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introduction

In 1982 this primer, which was published in IRC's Occasional Paper
Series, was in high demand from developing countries as well as

the western world. To make this valuable information available to

a wider audience IRC decided to reprint the Groundwater Primer

(with a few corrections) in its Technical Paper Series,

With the present notes the authors intend to give you an introduction
to the basic principles of geohydrology. Geohydrclogy deals with the
occurence and the movement of groundwater. Their purpose is to discuss
every major topic briefly, giving the principles, but without going
into detail. They do not aim at making a geohydrological expert of you;
merely you should be able to understand such a specialist. If you ever
work in a team with a geohydrologist, you will need some knowledge of
wvhat he is doing and why, or else the team will not function optimally.

We would be happy if this primer could be of help to you in this respect.

Nevertheless, you might find yourself some day in a position where you
alone have to solve some simple geohydrologic problem. We hope that in
such cases this primer, if not leading you tc the perfect solution,
may anyhow help you to avoid the most obvious pitfalls.

In the addendum we noted some titles for further reading.

1.R.C.,
Rijswijk,
March 1983.



1.

the hydrological cycle and the waterbalance

1.1. general remarks

Rlmost all the water or earth participates in 2 continuous movement, the
so-called hydrological cycle.

River flow to the sea shows the existence of this cycle. No resulting rising of
sea level occurs and the zrivers do receive water again and again. Evidently, a
return flow cf water exists from the sea to the sources of the rivers. Ocean water
is transformed into vapour (this is called evaporation) and because evaporatiorn
exceeds the amount of rainfall, vapour-transport takes pléce througn the atmos-
phere tc the continents. Evaporation occurs above the sea as well as at the land-
surface. Mostly, however, at lané the rainfall will exceec evaporation. The sur
yields the enerov to sustairn the cycle.

Bydrology deals with the occurrence anc flow of water. Geonydrology concerns
especially the groundwater part of the hydrological cycle.

Figure ! shows the hydrological cycle in 2 schematical way. The main components
are ra:nfall or precapitation (P), evaporranspiration (E), surface runoff (R) and

groundwater flow (Q): in the next pages they will get some further attention.
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The long-term cycle of the world's water shows the following cuantities:
Land surface of the earth (136 x 105 xm?):

PL « 101 000 kma/year = 750 mm/year (average precipitatiorn);

Ep = 74 000 km3/yeax = 54% mm/year (average evaporation);

R = 27 000 km3/year = 205 mm/year (average surface runoff to the sea);

Q = very small, compared with R (groundwater flow tc the sea).

Sea surface of the earth (374 x 108 xmz):

Pe = 324 000 km3/year = 870 mm/year {(average precipitation);

Eg = 351 000 km3/yeax = 940 mm/year (average evaporation};

R = 27 000 km3/year = 70 mm/year (inflow of surface water from land).

The wvapour flow in the atmosphere from sea to the continents approximately equals

R.
1.2. precipitation
1.2.1. general remarks

The vapour of the atmosphere precipitates mainly on the earzi as rain, sSnow or

hail. Clouds (suspended water drops) are an intermediate stage.

Raiafall :1s extremely varjable in time and space. Even within a relazively smail

area (some km2) rainfall can differ narkedly from place to place.

. Mountains have a great influence orn the amount of rainfall; rainfall increases
strongly with height (orographic effect).

. 1In small areas along coasts generally less rainfall precipitates than further
land-inward.

The amount of rainfall falling on the ground surface during a certain period.is

expressed as a depth (P, volume per surface area, in mm's), to which it would

cover a horjzontal plane on the ground.

1.2.2. measuring rainfall

Rainfall is measured with rain gauges,which are provided with & receiver, having
a horizontal opening of known area (see fig. 1.2). The caught volume of water, V,
is determined and P is calculated by dividing this volume by the receiving

surface, A. 1In principle, any open receptacle (bucket) may serve as a rain gauge,

Non- recording gauges or pluviometers are observed by periodical reading of the



eccurruliatesd rainfall, Self-recordinc gauges or pluviographs give cont:inuous

recoréings of the rairn beinc caught.

.

tlthough the princirle cf measuring rainfall ie relatively simple, it is some-
zimeg difficult to obtarn accurate measurements. Several disturbing faciors may
cause unreliacle observarions.
* The w.nc shelter effec:.
The shelter effect occurs if the rain gauge is located toc hear a house, a
tree, etc. The World Meteorclogicel Organizatior gives as a8 rule of thumb that
the gauge should not be closer tc surroundinc objects thar about 4 times the
height of these objects.
* The wincd deformation effect. .
The wind deformatior effect is due to the fact that high wind velocities reduce
the amount of rain caught in the receiver (turbulence effects etc., due to the
construction of the rain~gauge itself). It has been observed that wind can
reduce the catch by more than 10%. The height of the mouth of the receiver
above the grouné should be as low as possible because the winé velocity
increases with height, but should be high enough to prevent splashing in. The
deformation effect can further be reduced by choosing the site carefully (wind
velocity has to be as low as possible and airflow across the moutkh horizontal).
* Evaporation losses.
Evaporation losses are likely to occur ir hot and dry climates. They can be
reduceé¢ by putting some o0il in the receiver and by measurinc the amount of

rainfall directly after precipitation.



* Vandalism.
Attentior should be paid to prevention of vandalism.
* Storage capacity of the gauge.
Evidently the storage capacity of the gauge has to be sufficient in relation to

the freguency of observation.

1.2.3. methods to determine from point measurements the average rainfall on an area

The reguired network density of rain gauges depends on the areal variability of
rainfall and the desired accuracy. As rainfall in mountainous areas is more
variable (orographical effects) than ir flat areas, the network density has tc be
higher in the first case.

A rainfall measurement is a point observation and may not a priori be used as a
representative value for the area under consideration.

How can we get the average rainfall of a total area from measurements at a given
number of rain-gauvges? The fcllowing methods are available (with possibilities
and constraints mentioned):

1. Arithmetic average of rainfalil depths at all rain gauges:

P, + P, + P, + == + P
3

- 2 Z

A n

n

?; = average rainfall for the total area (mm);

n = number of rain gauges.

