c i a l  arrangements  ( e x t r a  l o a d ,  f r i c t i o n  

r e d u c e r s )  it i s  p o s s i b l e  t o  p e n e t r a t e  up t o  40 m below groundleve l  i n  

The Netherlands.  

The knowledge of  t h e  t empera ture  d i s t r i b u t i o n  i n  t h e  s o i l  can be 

important  f o r  s e v e r a l  kind of  problems, such as :  

- C i v i l  e n g i n e e r i n g  problems 

. s e l e c t i o n  of  i n j e c t i o n  f l u i d  

. i s o l a t i o n  problems ( f r e e s e  houses )  

- h e a t  l o s s  through p i p e l i n e s  (town h e a t i n g )  

- f r o s t  p e n e t r a t i o n  

- Thermal energy 

- i n v e s t i g a t i o n  f o r  ho twate rsources  

- Thermal i n v e s t i g a t i o n  

. ground waterf low (seepage,  i n f i l t r a t i o n ,  

temperature change 

. i n f l u e n c e  o f  a c t i v i t i e s  a t  g roundleve l  

( h e a t  conduc t ion ,  i n f i l t r a t i o n ,  environmental  

p o l l u t i o n )  

- A g r i c u l t u r e  problems 

. i n f l u e n c e  of  t h e  t empera ture  a t  h a r v e s t  e t c .  

In  t h e  c a s e  of  an e x t e n s i v e  tempera ture  i n v e s t i g a t i o n  it is r e -  

commended t o  supplement t h e  t empera ture  cone soundings with cone 

p e n e t r a t i o n  t e s t s  with l o c a l ~ f r i c t i o n  measurement. 

From t h e  l a t t e r  t e s t s  t h e  f r i c t i o n  r a t i o ,  being t h e  r a t i o  o f  l o c a l  

f r i c t i o n  and cone r e s i s t a n c e  c a n  be computed. T h i s  f r i c t i o n  r a t i o  

t o g e t h e r  wi th  t h e  cone r e s i s t a n c e  provides a n  i n s i g h t  i n  t h e  s o i l  

s t r a t a .  

The r e l a t i o n  o f  cone r e s i s t a n c e ,  l o c a l  f r i c t i o n  and f r i c t i o n  r a t i o  

f o r  t h e  e l e c t r i c  m g r o  f r i c t i o n  mantle  cone is presen ted  i n  Figure 8. 

In c e r t a i n  c i rcumstances  it is  recommended t o  perform a boring i n  

t h e  a r e a  i n v e s t i g a t e d .  
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summary 

The usual methods for determining the permeability in situ are the con- 

stant and falling head method and the pumping test. The first two are 

very often inaccurate and the last one is expensive. 

Therefore, a new method has been developed: the dipole-probe. This probe 

is in principle analogous to the electrical porosity probe of our labo- 

ratory: water is pressed into the soil through the topfilter and sucked 

up through the lower filter or vice versa at a certain rate; by means of 

two other filters placed between the first two the potential difference 

is measured. From the rate of flow and potential difference the coeffi- 

cient of horizontal permeability can then be calculated. 

Field results 

- With this probe the local coefficient of horizontal permeability ofan 

anisotrope sandy soil can be measured in situ in a simple way. 

- For determining the less needed coefficient of vertical permeability, 

two probes are needed. This method has proved to be less accurate and 

will therefore not be discussed. 

- For a layered soil an average value is found. 

- This probe cannot be used in clay. 

Les mdthodes habituelles pour determiner la permdabilitd in situ sont 

l'essai d'infiltration niveau constant, l'essai d'abaissement, et 

l'essai de pomp8ge. Les deux premiers sont souvent peu precis, et le 



dernier e s t  ondreux. - 
Pour c e t t e  ra ison une sonde nouvelle a 6 t6  ddveloppde. En principe c e t t e  

sonde e s t  analogue .3 l a  sonde dlect r ique de porosi t6  de notre  Labora- 

to i re :  Zi un c e r t a i n  d & i t  d 'eau e s t  in jectde  dans l e  s o l  Zi t r avers  l e  

f i l t r e  sup6rieur e t  aspir6e par  l e  f i l t r e  in fg r ieur ,  ou .3 l ' envers ;  au 

moyen de deux au t res  f i l t r e s  places en t re  l e s  premiers deux, l a  d i f fd-  

rence de po ten t i e l  e s t  mesur6e. O r ,  l e  coef f i c ien t  de perm6abilit6 hori-  

zontale peut-0tre calculd du d6bi t  d'eau e t  de l a  difference de poten- 

t i e l .  

Rdsultats practiques 

- Avec c e t t e  sonde l e  coef f i c ien t  loca l  de l a  perm6abilitd horizontale 

d'un s o l  sableux anisotrope peut-0tre mesurd d'une fapon simple. 

- Pour determiner l e  coef f i c ien t  de permdabilitd ve r t i ca le ,  qui  e s t  

rarement requis ,  deux sondes sont n6cessaires. 

Cette mdthode s ' e s t  montrde mobs pr6cise,  e t  en cons6quence ne sera  

pas t r a i t d e  i c i .  

- Dans un s o l  s t r a t i f i d  on trouve une valeur moyenne. 

- La sonde ne peut pas e t r e  u t i l i s 6 e  en a r g i l l e .  

1 Introduction 

The coef f i c ien t  of permeability, especia l ly  of sandy s o i l s ,  i s  among 

other things essen t i a l  f o r  calcula t ing the  flow of groundwater. 

The coef f i c ien t  of permeability i s  i n  s i t u  usually measured a s  follows: 

1) Constant head metinod d i r e c t  i n  s i t u  
1 

2) Fal l ing head method methods 

3 )  Using an ind i rec t  method t o  determine permeability, the porosi ty  of 

the  sand is measured i n  s i t u  with an e l e c t r i c a l  method. Afterwards, 

i n  the laboratory,  the  coef f i c ien t  of permeability of a sample is  

determined a s  a function of the  porosity.  Ind i rec t ly  by interpolat ion 

the  coef f i c ien t  of permeability is  then known f o r  the i n  s i t u  

measured porosity.  

Disadvantages of the  methods mentioned so f a r :  

a )  Around the  probe a layer  of disturbed and o f ten  crushed sand is  

formed. I t  is  therefore impossible t o  measure the  coef f i c ien t  of 

permeability of the  undisturbed s o i l .  

b) The pressure is  here measured i n  the  probe before the f i l t e r ,  so i ts  



resistance should be known. This resistance, however, i s  not constant, 

as  the f i l t e r  becomes gradually clogged. 

c )  Using method 3 one sample i s  prepared successively i n  two o r  more 

different  porosities.  A t  each porosity the coeff icient  of permeabili- 

t y  i s  determined. The anisotropy o r  other i r regular i t i es ,  i f  any, a re  

then los t .  

With the new probe only drawback a )  remains. This disadvantage can never 

be avoided when a probe is pressed in to  the so i l .  I t  w i l l  be shown tha t  

the influence of t h i s  disturbed layer on the measured coeff icient  of 

permeability, determined with our newly developed probe, i s  re lat ively 

small. 

In conclusion we can say that  the dipole-probe is  a useful low-cost 

apparatus for  determining the permeability i n  s i t u .  

2 The principle of the new method 

Most so i l s  are  anisotropkwith coefficients of horizontal and ver t ica l  

permeability, respectively kh and kv. 

Defining in  such s o i l  q as  the r a t e  of discharge of a source or  sink, 

r , z  a s  horizontal resp. ver t ica l  distance from a cer tain point to source 

or  sink and h as  change of potent ial  i n  tha t  point the following i s  
r , Z  

obtained : 

h = 9 hence h 
r=O,z = q/(4nkhz) r , z  

(1) and (2 )  

On the l ine  r = 0 the value of h i s  only a function of kh, as  it hap- 
r , Z  

pens the most important coeff icient  of permeability. Therefore, a perme- 

ab i l i t y  probe with the following character is t ics  was considered: 

- source o r  sink with constant r a t e  of discharge 

- potent ial  sensor on the ver t ica l  l i ne  through source o r  sink. 

To l i m i t  the area around the probe i n  which the average permeability is 

determined and because potential differences are  easier  t o  measure, the 

probe was improved a s  follows: 

- On the l i ne  r = 0 through source o r  sink a sink o r  source with the 

same ra te  of discharge was placed. Between source and sink a second 

potential sensor was placed and between both sensors the potential 

difference was measured. 



With t h i s  probe the  loca l  coef f i c ien t  of horizontal  permeability i s  

measured. Because of source and sink the new probe was cal led dipole- 

probe. 

3 Description of the  dipole-probe 

Figure 1 i s  a schematic drawing of the probe. The piston pump presses 

water through f i l t e r  A i n t o  the  s o i l .  Through f i l t e r  B water en te r s  the 

probe a t  the  same ra te .  The f i l t e r s  A and B thus form a p a i r  of source 

and sink. During measuring the  r a t e  of discharge of the  pump is  kept 

constant; it can be changed, however, with a variable-speed drive.  

The d i f f e r e n t i a l  pressure gauge measures the  po ten t i a l  difference be- 

tween the f i l t e r s  C and D. The coef f i c ien t  of horizontal  permeability 

k is calculated a s  follows: h 

271 
with C = 

1 
, and Ah = h 

--- C - hD 
L -L 

1 2 L1+L2 

In  r e a l i t y  the f i l t e r s  A, B, C and D a re  not points  but cy l indr ica l  

surfaces,  so  formula ( 3 )  i s  only an approximation and the  separation of 

kh and kv is  therefore not a s  exact a s  formula ( 2 )  would suggest. 

The value C of formula (4) can experimentally be determined a s  follows: 

A dummy probe of the  same dimensions, made of an i s o l a t o r  and metal 

f i l t e r s ,  was made. The pxobe,was t e s ted  i n  a swimming-pool with water 

of known spec i f i c  res is tance p Between the e lect rodes  A and B a known 
w'  

current I flows through the water, while between the  e lect rodes  C and D 

a po ten t i a l  difference U ex i s t s .  Because of the  analogy between the  

laws of Ohm and Darcy it follows tha t :  l/pw = I / ( C U ) .  T l ~ i s  value of C 

deviates only a few percent from t h a t  of formula ( 4 ) .  

During measuring the  probe must be submerged i n  the  groundwater. Special 

care should be taken t h a t  the pump and tubes a r e  f i l l e d  with water. When 

the probe is  pressed i n t o  the  s o i l  the system is  kept under s l i g h t  over- 

pressure t o  avoid clogging of the  f i l t e r s .  



reciprocating pump with constant 
but  adjustable rate of discharge 

flow lines ----- equi potential lines 
all  dimenstons In rn are only given as  an example 

Figure 1 Schematic drawing of dipole-probe 

The main data of the probe according to Figure 1 are: 
-7 

lo-' m/s > kh > 10 m/s 
-6 

m3 /s > rate of discharge of pump > 10 m3 /s 

C calculated with (4) 1,067 m 

C measured in swimming-pool 1,119 m. 

4 Verification of formula (3) 

In practice not only anisotropy i.e. k h -  + k v is found but also distur- 

bances consisting of horizontal layers of different permeability. Also 

in that case only formula (3) or (6) is available. The determination of 

C cannot be improved either. In order to verify formula (3) a few such 

cases were checked by means of our program SEEP. The results are given 

in table 1. 



1 2 3 4 5 6 7 8 9 10 11 

fig. k x106 kVxlo6 dx103 ksx106 kx106 layer qx103 Ah C khx106 
h 

nr. m/s m/s m m/s m/s nr. m3 /s m m m/s 

A 3 5 0 50 0 - - - 1,85 30,2 1,23 49,8 
B 3 5 0 5 0 0 - 0,5 1 1,62 31,3 1,04 42,l 
C 3 50 50 0 - 0,5 2 1,72 15,O 2,29 93,2 
D 3 5 0 50 0 - 0,5 3 1,73 52,7 0,666 26,7 
E 3 50 50 0 - 0,5 4 1,76 44,2 0,796 32,4 
F 3 50 50 5 0,5 - - 0,0943 1,49 1,26 51,5 
G 3 50 5 5 0,s - - 0,0913 1,52 1,20 48,8 

H 3 50 5 
1.2 

5 Or5 0,5 3.4 0,0903 2,12 0,852 34,6 

The columns should be read as follows: 

Column Description 

1 Number of figure giving all data of soil and disturbing layers 

2 k of undisturbed soil 
h 

3 k of undisturbed soil 
v 

4 Thickness of layer of disturbed soil around probe 

5 Coefficient of permeability k of isotropic layer according to 

column 4 

6 .Coefficient of permeability k of the isotropic horizontal dis- 

turbing layers 

7 Number of layers of Figure 2 

8 Rate of discharge q. In all calculations the potential dif- 

ference between the filters A and B was 200 m. This column 

shows how q varies'with changing permeability 

9 Potential difference Ah between the filters C and D 

10 C calculated with formula (3) , q of column 8, kh of column 2 
and Ah of column 9 

11 k calculated with formula (3), q of column B, and C = 1,23 m, 
h 
of row A. 

In the rows A-H several variants of figure 2 have been calculated. The 

rows F and G clearly show that the anisotropy and the disturbing layers 

around the probe have only a slight influence. Much greater is the in- 

fluence of the disturbing layers 1, 2, 3 and 4 separately, rows B-E, 



x x x  x disturbing layer around 
probe 

kS = 5.16'rn,% 

Figure 2 Dimensions of probe and Figure 3 Dimensions of probe and 

dis turbing l aye r s  of d is turbing layers  of 

rows A + H row I 

and together,  row H. These disturbances influenced t h e  flow t o  such a 

degree t h a t  the  assumptions on which formula ( 3 )  was based a r e  not va l id  

any more.In p rac t i ce ,  these  disturbances a r e  never known and therefore  

formula ( 3 )  has t o  be used a l l  t he  same and deviations have t o  be accept- 

ed. 

In Figure 3 several  d is turbing l aye r s  between the  f i l t e r s  A and B a r e  

given. The influence on kh is only s l i g h t ,  row I. 

In  p rac t i ce  the re  a r e  always dis turbing l aye r s  and the  measured value of 

k w i l l  always devia te  from the  r e a l  value. The b e s t  solut ion is there- h 
f o r e  t o  measure kh a t  small i n t e r v a l s  and t o  smoothe the  function found 

i n  t h i s  way. The average value of kh of the  rows B, C ,  D,  E ,  H and I ,  

t h a t  is t o  say with dis turbing l aye r s ,  amounts t o  45,s . m / s .  The 

e r r o r  is now only 8,8% of the  accurate value of 50 . m / s .  



5 Measuring r e s u l t s  

From a pontoon on a lahe  the  following values of kh(Table 2) were found. 

Table 2 

Depth Rate of Ah \x106 kind of s o i l  
discharge 

m x106 m 3 / s  m m / s  observations 

7,00 4,559 0,106 38,4 sand 
7,25 4,559 0,085 47,9 
7,50 4,559 0,088 46,3 
7,75 4,559 0,091 44'8 I 

8,OO 4,559 0,114 35,7 
8,25 2,533 0,068 33,3 probe e n t e r s  a l e s s  permeable 

l aye r  cons i s t ing  of sand, s i l t  
and humus 

8,50 1,520 0,725 1,87 middle of l a y e r  
8,75 1,520 0,260 5,22 probe leaves  t h i s  l a y e r  again  
9,OO 3,039 0,120 22,6 IS 

9,25 4,559 0,096 42,4 sand, l e s s  homogeneous than 
above - 8 m 

9,50 4,559 0,063 64,7 sand 
9,75 5,066 0,054 83,8 
10,OO 5,066 0,056 80,9 
10,25 5,066 0,054 84,6 

0,020 sand, h was n o t  cons tant ,  
10~50 5,066 o,050 - t he re fo re  kh n o t  ca l cu la t ed  
10,75 5,066 0,029 156 sand 
11,OO 7,09 0,019 333 13 

11,25 7,09 0,017 373 )I 

11,50 7,09 0,019 333 
11,75 8,11 0,017 439 
12,OO 8,11 0,031 233 
12,25 8,11 0,036 201 
12,50 6,08 0,120 45,3 " 
12,75 6,08 0,028 194 I 

13,OO 6,08 0,018 302 II 

I n  Figure 4 k is given a s  a funct ion  of the depth according t o  Table 2. 
h 

A boring showed t h a t  the s o i l  above the  l aye r  a t  8,s m depth was more 

homogeneous than underneath t h a t  layer .  The curve us i n  concordance with 

th i s .  The curve is smoothened by means of the  average valdes above and 

underneath t h i s  layer:  41 . resp.  272 . lo-' m/s. It was s u ~ p o s e d  



Figure 4 k as a function of depth h 

that the value at 12,s m depth was too small. Because of that this value 

was not taken into account. 

As other measurings also gave differences both plus and minus a.nd as at 

trials in homogeneous sand of known permeability the differences were 

negligible, it may be supposed that the dipole-probe gives the right 

values. 

6 Conclusion 

It has been shown above that in homogeneous anisotropic soils the right 

local value of the coefficient of the horizontal permeability is measured 

with the dipole-probe. At in situ measurements a smoothening according to 

Figure 4 is always advisable. 

In situations according to Figures 2 and 3 layers of sand and clay it 

lasts sometime very long before Ah reaches its right value, so that in 

such cases the use of the dipole-probe will be limited. 



ANALYSES OF THE DATA OF THE NATIONAL GROUNDWATER 

MONITORING SYSTEM 
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Abstract 

In The Netherlands a network of 320 wells has been installed for 

monitoring the groundwaterquality in the overlaying- and first 

waterbearing aquifer. Normally, the concentration of nineteen 

parameters in the groundwater is determined, but the network is also 

used for special sampling. 

This paper deals with the handling of the data and describes methods 

for statistical analysis and for the presentation of the geographical 

spreading of the groundwaterquality. Special attention is payed to the 

relation between groundwaterquality on one hand and soil use or soil 

type on the other. 

Results for some parameters are shown. 

1 Introduction 

A large quantity of the Dutch drinking water is obtained from ground- 

water. During the past few years it has become evident that the quality 

of this groundwater is not as good as previously assumed. Due to local 

- and diffuse pollutionsources an increasing amount of groundwater 

is polluted, in some cases even directly threatening public health. 

Therefore the Ministry of Public Health and Environmental Protection 

has assigned the National Institute for Water Supply ta establish a 

national groundwaterquality monitoring system. 



The objectives of the monitoring system are: 

- to make an inventory of the present quality, in addition to already 
available data; 

- to distinguish long term changes in quality; 

- to provide data for groundwaterquality control; 
- to indicate the extent of human influence on groundwaterquality. 

Therefore, the main goal of the system is not to find local sources of 

pollution, but to observe diffuse pollution and to locate sources of 

this pollution. (For local sources, in the context of the national soil 

sanitation program, local monitoring networks have been installated). 

The construction of the network will be completed early 1983. Some 

380 monitoring stations will be installed then. This is equivalent to 

an average monitoring ratio of one station per 8 0  square kilometers. 

The locations are carefully choosen in order to obtain a representative 

image of the groundwaterquality. For methods and considerations of the 

construction vide van Duijvenbooden (1979, 1981).  Since the network is 

not finished yet, and only a few boreholes have been sampled more than 

twice, no attention has been payed up till now to the analysis of time 

series. The statistical research is at the moment focussed on the 

relation between soil type orsoil use on one hand and on the other the 

groundwaterquality measured during the first sampling period of the 

monitoring system. Also, it will be shown that for s3me parameters it is 

useful to take into account the geographical spreading. 

2 The installation of the monitoring system 

Figure 1 qives a view of the locations of the sampled wells. 

The installation of the network is finished for more than 80%. At the 

moment (sept. 1982) 105 wells were sampled once, 130 twice and 64 three 

times. The wells are equiped with three wellscreens at about 10, 15 and 

25 meters below groundlevel. Due to local conditions these depths may 

vary. The frequency of sampling will be approximately once a year in 

the nearest future. The basic analysis package is given in table I. 

Incidently, a large number of trace elements are determined also. 



Figure 1 

Cloride concentrations (mg C1/1) in the first sampling of the 

filter of the monitoring network. Each symbol also represents a 

sampled well 



Table 1 Basic chemical analyses program 

2+ 
KjN ca Zn -O4 
NO; ~ g ~ +  Ni TOC 

c1- 
+ 

Na As VOCl 

SO: K+ PH EOCl 

HCO~ tot. P Conductivity. 

The results of the chemical analysis are punched and stored on magnetic 

disk. (The analyse form is at the same time punch form). A PDP 11/34 

minicomputer is used for processing these data. A number of interactive 

FORTRAN 77 programs has been developed for: 

- the management of the network (progress control and output of the 
measured data for publication); 

- statistical analyses; 
- graphical presentation. 

3 Statistical comparison of data 

In order to distinquish the influence of soil type, soil use and 

geohydrological situation a statistical program MNSTA (Monitoring 

Network STAtistics) was written. This program creates two subsets of 

data, and compares these subsets with each other. 

Scheme 1 shows a simplified chart of the information flow in the 

program. 

In the file "well data" a num§er of properties of the wells are stored, 

sucb as: vertical direction of groundwaterflow; semi-pervious layers; 

fresh-, Brackish- or salt water (depending on the measured chloride 

concentrations); soil use; soil type; etc. In the file "criteria" one 

defines what type of wells are to be statistically analysed. The 

program determines which wells satfsfy these criteria by comparing them 

with the well data. From the ffle "data of chemical analysis" the 

relevant chemical data are searched and the first subset is formed. 