This is the most simple method, only to be used in a relatively flat area,

where the gauges are evenly distributed (thus being egqually representative).

2. The Thiessen method. This method assumes that the recorded rainfall in a gauge
is representative for the area half-way to the adjacent gauges. Each observa-
tion point is connected with its adjacent points by straight lines: the half-
way perpendiculars of these lines form a pattern of polygons (see fig. 1.3).
The area for which a gauge is considered to be representative, is the area of
its polygon and this area is used as a weight-factor for its rainfall. The sum
of the products of areas and amounts of rainfall is divided by the total area
covered by all gauges, to get the weighted average rainfall:

PIAI + P2A2 + e 4 PnAn

A A




A, T area (polygon) arouné rain gauge 1;

3y

L = totel ares.

Examzle (see alsc £ig.1.3)

Observeé rainfalil (mr) Aree* (kmz) wWeighted rainfall
0.6 ? 0.01
1.4 120 0.27
2.0 109 0.35
2.8 120 0.54
1.8 20 0.08
3.0 92 0.44
5.2 82 c.68
$.8 76 0.58%
B o= 626 P, =2.80mm
* Areec of rregsponding po.vgon withar boundery
0.6
[ N
! boundary of
considered ares
!
\? 2.8 '
® observationpoint. with amount of raintall (mm)
1.5€ Y
v/ blj
¥
1.7

Fig. 1.3.

The Thiessen method

The Thiessen method car be used with good results when the rain gauges are not
evenly distributed over the area. The method is rather rigid; if one cauge
observation is missing or an extra observation point becomes available, vou

have to construct a new polyoon network and tc determine acain the surfaces of

the areas.
3. The isohyetal method. Wher the rainfall is uneverly distributed over the area,
for instance due to orographic effects, the isohvetal metho¢ may be applied to



compute the area rainfall. This method consists of drawing lines of equal
rainfall depth (isohyets), by interpolatiorn between observecd rainfall depths
at the observation points (see fig. 1.4). Any additional information about the
area may be useé to draw the isohyets (e.g. contours of land surface).

P

331,2

A

L —

1,2 ¥ Fy,3 a3

'li’1 2 = rainfall between isohyets 1 and 2;

o = ares enclosed by successive isohyets.
’

Example (see alsc fig.!.4)

Isohyet Rainfall Area* Weigthed
between isohyets rainfall

s 5.1 13 0. 11

3 4.5 77 0.8

3 3.8 116 0.65

2 2.5 19€ 0.78

! 1.8 193 0.46

< 0.9 i 0,04

A =626 Py *2.52mm

* Area enclosed by successive isohvets within boundary

of 2mm o17

Iig. 1.€.
The isohyetal method



The area rainfall ;; is computed from the weighted average of average rain-
falls between two isohyets (the weight beinc the enclosed area between the
isohyets). The reliability of this method depends or the accuracy with which

the isohyets can be Arawn.

1.3. evapotranspiration

1.3.1. general remarks

Generally, a considerable portion of the rainfall does not flow to the surface-

water, but evaporates again. This evaporation mainly takes place during daytime

because the process needs sunlight (energy).

The following terms are relevant and need to be defined:

* evaporation; this is the vapour transpor:t from s wet surface (open water, we<
vegetaticn, bare soil surface) to the atmosphere:

* <ranspiration: this is the vapour transport from transpiring vegetations tc the
atmosphere:

* evapotranspiration « evaporation plus transpiration:

* open water evaporatior = the evaporation rate from a free water surface (Eo);

* potential evapotranspiration (:pot): this is the maximum amount of vapour
wiich micht be transferred to the atmospnhere under the existing meteorological
conditions (water is not a limiting factor):

* actual evapotranspiration (:act); the actual amount of vapour transferred to
the atmosphere depends also on the availability of water to meet the atmos-

pheric demand .
1.3.2. estimation of evapotranspiration

Direct measurement Of evapotranspiration is difficult, because we have to deal
with vapour transport instead of water fl1ow. In an indirect way 2 rough estimate
is possible by means of a water balance of an area (see also 1.6). If all other
terms of the water balance are known, Eact can be found by subtracting total
inflow and outflow. In general the so-found Eact has a low degree of accuracy.
Much more intricate is the use of models to calculate evapotranspiration. This
includes mafhematical simulation of the process of moisture transport and
storage in the subsocil and the crop (Penman-eguation etc.). For these methods

you need many data.



There are several empirical methods which give you more or less insight into the
magnitude of evapotranspiration in some area. Turc derived from the data of many
river basins the following empirical formula:
- P
ac
Voo 1’2/}:2

pot
This formula gives a rough estimate of the evapotranspiration over a year. To

E (mm/year)

determine E v you can take as & good approximation:

!pot = 325 + 21t + 0,9t2 (mm/year) (Langbein)

< = average temperature over the year (°C)

The following remarks can be made about Turc's formula:
* if P<< t . then holds: E £ ? ané there is no discharge;
pot act

* if P> T ., then it follows, that E = E .
pot act pot

1.4. surface runoff

Rainfall on the s0il surface schematically is discharged in two ways

(see fig. 1.5).

drainage base

groundwater
flow

to deeper drainsge leve!

Fig. 1.65.

Discharge of rainfall
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a. Flow at or just below land surface foverlané flow and interZlow). This wacer
flows directly to the surface water ané thus limits replenishment of <ne
groundwater.

b. Irnfilcration into the subsoil. A part of this amount serves as & supplv

o

o the
moisture content ané the other part flows to several drainage systems, on
several levels. This is the groundwater flow.