The program user can change one of the criteria, hence the program 

repeats the procedure as already described and a second subset is 

created. The Wilcoxon -test is applied to determine whether or not 



Scheme 1 

A simplified chart of the information streams in the statistical 

program MNSTA. (using IS0 R1028 flow chart symbols) 





%he change i n  t h e  c r i t e r i a  influences the  concentration d i s t r ibu t ion  

i n  the created subset. (For a descr ipt ion of the  Wilcoxon t e s t  see  

Mann and Whitney (1947). The algorithm used i s  given by Wijvekate 

(1976)). The program lists the  r e s u l t s  of the  Wilcoxontest, the  mean 

values and standard deviations of  the  two subsets on the  terminal. A 

more elaborate output (with the  c r i t e r i a  and the  concentrations i n  the  

wells) i s  wri t ten on an ou tpu t f i l e .  

An example of the  use of t h i s  program: 

" I s  there  a s ign i f i can t  d i f ference i n  n i t r a t e  concentrations i n  

agr icu l tu ra l  a reas  with sandy s o i l s  and agr icu l tu ra l  areas  with clays?" 

From the well data the  program reads which wells a r e  s i t e d  i n  

agr icu l tu ra l  areas  with sandy s o i l s  and subset 1 is formed. The user 

changes the  cri terium of the  type of s o i l  from sand i n  c lay,  subset 2 

i s  formed and the program compares subset 1 with subset 2 .  Result: 

"The chance of the  n i t r a t e  concentration i n  agr icu l tu ra l  areas  with 

sandy s o i l s  being not l a rge r  than the  n i t r a t e  concentration i n  

agr icu l tu ra l  areas  with clay, is l e s s  than 0.5%". It i s  obvious t h a t  

i n  agr icu l tu ra l  areas  with sandy s o i l s  the  n i t r a t e  concentration is  

s ign i f i can t ly  higher than i n  agr icu l tu ra l  areas  with clayey s o i l s .  

An example of the  output of mean values arranged t o  s o i l  use and 

s o i l  type is  given i n  t ab le  2.  

4 Geographical spreading of the  groundwaterquality 

Another convenient way of presenting the  chemical data  i s  a geo- 

graphical p lo t .  Two examples a r e  given i n  f igure  1 and 2 :  

the chloride and Kjeldahl nitrogen (ammonia + organic nitrogen) 

contents i n  f i l t e r  1 (ci rca  10 m t r .  below surface) .  The concentrations 

a re  represented by four ranges, (but a l so  individual analysis  r e s u l t s  

can Be plot ted,  on scales  up t o  1 : 400,000). I f  none of the  samples 

has a concentration l e s s  than the  detection l i m i t ,  the ranges a r e  

determEned a s  follows: 





Range 1 lowest values c .  10% of the  t o t a l  

Range 2 c .  40% of the  t o t a l  

Range 3 c .  40% of the  t o t a l  

Range 4 highest values c. 10% of the  t o t a l .  

I f  some of the  samples have a concentration l e s s  than the  detection 

l i m i t ,  t h i s  is  indicated by the  signs "<" i n  the  legend of range 1 (see 

f igure  2 ) .  Note t h a t  i n  f igure  2 two d i f f e r e n t  values of the detect ion 

l i m i t  a r e  given: the  detection l i m i t  va r i es  between these values. 

The d i s t r ibu t ion  is: 

Range 1 detection l i m i t s  

Range 2 lowest values c .  60% of the t o t a l  with concentration l a rge r  

than the detect ion l i m i t  

Range 3 c .  30% 

Range 4 highestvalues c .  10% I 

The maps c lea r ly  show the regional d i s t r ibu t ion  of the groundwater- 

qual i ty :  marine e f f e c t s  i n  the  chloride concentration ( f ig .  1) and 

the clay-peat s o i l s  i n  the  province South Holland ( f ig .  2) high 

Kjeldahl nitrogen content. 

Another example of the use of the  maps: In  accordance with the  r e s u l t s  

of the s t a t i s t i c a l  analysis  a very high n i t r a t e  concentration can be 

found i n  the  sandy areas  with a high factory farming a c t i v i t y .  

It is of course a l so  possible t o  subs t i tu te  other  limits f o r  the  ranges, 

fo r  example t o  determine what wells exceed a c e r t a i n  norm. 

Not only s ingle  values can be presented i n  these maps, but a l s o  

diagrams such a s  s t i f f  diagrams can be plot ted.  

5 Conclusion 

Two methods of analysing the  data  of the nat ional  monitoring system 

have been presented: 

a s t a t i s t i c a l  approach t o  r e l a t e  several  proper t ies  of the locat ions  

of the wells with the measured concentrations and a geographical 

approach t o  dis t inguish regional  e f fec t s .  These two methods supplement 

eachother and make the  monitoring system a powerfull instrument i n  



research of groundwaterquality. 
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Abstract 

Water level data recorded by automatic equipment may contain errors of 

different kind and origin. Before such data can be processed safely in 

order to serve as a basis for conclusions, errors should be detected and 

-if possible- corrected. Only if no detectable and correctable errors 

remain, the data should be stored in a system of permanent files that 

can be accessed conveniently by programs to actually process the 

information. Those files should not be longer than necessary, should 

cause as little read time loss as possible, whereas data retrieval of 

either specified dates or specified recorder locations should be equally 

simple. 

A system of programs and subprograms written for error detection, 

correction and producing efficiently organized permanent data files is 

described. 

Les observations de la nappe phrgatique fournies par des appareils 

enregistreurs contiennent souvent des erreurs d'origine differente. 

Avant que ces observations soient utilisdes pour en tirer des 

conclusions dignes de foi, il faut rattraper et, si possible, corriger 

les erreurs. AprSs qu'il ne reste plus des erreurs corrigibles, les 

observations doivent Etre stockdes dans des fichiers permanents qui sont 



faci lement acces s ib l e s  pour des programmes a f i n  de f o u r n i r  l ' i n f o m a t i o n  

ngcessa i re .  11 f a u t  que l e s  f i c h i e r s  so i en t  d'une longueur r6du i t e  e t  

n 'exigent  qu'un temps l imi t6  2 l i r e ,  a l o r s  que r e t rouve r  des donnges des 

da t e s  ou des l i e u x  spcc i f i6 s  d o i t  z t r e  simple. 

Un systsme de programmes e t  de sous-routines 6 t a b l i s  pour re t rouver  e t  

c o r r i g e r  des e r r e u r s  e t  pour produi re  des  f i c h i e r s  permanents des 

donnges e s t  prgsentg.  

1 In t roduct ion  

A s i n g l e  channel d i g i t a l  recorder wi th  recording time i n t e r v a l  of 15 

minutes and a recorded value of 4 decimal d i g i t s  w i l l  produce some 175 

k i loby te  of da t a  pe r  year i f  s tandard  ASCII code is used, The annual 

production of a small  observation network of 10-20 recorders  w i l l  

t he re fo re  a l ready be a t  megabyte l eve l .  

Manual handling of such a da t a  stream i s  v i r t u a l l y  impossible and the  

a v a i l a b i l i t y  of a computer system of reasonable s i z e  and speed i s  

e s s e n t i a l .  However, even i f  such a system i s  ava i l ab l e  a number of 

problems remains t o  be solved. The two major ones a r e  

- detec t ion  and - i f  possible-  co r r ec t ion  of e r r o r s  i n  t h e  da t a  before 

they a r e  added t o  t he  ac tua l  da t a  c o l l e c t i o n  

- the  a c c e s s i b i l i t y  of t h e  da t a  c o l l e c t i o n  

The Dept. of Land and Water Use of Wageningen Univers i ty  has  been 

opera t ing  a groundwater l eve l  observation network of about 150 

observation we l l s  s ince  1972. A t  p resent  14 we l l s  have been equipped 

wi th  punched tape recorders.  The types used a r e  F ischer  & Por t e r  and 

Leupold & Stevens, type 7000. The sens ing  system of both types i s  a 

f l o a t  and counterweight, t he  analog t o  d i g i t a l  conversion i s  mechanical 

and t h e  timing device i s  e i t h e r  an electromechanical  clockwork o r  an 

e l e c t r o n i c  quartz-controlled t imer.  Reg i s t r a t i on  is a t  f i xed  time 

i n t e r v a l s .  

The d a t a  s u b s t r a t e  i s  a 16-trace punched tape  with four  BCD-coded 

d i g i t s .  The r eg i s t e r ed  values a r e  i n  mi l l imeters  and t h e i r  range i s  

0 - 9999. Before t h i s  tape  can be read,  i t  i s  converted t o  a s tandard  

1" punched paper tape,code ASCII o r  E l l i o t t ,  o r  d a t a  c a s s e t t e  (ASCII). 

The l a t t e r  i s  more r e l i a b l e  than t h e  paper tape and has almost replaced 



it. 

From the beginning the need was felt of a good set of programs to 

overcome the problems mentioned above. At first, the system described 

by Herfst and Warmerdam (1972) and Herfst (1973) was used. Although 

this was an important step forward compared with previously available 

techniques, the system was not satisfactory because it only provided an 

error detection procedure but no filing system and the necessary 

corrections in the data had to be made manually on the paper tapes. 

For this reason an own system was tried in 1977 and improved during 

later years. It includes 

- an improved error detection and data listing procedure 
- conversion of data to a very compact farm 
- an error correction program 
- a data filing system with associated access software. 
It should be emphasized, that no error recovery procedure can replace 

field precautions, field checks and maintenance of recording equipment. 

Making decisions on error corrections cannot (yet?) be left over to a 

machine. Good field check reports are of prime importance in judging 

computer produced error reports. 

Data processing should only start after the data have been thoroughly 

checked and stored in an efficiently organized data collection. The 

latter activities will be referred to as pre-processing. 

2 Error detection 

Three types of error symptoms can be detected with certainty (Herfst and 

Warmerdam, 1972) 

- the number of values (the correct number of values is computed using 
date/time of first and last punch and the recording time interval) 

- code errors (only numbers and separation marks should occur; any 
other character must therefore be deformed code) 

- word length errors (every "word" consists of 4 digits and a 
separation mark) 

A detection program based on these symptoms will not reveal all errors 

in the data. For example, a lost bit in the 16-trace BCD-code will not 

cause a code error. It will still produce a numerical data value, in 



most cases with an unexpectedly high numerical d i f ference with i t s  

neighbours i n  the  se r i e s .  The same w i l l  happen i f  e.g. the  f l o a t  has 

got stuck temporarily. 

For t h i s  reason a four th  t e s t  was added t o  the  procedure. It i s  a t e s t  

on difference between successive values. Differences exceeding preset  

l i m i t s  w i l l  cause an e r r o r  message t o  be issued by the  e r r o r  detection 

program. Such a t e s t  i s  e f fec t ive  because groundwater l eve l s  usually 

f luc tua te  slowly and groundwater l eve l  observation time s e r i e s  a re  

highly autocorrelated i f  the r e g i s t r a t i o n  in te rva l  i s  kept s u f f i c i e n t l y  

short .  

However, not every "jump" detected means an e r ro r .  So detect ion of a 

jump should be seen as  a warning ra the r  than as  a c e r t a i n  error.  

The decision on which l imi t s  should be acceptable depends on both the  

conditions a t  the  recording locat ion (aquifer,  climate) and the  

recording time in te rva l :  the shor ter  the  in te rva l ,  the smaller the 

differences.  Such a decision means a trade-off between the accepted 

number of "fa lse  alarms" and allowable inaccuracies i n  the  data. 

Increasing the  l i m i t  w i l l  reduce the number of "fa lse  alarms", but w i l l  

a l s o  reduce the s e n s i t i v i t y  of the  t e s t .  Reducing the  reg i s t r a t ion  time 

in te rva l  lenght w i l l  cause an increase of the  eff ic iency of the t e s t ,  

but w i l l  a l so  cause an increase of the  data  production. I n  most cases 
/ 

the l a t t e r  should be preferred,  because redundancy i n  the  data  may be 

very helpful  i n  e r r o r  recovery and it i s  always poss ible  t o  reduce the  

number of data  l a t e r .  I f  some optimization of the r e g i s t r a t i o n  time 

in te rva l  i s  done (the theoret ica l  bas i s  f o r  t h i s  i s  given i n  several  

publications; a good example i s  Ogink (1974)),there should be no 

ser ious  problems. For average Dutch conditions l i m i t s  of -9 and + 9 mm 

i n  combination with 15-minute o r  1 hour r eg i s t r a t ion  time in te rva l s  were 

found t o  give very sa t i s fac to ry  r e s u l t s .  

During the e r ro r  detect ion procedure the  data  a r e  rewri t ten  i n  a 

temporary storage f i l e  i n  a very compressed form i n  order t o  increase 

access speed and t o  reduce disk s torage space. The f u l l  output produced 

by the e r ro r  detect ion program cons i s t s  of: 

- an e r r o r  detection report  tha t  includes the exact locations where 

e r r o r s  i n  the da ta  have been found (e r ro r s  include "jump" warnings) 

- a f u l l  data  l i s t i n g  with e r ro r  locat ions  marked 

- a temporary storage f i l e  tha t  contains the  data i n  a compressed form. 
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The f u l l  procedure i f  performed by one program named PTQII. The repor t  

and the  data  l i s t i n g ,  together with f i e l d  instrument check repor ts  a r e  

used i n  the  e r ro r  correct ion procedure. Before the  correct ion procedure 

w i l l  be discussed, some explanation concerning t h e  compressed da ta  

storage w i l l  be given. 

3 Storage of da ta  by program PTQll 

A l l  our programs have been wr i t t en  i n  FORTRAN f o r  use on a DEC-1090 

system. This is a 36-bit system, which means t h a t  one word consis ts  of 

36 b i t s .  Normally one da ta  value  is stored i n  one word, e i the r  as  4 

A S C I I  characters  (comprising 28 b i t s )  or as  i t s  r e a l  numerical value i n  

binary. However, a l l  integer values from 0 - 9999 can be defined by 14 

b i t s  (a 14-digit binary number i s  i n  the  range 0 - 16383). 

PTQII s to res  2 da ta  values i n  one 36-bit word, leaving 8 b i t s  unused f o r  

data storage. These 8 b i t s  a r e  not l o s t ,  but can be made very useful.  

The reason f o r  t h i s  i s ,  t h a t  groundwater l eve l s  o f t en  change very l i t t l e  

during r e l a t i v e l y  long periods. I f  they a r e  regis tered a t  f ixed  time 

in tervals ,  t h i s  w i l l  r e s u l t  i n  da ta  s e r i e s  with shor ter  or longer rows 

of equal values. The information contained i n  such a row can be 

described by 2 values: the  observed value and t h e  number of 

observations. The l a t t e r  i s  s tored i n  the  remaining 8 b i t s .  One 36-bit 

storage word contains therefore:  

- 2 successive da ta  values (2 x 14 b i t s )  

- the  number of successive occurrences of the  combination of the  two 

data values (8 b i t s )  

A t  t he  beginning of the  tempory f i l e  the  following iden t i f i ca t ion  

information is stored: 

- s t a t i o n  code 

- da ta  and time of f i r s t  and l a s t  observation 

- length of r e g i s t r a t i o n  time i n t e r v a l  

Space reduction obtained by t h i s  method depends on the  the  frequency of 

successions of equal da ta  i n  t h e  se t .  A well  with rapid response t o  

e.g. r a i n f a l l  w i l l  produce longer f i l e s  than a slowly responding well. 

Thus the  f i l e  length is  somewhat proportional t o  t h e  actual  information 

content of the  data. In p rac t i ce  space saving was found t o  range from 
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60 t o  95% and improvement i n  access  speed was found t o  be  up t o  50%. 

However, t h ree  remarks should be made about t h i s  way of s to r ing  data:  

- F i l e  access by WRITE o r  READ statements preceded o r  followed by the  

necessary coding/decoding i n  a program should be replaced by a c a l l  

t o  a subroutine t h a t  performs a l l  t h e  necessary ac t ion .  Such a 

subroutine is preferaby organized i n  such a way, t h a t  it can be used 

a s  i f  a simple one-value-per-word f i l e  were accessed. 

- FORTRAN does not  provide f o r  d i r e c t  b i t -  o r  bytewise access wi th in  

words. I f  a byte-manipulating rou t ine  is w r i t t e n  i n  FORTRAN it  has 

t o  make use of ar i thmet ic ,  making it f a r  from e f f i c i e n t .  

FORTRAN-compatible rou t ines  w r i t t e n  i n  assembler should be prefer red .  

- severa l  v a r i a n t s  on the  s torage  system described a r e  possible.  It 

depends on d a t a  range, system word s i z e  and personal t a s t e  how it i s  

worked out i n  indiv idual  cases. 

4 Error  correc t ion  

The b a s i s  f o r  t h e  e r r o r  correc t ion  is  the  e r r o r  de t ec t ion  repor t  

mentioned i n  2 .  Decisions on which operations a r e  t o  be performed 

should be based on t h a t  repor t ,  on f i e l d  check r epor t s  about t he  

recording instrument(s)  an on a thorough knowledge of e r r o r  sources and 

t h e i r  poss ib le  e f f e c t s  on the  da t a  produced by the  instrument(s) .  The 

program wr i t t en  fo r  t h i s  purpose i s  c a l l e d  PTQllA. Its input  cons i s t s  

of 

- t h e  compressed d a t a  f i l e  produced by PTQll 

- comands from t h e  u s e r ' s  terminal  ( t he  program is i n t e r a c t i v e )  

The output is a d i s k  f i l e  t h a t  conta ins  t h e  correc ted  d a t a  i n  the  form 

of a simulated ASCII o r  E l l i o t t  coded punched tape. This f i l e  can be 

used only a s  input t o  PTQll, so t h e  use r  i s  forced t o  l e t  t h e  d a t a  go 

through t h e  e r r o r  de t ec t ion  procedure once again  before  they can be 

added t o  the  da t a  co l l ec t ion .  With PTQllA it  i s  poss ib l e  t o  

- remove data  

- i n s e r t  d a t a  

- modify da ta  by addi t ion ,  sub t r ac t ion  o r  replacement 

- r e s t o r e  l o s t  b i t s  

- e d i t  an output f i l e  
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Together with a command t h a t  spec i f i e s  the  kind of ac t ion the  program 

needs information a s  t o  where i n  the  da ta  it i s  expected t o  perform the  

action.  This information i s  given i n  the  way it is  produced by PTQll a s  

e i t h e r  value number ( f i r s t  value i s  nr. 1 ,  second i s  2, e t c . )  o r  date  

and time . 
Operations on both individual values and s e r i e s  of successive values can 

be speci f ied  i n  one command s e t .  

The combination of PTQll and PTQll has been found t o  be a powerful tool 

i n  t idying up recorder f i e l d  data .  

5 The data co l l ec t ion  

Tidying up da ta  i s  of r e l a t i v e l y  l i t t l e  use i f  the  r e su l t ing  data 

col lec t ion is  not e f f i c i e n t l y  organized. A well  organized da ta  

col lec t ion meets the  following requirements: 

- it i s  e a s i l y  and quickly access ible  

- i t s  s i z e  i s  not larger  than necessary 

- it can contain a l l  t he  avai lable  data 

- future  data of exis t ing s t a t i o n s  can be added 

- new s t a t i o n s  can be added 

5.1 How the  co l l ec t ion  is organized 

The co l l ec t ion  consis ts  of named d a t a  f i l e s ,  one per year, per s t a t i o n  

and length of timing in terval .  

The f i l e  name contains and is f u l l y  determined by year, s t a t i o n  code and 

timing in te rva l  length. 

The data i n  the  f i l e  a r e  arranged i n  normal chronological order and i n  

t h e  same compressed form as  i n  the  output f i l e  of PTQll. Data i n  a f i l e  

s t a r t  on January I s t ,  one in te rva l  a f t e r  0:00 hrs.  and end on December 

31st ,  24:OO hrs.  The posi t ion of the  data i n  the  f i l e  is  determined by 

month, day, time and timing in te rva l .  Nu user  in tervent ion i s  needed t o  

f ind da ta  i f  s t a t ion ,  date,  time and -preferably- timing in te rva l  length 

a r e  known. 

A da ta  co l l ec t ion  organized i n  t h i s  way meets the  l a s t  four of t h e  f i v e  



requirements mentioned above. The f i l e  names used by t h e  author have 

- 4 character posi t ions  for  the  s t a t i o n  code (gives 1679616 possible 

alphanumeric combinat ions) 

- 2 posi t ions  f o r  the  year (enough f o r  a century i f  only numerical 

combinations a r e  used) 

- 3 posi t ions  f o r  t h e  timing in te rva l ,  2 numerical and 1 alphabetical .  

The alphabetical  posi t ion ind ica tes  whether the  in te rva l  i s  i n  hours 

or i n  minutes, t h e  2 numerical posi t ions  give t h e  number of hours or 

minutes. 

Example: the f i l e  172080.M15 contains 15-minute da ta  of the  year 1980 

from s t a t i o n  1720. 

5.2 Access t o  the  data  co l l ec t ion  

The f i l e  name i s  constructed using s t a t i o n  code, da te  and timing 

in te rva l  length by a r ead i ly  ava i l ab le  function subprogram RCFNAM. This 

enables the  c a l l i n g  program t o  open theproper f i l e .  The f i l e  is then 

read using another subprogram cal led  RRC. Each c a l l  t o  RRC re turns  one 

da ta  value t o  t h e  c a l l i n g  program. This sequential  access i s  the  

simplest way t o  use RRC. 