The foregoing is the reason that you can distinguish two main components in

river flow: a (more or less) constant base flow and a fas:t component (direct rur-

off). At long dry periods the base flow will decrease. See figure 1.6..

v B PP o |

direct
runott

Fig. 1.6,
Crowndvcter and surface mooff components in river discharge

When the time-discharge graph (hydrograph) of fig. 1.€ is known, you may distin-
guish betweer base flow and direct runocff. You have to determine points A anc B
and to connect those points by a smooth line. A is the discharge at the end of a
dry period and B after a period of rainfall. B may be found by backward extra-
polation from the subsequent dry period (extrapolation alonc an exponential
function). All discharge above the line AP represents direct runoff and the below
discharge is baseflow.

Surface runoff can occur in a natural way, through rivers, brooks etc. (free dis-
charge). The second possibility is artificial discharge; in this case energy has
tc be added to bring the water where you want to have it. Mostly a closed system
of drains ané ccllectinc ditches is constructed, the whole system constitutes a

polder.
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1.5. groundwaterflow

The geoclogical composition of the subsoil has an important influence on the part
of the hydrological cycle that is located in the ground: groundwater flow. All
kinds of rocks consist of solid material (rock or sand grains) and pores. In the
saturated zone - the groundwater zone - there is no air in the pores. Mostly the
pores are interconnected and so groundwater flow can occur. The phreatic level {s
the level where waterpressure eguals ajirpressure. Above this level the water has
a negative pressure (suction) and there the pores are only partially filled with
water; capillary forces cause the s0il to ccntairn water above the phreatic level.
Flow of this water is mainly vertical.

The lower boundary of the saturated groundwater zone is badly defined in most
cases. Even at very large depths you may find some water in open spaces. For
Fractical purposes, however, mostly you have tc assume a practically impervious
bagse of the groundwater zone, under which the flow of groundwater may be omitted.
1n other words, this water does not take'paft in the hvdroiogical cvcle,

The £low of groundwater implies that it is recharged in certain areas and dis-
cnharged in others.

Groundwater recharge may take the form of percolating rainfall or infiltratinc
rivers or other surface water. Artificial or induced recharce from man-made
ponds, canals or even wells is sometimes practised. Groundwater discharge is in
the form of drainage by brooks, rivers, ditches and drains etc., or in the form
of upward seepage to swamps or low-lying polders. At natural springs the dis-

charge of groundwater of larger areas is concentrated at one location.
16 the waterbalance

Generally, the study of the hydrological cycle applies to an areally restricted
area. Often, you are interested in the order of magnitude of the several compo-
nents of the cycle in such an area. In that case a so-called water balance can be
draswn up. This is an evaluation of in- and outflowing amounts of water within the
studied area; for groundwater a volume of underground is taken. In the stationary
situation (equilibrium) inflow equals outflow. In the non-stationary situation
the water balance has to be in equilibrium too, but in that case we have to take
into account extra storage of water.

All components of the hydrological cycle are interrelated: the changing of one

component has its influence on the others. Study of the hydrological cycle and
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the mechanism of flow withir the cycle can give us insight into the conseguences
of an interference {e.g. withdrawal of groundwater) that we initiate in the cvcle

of the water in an area

Generally, all water balances have the following form:
INFLOW = OUTFLOW hd EXTRA STORAGE.
Elaboration for groundwater volumes yields:
(P=R)+I+AR+Q. _ =E + L » Q 4 wWe+s
in out -

where
P-R = precipitation ~ direct runoff;

= infiltration from surface water;

I
AR = artificial recharge;
Qin = groundwater inflow;

z = evapotranspiration:

o = drainage {including upwarc seepage:
Qou: = groundwater ocutflow:

w = withdrawals:

3 = extra storace.

Depending on each particular situatior vou may omit one or more terms of the
balance eguation. Anyhow vou have to define the balance period. For ionger
periods the amount of extra storage will become relatively small and may be

omitted.
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2.

properties of ground and water

2.1. general

Groundwater is water in the underground. Hence, if you have to deal with ground-
water, then both the properties of ground anéd of water are important. We will
treat some properties of ground and water, insofar as thev are relevant to the
occurrence and the flow of groundwater. A systematic description of the structure
of the underground is civen in geology. Bvdrogeology is & branch of geology deai-

ing specially with the occurrence of water in the underground.

The term:nciogy usecd in hydrogeclogy is alsd of prime importance to the gechydro-
logist. Geohydrology is dealing aisowiththe occurrence and especially the flow of
groundwater, but now approaching it as the underground part of the hydrological

cycle. Clearly hycdrogeclogy and geohydrology will overlapa creat deal.

The flow of groundwater, being & phvsical phenomenon, cen be rezresented by
mazhemazical formulation. The basic law governing practically ali flow of uncder-
ground water is Darcy's law. In trying to quantify hydrological processes irn the
underground the geohydrologist has developed his own terminology. Partly these
cerms ‘belong to the energy conditions of the groundwater, mostly expressed as
groundwater heads. Partly the geohydrologic behaviour of various rocks types is

concerned.

In this chapter we will introduce to you mainly the physics of groundwater. We

will treat the chemistry of underground water in a separate chapter.

2.2. properties of water

2.2.1. dissolution capacity

Water is a very good solvent. The chemical compound H,0 may contain a great lot
of other chemical constituents. The pure form of the H,0 does not occur in
nature, it will always have other compounds in solution. This is the subject of

the cuelity of agroundwater, later to be treated in more detail.
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2.2.2. density

The density of water is related to temperature. Water will have its greatest

density, 1000 kg/m3, at 4 °C (see table 2.1.). At other temperatures water will

be lighter, even after freezing. For this reason ice floats on water. Furthermore

density is affected by the quantity of disscolved components. Saline water is

heavier than fresh water. In many situations a layer of fresh groundwater may

f£loat upon more saline groundwater. The relations between fresh and saline water

in the underground agairn will be treated separately.

2.2.3. viscosity

The fluid watey

the ease of flow of

fluic is.

rature for one

through the pores of the underground (permeability)

Tatte &.:.

Relazion betweer temperctire cnd density and VISCOsiTy FOor fresi waver

has

type

a certain viscosity. Viscosity is the parameter

& fluic or a gas. The greater the viscos:ity the

indicating
iess fluid a
A.r has & smaller viscosity thar water. Viscosity is related Tc tempe=-
of fluié. See tabel 2.1. The ease of fiew of groundwater

depends on viscosity.

Temp. in °C 0 5 10 1£ 20

, 4—
Density 999.868 |1,000.000] 99%.992 992,727 999.126 998.230
in kg/m3
Dyn.visc. - - - - -
. -1 -1{1.79 x 1073 h.52 x 10 331 x 1073 e x 10730 x 1073
in kg.m .s + -
”"';’i’f; 1.79 x 107° 52 x 107811.31 x 1078 f1.94 x 1078} 1,01 x 107°
in m“,s *

2.2.4. heat retention capacity

Water has a great capacity to store heat. The reason is that specific heat

retention is high (the amount of heat needed to warm up ! gram of water with

1 K), but alsc the amount of heat needed for melting and for evaporation is

high. The consequence for groundwater is that it will have a fairly constant

temperature, which more or less will equal the annual average of air temperature.
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More generally, the high heat retention capacity of water has a dampening effect

on climatic changes at the earth.
2.3. properties of rocks

The major difference in rocks is between solid rocks,'also called hard rocks, and
unconsolidated or soft rocks, composed of granular elements. Examples of solid

rocks are granites, sandstone and limestone. Soft rocks are sand, clay, peat etc.

Almost every rock will contain void space, which can be filled with water but
also with gasses, with o0il etc. In hard rock the largest voids may have the form
of crevices alonc cracks, or solution channels. In soft rocks the major voids are
the pores which occur between the grain structure. Some hardrocks may contairn
both cracks and pores in sionificant amounts, such as e.g. some kinds of lime-
stone. Generaily the hard rocks will contairn little open space, they will not
contain much water and mostly have a limited transmitting capacity for water
flow. Nevertheless under favorable conditions some water may be derived even from
the hardest rocks like granites, diorites etc. For our purpose, however, the

unconsolidated rocks and notably sané and clay, are the most important.

Sandlavers in the underground are very important in hydrogeology as théy mostly

have a good waterbearing capacity, implying that water can be withdrawr from it

in significant quantities. Clay mostly does not have good waterbearing capaci-

ties; it contains sufficient water, which, however, cannot easily be withdrawn.

Clay is still mmportant Bscsuse in many situations it will act as a twin brother to

sand. Where sand layers occur, clay layers may confine them und'thereby will

influence the hydrologic properties of the sand layers.

Intrinsic properties of sand and clay in the field are:

- grain size distribution;

~ packing ~ the way the grains are packed in the grain structure;

~- sorting of the grains - indicating the uniformity of the diameters of the
grains:

- porogity - the percentage of open space between the grains.

For average grain size the following subdivision is often followed:
silt - diameter smaller than 0.050 mm;

fine sand - diameter in between 0.050 and 0.2 mm;
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coarse sand — diameter betweern .2 ané 2 mm;
gravel - diameter betweer. 2 and 64 mm:

cobbles - diameter larger than 64 mm.

&) Large spherical grains in cubic b) Small spherical grains in cubic
packing (theoretical situation) packing (thecretical situatior;
porosity = C.48 large permeabilicty porosity = (.48 smalier permea-

5ility than a: case a.

=

¢) Well - sorted,natural,ciean sanc d) Bacdly sorted sand with about the
poros:ty = 0.35 same average grair size, sma.ler
looselv packed porosity , mMOre ccnsolidazed andé
good permeability less permeable than case .

e) Clay particles in plate-form f) Clay particles in plate-form
loosely packed strongly compacted
high porosity low porosity
low permeability vary low permeability

Fig. 2.1.

Grair. size, packing, sorting and permeability of sand and clay
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Packing, sorting, and porosity are illustrated irn figure 2.1. In this figure
indications are also given as to permeability. Permeability is the parameter of a soil
or grouné body which indicates the ease of flow of a fluid through it. Permeabi-
lity is related to the above characteristics of rocks, but cannot directly be
derived from it. Nevertheless it is a parameter which is of paramount importance
in geohydrology. The significance of permeadbility and the way to determine it in

the field will receive much attention in the following chapters.

24. geology

2.4.1. the use of geclogy

Geology is of great value to the geohydrologist, because it will indicate to him th
extent of water bearing layers and less pervious lavers, both in horizontal and

ir. verticel direction. The geclogist uses two major divisions: chronostratigrapuy
is base¢ on the age of rocks; lithostratigraphy on commen lithological features

(lithclogy describes the compos:tion of rocks).

Mostly the first division to be made by a geclogist is to determine the chrono-
stratigraphical sequence of layers. This will already give some indication as to
lithological differences. The geologist will know apout the geclogical processes
prevailing during certain periods of geological history and thereby can make &
guess about the type of rock formed. A more refined subdivision can thereafter be

made in geclogical formations, leading to a lithostratigraphical seguence.
2.42. lithology

With regard to genegis three major types of rocks can be distinguished:

- 1. Igneous and volcanic rocks, formed at the solidification of molten material

risen from the interior of the earth. Volcanic rocks may be intrusive, that
is soclidified below land surface or extrusive if golidified at land surface.
Intrusive rocks mostly have poor water-bearing properties. Theix peresity is
low and they are mostly practically impermeable. Examples are granite and
diorite. Extrusive rocks may sometimes have better qualities. Examples are
basalt, which may form water-bearing layers due to crevices formed along

cracks and some types of granularly depogited lava.

- 2. Sediments originating from weathering (crushing) of previously formed rocks,

subsequent erosion (transport) and depogition at another location. Examples
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are sapé, clay and limestone. Many sediments forr excelliert water—bearing
layers. Sediments can agair be distinguished:

terrestrial sediments - deposited at land;

marine sediments - deposited at sea;

fluviatile sediments - transported by rivers:

eolean sediments - transported by air;

organogenic sediments - formed by organic life.

Not all sediments are unconsolidated rocks. Sandstones and conglomerate are
cemented forms of sand and gravel. As such their porosity and hence their
permeability will be reduced. Also limestone is a consolidated sediment,

heving sometimes 2 hign permeability due to solution channels.