A posit ioning entry  POSRC i n  RRC can be used t o  posi t ion a f i l e  t o  any 

wanted value speci f ied  by observation da te  and time. This is done by 

decoding theword par t  t h a t  contains the  number of successive 

occurrences of t h e  da ta  s tored i n  the  same word. A more random-like 

access has been made possible i n  t h i s  way. 

RRC can handle a s  many simultaneously open f i l e s  a s  the  computer system 

  em its, thus f a c i l i t a t i n g  simultaneous data r e t r i e v a l  f o r  several  

s t a t ions .  

Write access is  poss ible  by a wr i t ing  subroutine c a l l e d  WRC. After the  

f i l e  has been opened da ta  a re  t r ans fe r red  t o  WRC one by one in 

chronological order.  WRC takes c a r e  of proper f i l e  organization. It is 

the  complement of RRC. 

These subroutines can be cal led  by FORTRAN programs i n  t h e  normal way. 

In  t h i s  way the  f i r s t  condition (easy and quick access) mentioned above 

has a l s o  been met. 



5.3 Adding d a t a  t o  t h e  c o l l e c t i o n  

Data a r e  added t o  t h e  c o l l e c t i o n  from t h e  compressed output  f i l e s  

w r i t t e n  by PTQII. The program t h a t  performs t h i s  kind of a c t i o n  (PTDI2) 

has  a b u i l t - i n  e r r o r  check procedure s i m i l a r  t o  t h e  one i n  PTQII, except  

f o r  t he  t e s t  on d i f f e r e n c e s  between success ive  d a t a  va lue s  which i s  n o t  

performed. Updating (or  c r e a t i o n )  of d a t a  f i l e s  on ly  t ake s  p l ace  i f  no 

e r r o r s  have shown up. Otherwise PTD12 w i l l  r e f u s e  t o  do i t s  work. Th i s  

i s  a n  a d d i t i o n a l  s a f e t y  measure t o  p r o t e c t  t h e  d a t a  c o l l e c t i o n  from 

be ing  updated by poor q u a l i t y  d a t a .  PTDl2 makes u s e  of RCFNAM, WRC and 

RRC. It does n o t  need any u s e r  i n t e r v e n t i o n  a s  it o b t a i n s  a l l  i t s  

r e l evan t  in format ion  from t h e  PTQ1 1-produced f i l e .  

Another program (PTD13) w r i t e s  long  i n t e r v a l  f i l e s  u s ing  sho r t  i n t e r v a l  

f i l e s  a s  input .  This  makes it e a s i e r  t o  u s e  d a t a  from long i n t e r v a l  

s t a t i o n s  t oge the r  w i th  sho r t  i n t e r v a l  s t a t i o n s .  PTD13 use s  a l l  

subprograms mentioned i n  5.2. 
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Abstract 

Statistical methods are presented to treat statistically non-homogeneous 

hydrogeological data. These methods enable us to verify the hypothesis 

of homogeneity of data as well as to divide non-homogeneous data into 

statistically homogeneous groups. Some examples are given to illustrate 

the application of methods to treatment of hydrogeological data. 

1 Introduction 

The treatment of statistically non-homogeneous hydrogeological data is 

known to have a member of peculiarities. For instance, non-homogeneous 

hydrogeological data are usually divided into statistically homogeneous 

groups of data, each of them being treated separately. However, such 

division is not always possible to perform visually. If the data to be 

treated characterize non-uniform natural objects with indistinctly ex- 

pressed hydrogeological boundaries, special statistical methods should 

be used to perform this division. To formalize this problem, assume that 

a certain natural object has been sampled in n points so that in each 

sampling point m of its geological characteristics (m 2 1) have been 
measured. Denote the vector of these characteristics in k-th sampling 

n point by % and consider a sequence X( = (]k), 1 5 L 5 n of the vectors 

obtained. If this natural object is non-uniform, then, according to 

statistical approach, the distribution functions of vectors 5 change. 



If these changes may be represented as discontinuous changes of the 

parameter values of vector distribution functions, we arrive to the 

following statistical model. 

Let F(X,B) be a distribution function, which depends on the parameter 0 ,  

where 6 belongs to an open set 8 from R'. We consider the case, when the 

vectors XI, ..., X are independent; they have independent components and 
n 

their distribution functions 

where I(-) = indicator of the set ( .  ) 

u. = change-point of the distribution functions, 1 2 i 5 r 
u = O  

u = n  
r+ I 

In this model, the change-points of distribution functions u I ,u2, - .  ,o 
are unknown as well as the values ..., 8 of the parameter 8. 

r 
The hydrogeological data homogeneity testing in such a model is equi- 

valent to the checking of the hypothesis Ho: {e = 8 = ... = 
1 2  'r+l) 

against the alternative H I :  (there exists i, 1 2 i 5 r, such that 

Bi # ei+l 1' 
The division of the data on the homogeneous groups consists in the 

extimation of the parameters crl where I 2 i 2 r. 

2 An investivation of statistical model 

The model ( 1 )  was investigated both by mathematicians and geologists. 

The papers by Page (1955), Gardner (19691, Hinkley (1970), Sen et al. 

(1975)~ Pettitt (1970) should be pointed out among the mathematical papers. 

Among the geologists, a great contribution to investigation of this model 

has been made by Rodionov (1968). The results, which will be given, 

generalize the results of the above mentioned authors. 



2.1 The case of only one change 

Let only one change of the 0 parameter value may occur, i.e. r = 1 in 

the model (1). Consider the tests to verify the hypothesis Ho and esti- 

mates of the change-point GI, which are based on the likelihood function 

of vectors XI ,X2,. . . ,Xn. Let f (x,0) be the density of the distribution 
function F(X,~) with respect to any o-finite measure 1.1. If the change- 

point ol = S and unknown parameters el, 0 are substituted by maximum 
2 

likelihood estimates of 6 (s), (s), then the likelihood function of 
1 2 

the vectors 

One of the following statistics may be used to verity the hypothesis 

H ~ :  {el = e2) : 

T = sup 2 {2s(n-s)/n 1 L(s;xl ,. . . ,Xn) 
an 5 s 5 (I-a) 

where a = any fixed number, 0 < a < 1/2. 

The large values of the statistics mean that a change in parameter va- 

lues takes place. To determine the critical values of these statistics, 

the results of proposition 1 may be used. 

Denote the distribution functions of the m-dimensional analogs of 

Kolmogorov-Smirnov, Anderson-Darling and omega-squared statistics, 
1 2 

Y E  R by K,(Y), A,(Y), wm(y). 



PROPOSITION 1. Let the density f(x,0) and 6f (x,0 )dv be twice differenti- 
A A 

ated with recpect to 0 ;  el(s), e2(s) be maximum likelihood estimates 

consistent uniformly over s E [an, ( 1-a)n] ; there exist the function 

~ ( x )  such that 

2 1 
sup l a  in f(x,e )/ae2/ 5 R(x), E~R(X)~(X,B) < O. 

10-et1<6 

where E,,= averaging with respect to measure p 

6 = any sufficiently small positive number 

Then 

P(T1 5 y) = P(sup 1 /2 
2 2I  lwu/u I l 5 Y) 

1cu5( 1-a) /a 

where 
Wu 

= standard m - dimensional Wiener process 
1 1 .  I 1 = Euclidean norm in R~ 

The value u1 of S, which maximizes over S E [l,n] the values of 
2 

L(s;xl, . . . ,Xn) or {~(n-s)/n 1 L(S;X~, . . . ,X 1, is often considered as 
n 

estimates of the change-point ul. If the statistics TI, T3 are used, 

then it is convenient to apply L(s;xl ,. . . ,X ) to estimate ul. When 
n 

T2' T are used, {s(n-s)/n} L(s;X,, . . . ,X ) is usually applied. 4 n 

2.2 The case of more than one change 

In this case, the following algorithm may be used for treatment of non- 

homogeneous data : 

a) at first, we verify the hypothesis H by means of the results of 2.1; 

b) if this hypothesis is rejected, we estimate one of the change-points 

with the help of the results of 2.1; 

c) if a change-point ui7 is estimated, we analize the first part of 

observations, i.e. XI,X2, ... X where is the estimate of ;,and 
i 

the second part of observations X 
i+17 

... Xn, according to a and b. 



So, the sequence X,,X2, ..., X of observations is separated into two parts, 
n 

then into three parts, four parts and so on, until we get the series of 

statistically homogeneous groups of data. 

3 Investigation of natural models 

Treatment of hydrogeochemical data becomes increasingly important to 

hydrogeology. These data are widely used for solving numerous problems 

of the formation of the chemical composition of groundwater under natural 

and disturbed conditions. Hydrogeochemical data include information on 

total dissolved solids content, macrocomponents, microcomponents, and 

specific components (hardness, aggresssive character, of water etc.), 

which deteriorate groundwater quality. 

It is imperative that hydrogeochemical data are treated together with 

geological and hydrogeological information, since the hydrogeochemical 

situation depends on geological and hydrogeological conditions. The 

chemical and mineralogical composition of water-bearing rocks and their 

permeability properties are the most important data. First, rocks are the 

sources of the matter composition of groundwater; second, they are fac- 

tors influencing the kinetics of the physicochemical processes of mass 

exchange in the water-rock system. 

The above data to be treated are largely non-homogeneous under natural 

and disturbed conditions. For instance, rocks are homogeneous as sources 

of the matter composition of groundwater only if they are: (a) quartz 

sand and sandstones, (b) pure limestones, (c) pure gypsums or anhydrites, 

(d) pure halites or other single salts. Permeability homogeneity of rocks 

is a rare phenomenon, while permeability non-homogeneity of rocks is often 

encountered in nature. It is equally characteristic of non-homogeneous 

and homogeneous rocks as far as their mineralogy and geochemistry are 

concerned. The effect of the rock permeability non-homogeneity on the 

processes in the water-rock system manifests itself through water seepage 

rates. The variety of seepage rates under rock permeability non-homoge- 

neity conditions results in the sharp and frequent variation of the con- 

centration of water components. 

Homogeneous and non-homogeneous natural media are characterized by 

specific physicochemical processes and hydrogeochemical regularities. 



A limited number of processes is typical of homogeneous media, they are: 

hydrolysis in the groundwater-quartz sands and sandstones system, carbo- 

nic acid leaching in the water-limestones system, dissolution in the 

gypsums, anhydrites, single mineral salts system. Hydrogeochemical 

regularities consist in the increase of the total dissolved solids con- 

tent of water in the direction of flow at the expense of a limited num- 

ber of constantly acting components. 

In non-homogeneous media, some physicochemical processes commonly occur 

simultaneously. Hydrogeochemical regularities consist in: (a) an increase 

in the total dissolved solids content of water in the direction of flow 

at the expense of periodically or constantly acting components; (b) a 

change in the ratio of components as thk total dissolved solids content 

increases. 

4 Types of natural models 

In nature, certain combinations of groundwater matter composition sources 

and factors activating these sources determine the formation of ground- 

water, related to some genetic hydrogeochemical types (or subtypes). The 

groundwater of practically each genetic hydrogeochemical type is noted 

for a complex composition and the considerable statistical non-homogeneity 

of the distribution of individual components. Water subtypes, distinguished 

within genetic hydrogeochemical types of water, are characterized by a 

complex composition, however, they often retain the statistical non- 

homogeneity of components distribution. The distribution of components 

depends on the temperatures, pressures, and depths of occurrence of the 

groundwater of a subtype in different areas and on the indistinctly ex- 

pressed transitions of some lithologic-mineralogical varieties of rocks 

into others. 

Thus, we face the problem of defining the boundaries of distribution of 

groundwater, related to various genetic hydrogeochemical types (or sub- 

types ).  

The examples of the most general genetic hydrogeochemical types are: 

1) waters of complex physicochemical interaction with crystalline and 

sedimentary terrigeneous and carbonate rocks, occurring in the active 

water circulation zone of humid areas, with dissolved solids contents 



ranging from l e s s  than 0.1 t o  1 g/l and more, of  mixed component com- 

pos i t i on ,  with dominating HCO and CO ions;  
3 3 

2 )  waters of s ea  inf luence ,  occurr ing  i n  sea  a r e a s ,  with a dissolved 

s o l i d s  content  o f  over 0.5 g / l ,  with dominating ch lo r ine  and sodium; 

3) waters of  d i s so lu t ion  of su lphate  rocks and s u l f u r i c  ac id  leaching of 

rocks ,  occurring under d i f f e r e n t  hydrogeological and c l ima t i c  condi- 

t i o n s ,  with d issolved s o l i d s  contents  ranging from 2 t o  100 g / l  and 

more, with dominating SO4 and C 1  ions ;  

4 )  waters of d i s so lu t ion  of halogen rocks,  occurring under d i f f e r e n t  

hydrogeological and c l imat ic  condi t ions ,  with a dissolved s o l i d s  con- 

t e n t  of over 50 g / l ,  with dominating chlor ine  and var ious  ca t ions ;  

5 )  waters of complex physicochemical i n t e rac t ion  with te r r igeneous  and 

carbonate rocks and of concent ra t ion ,  occurring i n  marginal p a r t s  of  

a r t e s i a n  bas ins ,  with d issolved s o l i d s  contents  ranging from over 5 g / l  

t o  50 g / l  and more, with dominating chlor ine  and sodium; 

6 )  waters of metasomatic s u b s t i t u t i o n s  i n  te r r igeneous  rocks and of 

leaching by so lu t ions  of carbonate rocks with a higher i on ic  fo rce ,  

occurring i n  deep p a r t s  of a r t e s i a n  bas ins ,  with a dissolved s o l i d s  

content  of over 20 g / l ,  with dominating ch lo r ine  and varying ca t ions ;  

7 )  waters of mixing, occurring i n  zones of t ec ton ic  d is turbances ,  a f fec-  

t i n g  unconfined and confined aqu i f e r  systems i n  mountain-fold a r e a s ,  

c r y s t a l l i n e  massives, on platforms with d issolved s o l i d s  contents 

ranging from l e s s  than  1 t o  200 g / l  and more, wi th  varying ca t ions ;  

8 )  waters of con t inen ta l  s a l i n i z a t i o n ,  occurring i n  unconfined aqu i f e r  

systems of a r i d  a reas ,  ranging from f r e sh  t o  brackish ,  with a varying 

ca t ion  composition; 

9 )  waters,  forming under t h e  inf luence  of man-made f ac to r s .  

The solu t ion  of t h e  problem, involving t h e  demarcation i n  respect  o f  

HC03, SO4, C 1 ,  is t h e  most important t o  t h e  groundwater of  genetic types  

1-5 and 8 and i n  respect  of Na, Ca, Mg of types  2 and 6. The waters of 

types  7 and 9 occupy a spec ia l  p l ace ,  i n  t hese  cases  t h e  problem should 

be solved i n  respect  of  a l l  main anions and ca t ions .  



5 An example 

The proposed method has been used for  treatment of data on the  chemical 

composition of the  water of deep aquifers i n  the  Southeastern Russian 

platform. The da ta  might be non-homogeneous due t o  t h e  presence of a 

f au l t  crossing t h e  area under study ( the  water type 9 ) .  

In treatment, the  data were ordered along a p r o f i l e  crossing t h e  f a u l t .  

Let us consider an example of such treatment f o r  Na. The Na content 

values i n  29 sampling points a r e  presented i n  t h e  form of a curve i n  

Figure 1 .  

Figure 1 The Na content i n  t h e  groundwater of t h e  aquifer system 

under study 

Assuming t h a t  the  Na d i s t r ibu t ion  follows a normal l a w ,  t he  values of 

L(S ;XI  , . . . SX ) were calcula ted,  using the  proposed method ( ~ i ~ u r e  2 ) .  
29 

The value of TI = 3.098 was a l s o  estimated. The c r i t i c a l  value of the  

s t a t i s t i c s  a t  the  l eve l  of 0.1, determined from the  r e s u l t s  of Proposi- 

t i o n  1 ,  occurred t o  be equal t o  2.98 and exceeded t h e  c r i t i c a l  value. 

Therefore, the  i n i t i a l  t o t a l i t y  of data i s  non-homogeneous, it consis ts  

of two homogeneous pa r t s  as  a minimum, and the  boundary between them 

is  8, = 9 .  Then, t h e  homogeneity of two successions X I ,  ..., X 
10 and 

X11, . . . ,X2g were checked up; t h i s  check up showed t h a t  these t o t a l i t i e s  

of data a re  homogeneous. Thus, t h e  performed treatment showed the  signi- 

f i can t  e f fec t  of t h e  f a u l t  on t h e  Na content values t h a t  seems t o  be due 

t o  interflow. 



Figure 2 .  Values of L ( S ; X ~ ,  ..., X ) of t h e  l i ke l ihood  funct ion  
29 
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COMPUTERIZED PROCESSING AND INTER- 
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Abstract 

A computer program f o r  analysing pumping t e s t  data  has been developed 

a t  the Geological Survey of Denmark. The program i s  in te rac t ive  and 

can be used with a minimum knowledge of computers. The programming 

language i s  BASIC and the pragram i s  specia l ly  designed fo r  a Tektronix 

4054, a graphic screen containing a 32 K-bytes micro-computer with a 

ref resh (dynamic graphics) option.  This option i s  very useful during 

in te rp re ta t ion  of the  data.  It allows one t o  perform type curve 

matching d i r e c t l y  on the  screen by moving the  chosen type curve t o  the  

posi t ion where i t  gives the  bes t  f i t ,  i n  a manner s imi lar  t o  t r ad i -  

t iona l  manual type curve matching. Various forms of type curves based 

on ana ly t i ca l  solut ions  a r e  avai lable  f o r  the  in terpre ta t ion.  Plots  

may be conveniently reproduced a s  semilog and log-log p l o t s  e i t h e r  on 

the screen o r  pr in ted by a small flat-bed p l o t t e r .  The capacity of the 

machine i s  l imi ted however, and i n  order t o  use the  numerical models 

fo r  the in te rp re ta t ion  of da ta  access t o  a computer-center may be 

desirable.  

Un programme informatique pour l ' analyse  de donnEes obtenues l o r s  des 

e s s a i s  de pornpage a g tb  dGvelopp6 au DGU. Le programme e s t  in te rac t ive  

e t  peut Etre  u t i l i s E  avec t rSs  peu de connaissance en informatique. 

Le langage u t i l i s E  e s t  l e  BASIC e t  l e  programme a 6 t6  spccifiquement 



dbveloppb pour l e  Tektronix 4054, un bcran graphique l i b  2 un 32K-bytes 

micro-ordinateur avec option de rafra4chissement. Cet te  option permet 

de f a i r e ,  directement sur  l ' bc ran ,  l a  p a i r e  de courbes types en 

de'plagant l a  courbe choise 2 l a  pos i t i on  02 e l l e  donne l e  meil leur 

ajustement, come  dans l a  &thode d 'a jus tage  manuel. Diffe'rentes 

courbes types basbes su r  des so lu t ions  analytiques sont  d isponibles  

pour l ' i n t e rp re ' t a t i on .  Les graphiques du type semilog e t  log-log 

peuvent Gtre p rodu i t s  sur l ' bc ran  ou sur  une copie en papier  f ac i l e -  

ment reproductible.  

1 In t roduct ion  

Due t o  the  time-consuming prosesses of manual p l o t t i n g  and i n t e r -  

p re t a t ion  of pumping t e s t  da t a ,  we had f o r  a r a t h e r  long time s tudied  

t h e  p o s s i b i l i t i e s  of computerizing t h i s  p a r t  of our work. The demand 

was primarly t o  develop a system t h a t  allowed f o r  an easy  i n t e r a c t i v e  

i n t e r p r e t a t i o n  process and was a b l e  t o  reproduce the  r e s u l t s  quickly 

and wi th  f a i r l y  good qua l i ty .  

The computer f a c i l i t i e s  of t he  Geological Survey of Denmark include a 

graphic screen conta in ing a 32 K-bytes micro-computer wi th  a r e f r e sh  

opt ion  (Tektronix 4054). The programming language is BASIC extended 

wi th  spec ia l  graphic commands which f a c i l i t a t e  t he  c rea t ion  of various 

p l o t t i n g  rout ines .  I n  combination wi th  a small f lat-bed p l o t t e r  and a 

hardcopy u n i t ,  t h e  e n t i r e  system i s  a very powerful t o o l  when solv ing 

minor computer and p l o t t i n g  t a sks .  The l imi t a t ions  i n  the  appl ica t ion  

of the  system a r e  pr imar i ly  associa ted  wi th  the  r a t h e r  low memory 

capaci ty  and the  reduced ca l cu la t ion  e f f e c t i v i t y  due t o  the  program- 

ming language and the  lack  of l i b r a r y  programs. 

As r e s u l t  of increases  i n  the  s i z e  of t he  program during i t s  develop- 

ment, t he  capaci ty  of t he  machine soon became i n s u f f i c i e n t  t o  conta in  

the  program i n  i t s  f u l l  length.  It has therefore  been necessary t o  

d iv ide  the  program i n  two main p a r t s ;  t he  da t a  s to rage  p a r t  and the  

d a t a  preparation p a r t ,  the  l a t t e r  i s  sub-divided i n t o  a semilog-plot 

s ec t ion  and a log-log sec t ion .  Each p a r t  of t he  program is s tored  on 

tape  a s  separa te  f i l e s  and only t h e  program-sections used a re  placed 

i n  t h e  machine when required.  



The program i s  i n t e r a c t i v e  and asks f o r  each cormnand t o  be read in .  

This g ives  the  u s e r t h e  advantage of being ab le  t o  run the  program with 

only a minimum knowledge of computers. 

2 Data input 

Data input present ly  takes  p lace  a s  a manual keyboard operation.  Due 

t o  subsequent handling of t h e  da t a ,  t he  program i n i t i a l l y  asks whether 

it is deal ing  wi th  a pumping w e l l  o r  an observat ion  wel l ,  and whether 

it i s  drawdown da ta  o r  recovery data .  In  t h e  case of drawdown da ta ,  one 

has the  option of put t ing  i n  va r i a t ions  i n  pumping capacity versus 

time. Data from an unspecified number of observation wel ls  r e l a t e d  t o  

the  same pumping t e s t  can a l s o  be s tored ,  but  due t o  the low machine 

capacity,  t he re  i s  a l i m i t  t o  t he  number of d a t a s e t s  t h a t  can be 

handled. In  p r a c t i c e  the re fo re ,  a maximum number of observation wel ls  

stored i n  the  same f i l e  should not  exceed s i x .  

Datasets  from the  pumping wel l  and the  corresponding observation wel ls  

a r e  s tored  i n  d i f f e r e n t  f i l e s .  Before s to r ing  the  input da t a  on tape,  

i t  is poss ib le  t o  l i s t  the  drawdown/recovery d a t a  f o r  each well  and 

co r rec t ,  d e l e t e  o r  add da ta ,  i f  desired.  

3 Data prepara t ion  

The da ta  processing depends mainly on what kind of output form i s  

wanted: 1)  Semilog timeldrawdown p l o t s ,  preferably  used i n  connection 

with pumping well  da ta  and 2 )  log-log timeldrawdown p l o t s ,  preferably  

used i n  connection with observat ion  well  da ta .  Semilog distanceldraw- 

down p l o t s ,  used f o r  comparison of d i f f e r e n t  we l l s  a t  a given time, a r e  

not ye t  ava i l ab le .  

The program allows the  da t a  t o  be correc ted  f o r  decreasing thickness of 

the  aqu i f e r  o r  groundwater f luc tua t ions  caused by external  circum- 

stances i . e .  barometric e f f e c t s ,  change i n  i n f i l t r a t i o n  r a t e  e t c .  The 

f luc tua t ions  have t o  be s to red  a s  ordinary observation we l l  d a t a  and 

can be subt rac ted  from corresponding well  d a t a  wi th  a weight f a c t o r  

between 0 and 1 .  Both correc ted  and uncorrected d a t a  can be s tored  on 



tape  and l a t e r  be r e t r i eved  f o r  f u t u r e  s tud ie s .  

3.1 Semilog p l o t s  

The program automatically computes the  sca l e  of t he  x ,  y - axes on the  

b a s i s  of the  d a t a  s e t  range. The drawdown/recovery a x i s  w i l l  thus be 

divided i n t o  subintervals  of 0.1 meter, 1.0 meter o r  10 meter lengths 

depending on whether t he  d i f ference  between the  maximum and minimum 

drawdown/recovery is l e s s  than 1 meter,  between 1 and 10 meters o r  

above 10 meters. I n  o the r  words, i f  t h e  drawdowns a r e  i n  t h e  range 

from 3.5 t o  6.3 meters, the  ax i s  w i l l  be divided i n t o  1 meter i n t e r -  

v a l s  from 3 t o  7 meters. The time a x i s  normally c o n s i s t s  of 5 decades, 

ranging from 1 rnin t o  100.000 min (10 weeks) o r  from 0.1 min t o  10.000 

min depending on the  observation period.  For spec ia l  cases  where the re  

a r e  da t a  both below 1 rnin and above 10.000 min, t he  program i s  a l s o  

ab le  t o  choose a 6 decade p lo t .  For pumping well  da t a ,  drawdown and 

recovery da ta  can be p lo t t ed  and in t e rp re t ed  i n  the  same diagram. I n  

addi t ion ,  recovery d a t a  can be p l o t t e d  a s  a function of t / ( t+At )  which 

i s  e spec ia l ly  useful  when the  recovery time, A t ,  i s  of t h e  same order 

of magnitude a s  t he  pumping period,  t .  

3.2 Log-log p l o t s  

The x and y-axes a r e  divided i n t o  5 and 4 decades, r e spec t ive ly  and 

a s  is the  case f o r  t he  semilog-plots, t h e  s c a l e  of t h e  axes a r e  com- 
-3 

puted by the  program. The drawdown/recovery a x i s  is normally from 10 
1 t o  10 meters and t h e  x-axis can be chosen a s  an ordinary  time a x i s  

5 ranging from 10' t o  10 min, a s  a t/r2 a x i s ,  o r  f o r  recovery da ta ,  a s  

a dimensionless t / ( t+At )  ax i s .  Data from op t o  5 we l l s  can be p lo t t ed  

i n  the  same diagram. Each well  has i ts  own s ignature  (dots ,  t r i a n g l e s  

e t c . )  and i s  successively l i s t e d  wi th  i t s  DGU f i l e  no. i n  the  corner 

of t he  diagram. These multi-well p l o t s  a r e  very use fu l  when the  homo- 

gen i ty  of t he  aqu i f e r  is t o  be examined. Type-curve i n t e r p r e t a t i o n  i s  

accomplished however, when data  from only one well  is p lo t t ed .  



3.3 Interpretation of data 

The most essential quality of the system is the refresh option: the 

ability to move figures all around the screen by means of two thumb- 

wheels, (one for the x and one for the y direction), and to fix the 

figure wherever desired. The refresh option is utilized in different 

ways, depending on whether the plot is semilog or log-log. For the 

semilog plots, it is possible, as described by the traditional Jacob 

method (the modified Theis equation), to let the program calculate 

the best straight line fit to the data-points and compute the trans- 

missivity value. The straight line is calculated on the basis of the 

wellknown expression for logarithmic regression. The fixing of the 

data-interval to be analysed is denoted by a vertical line, generated 

by the program, when the machine is in refresh mode. This line can be 

moved (horizontally) and fixed at the extreme points of the specified 

interval. When the interval is fixed, the regression line is drawn and 

the transmissivity value computed. Several different intervals can 

successively be tested, for both drawdown and recovery data, and the 

last computed transmissivity value for each drawdown and recovery is 

always stored. If variations in the pumping rate have occured, the 

calculated mean capacity for the specified interval is used for the 

transmissivity calculation. 

When plotting log-log diagrams, the determination of the line of best 

fit no longer takes place as an automatic regression calculation. Since 

the system allows objects generated on the screen to be moved however, 

a visual technique, just like the traditional, manual type-curve 

matching procedure was developed. The specified type curve is calcu- 

lated by the program when the machine is in refresh mode. The curve 

can then be moved by thethunI~rd~eels and fixed where it seems to form 

the best fit. Simultaneously, the hydraulic parameters, such as trans- 

missivity, storage coefficient etc., are computed and listed and the 

next trial can be performed. 

The type curves are computed on the basis of analytical solutions to 

the groundwater flow equation. The applied solutions include especially 

the general expression for drawdowns in confined aquifers with leakage, 

which in dimensionless form can be expressed as the "well function" 



If the leakage factor, 8, is set to zero, the "Theis well function" is 

obtained. Because no explicit analytical solution or series expansions 

exists for the general expression for the "well function", it has been 

necessary to solve the semi-infinite integral by numerical methods. A 

simple formula, the Simpson's rule, used for sub-intervals of increa- 

sing length and in connection with a converging criterion, has been 

found the most expedient in solving the problem. 

The expression derived by Hantush (1964) is applicable for solving 

anisotropic aquifer conditions in partially penetrating wells. The 

dimensionless drawdowns can be written as: 

where 

m 
f = C C l/n (sin nC -sin nC )cos nC4-W(u,BV) 1 n=l 2 3 

and C, , C2, C3, C are constants depending on the aquifer thickness 
4 

and the position of the screened interval in the pumping well as 

well as in the observation well. 6' is, among other things, 

dependent on the ratio between the radial and the vertical hydrau- 

lic conductivity, K~ / K ~ .  

The possibility of interpreting pumping test data by other type-curves 

than those discussed above is currently being studied. This especially 

concerns two expressions. One is the short time solution, H(u,B), for 

the flow equation in leaky aquifers, which particularly takes the 

storage in semipervious layers into account. The other is the one - 
dimensional solution, D(u,B), for the flow equation in leaky aquifers. 

It is especially useful when interpreting data from channel reservoirs 

such as esker aquifers. 

The calculation time is surprisingly low even for a micro-computer like 

the Tektronix 4054, and does not appreciably affect the type-curve 

plotting when the W(u,B)-expression is regarded. The conditions are a 



somewhat d i f f e r e n t  f o r  t he  p a r t i a l  penet ra t ion  expression and under un- 

favorable circumstances, t he  summation term can converge so  slowly t h a t  

the  number of summations may reach 30-40 s t eps .  The ca l cu la t ion  time 

under these  condi t ions  obviously a f f e c t s  the  drawing time, but  t h i s  

problem is genera l ly  acceptable.  

The method of i n t e rp re t ing  d a t a  described above gives more awareness 

of how the  d a t a  i s  used than an exact  regress ion  ca l cu la t ion  permits. 

Furthermore, a  regress ion  ca l cu la t ion  would tend t o  become very compli- 

cated i f  t he  expressions a r e  on the  l e v e l  of t he  p a r t i a l  pene t r a t ion  

expression.  The ca l cu la t ion  time, and e s p e c i a l l y  the  programming work, 

would be considerable.  

3.4 Data output 

I n  connection wi th  each data-plo t ,  it is a l s o  poss ib l e  t o  generate a 

text -p lo t  which can l i s t  a  number of spec i f i ca t ions  which may be 

important f o r  a l a t e r  i d e n t i f i c a t i o n  and inves t iga t ion  of t he  pumping 

t e s t .  The following information i s  l i s t e d :  Name of the  p ro jec t ,  geo- 

graphical  l oca t ion  of t he  t e s t ,  DGU f i l e  no. of t he  pumped we l l ,  da te  

and time of t he  pumping per iod ,  pumping capaci ty ,  DGU f i l e  no. of t h e  

speci f ied  we l l s ,  d is tance  from the  pumped wel l  and computed hydraul ic  

parameters. I f  t he re  i s  any change i n  the  capaci ty  of the  pumped wel l ,  

t he re  w i l l  a l s o  be a p l o t  made showing the  pumping capaci ty  versus t i m e .  

Di f ferent  types of p l o t s  a r e  shown i n  the  f i g u r e s  1-3. 

These p l o t s  a r e  executed by a small  f lat-bed p l o t t e r  t h a t  i s  d i r e c t l y  

connected with t h e  machine. Because of t he  s i z e  of t he  p l o t t e r ,  it i s  

necessary t o  perform a minor manual exerc ise  i f  a  " to ta l"  p l o t  i s  

des i red .  A tex t -p lo t  and a data-plot  have t o  be p l o t t e d  separa te ly  

but by means of automatically f ixed  corner-marks on each p l o t ,  t he  

p a r t s  can be c u t  together  t o  t h e  s i z e  of A3 and e a s i l y  transformed t o  

A4-size when copied. As seen i n  the  examples, f i g u r e s  1-3, the  p l o t s  

a r e  of r a t h e r  good q u a l i t y  and can be incorporated i n  r epor t s  and 

publ ica t  ions.  



PUMPING TEST 
SOLRUD VANDVXRK - SOLRUD 

Pumping Unll  Data DGU f l l e  no 287 2656 

Set up, date 31 83.81 tlma 12.35 Shut off, date 04.05 81 tima 13.88 

Capocl ty a t  the Shut o f f ,  O = 21 m3/h 

Draudoun T = 7.7E-4 m2/s 

Recovery T = 8 8012 m2/a 

Time <min) 

GEOLOGICAL SURVEY OF DENMARK 

- Figure  1 Pumping test : So1ri;d Vandvzrk - ~ o l r E d  



PUMPING TEST 
VARHTVANDSLAGRING - HRRSHOLM 

Observotlon Uell  Data, Pumped Umll  - DGlJ f l  In  no lW.665  

Set up, dots 13.05.82 time 13.13 

Pumping Capacity, 0 3 10.4 m3/h 

DGU f l l e  no. Distance (m) 1 (m2/s) S P ' /m l  (6-1) Kr/Kz 

194.667 35 44 0.0013 6 I€-4 9.31E-8 15 

1 n2 03 84 10 5 

t (mln) 

18  I I  82 BU GEOLOGICAL  SURVEY OF  DENMARK 

Figure 2 Pumping test : Varmtvandslagring - Hdrsholm 

630 



PUMPING TEST 
VARMTVANDSLAGRING - HRRSHOLM 

Obeervatlon U e l l  Data, Pumped Well - DGU f i l e  no 194 665 

Set up, date 13.05.82 tlme 13.13 

Pumping Capac i ty, 0 = 10.4 m3/h 

DGU f i l e  no Dlstance Cm) T (m2/o) S P'/m' Cn-1) Kr/Kz 

18 1 1  BZ Bii GEOLOGTCAL SURVEY OF DENMARK 

Figure 3 Pumping test : Varmtvandslagring - Hdrsholm 

100 I - 
o Dot.J file M 194 654 

i 
3 

* DGU f i l e  no 194 684 

a 

i 

4 
i 

1 0-= 

1 10" 1 8* 

i / r 2  <n ln/n2) 

, . 8 . . , , , *,--.,-.. " ,  

- 0 DGU f i l e  no 194 667 

x DGU f i l s  no.194.669 

A D G U f l l s n a 1 9 4 6 7 8  

.-  , I - - l n -  - - - - . - - T - l m n -  

- - - 



4 Future aspects 

The input process is generally the most time-consuming part of the 

program. Most of our pumping test data are recorded graphically, 

either by water level recorders or by transducers. These data curves 

are presently digitized manually and this is rather laborous work. 

Faster digitizing and easier data input from recorded graphs will 

soon be possibel when digitizing equipment is installed at our com- 

puter-center. 

The present means of interpreting data are sufficient for computing 

most of the essential hydraulic parameters. However, more comple 

aquifer-systems exist, for example, one with 2 or more reservoirs 

with separating semipervious layers and it could be of importance 

to be able to calculate the hydraulic properties of this entire system. 

To solve this and similar complicated problems it would be a tremendous 

advantage to have a numerical model, which can easily generate the 

type-curves desired for a particular purpose. This numerical method 

will probably demand much larger computation/curve-drawing times 

and this could involve rewriting the program in order to utilize our 

computer facilities. 
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Abstract 

The multiple regression analysis has been used for development of 

statistical relationships between water table rise as dependent variable 

and rainfall, canal irrigation, groundwater extraction, ground slope and 

premonsoon depth to water table as independent variables, for ground 

water level data of 175 stations located in alluvial tracts of North 

India for the perio'd 1971 to 79 for predominantly canal irrigated areas 

and also for areas only under ground-water irrigation. 

1 Introduction 

In the present study geohydrological data from the western part of Ganga 

basin (77'~-88'~ and ~~ON-~O'N) have been analyzed to investigate the 

influence of various factors viz., seasonal (June to October )rainfall, 

canal irrigation etc., on the net seasonal water table rise in the 

alluvial water table aquifers of western U.P. (North India). 

2 General characteristics of the area 

2.1 Climate 

The climate is subtropic monsoonic. The mean annual rainfall varies from 

700 mm in the western part to 1400 mm in the eastern part of the Ganga 



plain. Nearly 87% of rainfall is confined to the monsoon period of June 
0 0 to October. The temperature of the plain ranges from 3 -4 C (January) to 

43'-45'~ (June). 

2.2 Physiography and geology 

The area of study is very fertile level plain country constituted mainly 

of Pleistocene and Subrecent alluvium. On the average the ground slope 

is of the order of 0.4 m/km from north to south and the princi~al litho- 

logical units are clay,sand and kankar. 

There are two aquifer horizons. The water in the shallow aquifer 

(occuring usually at a depth of 4-10 m) could be considered as under 

water table conditions while that in the deeper aquifer as under semi- 

confined to confined conditions. 

The area has both natural stream and artificial canal-systems, the 

former being mainly effluent in nature. 

3 Methodology and results 

3.1 Data analysed 

Following is the list of data analyzed: 

a) Y=Seasonal (June-October) rise in water table (m) 

b) Xl=Seasonal rainfall depth in mm 

c) X2=Seasonal canal irrigation depth in mm 

d) X3=Groundwater extraction in mm by very shallow devices 

e) X4=Groundwater extraction in mm by all devices 

f) X5=Ground slope at observation site XI0 
4 

g) XG=Specific yield of water table fluctuation zone (%) 

h) X7=Sand percentage in top 12.20 metres at observation site 

i) xg= Premonsoon depth (m) to water table 

3.2 Categorisation 

To deal systematically with the problem two principal categories of the 



Table 1. Explanation of subcategories 

Lithological information 

Nature of Specific yield Sand percentage in No 

irrigation of water table top 12.20 meters lithological 

fluctuation near observation information 

zone is known well calculated available 

Hydrograph Subcategory Subcategory Subcategory 

stations located I(i) I (ii) I (iii) 

in predominantly 

canal irrigation 

areas 

Hydrograph Subcategory Subcategory Subcategory 

stations located II(i) I1 (ii) I1 (iii) 

in exclusively 

groundwater 

irrigated areas 

Table 2. Sample size of different subcategories 

Subcategory Total Number of Number of Y values for which 

sample negative groundwater extraction 

size Y values data is not available 

I(i) 73 19 4 3 

I (ii) 145 17 72 

I (iii) 331 36 153 

II(i) 145 30 80 

I1 (ii) 100 18 5 9 

I1 (iii) 262 4 1 135 



data have been considered. Each of these is further subdivided in three 

subcategories as explained in Table 1. 

3.3 Computer programme 

A multiple regression programme was used to analyse the data and conse- 

quently to evolve relationships between dependent variable Y and 

independent variables X1, X2 ... X8 in the form given below: 

BI(I=l to 8) being the multiple regression coefficient of Y on XI. 

The principal results of execution of this programme are - Simple or 
multiple regression coefficients (BI). Simple or multiple correlation 

coefficient (R) as well as the correlation coefficient of dependent 

variable Y with each of the independent variable. 

Shahin (1976) has presented tables giving the values of simple/multiple 

correlation coefficients for different numbers of variables treated and 

for different sample sizes. The computed values of simple/multi~le 

correlation coefficient can be compared with values of correlation co- 

efficient given by Shahin for corresponding number of variables and 

sample size. If the computed simple/multiple correlation coefficient is 

equal to or greater than the corresponding value given by Shahin then 

the variables involved are significantly correlated. 

3.4 Results 

Results are discussed category-wise. In the following discussion R and N 

have been used respectively for multiple correlation coefficient and 

sample size. Table 2 gives sample sizes for different subcategories. 

Category I deals with those hydrograph stations which are located in 

predominantly canal irrigated areas and therefore the results of am-- 

lysis of data from category I could be used to evolve empirical 

relationships relating significant geohydrological variables to water 

table rise in predominantly canal irrigated areas. 



Table 3. Results of runs 1 to 5-subcategory I(i) 

Run number 

Table 4. Results of runs 6 and 7-subcategory I(ii) 

Run number 

Table 5. Results of runs 8 and 9-subcategory I(iii) 

------ -.  - -- 
Run number 

---- 8 - 9 

R 0.505387 3.528537 - 
BO -0.051109 0.197412 

B1 0.001682 0.001608 



Five computer runs of programme were made for subcategory I(i) of this 

category starting with one independent variable. Each next run 

included one more independent variable than the preceding one. The 

resulting multiple correlation coefficient(R1 improved on introduction 

of a new variable to the variable set, thus proving its bearing on 

recharge characteristics (Kama1,1982 ) as shown in Table 3. 

Following is a list of computer runs for subcategory I(i).Run 1-Y versus 

XI; Run 2-Y versus X1 and X8; Run 3-Y versus Xl,X2 and X8; Run 4-Y 

versus Xl,X2,X5 and X8 and Run 5-Y versus Xl,XZ,X5,X6 and X8. In each of 

these runs N=73. 

The list of computer runs for subcategory I(ii) is as follows: Run 6-Y 

versus X1 and X8 (N=145); Run 7-Y versus Xl,X2,X5,X7 and X8 (N=145) and 

list for subcategory I(iii) is:Run 8-Y versus X1 and X8 (N=331); Run 9-Y 

versus Xl,X2,X5 and X8(N=331). The results of these runs are given in 

(Tables 4 and 5). 

The category I1 deals with data of hydrograph stations located in 

areas served exclusively by groundwater. The list of computer runs for 

subcategories of this category is as follows: Run 10-Y versus X1 and X8 

(N=145); Run 11-Y versus Xl,X5,X6 and X8 (N=145); Run 12-Y versus X1 and 

X8 (N=100); Run 13-Y versus Xl,X5,X7 and X8(N=lOO);Run 14-Y versus X1 

and X8(N=262) and Run 15-Y versus X1 ,X5 and X8 (N=262) (Tables 6 to 8). 

The programme was run also for combinations made out of subcategories. 

All subcategories of category I were combined in order to have large 

,sample size.In some cases the water table rise (Y) values were negative. 

Data corresponding to thefse values were removed from the data set to 

see if the value of R improves. But a comparison of runs 16 and 17 

(corresponding) shows that R value deteriorates. This can be seen from 

Table 9 giving results of following runs:Run 16-Y versus Xl,X2,X5 and X8 

(N=549) and Run 17-Y versus Xl,X2,X5 and X8 (excluding those data for 

which Y was negative, N=477). 