2. Meramorphic rocks, originatinge fram one of the previous :vpes of rocks pu:

tc high pressure and ragh temperature. Practically all DeTLADMCrPRiZ rOCKS
na2ve very pocr water-bearinc cuaiities.Only where metamorphic rocks have
beer exposed tc weathering, some fractures may have widened o crevices

containing groundwater in appreciacle guantities,

2.4.3. some :mportant geologic processes

A

number of geologic processes will influence the octurrence anc fiow of ground-

watexr, such as:

Faulting

Ir hard rocks faulting may cause crushed zones, which have a higher porosity
and permeability than the surrounding rocks. Such zones may be used for the
withdrawal of groundwater. In soft rocks, sometimes the oppos:ite occurs. Due to
smearing actior of faulted clay layersa fault mey act as & barrier to ground-
water flow in adjacent layers.

Marine transgressions

Coastal zones mostly will have a complex history of transgressing and receding
seacoasts. During a transgressiorn the underground covered by seawater may
become salinated and the groundwater brackish. It will take a long time after
regresgion to flush_the salt water away.

Formino of river valleys

The erosive action of surface water is enormeous. The products of erosiorn will

accumulate alongside rivers. Dependent on flow velocity coarser or finer
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material will come to rest. Thereby alliuvial plains will show sometimes a

complex alternatior of sand and clay lavers, th vertically ané horizontally.

2.4.4. hvdrogeology

Water is one of the components of the undergrouné and the hydrogeologist has

specialized in the description of the occurrence of groundwater.

A first classification concerns the environment in which groundwater is present.

Three major types of groundlayers car be distinguished:

- 1.

An aguifer, or a water bearing layer is a layer, able to allow transport of
sppreciable guantities of water under field conditions. Sand lavers mostly
are good aquifers.

An aguiclude is & non—-permeable layer which may contair water but is in-
capable of transmitting significant quantities of water.

Ar aguitard 1s 2 less permeable layer, again not capable cf transmittinc
water in a horizontal @irection, but allowing congiderable vertical flow.
Clay layers are examples of aguitards.

An acuifuce is an impermeable ground body neither containing nor transmit-

¢ing water. Granite layers may act as aguifuges.

~ further description can be made as to the pressure conditions of the ground-

water concerned (see fig. 2.2.). A first division is:

- a.

- b.

-~ b.1.

- b.2.

Soil moisture, present in layers above the phreatic level. At the phreatic

level the groundwater pressure just egquals barometric pressure. Groundwater
above the phreatic level will have & lower pressure than air pressure. Egui-
librium between gravitational and capillary forces holds that water at its
place. It may be subdivided in capillary water, present in a 2one where
water in the ground pores is interconnected and in pendular water present in
separated smallexr pores.

saturated groundwater below the phreatic level or water table.

with saturated groundwater all pores are fully filled with water. Saturated

groundwater may be subdivided in a number of categories (see figure 2.3.).

If the phreatic level is situates within an aquifer then the saturated
groundwater is called phreatic. The aquifer is called unconfined.

Groundwater may be under pressure conditions in a confined aguifer. The
aguifer is covered@ by a confining layer situated below the water table.

The piezometric level of the groundwater in a confined aguifer is the
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level to which the groundwater will rise in an open standpipe with a
screen in the aquifer. This piezometric level may be above or below the

phreatic level ir an unconfined aguifer above the aguifer concerned.

Confined aguifers may be divided in semi-confined and fully confined aqui-
fers dependent on the permeability of the confining layers above and
below, 1f both layers are practically impermeable, the aquifer is fully
confined.
The pressure in a confined agquifer may be such that the piezometric level
rises apove the land surface. Wells in the aquifer will be free flowing. The
groundwater is called artesian in such a situation.

- b.3. Sometimes above a deep water table, a clay laver may be present above which
again a groundwater body has developed. These twc water tables will be

situated above each other. The upper aguifer is called a perched aquifer.

2.5. geohydrology
2.5.1. flow of groundwater

Geohydrology is the branch of hyvdrology dealing with the underground part of the
hydrological cycle. & good description of groundwater. as given in . hvdrogeoiocy
is cruciel, but in addition the flow of grondwater is especilally studied

by the geohycrologist.

The flow of groundwater mainly depends on three factors:

- Differences in encréy conditions within the groundwater.

- Permeadility of the underground.

- Density of the groundwater.

In most cases the problems concerning groundwater flow are restricted to f{resh
groundwater and in that case density differences are negligible. Therefore we
will not discuss the effect of density on flow, but we will focus on energy
conditions, as expressed by heads and on permeability.

2.562. groundwater heads

Groundwater £low requires energy due to frictional losses. Hence, a2 source of
energy is needed. The moving forces behind groundwater flow result from differen-
ces in potential energy. In fresh groundwater ,variations in density are very

small ané in such cases the potential energy of the groundwater is linearly
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related to the head, being an expression of place and pressure. The potential

energy of fresh groundwater at a certain location can conveniently be represented

by the head of the groundwater at that place.

The head of groundwater should always be related to a reference level and then

the following definition holds (see also fig. 2.4.).

phreatic
level

piezometric
tevel

P/pe

Plps

reterence
level { horizontal(

Pig. 2.4.
Determination of grounduater head for wnconfined and confined grownduaver

The head of groundwater in a certain point equals the sum of the height of that
point above reference level plus the height of a column of water being in equili-
brium with water pressure at that point.

In formula: | h =2z + Pypg

h = the head in a certain point, in m;

z = height of the considered point, in m;
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- -] -
p = water pressure, in Pa = Nm 2 = Xg.m .8 27

G = acceleration of gravity, in m.s 2;

p = density, in Xkg. m-a.

For fresh groundwater holds:

Fresh groundwater flows from points with high head to points with lower head;

betweer points of equal head no flow occurs.

2 plane in the underground containing only points of equal head is called an
equipotential plane. In aquifers very often the flow of groundwater is practical-
ly horizontal. In such a situation, according to the above definitior no differ~
ences in head can exist along a vertical line; the pressure distribution is call-
eé hydro-static. This means that the eguipotential planes in such an aguifer are
vertical ané that they car be plotted as lines orn a map. Such lines are called
groundwater contours or (groundwater) isohvpses (see figure 2.5.).

No £low componert can exist along isohypses, again according to the above
definition. Hence, the flow of groundwater is perpendicular o the groundwater
contours. Isohypses and fiow lines intersect &t right angles. Hence, the direct-
ion of groundwater flow follows straight forwardly Zrom & mep of groundwater con-

tours.

T"Eas':'\.\ LEGEND

9195  Observation well with ground-
water head in cm above
reference level

Surface water

_3m_ Groundwater contours in m
‘~ above reference level

1 2km

Zxample of a groundwater contour map
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Generally, groundwater heads will fluctuate in time, mainly due to changes in re-
charge and discharge, but sometimes also due to changes in pressure conditions.
Shallow groundwater heads are directly related to recharge; they will be low
after periods of drought anéd high after rainy periods. Mostly you may observe
seasonal fluctuations as well as vear-long changes in head. In areas with excess-
ive pumping the heads may continuously go down.

Head changes in confined groundwater are firstly caused by pressure fluctuations;
these may be due to recharge/discharge variations at other places but also e.g.
to barcmetric changes, to tides in surface water, to earthguakes, etc.

Sometimes the absolute values of the groundwater head are important, e.g. when
you have to pump groundwater with a suction-punp at land surface, vou need to know
the lowest possible level below surface. On the other hand if you want to compose
1sohypses, then vou need either average values, or vou may take values of one
particular day, assuming that the fluctuations will be similar for ail observa-
tion points. & practical problem with groundwater coatours :s, that all heads

should be related to the same reference level.

2.5.3. Darcy’s law

The friction exerted bv a ground volume<c f£low of groundwater may be exzressed in
terms of resistance tc flow or its reciprocal value, permeability. To investigate
the permeability of ground an apparatus of the form as represented in figqure 2.6.
can be used. The French engineer Henr:i Darcy was the first who 2ié such experi-
ments. He discovered that for one particular type of sand the rate of flow was
always linearly related to the gradient in groundwater head. In the apparatus of
fig. 2.6. the groundwater gradient equals the differences in head at both sides,
divided by the length.

Darcy's law states: (see also fig. 2.6.)

where:

-1
v = rate of flow (flow density) in m.s ;
i = gradient in head in the direction of flow (dimensionless):

-1
k = the permeability, & constant, in m.s .

The minus sign in the formula indicates that the water flows in the direction of

decreasing heads; the gradient is negative. Dircy investigated only the flow of
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Fig. 2.6.
Illustration of Darcy’'s law.
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water, According tc his expz}im;;:s the permeability proveé to be a constant,
only dependent or. the properties of the ground concerned. later investjgators,
using other fluids, discovered that permeability also depends on the properties
of the fluid ané notably or viscosity. Nevertheless,our subject iswater ané hence
for our purpose we also may consider the permeability k to be a constant for one
ground type. Permeability can be used to characterize the geohydrological proper-
ties of ground, be it sand of high permeability or clay of low permeability.

2.5.4. orders of magnitude of permeability

After Darcy many laboratory tests have been performed and field tests have been
developed to investigate the permeabdbility of various rocks to be found in the
underground. It turned out that the unit m/dey can be conveniently used. In that
unity the fcllowing orders of macnitude roughly hold for the indicated soil

materials.

Permeability ¢f ground in m/éay {(orders of magnitude)

very compact clay - 10‘10 o 10-5
unconsclidatec clay - 10'7 +° 10-3

sanéy cleay, clayey sand, stratified clays - 10‘3 to 1

fine sani with more oI less silt - 19-1 to 10

fine to medium sand with a low silt content - £ ec 30

mecium to coarse sand without silt: - 20 to 70

clean coarse sand - 50 to 200

gravel, some types of limestone = 100 to 5000, or even higher

As can be concluded from the wide ranges of values, it will for practical
purposes always be necessary to determine permeability more precisely. It should
additionally be remarked, that permeability strongly depends on & number of
factors which are very diffjcult to simulate in a laboratory. Field tests to

determine permeability should be strongly preferred.

2.5.5. actual velocity of groundwater flow

Darcy's law can be used to calculate the flow density if the hydraulic gradient
and the permeability are known. This flow density, however, is not the actual

velocity of groundwater flow. Flow density is the rate of flow per unit section



27

of the ground es a whole. However, for actual flow only the pores of the ground

bocdy are availadble, meaninc that the flow velocity is larger thar the flow

densizty. Actual flow can be calculated 1f the porosity :s known.

Vaep = V. 1

(where ! represents a unit section)

v
v oE —
a F
where:
v, = actual flow velocity in m.s ;
N . -1
v = flow Sensity irn m.s
r = porosity (dimensionless).

gramn

microscopic
tiow path

Fig. 2.7.
Fiow density, actual velocity and fiow paths or a microscopic scale

for sand the porosity is in the order of magnitude of 0.3 to 0.4.

Therefore as a good rule of thumb, it may be taken that for sand the actual velo-

city is about three times the flow density. The actual velocity is an average
value, representing the average rate of disgliacement of groundwater in the

éirection of flow. On a microscopic scale a wide ranoce of velocities may be

observed withir the pore s:tructure {fig. 2.7.).
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2.5.6. transmissivity of aquifers

The flow density as calculated from Darcy's law is the flow per unit surface of a
section perpendicular to flow (see fig. 2.6.). To compute the flow in an aguifer,

the dimensions of the aguifer should be known:

where:

3

Q = flow in an aquifer in m°.s ' (in m3/day, if k in m/day):

E = thickness of aquifer in m:
B = the wadth of the section concerned in m.
Per uni: width of an acvifer L = 1 = and then:
o = - k.Hui
The proper=v k¥ is characteristic %for an equifer: it is called the transmisgivity

{symbol T). Tests have been develcoped to determine T = kH in a direct way. From

those tests permeability k can be derived by dividing by the thickness &.