Various subcategories of category I1 were also combined. Following is 

list of runs for this combination. Run 18-Y versus Xl,X5 and X8(N=507); 

Run 19-Y versus Xl,X3,X5 and X8(N=233) and Run 20-Y versus XlYX4,X5 and 

x8 (N=233) (Table 10) 

Data from all subcategories could be combined with sequel restriction 

on number of variables which can be treated together. The computer runs 

using all data are listed below and their results given (Table 11); Run 



Table 6. Results of runs 10 and 11-subcategory II(i) 

Run number 

Table 7. Results of runs 12 and 13-subcategory I I ( i L )  

Run number 

12 13 

R 0.580308 0.611872 

BO 0.117611 0.185096 

B 1 0.001664 0.001751 

B5 -0.021216 

B7 -0.004372 

B8 -0.065283 -0.031308 

Table 8. Results of runs 14 and 15-subcategory II(iii) 

Run number 



Table 9. Results of runs 16 and 17-category I 

Run number 

Table 10. Results of runs 18 to 20-category I1 

Run number 

18 19 20 

R 0.416086 0.431506 0.453165 

BO 0.772589 0.763535 1.177166 

B1 0.001180 0.001308 0.001257 

B3 0.011062 

B4 -0.014822 

B5 -0.041419 -0.049878 -0.050589 

B8 -0.018193 -0.013819 -0.003365 

Table 11. Results of runs 21 to 24-all data 

Run number 

2 1 22 23 24 

R 0.477108 0.483208 0.498407 0.394919 

BO -0.165232 -0.004774 0.081320 0.744437 



21-Y versus X1 (N=1056);Run 22-Y versus X1 and X8 (N=1056); Run 23-Y 

versus Xl,X5 and X8(N=1056) and Run 24-Y versus Xl,X5 and X8 (those data 

excluded for which Y was negative, N=895). As earlier, the value of R is 

good so as to imply the significant correlation of various variables 

involved. 

4 Discussion of results and conclusion 

As expected positive value of correlation coefficient was found for pair 

(Y,Xl) and negative correlation coefficients for pairs (Y,X4; Y,X5 and 

Y,X8) as shown in Tables 12 and 13. No conclusive correlation is 

observed between Y and lithological variables. As against to the 

expectation the correlation coefficient between Y and X2 (canal irriga- 

tion) is negative. But this apparent anamoly could be due to the canal 

irrigation being an artificial & not the natural source of water. A 

higher amount of canal water is supplied in seasons of low rainfall & 

vice-versa. As the main source of water in the area is rainfal1,there- 

fore higher the rainfall (lower the canal irrigation) higher will be the 

rise in water table & vice-versa. 
In Table 14 the computed values of R and those specified by Shahinare 

compared. As seen from lkble14 the computed R values are very superior 

to values specified by Shahin. 

The results of run 16 (Table 9) have been recommended for prediction of 

Y if other values are known in predominantly canal irrigated areas while 

results of run 20(Table 10) to be used in exclusively groundwater served 

areas. The results of run 23 (Table 11) are recommended for areas of 

western U.P. where irrigation characteristics are unknown. 



Table 12. Correlation coefficients of different variables with Y-for 

category I 

- 
Correlation coefficients between Y and 

Subcategory X1 X2 X5 X6 X7 X8 

I (i) 0.395 -0.134 -0.086 0.047 0.107 

I (ii) 0.442 -0.163 -0.006 0.109 -0.049 

I (iii) 0.504 -0.238 -0.154 -0.051 

Combined I (i) , 
I(ii) & I(iii) 0.469 -0.196 -0.118 -0.039 

Table 13. Correlation coefficients of different variables with Y-for 

category 11 

Sub- Correlation coefficients between Y and 

category X1 X3 X4 X5 X6 X7 X8 

I1 (i) 0.507 -0.202 0.175 -0.127 

I1 (ii) 0.548 -0.181 -0.045 -0.224 

I1 (iii) 0.456 

Combined 

11 (i) , 
I1 (ii) & 

Table 14. Comparison of multiple correlation coefficients (R) 

Number of Obtained value Value of R saecified 

variables of R (Table 11) by Shahin 

2 0.477 0.081 

3 0.483 0.096 

4 0.498 0.106 
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Abstract 

During the investigation of the Mors salt dome, a site considered as a 

possible repository for Danish high level radioactive wastes, a new 

method for testing low-permeable formations - The Labelled Slug Test - 
was developed. The large amount of data obtained during this test makes 

manual evaluation both difficult and time consuming. Principles of 

computerized procedure for the evaluation of the results are given and 

problems arising during calculation are discussed. 

Spinner flowmeter data is normally used to give a qualitative estimate 

of permeability distribution. Formulas and procedures are proposed which 

make direct calculations of permeability from spinner readings possible. 

Re sume' 

Pendant l'investigation du d6me de sel de Mors, qui est parmi les 

localisations possibles pour le de'pzt de re'sidus radioactifs danois, 

une nouvelle technique pour l'essai de formations peu perme'ables 

- le "Labelled Slug Test" - a e'te' dgveloppe'e. La grande quantite' de 
donne'es obtenues pendant ce test rend son traitement 1 la main 

difficile et de longue dure'e. Les principes mis en oeuvre pour le 

traitement des informations au moyen d'un ordinateur sont indique's, 

et les problZmes qui se pre'sentent au cours du traitement sont 

commente's. Les donne'es obtenues par le "Spinner Flowmeter Test" sont 



d'habitude u t i l i s e ' e s  pour une es t imat ion  q u a l i t a t i v e  de l a  d i s t r i -  

but ion  de perm6abil i th.  Des formules e t  des procgdhs qu i  rendent 

poss ib le  une e'valuation d i r e c t e  de perme'abilite' B p a r t i r  de ce t e s t  

sont  e'galement proposhs. 

1 In t roduct ion  

I n  January 1981, during hydrological  t e s t i n g  of t h e  Chalk formation 

overlying the  Mors s a l t  dome, i t  became c l e a r  t h a t  a  quick and inexpen- 

s i v e  determination of inflow zones, mainly t o  point  out  water sampling 

i n t e r v a l s ,  was needed. In  order t o  d e t e c t  s i g n i f i c a n t  changes of water 

ve loc i ty  i n  the  borehole,  s eve ra l  radioact ive  pulses  were placed i n  i ts 

open sec t ion .  The movement of t he  pulses  during pumping gave infor-  

mation about water ve loc i ty  a s  a funct ion  of depth. 

La te r ,  t h i s  q u a l i t a t i v e  measure of inflow d i s t r i b u t i o n  was supplied 

wi th  a mathematical desc r ip t ion  of t he  problem and a p r o f i l e  of t he  

hydraul ic  conduct iv i ty  (permeabil i ty)  was ca lcula ted .  

This t e s t i n g  method, ca l l ed  The Labelled Slug Test  (LST, was introduced 

by Andersen e t  a l .  (1981). 

The Spinner Flowmeter Test (SFT) g ives  s imi l a r  information - water 

ve loc i ty  i n  t h e  borehole a s  a funct ion  of depth - and permeabil i ty 

ca l cu la t ions  a r e  done i n  a way s imi l a r  t o  LST. Due t o  t h e  l imi t ed  

s e n s i t i v i t y  of t he  sp inner ,  only r e l a t i v e l y  high v e l o c i t i e s  of water 

( > I  m/min) can be de tec ted .  

Var ia t ion  i n  the  cross-sec t ion  of t h e  borehole and the  l a r g e  amount of 

d a t a  obtained during a LST/SFT-survey make evaluat ion  of the  permea- 

b i l i t y  p r o f i l e  t i m e  consuming. I n  t h e  following, t he  p r inc ip l e s  of a 

computer program f o r  evaluation of a LSTISFT-survey, whose development 

was supported by IAEA, a r e  presented.  



2 Principles of permeability evaluation 

Under the assumption that the rate of inflow, Q.(X), is known for a 

number of intervals in the open section of the borehole, a calculation 

of the corresponding ~ermeability profile, K(x), may be performed if 

the flow in the formation can be described by some known formulas. 

In the computer program, there is a choice between the classical Theiss' 

solution for radial flow in a homogeneous, isotropic medium, Bear (1979), 

and a formula for fissure flow, Barker (1981). 

2.1 Matrix flow 

For the purpose of calculation, it is assumed that the hydraulic 

properties within each interval, defined by two successive measurements, 

are constant, and that the Theiss' equation gives an adequate descrip- 

tion of the flow. In cases where sufficient information is available, 

any other suitable analytical solution can be used. 

Theiss' solution (eq. 2.1) combines the inflow from the i-th interval, 

Qi, drawdown, H, transmissivity, Ti, storage coefficient, Si, pumping 

time, t, and well radius, Rw. 

Furthermore, it is assumed that: 

H = constant through the whole depth of the borehole 

T = K.-AXi, where: K. = permeability (or hydraulic conductivity) 

AX. = the length of the interval considered 

Si = Ss*AXi, where: S = specific storage 

R = average borehole radius 
W 

This equation may be expressed in terms of hydraulic conductivity, 

Ki, as: 



where A and A are functions of the measured values, AXi, and t, the 
1 2 

calculated values, Qi and Rw and the estimated/calculated value, Ss' 
This equation is solved by a rapidly converging iterative procedure; 

there are 3-5 iterative steps, if the convergence criterion is chosen 

to be 1% of the change between two successive iterations. 

Schimschal (1981), proposed a similar formula for permeability calcula- 

tions from flow-log data obtained during an injection test. 

2.2 Fissure flow 

During the analysis of fissure and matrix flow, the main problem 

consists in establishing common references for the presentation of the 

results, as the matrix is better characterized by the hydraulic conduc- 

tivity, while the fissures are better characterized by the transmis- 

sivity. 

For the calculation of the fissure transmissivity, Tf, the equation 

developed by Barker (19811, is used: 

where : 

% = horizontal hydraulic conductivity of the matrix surrounding 

the fissure 

Kv = vertical hydraulic conductivity of the matrix surrounding 

the fissure 

1.781 = exp (y) 

Y = Eulers' constant 

Qi = inflow from the fissure 

H = drawdown 

Rw 
= average borehole radius 



This equation is similar to equation (2.3) and the method of solution 

is the same. The constants B, and B2 are defined by eq. (2.4). 

The "hydraulic conductivity of the fissure" is obtained by dividing the 

calculated fissure transmissivity by the interval length, a procedure 

which is only acceptable for the purpose of comparing fissure and matrix 

properties, but lacks physical meaning. 

3 Determination of inflow rate, 
Qi 

The Q.-values, which are necessary for the evaluation of the matrix 

permeability (eq. (2.2)) or fissure transmissivity (eq. ( 2 . 4 ) ) ,  are 

obtained from SFT or LST data. 

Changes of water velocity in the borehole may be caused by inflow from 

the formation or by changes in the cross-section of the borehole. It is 

convenient to eliminate the influence of the changing diameter by 

transforming the data obtained in a real borehole into data corres- 

ponding to a "converted borehole". The constant diameter of the con- 

verted borehole is calculated under the assumption that its length and 

volume equals the length and volume of the real borehole. 

The depth scale of the converted borehole becomes non-linear, but every 

velocity change after this transformation reflects water inflow from 

the formation. 

One of the first steps in the calculation procedure is the evaluation 

of the converted borehole and caliper data is used for this purpose. 

All depth coordinates hereafter refer to the converted borehole. 

The determination of Q.-values is done differently for SFT and LST. 



3.1 Qi from the Spinner Flowmeter Test (SFT) 

The angular velocity of the spinner is a measure of the water velocity 

(or flow rate) in the borehole, and after the effect of a variable dia- 

meter is removed, the changes in spinner velocity express inflow rates 

for the respective intervals. 

A reliable estimate of flow from flowmeter readings requires quite 

extensive calibration of the tool and this calibration should be per- 

formed for the expected range of diameters and flow rates in the field 

situation. 

The calibration curves for different logging procedures: running up, 

running down and stationary readings, have to be fed into the computer 

and the field data may then be converted into the required variable-Qi. 

3.2 Qi form the Labelled Slug Test (LST) 

The LST consists in measuring the movement of a number of radioactive 

pulses in the borehole during water withdrawal at a (preferably) 

constant rate. 

Similarly to SFT, the effect of the changing diameter is removed when 

calculations are performed for the converted borehole, but unlike a 

flowmeter-survey, where spinner velocity is directly related to the 

water velocity and flow rate, the LST data expresses flow in the bore- 

hole in a less direct way. 

The determination of inflow rates, Q for the intervals defined by the i' 
successive positions of the pulses require: 
- an exact determination of the pulse positions and 
- an assumption about the type of flow, i.e., matrix or fissure flow. 



3.2.2 Determination of pulse positions 

Pulse positions during the LST are evaluated from the readings of the 

gamma tool, and their accuracy can be influenced by: 

- flow pattern in the borehole 

- dispersion 

- disturbance caused by the logging tool 

- speed of the tool, and 

- radioactive decay. 

At present, laboratory tests are carried out in order to investigate the 

effect of the above-mentioned factors. 

In order to solve equations (2.3) and (2.5) for the permeability, the 

knowledge of inflow distribution, Q. (XI, is required. The data provided 

by the LST consists of corresponding levels and times for the radio- 

active pulses and the calculation of the Q.-values has to be based on 

an assumption about the type of flow for the considered interval: fis- 

sure or matrix flow. 

When the fissure flow model is used, it is assumed that only fissures 

contribute to the flow and the velocity of the water is calculated by 

dividing the distances travelled by the pulses by the corresponding 

travel times. These calculations are performed for each pulse and the 

resulting velocity profile is used to calculate Qi(X). The distribution 

of the permeability can then be obtained as described in chapter 2.2. 

The analysis of matrix flow is more complicated. Under the assumptions 

valid for equation (2.1), the distribution of the flow rate and the 

average velocity (Q(X) and v(x)) are represented by a continuous func- 

tion, consisting of a number of straight lines where the slopes are 

proportional to the permeabilities of the intervals defined by the 



detected positions 

For each interval, 

by the equation (3 

of the pu1se.s (X I ¶  x2, --., xis Xi+l, ... 1. 
X. S X 5 Xi+,, the water velocity, V(X), is expressed 

.I). 

where : 

f. = a proportionality factor which has to be determined from the 

LST-data. 

V. = the velocity corresponding to X.. 

An integration of equation (3.1) over AXi = Xi+l-X. and At. = ti+l-ti, 

which are the travelled distance and corresponding time for two succes- 

sive measurements, leads to equation (3.2) 

To solve this equation, it is necessary to know the water velocity at 

the beginning of the considered interval, and the only unknown in the 

equation becomes the £.-value as the positions and times are obtained 

from the LST-data. 

Equation (3.2) represents a system of equations for every pulse. These 

equations are solved with respect to £.-values and the velocity profiles 

one for each pulse, are obtained inserting the solution from equation 

(3.2) into equation (3.1). 

The inflow rates calculated from the velocity profile are then used to 

calculate the permeability distribution as described in chapter 2.1. 

4 Discussion 

The combination of the LST and the SFT is a powerful tool for the deter- 

mination of a permeability profile for a wide range of K-values. The 

possibility of testing long intervals within a relatively short time 

and obtaining a high resolution makes this method attractive when 

compared to the traditional permeability testing methods. 



The reliability of the results depends on: 
- how well the assumptions and formulas used describe the physical 

system ; 

- the accuracy of the measurements. 

The first factor, the discrepancy between the model and the real geo- 

logical system, is a common problem for all evaluation procedures. 

The second factor, the accuracy of the measurements, allows room for 

improvement. The understanding of the flow pattern in an irregular 

shaped borehole, the dispersion of the radioactive pulses and the 

influence of the logging procedure on the appearance of the pulses, 

are fields where the description of the LST can be improved. 

It is however, a favorable feature of the method that some of its un- 

certainties can be minimized by a high measurement density. The further 

development of the LSTISFT-survey will include a theoretical analysis 

and laboratory testing of the above-mentioned processes. 
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RESUME'S DE TOUTES LES C O W N I C A T I O N S  EN FRANCAIS 

THEME 1 : 

LIIMPORTANCE ET LES PRINCIPAUX CARACTERISTIQUES DES EAUX SOUTERRAINES 

G. Kovcics (pp .  3-22) 

I1 y a beaucoup d' endroi ts  dans l e  monde au l e s  plus importantes ressources 

en eaux sont form'ees par l e s  eaux souterraines.  La r e l a t i o n  r'eciproque 

en t re  l e s  eaux de surface e t  souterra ines  e s t  in'evitable, a i n s i  l e u r  

u t i l i z a t i o n  c o n j o n c t i v e e s t l e  plus raisonnable approche de l ' u t i l i z a t i o n  

des eaux. La p lan i f i ca t ion  e t  l e  fonctionnement des exploi ta t ions  d'eaux 

souterraines n'ecessitent l a  simulation des systsmes d'eaux souterraines.  

Que l a  simulation ut i l i s 'ee  pour dgcr i re  l e  r'egime des eaux souterraines 

s o i t  f a i t e  par l e  modelage hydrodynamique du systsme ou par d 'autres  

approximations, des informations sont n'ecessaires sur:  

- l a  s t ructure  des systsmes ( l e u r  'echelle dans l 'espace e t  l e  temps); 

- l e s  paramstres caract 'erist iques de l a  g'eom'etrie, du comportement hydro- 

logique e t  des conditions in ternes  des systsmes, e t  

- l a  connexion des systsmes avec l e s  autres  pa r t s  du cycle hydrologique 

(conditions aux l i m i t e s )  . 
L'objectif  du symposium e s t  dl'evaluer l e  r'ecent d'eveloppement des m'ethodes 

e t  moyens ad'equats pour d'eterminer l e s  paramgtres caract 'erisant l e s  

systsmes d'eaux souterraines.  Ce rapport  in t roductoire  f a i t  l e  point de 

ce r ta ins  principes q u ' i l  faut  consid'erer, e t  pose quelques questions 

lesquel les  doivent Gtre r'epondues aprss  que l e s  moyens l e s  plus appropri'es 

pour 116tude des eaux souterraines a ien t  'et'e 'etudi'es. 
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- OBJECTIFS ET CRITERES POUR LE DEVELOPPEMENT DES PROGRAMMES DANS LE TERRAIN 

A.C. Skinner ( p p  23-39) 

La structure d'ensemble ayant trait 2 la planification des programmes de 

travail sur le terrain est comment6e en dktail. I1 est fait tout spgciale- 

ment r6f6rence aux diff6rents facteurs d'ordre financier, technique, 

organisationnel et socio-environnemental, lesquels ont leur r6le dans 

1161aborationet lamise $ exgcution de ces programmes. 

THEME 2: 

- LA STRATIFICATION DANS LA QUALITE DES EAUX SOUTERRAINES; SON IMPORTANCE 

POUR LA STRATEGIE DE L'ECHANTILLONNAGE 

J.M. Parker, M.A. Perkins e t  S.S. D. Foster fpp.  43-54) 

La caracterisation suffisante de la qualit6 des eaux souterraines, a 

besoin de plus que les programmes d16chantillonnage pour dgfiner les 

variations rggionales et temporelles. A quelque instant spgcifique, 

les variations de la qualit6, souvent d'une gchelle tres grande, existent 

problement avec la profondeur dans la zone saturge, surtout dans les 

nappes phrgatiques. Cette stratification de l'eau sera control16 par, 

et rgflgchera, les rggimes de la &bit des eaux souterraines, r6gle et 

naturellement et artificiellement. 

Cette thsme sera illustr6 avec des r6sultats de plusieurs gtudes d6taill6es 

de la pollution diffuse des eaux souterraines dans les zones phrgatiques 

des aquifsres les plus importantes de la Grande Br6tagne. Un niveau 

d'investigation, recherche plGtot que routine, donne une vue plus claire 

de la distribution des solutes dans les systsmes d'eaux souterraines; 

ce pose aussi de nombreuses questions sur la suffisance des approches 

traditionelles pour m6surer la qualit6 des eaux. 

- TRAITEMENT STATISTIQUE DE STRUCTURES SEDIMENTAIRES DANS LE SOUS-SOL ET 

SON EMPLOI POUR DES PROCEDURES D'ECHANTILLONNAGE 

A.N.M. Obdm fpp .  55-72) 



Dans la reconnaissance g6ohydrologique on peut appliquer des schsmes 

divers dt6chantillonnage. 

Pour l'adaptation optimal de la proc6dure d16chantillonnage 2 un certain 

souterrain ssdimentair, c'est recommendable de discerner des structures 

sgdimentaires sur des 6chelles diffgrentes. La connaissance des conditions 

ssdimentaires peut &tre serviable pour cet analyse g6ologique. Except6 

des descriptions qualitatives des h6tgroggn6it6s, c'est possible d'obtenir 

une analyse quantitative au moyen de l'application des instruments sta- 

tistiques divers, come le semi-variogramme. 

Une proc6dure am6lior6e dt6chantillonnage est propos6 par l'application 

des tests statistiques 2 plusieurs reprises, d'une hy-pothsse structurelle 

2 moyen d'une analyse de variance et ensuite de l'adaptation du schsme 

d16chantillonnage. 

Aussi quelques observations sont fait, touchant la relation de 116valua- 

tion de frais et des b6n6fits des proc6dures dt6chantillonnage. 

- APPLICATION DE LA THEORIE DE L'OBSERVATRTR DANS L'OPTIMISATION D'UN 
RESEAU DE SURVEILLANCE DES EAUX SOUTERRAINES 

M. NawaZany (pp. 73-85) 

La m6thode propos'ee est bas6e sur trois concepts d6j2 inclus dans la 

th6orie de la maltrise: 6quations de 116tat, possibilit6 d'observation 

du systsme et systsmes d'observateur. Une forme canonique des 6quations 

de 116tat pour un systsme arbitraire d'eaux souterraines est d6riv6e 

et il est propos6 un simple critsre pour la possibilitg d'observation. 

Pour un tel systsme d'eaux souterraines le systsme d'observateur a 6t'e 

construit. L'erreur de la reconstruction de l'6tat est employ6e comme 

un critzre dans l'optimalisation d'un r6seau de mesure des eaux souter- 

raines . 

- PROJET ET OPTIMALISATION DES RESEAUX DE SURVEILLANCE DE LA QUALITE DES 

EAUX 

T. SchiZperoort e t  S. Groot (pp. 86-100) 



Dans ce document, on pr6sente une approche ggngrale concernante la 

planification et l'optimisation des r6seaux d16chantillonnage. Celle-ci 

souligne l'importance des rapports entre les objectifs du r6seau d16chan- 

tillonnage, la dynamique des processus et les techniques d'optimisation. 

Cette approche a 6t6 klaborge pour quelques techniques specifiques fon- 

d6es sur l'analyse des s6ries chronologiques, Kriging et le filtre de 

Kalman. I1 parait que la connaissance de la structure de corr6lation des 

processus est essentielle. Finalement quelques applications pratiques 

des techniques d'optimisation sont pr6sentEes. 

- REDUCTION D'UN RESEAU DE PUITS D'OBSERVATION DES NIVEAUX DES EAUX SOU- 
TERRAINES 

G.K. Brouwer (pp .  202-11 7) 

Un algorithne pratique de pr6vision a 6t6 rEalis6 pour &parer des puits 

d'observation primaires et secondaires. Le critsre se?ectionn6 est une 

mesure objective: quand l'erreur quadratique moyenne de l'erreur de pr6- 

vision d6passe les 15 cm le puit d'observation est consid&-6 comme Etant 

primaire si non secondaire. La m6thode utilis6e - le filtre de Kalman - 
est introduite et ensuite 4 exemples sont donn6s. Des 616ments sp6cifiques 
pour la planification des r6seaux sont considgr6s: l'interval des obser- 

vations et espacement entre les puits. Un article "Incertitude spatiale 

du niveau pi6zom~trique1' traitera de l'espacement optimale. 

- INCERTITUDE SPATIALE DU NIVEAU PIEZOMETRIQUE 

G.K. Brouwer e t  P.R. Defize (pp. 218-128) 

L'erreur de l'interpolationspatialed6pend de la variation de la surface 

pi6zom6trique et des conditions g&ohydrologiques a la limite. Des publi- 
cations r6centes suggestent que krigeage est une mgthode propre, particu- 

likrement convenable pour une &partition optimale des locations d'obser- 

vation. Pour un r'eseau national avec 15000 puits une m6thode avec une 

prgparation des donn6es minimales est 6galement importante. Dans cette 

6tude le fonctionnement de krigeage pur et d'une combinaison d'inter- 

polation dgterministe et krigeage sont compar6s. L'aire de 1'6tude est 



une nappe aquife're 2 fuites dans unerEgionseptentrionale des Pays-Bas. 

Des calculs sugge'rent que les parame'tres du syste'me de krigeage ne 

d6~endent pas du temps. C'est pourquoi les calculs sont faits sur le 

niveau annuel moyen. Autrement le syste'me g6ohydrologique est mod616 

avec une Equation des d6bits 2 quasi trois dimensions. L16quation dif- 

f 6rentielle d'un syste'me stationnaire est r6solue avec la m6thode des 

6lEments finis. Krigeage est appliqu6, mais cette fois sur les diffg- 

rences de niveam observ6s et calculgs. La prgcision d'estimation est 

comparEe 2 9 locations de contr6le et on ne pouvait pas discriminer entre 

les deux mode'les. La sQret6 dumodsled6terministe-stochastique est con- 

sidEr6e come 6tant la meilleure. 

- LE MODELE CONCEPTUEL HYDROGEOLOGIQUE INDENTIFICATION NUMERIQUE DU SYSTEME 

ACUIFERE. ACOUISITIOM ET SYITTI-IESE DES DOEThTEES 

G. Castany ( pp .  129-1 36 )  

Le d6veloppement du traitement informatique pour l'identification du 

systsme aquifsre et l'emploi de modsles numgriques distribu6s de simu- 

lation, obligent 11hydrog6010gue 2 recueillir des donnges quantitatives, 

pricises et nombreuses. La synthsse des informations est exprim6e par un 

modsle eonceptuel hydrogEologique, base de la modElisation. 

- PRINCIPES FONDbWNTAUX DE L'ORGANISATION ET DE LA MISE EN OEUVRE D'ETUDES 

HYDROGEOLOGIQUES DANS LE TERRAIN POUR L'EXPLORATION DES EAUX SOUTERRAINES 

G. V. KuZikov e t  L.S. Yazvin (pp .  137-144) 

Dans cette communication les principes fondamentam sont discut6s de 

l'organisation et de la mise en oeuvre de l'exploration de l'eau sou- 

terraine et de leur application dans des conditions hydrog'eologiques 

vari'ees. 



- UN PROGRAMME DE RECHERCHES DANS LE TERRAIN POUR LA DETERMINATION DE LA 

QUANTITE ET DE LA QUALITE DES RESSOURCES EN EAUX SOUTERRAINES DANS 

BASSIN CRETACE EN BOHESIE 

J. BaZek, V.  ~ i g e e ~ e ,  L. KaldbovtE e t  J. Vrba (pp .  145-1541 

2 
Te bassin cr6tac6 en Bohgme a une superficie de presque 16000 km et on 

y exploite b pr'esent plus de 6 m3sw1 d'eaux souterraines. On s'attend au 

cours de la prochaine d'ecennie 2 une augmentation du puisage de plus de 

100%. Cependant une telle augmentation exige des investigations appro- 

fondies. 

La structure g6ologique du bassin est tr2s compliqu'ee. La tectonique et 

une combinaison de limites hydrologiques/hydrog6ologiques divisent ce 

bassin en neuf sous-bassins. Deux nappes aquifsres principales peuvent 

stre distinguges: une nappe libre dans le Turonien Moyen et une nappe 

captive dans le ~'enomanien. Les variations consid'erables des facteurs 

climatiques, hydrologiques, tectoniques, g6ologiques et p6dologiques et 

la couverture vGg6tale vari6e indiquent que les ressources en eaux sou- 

terraines ne sont pas uniform6ment &parties sur le bassin et sont, du 

fait de la fluctuation de la prgcipitation et l"ecoulement, aussi trss 

variables d'une ann6e b 1' autre. 

En vue de 1'6tendue du p6rim2tre examin6 et le grand nombre de donn6es 

collectEes (j000 points d'observation) une approche par un modsle concep- 

tuel s'est av'er'ee comme la plus appropri6e pour 116valuation des 

ressources en earn souterraines et de leur qualit6 sous les conditions 

ambiantes. Come entr6e du modsle une banque de donn'ees a 6t6 6tablie 

constitu6e par les donn6es journalisres et hebdomadaires provenant de 

r'eseaux conventionnels climatiques, hydrologiques, hydrochimiques et 

hydrog6ologiques. 

I1 importe toutefois en ce qui concerne les paramstres de modsle carac- 

t6risant la structure et les formules d6crivant les di-irerses composantes 

du cycle hydrologique dans le bassin de les v6rifier par une systsme de 

surveillance plus fr6quent et plus complexe dans une petite aire repr6- 

sentative s6lectionn6e dans le bassin. Une telle approche a men6 b 

1'6tablissement d'un programme de surveillance dans le bassin versant 

modsle b Nedamov. 



- SURVEILLANCE ECONOMIQUE DE LA QUALITE DES EAUX SOUTERRAINES 

K. J .  Edworthy  f p p  155-1681 

Dans la mesure os les buts du contr6le sont clairement compris par toutes 

les parties et que l'hydrog6010gie est suffisamment bien connue et com- 

prise, le codt et ta valeur d'un r'eseau doivent ftre examinEs en fonetion 

de la valeur 6conomique de la ressource en eau souterraine. I1 est codteux 

de faire des forages, le premier objectif doit done gtre de limiter le 

nombre de forages au minimum suffisant pour permettre de couvrir la nappe 

en superficie et en profondeur; contr6ler un mfme forage 5 plusieurs ni- 

veaux peut r6sulter en des Economies importantes, mais pour ce faire il 

est important que l'hydrologie de base soit bien connue. Mfme lorsque 

Itemplacement et l'intervalle des gehantillons sont bien dgfinis, des 

erreurs dt6chantillonnage sont insvitables, bien qu'elles puissent ftre 

6valuEes. Bien sQr, il est essentiel de comprendre ces erreurs si l'on 

veut Eviter le codt inutile de sp6cifier une pr6cision fausse de l'ana- 

lyse. 

- CONTROLE DE LA RECHARGE ARTIFICIELLE DANS UN AQUIFERE SUREXPLOITE 
A. A u r e Z i  (pp.  269-1821 

Le long de la c6te or;entale de la Sicile, dans le dcpartement de Syra- 

cuse, l'exploitation des nappes d'eau souterraine, 2 la suite de la 

construction d'importantes industries p6trochimiques, a atteint des 

pointes trss E16v6es, nettement supgrieures 2 la remarquable capacit6 de 

recharge des aquifsres, ce qui a entrain6 la destruction des rEserves, 

l'abaissement de plus de 100 m du niveau pi6zom6trique original, en por- 

tant ce niveau 2 plus de 70 m au-dessous du niveau de la mer. Dans ces 

conditions on a commenc'e 2 enregistrer une intrusion d'eau de mer. Puis- 

qu'il Etait ngcessaire de prgserver les caractgristiques des eaux sou- 

terraines qui, 2 part l'usage industriel, dans la zone sont aussi employ6es 

come eau potable et pour des usages agricoles, on a rEalis6 une station' 

expgrimentale de rgalimentation artificielle capable d'injecter dans les 

aquifsres une portge de 350 l/s d'eaux provenant d'un fleuve qui coule 

plus au nord, ces eaux htant opportungment traitges au prgalable. 

Pour observer les effects provoqu& par ltex6cution de la rgalimentation 



artificielle, on a mis sous observation plus de 60 puits, sur beaucoup 

desquels on a install6 des appareils de contr6le permanent tels que 

pi6zographes, salinographes, thermographes. La relation illustre les 

conditions locales, les exigeances d'acquisition des donn6es pour la re- 

construction tridimensionnelle des aquifsres et pour l'exEcution d'un 

modzle mathEmatique et les problsmes pratiques qu'on a d6 affronter pour 

le choix, la mise en oeuvre et la gestion des instruments de contr6le. 

THEME 3 : 

- APPLICATION PRATIQUE DE L'APPROCHE CONTINIIE POUR CARACTERISER LA POROSITE 
DE ROCHES CARBONATEES 

J.  Kovdcs (pp. 185-193) 

La distribution statistique de la taille des fractures est nEcessaire 

pour dgterminer le comportement hydrologique des roches solides. L'appli- 

cation de l'approche continue demande aussi quelques connaissances sur 

la variabilitg des fractures. Pour cette raison, une investigation d6- 

taillge a 6t6 faite pour d6crire la porositg lin6aire et la distribution 

de la taille de fracture dans quatre formations de carbonate (deux dolo- 

mites et deux pierres calcaires). 

Le rapport fait le point des r6sultats ndriques du champ de travail, 

lequel est l'unique application pratique de l'approche continue connue 

de la litt6ratur-e. 

- ESTIMATION DE PARAMETRES HYDROGEOLOGIQUES PAR L'EMPLOI DE DONKEES PRO- 
VENANT DE L'EXPLOITATION DE C W P S  DE PUITS 

F .  Sz6keZ.y (pp. 194-1981 

Les paramstres hydrog6010giques dans le ~6rimstre de champs de puits en 

cours d'exploitation peuvent 8tre estimgs 2 l'aide de donn6es des niveawr 

pi6zom6triques r6tablies en permanence dans des puits arr8tgs s6pargment 

ainsi que de donn6es provenant de puits d'observation. Le niveau pi6zo- 

mEtrique initial, et les paramstres de transmissivit6 et de rgalimentation, 



dans le cas d'infiltration dans les lits de fleuve et de fuites verticales, 

peuvent Stre d6terminEs en minimisant la dgviation moyenne absolue entre 

le niveau piGzom6trique mesur6 et calcul6. Pour ceci on a utilis6 le pro- 

gramme PAROP de FORTRAN IV. 

- ESSAI DE POMPAGE A PUITS UNIQUE 
L. NiZsson 

On doit souvent baser les relev6s hydrog6010giques et les essais de pompage 

dans les zones 2 roches ign6es sur des puits uniques. 
Une th6orie a 6t6 6labord.e de nappes aquifsres fracturges bade sur des 

donn6es obtenues avec un seul puits. On a construit ggalement 2 cette 

fin un appareil de mesure avec une haute r6solution dans l'espace et 

dans le temps. 

Le rapport d6crit cette technique et donne des exemples de diffgrents 

types de relev6s hydrog6ologiques. A part de l'emploi pour l'analyse de 

nappes aquifsres cette technique a 6t6 utilisEe aussi pour la surveillance 

de nouveaux et d'anciens puits d'eau 2 la fois dans les roches ign6es et 

dans les dkpsts sgdimentaires. 

- ESTIMATION DES PARAMETRES DES NAPPES AQUIFERES DANS DES PUITS A LARGE 
DIAMETRE 

V. N. Nair et B. B.S. Singha2 (pp .  210-214) 

Dans la plupart des pays en voie de d6veloppement dtAsie et dtAfrique, 

1'Inde inclue, l'exploitation d'eau souterraine se fait principalement 

au moyen de puits ereus6s 2 large diamstre. Environs les deux-tiers de 

la surface de terre en Inde est couverte de roches dures et presque 

50 pour-cent des ressources d'eau souterraine renouvelable se fait dans 

ces roches. On manque de solutions mathgmatiques pour calculer les pro- 

priEt6s hydrauliques de puits peu profonds 2 large diamstre. Papadopulos 

et Cooper ont sugg6rE une m6thode d'analyse des donnges des essais de 

pompage de puits 2 large dimstre dans un aquifsre captif. Mais ceci 

n'est applicable qu'2 une couche aquifsre entisrement p6n6trge. Boulton 

et Streltsova (1976) formulaient des gquations pour rabattement dans des 



puits 2 phn6tration partielle sous des conditions d'aquifsres 2 nappe 

libre. En Inde, la m6thode de Papadopulos et Cooper a 6th employ6e pour 

116valuation de parmstres aquifsres ( T  et S). 

Dans cette communication la mhthode sugghrEe par Boulton et Streltsova a 

ht6 utilis6e pour dhterminer les valeurs de transmissivit6 pour des puits 

5 large dimstre captant des formations Miliolite et Gaj du Quaternaire 
et Tertiaire. Les r6sultats obtenus sont parfaitement comparables et 

cette m6thode pourrait done 6tre essay6e dans d'autres rhgions. 

- APPLICATION DE LA NFTIIODE DES FILETS LIQUIDES POUR L'ESTIMATION DES 
PARAMETRES GEOHYDROLOGIQUES AUX NAPPES AQUIFERES DU DECCAN EN MAHARASHTRA 

S. B. DeoZankar (pp, 215-222) 

Le terrain basaltique de la r6gion Rahuri, Maharashtra, Inde, est une 

rhgion irrigu6e. La variation des valeurs de transmissivit6 obtenue 

d'essais de pompage indique la nature anisotropique des couches aquifsres. 

Une carte de contours de la nappe phrhatique de la rhgion a 6th faite et 

dont on prhsume qu'elle repr6sente le systsme hydrologique. Des condi- 

tions isotropiques idhalishes sont suppos6es et les lignes de courant de 

l'eau souterraine sont commenches 15 oii la transmissivit6 est connue. 

Les tubes de courant sont construits en allongeant des deux cbt6s les 

lignes de courant. En supposant le m6me d6bit dans un tube de courant et 

en appliquant la loi de Darcy, la variation spatiale dans la transmissi- 

vith est caleulhe. On indique l'anisotropie de couches aquifsres par la 
2 

variation spatiale de la transmissivith de 23 2 123 m /jour. 

DETERMINATION DU COEFFICIENT D'ESIMAGASINEMENT PAR L'EFFICACITE BARONFTRIQUE 

G. J.M. Uffink (pp 223-2321 

Dans les dunes sur la c6te de Hollande la pression atmosph6rique et les 

variations de la charge hydraulique ont 6th enregistr6es dans dix-sept 

puits d'observation pendant une p6riode de trois semaines. Les donn6es 

ont 6t6 analys6es par l'analyse de shrie chronologique pour dhterminer 

l'efficacit6 baromhtrique. De 11efficacit6 baromhtrique on peut &river 

le coefficient d'emmagasinement dlune nappe aquifsre. Les valeurs du 





rigoureueement. Heureusement, il apparazt que la grandeur considhrhe, 

notammant la pression interstitielle, n'est pas influencge outre mesure 

par cette approximation. Toutefois le comportement d'autres phhnomsnes, 

come le dhbit sortant en surface et la dilatation du sol, n'est pas 

aussi insensible au choix du modsle. Cet aspect est traTt6 dans cet 

article. 

- VIABILITE ET PRECISION DE LA DETERMINATION DES TRANSMISSIVITES A L'AIDE 
DE PUITS D'ESSAI 

J. A. BoswinkeZ (pp. 253-266) 

Compar6s avec des essais de pompage les puits d'essai ne donnent que de 

l'information sur la transmissivith d'une nappe aquifsre. Une mhthode 

bien connue pour obtenir la valeur de la transmissivith 2 partir d'essais 

de pompage pour des 6coulements non-permanents dans les nappes captives 

et celle de Theis-Jacob. 

Avec quelques suppositions - exprimhes en critsres temporels - cette 
m6thode se pr$te aussi 2 rgsoudre des problsmes de nappes semi-captives 

et libres avec des puits d'essai. 

Ces critsres sont d6termin6s aussi pour l'application de la mhthode de 

Theis-Jacob bienque les circonstances ne s'accordent pas avec les hypo- 

thsses qui sont 2 la base de la mhthode de Theis-Jacob. 

La mhthode de Theis-Jacob appliqu6e avec les critsres temporels exighs 

a ht6 testhe sur des donnhes d'essais de pompage pour comparer la 

viabilith et la pr6cisiondetests de puits d'essai estimhs d'aprss cette 

m6thode avec les valeurs des transmissiviths obtenues par des essais de 

pompage. 

- APPLICATION D'UN MODELE DE BILAN D'EAU A UN SOL TRES SALIN DANS LES 
REGIONS SEMI-ARIDES 

A. F .  EZoubaidy e t  H.K. AZ-Hamdyney (pp, 267-272) 

Des efforts sont faits pour examiner les donnEes disponibles, 2 l'aide 

d'une hquation de bilan d'eau pour estimer les coefficients dherivant 

les proprihtEs hydrauliques des couches aquifsres dans la r6gion du 



Dujailah Project, situhe dans la plaine alluviale du fleuve Tigre (2 

environs 200 km au sud de Baghdad). La rggion du projet conna?t une con- 

dition de salinit6 grave, qui est dGe 2 une 616vation de niveau excessive 

du niveau phr6atique qui est le'r6sultat de l'irrigation et est augment6 

par un drainage nature1 insuffisant. Les donn6es rassembl6es des niveaux 

de l'eau souterraine, d'un systsme de 194 puits peu profonds et de 14 

pi6zomstres, ensemble avec d'autres donnses du terrain et de laboratoire 

signifiantes, sont utilisges pour 6tudier les caract6ristiques hydro- 

g6010giques d'aquifsres. 

- DONNEES DE BASE HYDROGEOLOGIQUES POUR L'INVESTIGATION DE SYSTEMBS D'EAUX 
SOUTERRAINES DANS LES ZONES AVEC DES ROCHES DURES EN SUEDE 

T. OZsson (pp. 273-2781 

Jadis les investigations des eaux souterraines en Susde ont 6t6 concen- 

tr6es sur les d6p6ts quaternaires. Ces dEp6ts posssdent en g6n6ral une 

plus grande capacit6 d'emmagasinement et plus grande perm6abilith corn- 

par6es avec les roches dures qui forment l'imperm6able cristallin. Toute- 

fois la dernisre d6cennie a fait ressortir de nouvelles t6ches hydro- 

g6010giques avec des demandes d'une connaissance plus approfondie de 

ltimperm6able. Lesprincipaux objectifs de ces investigations sont: 

caractgrisation d'un site pour des constructions souterraines et d6veloppe- 

ment de la m$thodologie, investigations du site et caractgrisation des 

eaux souterraines pour le rejet de d6chets radioactifs. A lt6gard de ces 

deux objectifs, la capacit6 aquifsre de la masse rocheuse est d'une 

importance cruciale . 

- DETECTION EN CONTINU DES PARAMETRES PHYSICO-CHIMIQUES DE L'EAU (TEMPERA- 
TURE, CONDUCTIBILITE, SODIUM) DAWS LES SOURCES KARSTIQUES DU JURA SUISSE. 

TECHNOLOGIE DES MESURES ET INTERPRETATIONS HYDROGEOLOGIQUES 

I. MuZZer, C. Wacker e t  C. Wittwer (pp. 279-288) 



Durant plusieurs annges, 2 l'exutoire de quatre bassins karstiques du 
0 

Jura suisse, la d'etection en eontinu de la tempgrature (2 0.1 C) , de la 
conductibilith glectrique (5 3 u~/cm) et de l'activitg de llion sodium 

(t 0.1 mg/l) est rEalishe b l'aide de sondes appropriges. 