2.5.7. hydraulic resistance of confining layers

Darcy's law can also be applied to vertical flow of water through less permeable
confining layers (see fig. 2.8.). Per unit surface of such a layer holds:

by = hy hy - hy
Vv e - k| = .k
b b

where:

v = flow density in the confining layer in m.s | (m/day if k* in w/day):
hy=h, = difference in head on both sides of the layer in m:

b = thickness of the layer in m;

-1
x" = permeability of the confining layer in m.s or m/day.

b
The value of :} is only dependent on the properties of the confining layer.

It is called the hydraulic resistance ¢ {(in s, or in days) of the layer.
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The formula for flow density through a confining layer becomes:

[

h, = h
—_

2

(m.s~! or m/day)

The above is in accordance with Darcy's law. If 2z and h are taken positive in

the upwaré direction (see figure 2.8), the gradient i becomes negative as the

heads h decrease in the upward direction.

The flow density has a positive value: the groundwater flows upward in the case

of fig. 2.8.

A

 reterence leve!

Fig. 2.8.

Vertical flow through a semi-confining layer

2.5.8. unsteady flow; storage; storage coefficient

Groundwater flowmostly has a non-permanent character, and thereby the differen-

tial equation becomes more complicated. Changes of heads and flow, however, are

often seascnal fluctuations around a mean level. The groundwater heads and flow

pertaining to that mean situation, we may consider to be in steady state.
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In unconfined aguifers the phreatic level may change, due %o changes In (P-E)
and groundwater flow. In betweer two positicns of the water table s certain
volume of water is stored, dependent on the storage coefficient (storativity).
S (phreatic storazivity or specific vielid) is the volume of warer reieasec of
| or store¢ in a cclumﬁ of the acuifer with & section of 1 n? at a lowering or
rise of head respectivily of 1 m.

S (dimensionless) is in the order of magnitude of 10-2 0 0 .

® .

Confined or semi~-confined aquifer.

In a confined agquifer no phreatic storage is possible; at any time the aquifer

is fully filled with water. Yet, water can be stored at a change of head, due

to:

1. Changes in water pressure, leading to expansion or contraction of the
water.

2. Changes in grain presgure, leading to compaction or expansion of the grain
structure. S (elastic storativity) represents the volume of water, releasecd
or stored in & column of the aguifer of 1 n? section and at a change of
head of 1 m. For confined aquifers S is in the order of magnitude of

4 2

107% wo 107

"y

¢, 2.9,

n

torage and the storage coefficient
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Ir unsteady flow we have to deal with storage. By lowering the head, water is
released from storage and reversely. Storativity is the gquantity of water that
is released or stored, per unit of drawdown per unit of surface of the layer
concerned. In general this quantity depends on the type of aquifer (see fig.
2.9.).

- In confined or semi~confined aquifers, water pressures decrease due to a lower-
ing of the head. Also the effective stress is increasing because of decreasing
of the water pressure, while the total ground- pressure remains constant. The
ground matrix changes and hence the pore volume. Because of this elasticity -
mechanism we speak of an elastic storativity.

- In unconfined agquifers the foregoing factors are negligible in comparison with
+he change in water volume due tc lowering of the phreatic level. In this case

torativity depends on the effective porosity (that is the pore space
available for groundwater f£low) andit is called the phreatic storativity (see

£ig. 2.9.).
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3.

determination of groundwater flow patterns
3.1. introduction

The behaviour of groundwater, as a result of the forces acting on it can roughly
be predicted with commor sense in certain cases. But to determine the flow
pattern in detail, a mathematical approach will give more accurate results. As
soor. as the groundwater heac h is known. as a function of place (coordinates x,y,z)
and time t, the problem is solved. All other information of interes:Acan be

derived from the groundwater heads (€.G. the flow density and actual velocity).

Groundwater movement obevs in general two basic phvsical. iaws, which ca: be
expressed ir mathematical formulas. These laws are Darcy's law ané the principle
of contanuity. Continuity means that nc water can be lost or gained at any place.
with these laws ané knowledge of the properties of ground and water you may try
to find the function h (x, y, z, t). Mathematical combination of these laws and
properties results in a so-called differential ecquation.

Groundwater flow occurs in a three-dimensional space. Hence we have tc deal with
flow components anéd ground properties in three different directions. If non-steady
groundwater flow occurs (the situation varies with time), storage of water in the
subsoil represents an extra complication.

Under steady conditions you should consider flow through an elementary

ground volume (£fig.3.1). The sum of in-and outflow is zero (econtinuity)

and velocities are by Darcy's law a function of h. For the elementary

volume one differential equation in h results.

By integrating, the function h (x,y,z,t) for the whole considered groundwater
body (for example a certain aquifer) has to be found. In general you need there-
fore the socil properties in every point as well as boundary and initial condi-
tions to fix the flow field. Only in a few special cases the flow problem can be
simplified in such a way that exact solutions of the differential equation can
be found. These analytical soclutions are continuous functions in time and space
(h is known in every point of space and time). In most cases approximate solu-
+ions have to be formulated. Several methods are available (for example numerical

methods). In other cases study of physical phenomena, analogous to flow of
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croundwater, can be usec to solve a groundwater flow problem (electricity is much
used ). Hence, the following summary of solution methods Tesults:

f b | ]
ANALYTICAL SOLUTIONS  APPROXIMATE ANALOGUE  NUMERICAL
(SOLVING DIFFERENTIAL  PROCEDURES METHODS  SOLUTIONS
EQUATIONS WITH BOUN- 1

- ! N
DARY CONDITIONS ) FINITE FINITE  OTHER
DIFFERENCE ELEMENT NUMERICAL
METHOD METHOD METHODS

Fig. 3.2.
Solution of growndwater flow-problems

In fig. 3.3. the mathematical solution of groundwater flow problems is depicted

schematically.