ComparEes 2 llhydrogrme des sources, les fluctuations de ces paramstres 

permettent de les considhrer comme traceurs naturels et comme indicateurs 

des diffhrents composantes de l'hcoulement des aquifsres karstiques. 

Ces enregistrements en continu permettent de cerner des hvhnements limi- 

t6s dans le temps qui ne seraient pas perceptibles par un Echantillonnage 

horaire . 
Des rgsultats importants sont ainsi obtenus sur: 

- le mgcanisme de crue des sources karstiques 
- la vitesse de transfert dans le rEseau trss permgable (permgabilitg de 
fractures ) 

- le tarissement de l'infiltration rapide provena~t de la surface 
- l'alimentation de llexutoire 2 partir des "blocs" peu permgables (per- 
mgabilit.6 primaire) 

Certains traceurs artificiels et pollutions anthropogsnes sont aussi mis 

en &videnee 2 llaide dl&lectrodes sglectives appropriges. 

- LA TRITIUM COMME UN TRACEUR DES EAUX SOUTERRAINES AU ZIMBABWE 
P. WurzeZ ( p p  289-300) 

La distribution et la vitesse des eaux souterraines dans la vallge allu- 

viale du Sabi au Zimbabwe ont ht6 hlucidges par l'emploi de sgries de 

mesures du tritium sur une p6riode de 15 ans. La vallhe alluviale du 

Sabi constitue l'aire la plus importante d'alluvium du Zimbabwe. L16tude 

du tritium a dgmontrg: 

a) que le fleuve Sabi ne contribue que faiblement 2 la rgalimentation du 

bassin aquif?re le plus important, 

b) que la vitesse des eaux 2 travers la nappe aquifsre perchge htait plus 

grande quiz travers la nappe aquifsre principale et plus profonde, et 

e) que la vitesse calculhe dlapr?s 116tude du tritium 6tait en bonne 

circonstance aveccellecalculke avec les techniques hydroggologiques 

orthodoxes. 



- TECHNIQUES DE TELEBETECTION POUR LES RECHERCHES DE SOURCES SOUS-MARINES 

D'EAU DOUCE: APPROCHE QUALITATIVE ET QUANTITATIVE 

A. Gandino e t  A.M. ToneZZi (pp.  301-310) 

Grdce 2 ses caract 'erist iques physiques une surface d'eau s e  l a i s s e  ais6- 

ment prospecter par des recherches aeriennes de l a  thermique de l ' i n f r a -  

rouge, plus particulisrement l a  bande de 9 f 1 1  microns. Pendant plus de 

hu i t  ann'ees d 'act iv i t 'es  une mgthodologie op'erationnelle a 6t'e d'evelopp'ee 

2 f i n  de l o c a l i s e r  l e s  sources sous-marines d'eau douce e t  dl'evaluer 

l eu rs  d'ebits utilisant11'elaboration~leetroniquededonn6es e t  des mod$les 

math6matiques. Plus de 700 sources rgpar t ies  sur 1500 km des l ignes  
3 c6 t i s res  i t a l i ennes  avec un d'ebit t o t a l  de 100 m /see environ ont 'et6 

identifi 'ees.  Une information sp'eciale e s t  obtenue par l e  proc'edg de 

tranchage du niveau thermique e t  l ' ana lyse  de l a  texture .  Une t e l l e  

m'ethode e s t  ggalement u t i l e  pour l 'es t imat ion d'un b i l an  hydrologique 

rggional d'une nappe aquifsre  e t  pour l a  protection des eaux souterraines 

l e  long des c8tes.  

- UNE NOWELLE APPROCHE GEOPHYSIQUE PAR L'UTILISATION DE TECHNIQUES DE 

TELEDETECTIQN POUR L'ETUDE DES PROFONDEURS DES NIVEAUX DES EAUX SOU- 

TERRAINES ET DE L'EVAPORATION DANS LES DESERTS 

M. Menenti ( p p  321-325) 

On pr'esente deux nouvelles m'ethodes pour d'eterminer des variables impor- 

t an tes  pour 1'Evaluation des ressources en eau souterraine.  On montre 

d'abord qulon peut d'eriver du comportement thermique de l a  surface l e s  

propriEt'es e t  l16paisseur  des diff 'erentes couches du so l .  On pr6sente 

une application de tEl6d'etection 5 l ' infrarouge thermique pour gvaluer 

l e  niveau de l a  nappe phr'eatique. La deuxisme mgthode s ' a g i t  de l a  d6ter- 

mination de l t6vaporat ion ac tue l l e  des rggions vastes 2 l ' a i d e  d'une com- 

binaison de t'el6mesures 2 l ' infrarouge thermique auss i  que v i s ib le  avec 

des mesures pr ises  2 l a  surface. 



- APPLICATION DES TECHNIQUES DE TELEDETECTION POUR L'EVALUATION DES RESSOURCES 
EN EAUX SOUTERRAINES 

G. T. Marathe, T .  K .  Ghosh e t  M .  G. Srinivas (pp, 326-3331 

La Sironcha tehsil dans la province de Chandrapur de 116tat de Maharashtra 

en Inde est un pays couvert de f6rets denses. I1 n'a pas 'et6 explor6 5 

cause d'un manque de routes praticables en toutes saisons et de moyens de 

conmunications. Lorsque le Gouvernement de Maharashtra prenait la d6ci- 

sion d'ouvrir cette r6gion retardge 2 l'industrialisation, il devenait 

impEratif d16valuer ses ressources en eau. Cette rggion est enfermge par 

trois fleuves contenant de l'eau pendant toute ltann6e mais la partie 

centrale ne dispose pas d'eau de surface. Pour cette raison on doit &a- 

luer avec urgence les ressouces en eau souterraine. Dans cette communi- 

cation est dgcrit comment des techniques de t616d6tection ont 6t6 utili- 

sees ensemble avec des mgthodes conventionnelles pour 6valuer les 
2 ressources en eau souterraine d'environs 6000 km de cette rkgion. 

- ESTIMATION DU STOCKAGE NATUREL D'EAU SOUTERRAINE DANS DES DEPRESSIONS 
INTERMONTAGNEUX PAR DES TECHNIQUES DE TELEDETECTION 

Yu. L. Ob yedkov (pp 334-342) 

Une m6thoCepourestimer les ressources naturelles en eau souterraine 

des bassins intramontagneux, bas6e sur l'utilisation de la t616dgtection 

et de connaissances desconditions g6ologiques et physiographiques g6n6- 

rales de la rEgion d'investigation, est discutse. Cette m6thode permet 

aux investigateurs d'obtenir une estimation prgliminaire de la profondeur 

de la couche sgdimentaire des bassins intramontagneux et de leurs &serves 

d'eau souterraine. 

- LES MESURES IN-SITU DE LA CONDUCTIBILITE HYDRAULIQUE DE MATERIAUX EFFRITES 
OU PEU CONSOLIDES A FAIBLES PROFONDEURS 

D.J. AZZen e t  M. Price fpp. 343-3531 

Connaissance de la conductibilit6 hydraulique de mat6riaux effritEs 5 

faible profondeur ou peu consolid6s importe pour la compr6hension de 



Itinfiltration et le mouvement de polluants. Les difficult& que prgsente 

lt&chantillonnage de tels mat'eriaux rendent n'ecessairement l'emploi 

d'essais in-situ. Ainsi a-t-on dgveloppg des techniques permettant d'exg- 

cuter in-situ des mesures reproductibles de la conductibilitg hydraulique 

sur des materiaux meubles en utilisant des installations qui peuvent Gtre 

mises en place entre 1.5 et 20 mstres en dessous du niveau du sol. Les 

installations comprennent une sEriedepi'ezom2tres modifi'es qui sont dis- 

ponibles dans le commerce ou qu'on peut facilement construire. Une des- 

cription est donn'ee de lt'equipement pour des essais de surface employant 

l'injection et si possible des essais de pompage 2 charge constante ou 

variable. Sont 'egalement discutgs les rgsultatsde tel essais 2 deux 

emplacements . 

L'UTILISATION DE CERTAINS METHODES GEOPHYSIQUES A L'INVESTIGATION DES 

AQUIFERES DANS LES FORMATIONS CARBONATEES 

S. Simionas et C. I .  Simionas (pp. 354-364) 

Les forages ex'ecutgs ?i travers des formationsaquifsres carbonatges, 2 

l'aide des installations de forage hydraulique 2 circulation inverse, 

n'offrent pas d'informations complstes sur le collecteur par lequel l'eau 

circule. L'utilisation des combinaisons de mgthodes ggophysiques d'in- 

vestigation ad'equates pour 1'Etude des formations carbonatges nous a per- 

mis la &termination assez exacte de ses traits physiques, de la litho- 

logic et la structure g6010gique, de la min'eralisation du fluide; ces 

donn'ees-12 sont utiles pour 1'6tude de la dynamique complexe des eaux 

souterraines qu'on rencontre dans une zone de c6te de la mer Noire, 2 

structure g'eologique compliquge, 05 la couche aquifsre est intensgnent 

exploit&. 

DETERMINATION DE PARAMETRES HYDROGEOLOGIQUES ET DE CARACTERISTIQUES 

AQiJAPHYSIQUES DE ROCHES PAR LES RESULTATS D'OBSERVATIONS GEOPHYSIQUES 

G. V. KuZikov e t  N.  N.  Sharapanov (pp. 365-374) 

Pour la rEalisation d'une cartographie de paramstres hydroggologiques et 

des caractsres des roches il est n'ecessaire d'avoir une information 



continue de leurs variations spatiales. Cela conduit 2 des d6penses con- 

sidgrables, msme en utilisant des m6thodes traditionnelles d'ktude (forage 

et Echantillonnage de puits , essais de pompage). L1 investigation par des 
mgthodes g6ophysiques est considEr6e 2 pr6senter plus de perspectives. 

Une combinaison efficace de m6thodes ggophysiques, formant une partie 

essentielle dt6tudes d'hydroggologie et de g6010gie d1ing6nieur conduites 

dans le but dtam61iorer et de mettre en valeur des terres et pour explorer 

l'eau souterraine, a Et6 dEveloppEe et est largement utilisEe en U.S.S.R. 

Une combinaison de m6thodes g60physiques permet de faire une estimation 

des ph6nomknes suivants (2 base de corr6lations empiriques): 

a) permgabilitg des aquifkres productifs; 

b) la perm6abilit6 des sables et des argiles dans la zone non-saturge; 

c) porosit6 efficace des sables et graviers des aquifsres 2 nappe libre; 

d) mingralisation d'eau souterraine et le degrg de salinasation des roches 

dans la zone d1a6ration; 

e) profondeur de l'aquifkre 5 nappe libre; vElocitE de l'eau souterraine; 

f) composition granulaire des sables et graviers, aussi bien qu'un nombre 

de propri6t6s g6ologiques d'inggnieur. 

Les limites dlerreur de l'6valuation quantitative des paramktres varie 

de 10 2 30%. 

- IDENTIFICATION DE L'ECOULEMENT DE L'EAU SOUTERRAINE ET DE LA HETEROGENEITE 
AQUIFERE PAR LA GEOTHERMOMETRIE 

W. van DaZfsen (pp,  375-3841 

Les dernisres annges, beaucoup de travail a 6tE fait dans le domaine des 

simulations num6riques de transports souterrains de polluants et de cha- 

leur, li6sauxmouvements des eaux souterraines. Plusieurs simulateurs 

ont 6t6 proposss. On peut les 6valuer d'aprks la validit6 num6rique et 

d'aprks la mesure dont ils tiennent compte des phEnom8nes physiques et 

chimiques, li6sauxtransports dans les milieux poreux. Pourtant, si les 

paramktres physiques et chimiques sont insuffisamment connus, on ne peut 

pas faire une pr6diction sur les effects de transport, mgme pas avec les 

simulateurs les plus 6laborEs. A fin de comprendre et d16valuer le 

transport dans un milieu poreux souterrain, il est absolument ngcessaire 

d'identifier les variations dans la eonductivitE hydraulique. Ces varia- 

672 



tions ljeuveut Gtre dGtectGcs cn I~esura~~t des proiils de te~q~Gratures &ails 

des pits d'obscrvntions, a condition rye l'enu pnssaut par ces ;mints 

d'observation,soitthermiquement sign6e. De telles situations se produisent 

autour des puits d'injections 02 l'eau injectge a une tempgrature diffg- 

rente que la tempgrature ambiante souterraine, autour de voiries 02 l'eau 

percolante a 6tg chauff6e et autour des puits d'extraction de chaleur. 

Plusieurs profiles de tempgratures mesurgs, indiquent que beaucoup de 

variations dans la eonductivitg hydraulique peuvent exister selon l'axe 

vertical. Vu ces observations, on peut se douter de la validit6 de l'emploi 

de modsles m6gascopiques de dispersion hydraulique ou thermique, dans les 

simulations numgriques des phgnomsnes de transport dans des milieux poreux 

souterrains. 

- ISOTOPES DE MILIEU, REALIMENTATION, ZONES DE DECHARGE ET PRESENCE D'EAUX 

FOSSILES DANS LE SYSTFNE DE NAPPES AQUIFERES DE MADRID 

I. Herrbez, M.R. Llamas e t  J.Ch. Fontes fpp. 385-3941 

2 
Le bassin, vaste (6000 km ) ,  tectonique de Madrid est comb16 par un 

puissant (pr2s de 4000 m) complexe d6tritique , tertiaire , continental, 
aquifs~e. Onprgsente une Qtude des teneurs en isotopes du milieu: oxy- 

gsne 18 (99 mesures), deutgrium (261, tritium (18), carbone 13 (14) et 
carbone 14 (21) qui inclut des rgsultats in6dits et &examine les donnges 

de la littgrature. Les teneurs en oxygsne 18 varient peu mais de faqon 

significative entre -7.0 et -9.2%. Les eaux souterraines des zones de 

recharge sont s~stEmatiquement enrichies en isotopes lourds par rapport 

2 celles des zones de &charge. Ceci confirme le confinement des circu- 

lations et suggsre la prcsence d'eaux anciennes dans la d6charge. Cette 

hypothsse est en accord avec la corr6lation qui est mise en gvidence 

entre teneurs en oxyg?ne 18 et en carbone 14. Toutefois, on ne relsve 

aucune variation significative des excss en deutgrium entre eaux an- 

ciennes de dgcharge et eaux rgcentes (contenant du tritium) de recharge 

ce qui supposerait que les circulations atmosph6riques sont rest6es 

similaires sur la piage de temps correspondant au transit des eaux. 



- DETECTION ELECTROMAGNETIQUE POUR LES EAUX SOUTERRAINES DANS LES ROCHES 
DURES A FAIBLES PROFONDEURS 

H.P. Patra e t  N.L. Shastri  (pp.  395-404) 

Les limitations de sondages conventionnels de r6sistivit6 dans lt6tude 

des conditions substratumdansles formations rgsistantes, appellent des 

techniques de sondage multi-frgquence. Une telle m6thode "central fre- 

quency sounding" a 6t6 d6velopp6e th6oriquement et comprends le mesurage 

des components verticaux du domaine magn6tique induit au centre du ruban 

circulaire ou car& de dimension limit6e et convenable. L'analyse de 

caractgristiques de rgponse pour le domaine de frgquence ainsi que le 

domaine de temps CFS en termes de rksolution, de d6tection et dr6qui- 

valence confirme l'application de l'approche pour "shallow groundwater 

sensing" dans les formations difficiles. La r6solution se trouve con- 

tr6l6e en grande partie par l'gpaisseur et la conductibilit6 de couches 

individuelles. On remarque que llEquivalence est plus fort dans le 

type-K que dans le type-H du modile terre. La d6tection de couches con- 

ductible~ interm6diaires est bonne. 

- ESTIMATION DES TRANSMISSIVITES DE NAPPES AQUIFERES PAR LES MESURES GEO- 
ELECTRIQUES 

D. C. SinghaZ e t  S r i  Niwas (pp.  405-424) 

Une relation analitique entre transmissivit6 d'aquifsres et une rgsis- 

tance slectrique transversale normalis'ee d'aquifkres homogsnes et iso- 

tropiques a Qt6 pr6sent6e dans cette communication, aprks la modifica- 

tion d'une relation plus ancienne 6tablie par les auteurs prgsents, 

entre transmissivit6 d'aquifsre et rgsistance transversale. En norma- 

lisant la r6sistivit6 d'aquifsre 5 l'aide de la r6sistivitg de l'eau 

souterraine, m e  relation modifige est obtenue entre la transmissivitg 

d'aquifsre et une rgsistance transversale normalis6e. La relation obtenue 

est lin6aire come le produit de conductivit6 hydraulique d'aquifsre et 

la conductivitg normalisge d'aquifkre est constante pour un bassin par- 

ticulier et paralt stre valable pour le calcul de la transmissivit6 

d'aquifsre dans des rEgions avec m e  eau souterraine de qualit6 variable. 

Les transmissivit6s obtenues par cette voie sont plus proches de la vraie 



transmissivit6 comme devient Evident d'un exemple d'aquifsres alluviaux 

de la r6gionduSouthern Banda, Uttar Pradesh, India. 

- APPLICATION DU "SLUG TEST" ET D'UN ESSAI A PRESSION SINLJSOIDALE A LA 
RECHERCHEDES SYSTDLES AQUIFERES FISSURES 

J.H. B lack ,  J.A. B a r k e r  e t  D.C. Holmes (pp.  415-4241 

Cet expos6 prEsente une nouvelle interprEtation de l'essai classique dit 

"slug test" et dgcrit un essai innovateur 2 pression variable en fonction 

sinusoidale du temps. On met en 6vidence que l'analyse classique des 

slug tests faits dans roches cristallines fractur'ees amsne 2 des erreurs 

importantes sur le stockage sp6cifique; de plus il y a des erreurs moins 

importantes sur la conductibilitg hydraulique. On prEsente une mgthode 

de correction de ces analyses classiques. Lfessai 2 pression sinusoidale 

est brsvement d6crit y compris une premisre Epreuve de ce principe. 

L'analyse des rssultats 2 partir d'un milieu poreux homogsne s1av6rant 

inapte, et on reprend le modsle du milieu poreux fissur6. On d6crit 2 

grands traits quelques possibilitks et avantages pratiques de cette 

technique. 

- LA RESISTIVITE ELECTROMAGNETIQUE: UN PUISSANT OUTIL POUR LA DETERMINATION 
DES VARIATIONS LATERALES EN LITHOLOGIE OU EN QUALITE D'EAU SOUTERRAINE EN 

PAYS-BAS 

I.L. R i t sema  fpp 425-438) 

Les variations hydrog6010giques spatiales, par exemple les transitions 

XatErales en lithologic ou en qualit6 de l'eau souterraine, sont souvent 

reli6es 2 des variations latgrales de la rgsistivitg 6lectrique souter- 

raine. Les variations peuvent Gtre d6tectEes 2 la surface en mesurant la 

r'esistivit.6 apparente souterraine ou bien par la mgthode 2 courant con- 

tinu (DC) ou bien par la m6thode 6lectromagn6tique (FM). En g6n6ral la 

m6thode EM est plus rapide e"c moins couteuse que la mgthode DC. 
Dans cette Etude, deux appareillages diffgrents pour mesurer la r6sisti- 

vitE E51 ont 6t6 employ6s: le EM34-3 2 boucles d'induction horizontale ou 

verticale (HL/VL) et le m16~ 2 ondes radio de trss basse frgquence (VLF). 



Les r6sultats obtenus avec ces deux m6thodes s'accordent bien avec les 

rgsultats obtenus avec la m6thode DC et en rapport avec les informations 

obtenues dans des puits de forage. 

Quatre exemples d'application de ces m6thodesde rGsistivit6 HL/VL et VLF 

dans les Pays-Bas seront discutgs. Les m6thodes ont 6t6 appliquges afin 

de d6tecter une lentille, peu profonde, d'eau douce incluse dans des 

milieux salins, afin de localiser une eouche d'argile conductive et 

afin de dresser des cartes de l'gtendue des pollutions des eaux souter- 

raines autour de deux voiries. 

Dans les cas mentionncs, Itapplication de la m6thode de r6sistivit6 EM 

s'est montr6e efficace. 

- PROFILS ELECTROMAGNETIQUES POUR LES INVESTIGATIONS DE SYSTEMES A PETITE 
ECHELLE D'ECOULEMENT D'EAU SOUTERRAINE 

F. Dirks, W. Geimzaert e t  M .  Groen ( p p  439-448) 

L'application hydrog6010gique de mesures 6lectromagn6tiques dans des 

roches cristallines en Afrique de ltOuest et dans une zone sgdimentaire 

des Pays-Bas est discut6e. 

Dans le socle Pr6 Cambrien de Niger et de Haute Volta, on trouve de l'eau 

souterraine en quantit6 exploitable dans des roches cristallines li6es 

5 des zones de fracture. 

La localisation des fractures sur le terrain par des profils glectromag- 

n6tiques a 6norm6ment am6lior6 le pourcentage de succ?s des nouveaux 

sondages . 
Aux Pays-Bas, la m6thode 6lectromagn6tique est appliqu6e 2 lt6tude de la 

distribution spatiale d'eau souterraine contamin6e. La m6thode donne des 

bons r6sultats quand le contraste en conductivitg entre l'eau contamin6e 

et l'eau naturelle est suffisant. 

Cette mgthode pr6sente de grands avantages sur les mesures de rEsistivit6 

conventionnelles en ce qui cogcerne la rapidit6 dqex6cution. 

- ESTIMATION DE PARAMETRES DANS LES PROBLEMES DE L'ECOULEMENT DES FAUX 

SOUTERRAINES PAR L'UTILISATION D'UN ALGORITHME DE FILTRE K , W  

F.C. van Geer e t  P. van der KZoet ( p p .  449-462) 



Les modsles mathsmatiques pour calculer lt6coulement d'une nappe souter- 

raine contiennent un certain nombre de ~aramstres. Le plus souvent il 

est nkcessaire de connaftre ces paramstres 2 obtenir une solution des 

squations du modkle. I1 est possible d'estimer les paramstres et une 

solution des squations du modsle en msme temps avec le Kalman Filtre. Le 

Kalman Filtre donne un estimateur optimal et linEaire (sage et Melsa, 

1971). Dans ce papier d e u  manisres sont pr6sentGes de formuler le Kalman 

Filtre pour estimer les paramstres. Un problsme thsorique dt6coulement 

d'une nappe souterraine est d6velopp6 comme une application. 

- ESTIMATION PAR LtANALYSE DES VARIABLES MULTIPLES DE L'INFLUENCE DES 
FACTEURS CLIMATIQUES SUR LES EAUX MINERALES A CARLSBAD 

I. Verhoef-Upavskb (pp ,  463-475) 

Les donnges provenant d'observations des sources minsrales 2 Carlsbad/ 

Karlovy Vary, Tch6coslovaquie, et celles des facteurs climatiques sont 

consid6rses comme une matrice de donnses caract6ris6e par n objets avec 

p caractsristiques. 

Le but de l'analyse des variables multiples est de d6crire Les particu- 

larit6s du r6gime des objets en les mettant comme des points dans w e  

espace. 

Les r6sultats de l'analyse indiquent les tendances principales du r6gime 

des sources en les confrontant avec les facteurs climatiques. En effet 

la plupart des sources montre un plus grande variation de la tempsrature 

- refl6tant ainsi les changements saisonniers de la tempsrature de l'air - 
que la variation du d6bit qui n'est plus prononcse que pour une seule 

source. 

Bienque les facteurs climatiques exercent leur influence, la configura- 

tion gsngrale des groupes de concentration tsmoigne de la stabilit6 in- 

terne des paramstres quantitatifs des sources. 



THEME 4 :  

- UTILISATION DIUN NOWEAU DISPOSITIF POUR DEBITS FAIBLES ET CONSTANTS 
DANS LES ESSAIS DE POMPAGE DANS DES PUITS CREUSES 

R. N. Athavale, V.S. Singh e t  K. Subrahmanyam (pp. 479-488) 

En Inde, des puits creusss forment la source premisre d'eau souterraine 

pour l'irrigation et pour usage domestique. La dgtermination de paramstres 

d'aquifsres obtenue de puits creus6s est ainsi importante pour une ex- 

ploitation des ressouces d'eau souterraine. Des essais hydrologiques, 

faits 5 l'aide des pompes installges par les fermiers dans les puits 

creus6s, montrent une diminution importante du d6bit dans le temps. Les 

puits sont aussi vid6s en quelques heures 2 cause de la grande capacitg 

des pompes. Des essais hydrologiques satisfaisants sur des puits creusgs, 

continuant pendant plusieurs heures et montrant une &action importante 

de l'aquifsre, sont seulement possiblessile d6bit est tenu faible et 

constant. Cet objectif a 6t6 atteint au moyen d'une nouvelle invention 

qui implique le retour au puits d'une quantitg variable de l'eau obtenue. 

Des &tails de l'invention sont dgcrits. La solution analytique de Papa- 

dopulos et Cooper (1967) a St6 utilisge pour interprgter les donnges. 

- DETERMINATION DE NIVEAUX D'EAU DANS DES PUITS D'OBSERVATIGN PAR MESURE 
DU TEMPS DE TRANSIT D'IMPULSIONS ULTRASONIQUES ET CALCUL DES PARAMETRES 

HYDRAULIQUES 

R. KohZmeier, G. Strayle e t  W. Giesel (pp .  489-501) 

Les rabattements du niveau d'eau lors des essais de pompage sont dgter- 

min6s 2 l'aide de la mesure du parcours d'une impulsion ultrasonique. 

Dans chacun des pi6zomktres un vibrateur ultrasonique est pendu quelques 

mstres au-dessous du niveau de la nappe. L'impulsion 6mise est r6flectge 

au niveau d'eau et reGue par le vibrateur. Les dgtails techniques sui- 

vants sont trait& comme suit: construction de l'appareillage de mesure, 

nombre et distance des pi6zomstres qui sont observgs simultanEment, 

exactitude de la mesure du niveau d'eau, enregistrement dlautres donnges 

(p.ex.d$bit pomp6, precipitation, pression atmosph6rique, temp&rature, 



conductivitg glectrique de l'eau extraite, enregistrement et traitement 

des donnges). 

Le rgsultat des travaux dspend de faSon dgcisive de l'exactitude des 

donnges obtenues, come le montre l'exemple d'un essai de pompage dans 

l'aquifsre trss permhable d'un gravier grossier sit& dans le haut de la 

vallge de "~ller" (a~ant-~a~s alpin dans le district de Ravenburg, Baden- 

~iirttember~). A cause d'une ggomstrie compliquge une shquence rapide des 

donnges est indispensable. Alors que les influences du bord de sections 

rectangulaires simples se laissent dgcrire analytiquement avec relative- 

ment peu des donnges, les bords des sections naturellement arrondies des 

vallges ne se prgsentent g60hydrauliquement qu'au eours d'une longue 

phase de transition. 

- MESURE AUTOMATIQUE DE LA SUCCION DANS UN SOL 
D.M. Bomeuf (pp, 502-512) 

Une station de mesure automatique de la succion dans un sol a 6t6 con- 

struite et installge dans un bassin versant de 1'Alberta. La mesure de 

la succion se fait 2 l'aide de tensiomstres religs 2 un robinet 2 voies 

multiples. Un capteur de pression rgagit 2 la succion de chaque tensio- 

mStre>g travers le robinet 2 voies multiples; les valeurs de la succion 

aux tensiomstres sont enregistrges sur bande de papier. Un micro-ordina- 

teur commande les fonctions de la station. Un panneau solaire permet le 

fonctionnement de la station de fason continue. On envisage d'hquiper 

la station de telle sorte que les donnges puissent gtre transmises 2 un 

ordinateur central qui traitera les donnges. Le micro-ordinateur utilisg 

peut l'gtre pour commander la mesure d'autres parmstres tels que niveau 

de l'eau dans un puits ou un pi6zomstre, temphratures, pression, con- 

ductivitgs etc... 

- EQUIPEMENT POUR DES ESSAIS DE PACKERS ATTACHES A UN CABLE DANS DES FOR- 
MATIONS DE FAIBLE PERMEASILITE 

E. Gosk e t  L.J. Andersen (pp. 5 13-5 20 / 

Le choix de l'installation technique 2 utiliser pour les essais de 



perm6abilit6, en particulier dans les 6tudes de couches peu permgables 

2 grande profondeur, est un facteur essentiel pour calculer les coiits du 

projet et la cr6dibilit6 des rgsultats. 

La mise en place et la fonction d'un seul packer et d'un "straddle-packer" 

attach6 au czble, le dispositif de pompage et le systsme d'acquisition de 

donn6es sont d6crits. 

Ce mat6riel a 6t6 employ6 2 des profondeurs de 550 m au-dessous du niveau 

de la mer, dans des puits de g " ,  sans tubage. 

TECHNIQUES D'ECHANTILLONNAGES D'EAU SOUTERRAINE PROVENANT DE PUITS D'EAU 

L.J. Andersen fpp,  521-527) 

De nombreux techniques employ6s pour les prises d16chantillons sont d6- 

crits et comment'es. Des 6chantillonneurs packer qui peuvent prendre des 

echantillons d'eau souterraine 2 des profondeurs arbitraires d'une sec- 

tion ouverte ou protgg6e d'un puits sont utilis6s. Le premier modsle 

utilise un triple-zone-packer, tandis que les deux autres modsles pr6- 

le'vent les 6chantillons automatiquement. Les 'echantillonneurs sont vid'es 

par l'azote ou par la pression de l'eau pomp6e. Le prglsvement dt6chan- 

tillons d'eau souterraine est aussi important que son analyse post6rieure. 

Les gchantillons de puits 2 pgngtration complste dans des aquifsres 2 

charge variable ne reprgsentent pas toujours l'eau originelle de l'aqui- 

f Sre . 

SYSTEME DIGITAL D'ACQUISITION DE DONNEES HYDROLOGIQUES 

P. J. Di Z Zon (pp. 528-537) 

Une description d'un systsme d'acquisition des donn6es qui contro^le les 

niveaux d'eaux souterraines et d'eaux de surface, et qui alimente un 

ordinateur en donn'ees enregistrges. I1 y a un nouveau transducteur de 

niveaux d'eau souterraine et une m6moire portative et multi-usages pour 

fournir des donnEes. Lt6quipement est relativement bon march6, adaptable 

2 d'autres applications, et s'est r6v6l6 f idsle et pr6cis au cours des 

essais sur le terrain. L'alimentation et la vgrification des donnges 

demandent peu de temps dans ce systsme. 



- SYSTEME DE SURVEILLANCE DES EAUX SOUTERRAINES 
V.J.  La tkov ich ,  J . I .  Rorabaugh, K.V. Sharp, E.H. Cordes  e t  J.C. J e Z i n s k i  

( p ~ .  538-545)  

Les programmes du U.S. Geological Survey (USGS - Recherches G'eologiques 
des Etats ~nis) exigent des instruments pour l'acquisition de donn6es 

sur les niveaux des eaux souterraines de manisre continue et sans in- 

spection pendant de longues p'eriodes. I1 n'existe b pr'esent aucun systsme 

'economique pour diriger les processus de la collecte et de la r6gistra- 

tion des niveaux des eaux souterraines b long terme ou pour des essais 

dans les nappes aquifsres soit b court soit 5 long terme oc des obser- 

vations sont n'ecessaires b des intervalles de temps trss courtes (quel- 

ques secondes). Le "Geological Survey" est en train de d'evelopper un 

systsme de surveillance (GWMS) pour rgpondre b ces besoins sp6cifiques. 

Le GWMS est un systzme d'instruments compl'ementaires y compris un micro- 

ordinateur programmable. Le GWMS sera flexible en ce sens que des modi- 

fications ult'erieures peuvent facilement Ctre appliqu'ees telles que une 

capacitg pour la thlgm'etrie satellite. 

- COMBINAISON D'ECHANTILLONNAGES ET D'ESSAIS HYDRAULIQUES DANS LES ROCHES 

PEU PERMEABLES 

R.L. F. Kay e t  D.C. HoZmes (pp. 546-5551 

Un systsme b csble avec doubles packers a 'et'e dhvelopp'e qui peut mesurer 

la conductivit'e et la pression hydrauliques ainsi que le stockage sp6ci- 

fique d'une zone d'efinie dans un forage. Le systsme a la capacit6 de 

prendre des 6chantillons d'eau dans cette zone. Le systsme, qui fonctionne 

jusqu'b un profondeur d'environ 1000 m, a 6t'e utilis'e pour la prise 

dt'echantillons d'eau souterraine sans contamination b un profondeur de 

300 m dans une roche cristalline fracturhe. Pour donner un exemple, un 

'echantillon montrait un niveau de 14C en dessous des limites de d'etection 

avec presque aucun 3 ~ .  Le systsme permet Egalement la prise df6chantillons 

pour l'analyse de gaz dissous. Le systsme comprend une pompe, sous le 

forme d'un tuyau qui monte de la zone sous examen puis bifurque imm'edi- 

atement au-dessus d'un soupap" pneumatique, qui se situe normalement 

10 m environ en-dessous de la surface d'eau dans le forage. A soupape 

ferm'e, l'eau auprss de la surface peut Ctre expuls6e en introduisant du 



gaz comprim'e. Une fois vid6e le soupapo est r&ouverte, ce qui msne 2 un 

changement instantan'e de la pression dans la zone sous examen. Ceci veut 

dire que lors de la prise d'eau de la zone un "slug test" est ex'ecut'e, 

ce qui donne des informations sur les caraetgristiques hydrauliques et 

la pression 2 6quilibre dans cette zone. En traqant les variations de 

ces caractgristiques selon le profondeur on peut identifier l'endroit 05 
l'eau entre et sort du forage et, de 12, les endroits qui conviennent le 

mieux pour une prise d'kchantillons g'eochimique. Pour la prise d16chan- 

tillons chimique le proc6d6 "slug test" est r'ep6t6 jusqu'au constat de 

paramgtres chimiques stables: normalement 3-5 fois le volume entre les 

packers. 

- UN DISPOSITIF GEOPHYSIQUE MARIN POUR L'ETUDE DE LA RESURGENCE SOUS-MARINE 
D'EAU SOUTERRAINE 

A. V. MeskheteZi et D. V. Kuznetsov (pp ,  556-5641 

Dans cette communication les m'ethodes et les techniques utilis'ees pour 

l'investigation des sources sous-marines de la cste du Caucase de la 

Mer Noire sont consid6rGes. 

- LE "LABELLED SLUG TEST" 
N. BUZZ, E. Gosk et L.J. Andersen 

Le "Labelled Slug Test" est une diagraphie de rayons gamma utilisant 

des traceurs radioactifs pour la dgtermination de la vitesse dl'ecoule- 

ment dans un trou de sondage. Cette m'ethode a 'et'e utilis'ee pour 116valu- 

ation de la conductivit'e hydraulique de formations peu permgables. 

Lt6quipement et les procEd6s sont d6crits et comment6s. Les r'esultats 

obtenus par cette m6thode sont compar6s avec ceux obtenus au cours des 

essais packer. 

- MESURE DE LA TEMPERATURE DU SOL A L'AIDE D'UN CONE DE TEMPERATURE 
J.G. de Gijt (pp .  5 74-584) 



Dans cette article le Fugro temp6rature c6ne sera discut6. 

La construction de l'appareil mesurh sera trait6 en 6valuant aussi 

quelques rgsultats d'essais en relation avec la m6thode de l'exhcution. 

L'usage de la dgtermination de la temphrature sera aussi indiqu6e. 

- UNE NOWELLE METHODE POUR LA MESURE IN-SITU DE LA PERMEABILITE 
R. A. Rietsema (pp.  585-5931 

Les mgthodes habituelles pour d6terminer la permgabilitg in-situ sont 

l'essai d'infiltration 5 niveau constant, l'essai d'abaissement, et 

l'essai de pompage. Les deux premiers sont souvent peu prhcis, et le 

dernier est onhreux. 

Pour cette raison une sonde nouvelle a 6t6 dgveloppge. En principe cette 

sonde est analogue 2 la sonde Electrique de porositk de notre Labora- 

toire: 2 un certain d6bit d'eau est inject6e dans le sol 2 travers le 

filtre suphrieur et aspirhe par le filtre infGrieur, ou 2 l'envers; 

au moyen de deux autres filtres plachs entre les premiers deux, la 

diffgrence de potentiel est mesur6e. Or, le coefficient de permhabilith 

horizontale peut-&re calculh du d6bit d'eau et de la diffhrence de 

potentiel. 

Rhsultats pratiques: 

- Avec cette sonde le coefficient local de la permgabilit.6 horizontale 
d'un sol sableux anisotrope peut-Ctre mesurh d'une fason simple. 

- Pour dhterminer le coefficient de perm6abilit6 verticale, qui est 
rarement requis, deux sondes sont ngcessaires. Cette mgthode slest 

montrhe moins prgcise, et en conshquence ne sera pas trait6e ici. 

- Dans un sol stratifih on trouve une valeur moyenne. 
- La sonde ne peut pas Gtre utilis6e en argille. 



- ANALYSES DES DONNEES DU RESEAU NATIONAL DE SURVEILLANCE DE L'EAU SOUTERRAINE 
J. Taat (pp.  594-603) 

Aux Pays-Bas un r'eseau de 320 puits a 6t6 install6 pour surveiller la 

qualit6 de l'eau souterraine dans la nappe phreatique et la premigre 

nappe captive. RGguliSrement la concentration d'une vingtaine de para- 

mgtres est dgterminge, mais le rEseau est aussi utilis6 pour des Echan- 

tillonnages sp6ciaux. 

Le pr'esent article s'occupe du traitement des donnges et d6crit des 

mgthodes d'analyse statistique et de pr'esentation de la variation g6o- 

graphique de la qualit6 de l'eau souterraine. On y prcte une attention 

spgciale 2 la relation eventuelle entre d'une part la qualit6 de l'eau 

souterraines et d'autre part l'usage ou le type de sol. 

Les resultats pour quelques paramgtres sont pr6sent6s. 

- ELELBORATION PRELIMINAIRE ET STOCKAGE DE DONNEES SUR LES NIVEAUX DE L'EAU 

A DES INTERVALLES FIXEES DE TEMPS 

S. van der Sehaaf (pp. 604-612) 

Les observations de la nappe phr6atique fournies par des appareils 

enregistreurs contiennent souvent des erreurs d'origine differente. 

Avant que ces observations soient utilis6es pour en tirer des conclu- 

sions dignes de foi, il faut rattraper et, si possible, corriger les 

erreurs. AprSs qu'il ne reste plus des erreurs corrigibles, les obser- 

vations doivent ctre stock6es dans des fichiers permanents qui sont 

facilement accessibles pour des programmes afin de fournir l'information 

n6cessaire. 11 faut que les fichiers soient d'une longueur rgduite et 

n'exigent qu'un temps limit6 ?i lire, alors que retrouver des donnges des 

dates ou des lieux sp6cifi.g~ doit &re simple. 

Un systgme de programmes et de sous-routines gtablis pour retrouver et 

corriger des erreurs et pour produire des fichiers permanents des donn'ees 

est pr'esent'e . 



- LE TRAITEMENT STATISTIQUE DE DONNEES HYDROGEOLOGIQUES NON-HOMOGENES 

L.Ju. Vostrikoua e t  K.E. Pityoua (pp, 613-621) 

Des m6thodes statistiques sont prhsenthes pour traiter statistiquement 

des donnhes hydrog6ologiques non-homogsnes. Ces m6thodes nous permettent 

de vgrifier l'hypothsse dfhomog6n6ith de donnhes aussi bien que de diviser 

des donn6es non-homogsnes dans des groupes homogsnes du point de vue 

statistique. Quelques exemples sont donn6s pour illustrer l'application 

des mgthodes du traitement de donn6es hydrog6ologiques. 

- ELABORATION ET INTERPRETATION PAR L'INFORMATIQUE DE DONNEES SUR LES 
ESSAIS DE POMPAGE 

B. Madsen (pp 622-632) 

Un programme informatique pour l'analyse de donnhes obtenues lors des 

essais de pompage a 6t6 dhvelopps au DGU. Le programme est interactive 

et peut stre utilis6 avec trss peu de connaissance en informatique. 

Le langage utilish est le BASIC et le programme a 6th spgcifiquement 

d'eveloppg pour le Tektronix 4054, un hcran graphique li6 ?i un 32K-bytes 

micro-ordinateur avec option de rafraychissement. Cette option permet 

de faire, directement sur 116cran, la paire de courbes types en asplacant 

la courbe choise ?i la position 02 elle donne le meilleur ajustement, 

comme dans la mhthode d'ajustage manuel. Diffgrentes courbes types basses 

sur des solutions analytiques sont disponibles pour l'interpr6tation. 

Les graphiques du type semilog et log-log peuvent stre produits sur 

l'6cran ou sur une copie en papier facilement reproductible. 

- ANALYSE STATISTIQUE DES PARAMETRES INFLUENGANT LES REMONTEES DE LA NAPPE 
PHREATIQUES DANS DES PERIMETRES IRRIGUES EN UTTAR PRADESH OCCIDENTAL 

S.M. Seth, P. KamaZ e t  B.B.S. Singha2 (pp. 633-6431 

L'analyse multiple de rhgression htait employhe 2 dhvelopper des rela- 

tions statistiques entre l'hausse de la nappe aquifsre comme un variable 

dhpendant et la pluie, l'irrigation par canal, l'extraction d'eau sou- 

terraine, la plong6e de terrain et la profondeur de la nappe aquifsre 



avant la mousson comme des variables ind6pendantspourdes niveaux de la 

nappe d'eau souterraine de 175 stations situ6es dans la r6gion alluviale 

de 1'Inde septentrionale pendant 1971-1979 pour le terrain irrigug par 

le canal pour la plupart ainsi que pour le terrain sous l'irrigation de 

l'eau souterraine seulement. 

- PROGRAMMFS D'ORDINATEURS POUR L'ELABORATION DE DONNEES PROVENANT D'ESSAIS 
DU "LABELLED SLUG" ET DU "SPINNER FLOWMFTER" 

G. Gosk ( p p  644-653) 

Pendant l'investigation du d6me de sel de Mors, qui est parmi les locali- 

sations possibles pour le dgp6t de rgsidus radioactifs danois, une nou- 

velle technique pour l'essai de formations peu permgables - le "Labelled 

Slug Test" - a 6t6 dgveloppge. La grande quantitg de donnges obtenues 

pendant ce test rend son traitement 2 la main difficile et de longue 

durEe.Lesprincipes mis en oeuvre pour le traitement des informations au 

moyen d'un ordinateur sont indiqugs, et les probl$mes qui se prgsentent 

au cours du traitement sont cornment6s. Les donnges obtenues par le 

"Spinner Flowmeter Test" sont d'habitude utilis6es pour une estimation 

qualitative de la distribution de permsabilitg. Des formules et des 

procgdgs qui rendent possible une $valuation directe de permSabilit6 

2 partir de ce test sont 6galement propos6s. 
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