In section 3.2, we will discuss the types of groundwater flow.
In section 3.3. we deal with Darcy's law and the principle of continuity.
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CONTINUITY DARCY'S
EQUATION EQUATION

\/

DIFFERENTIAL

EQUATION
| BOUNDARY CONDITIONS
L L INITIAL CONDITIONS
ANALYTICAL NUMERICAL
SOLUTION SOLUTION

Fig. I.3.

Schematical represemzation o mathemctieal sclutions

In 3.4. the derivation is given of the differential egquation for two-dimensional
steady flow in a semi-confined aguifer. In 2.5. some cases are dealt with for
which analytical solutions of the differential eguastion are available. In 3.6. we
speak about approximate solutions, in 3.7. about analogue methods and in 3.8.
some remarks &re made about numerical methods. Section 3.9. deals with the prin-

cirle of superposition and 3.10 gives some information abour unsteady flow.

3.2. major subdivisions of groundwater flow

The subject of groundwater flow may be divided into several parts, according to
the dimensional character of the flow, the time dependency of the flow and the
properties of ground and wataer,

~ Dimensional character
All groundwater flow in nature is to a certain extent three-dimensional. It is

practically impossible to solve a natural three-dimensional groundwater flow
problem unless symmetry features of the problem allow us to reduce the number
of dimensions involved by one or two. Port\ﬁutely this can be done in the

majority of all problems of groundwater flow.

- Properties of groundé and water as to flow
A medium is called isotropic if its properties at any point are the same in al}
directions emanating from that point. It is called anisotropic if, on the other

hand, some properties are affected by the choice of direction at a point. The
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mediun is of heterogeneous composition if its properties or conditions of iso~

tropy or anisotropy vary from point to point in the medium; it is homogeneous

if its properties, isotropic or anisotropic are constant over the medium. A

medium therefore can be isotropic and heterogeneous at the same time, as for

example when its permeability has no preference to orientation, yet varies in

space.

An anisotropic aquifer

squitard

i

sqQuiter

®

In fluviatile and marine sediments,
the horizontal permeability ky ig,
in general, larger than the vertical
permeability k,- Values of k,

and kh 2re everywhere the same.

The aquifer is homogeneous, but an-

isotropic.

A heterogeneous aquifer (seea from above)

Kagkg

®

In certain aguifers, k has the same
value in all directions in a certain
point, but the value differs from point
to point. The agquifer is hetero-

geneous, but isotropic.

Pig. 3.4.
Anisotropic and heterogeneous aquifers

& fluid is homogeneous when it only concerns water. When also gasses

or other

fluids are involved it becomes heterogeneous. Our considerations are restrictad

to homogeneous flow, such that both the medium and the fluid are homogeneous.
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- Time dependency
Groundwater flow may be evaluated quantitatively by the knowledge of the velo-
city, pressure, density, temperature, and viscosity of water. These character-
istics of the water are commonly the unknown variables of the problem and may
vary in place, from point to point in the formation, and in time (that is,
assuming different values as time goes on). We assume here constant temperature
and viscosity. If the unknown or dependent variables are functions of the space
variables or independent variables x, y, z, only, the flow is steady. On the
other hand, if the unknown are alsc functions of time, the flow is unsteady or
time dependent. Steady flow may be conceived of as a limit case of unsteady
flow, as time goes to infinity but also as the average of unsteady flow over a
civen period (see alsc section 3.10).

3.3. basic principles governing groundwater flow

3.3.1. Darcy’s low in general form

Darcy's experiments gave the following result (see 2.5.3.):
v = k.4 (3.1.)

where:
-1
v = rate of flow (flow density) in m.s.

X = permeability, in m.s-1:
1= 2
as
h = head, in m;

= gradient, dimensionless:

8 = covered distance, in m.

In words: the flow density in a certain direction is directly proportional to the
negative head gradient in that direction (the flow occurs in the direction of

Gecreasing head).

The appearance of the two difference symbols (4) in eq. (3.1.) shows that in the

limit A4s—eo,
L]
v = o~k rre {3.2.)

This is the differential formulation of (3.1.). Eguation (3.2.) is also called

Darcy's law.
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For three-dimensicnal flow and isotropy (equal properties in all directions)

heolds:

d9h |
Vo k 3%

3h
v, = -k == |
Y 3y

dh
Vz -k -3?

where vy, v, and v, are components of the flow density in x, y and z~direc-

tion and :—:g—; and :_i are partial differentials of the groundwater head-
piane in x, y-direction and z-direction. In layered soil anisotropy occurs;

in that case we have to deal with different values of permeability in the three
directions. Ir the foregoing, we assumed groundwater to have a constant density.
However, that is not always realistic. Dissclved components in groundwater may
cause, for example, differences in density. In such cases we have to take intc account
differences in water pressure instead of groundwater head gracdients. In.this chap~
ter wve deal with constant density of the groundwater. In chapter 4 we will
further treat the most interesting probler in relation to differences in density,

namely the relation between fresh and saline water.

3.3.2. the principle of continuity

To solve problems of groundwater flow, Darcy's law alone is not sufficient. In
general it only gives three relations between four unknown variables: the three
components of the flow density and the head. A fourth equation may be obtained b)'
noting that the flow phenomenon has to satisfy the fundamental physical principle
of conservation of mass. What kind of ‘tlow pattern occurs, no mass can be gained
or lost. The consequence of this is, that always holds:

inflow = cutflow + changes in storage.

For steady flow the changes in storage are zero; unsteady flow will be dealt with

in a later chapter.

3.3.3. boundary conditions

In 3.1, it was pointed out that boundary conditions are needed to solve the

differential egquation. The boundary conditions of groundwater systems in nature
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are of several types, perhaps the most common being those describing the condi-
tions at a well. Since the porous media stops at the well face, the aguifer has a
boundary at the well perimeter. The boundary conditions at wells are treated as a
constant or & varjable, but specifiec¢ flux, or as a constant head, depending on

whatever best describes the actual physical conditions.

lmpermeable or nearly impermeable boundaries to aquifers are formed by underlying
or overlying beds of rock, by contiguous rock masses (as along the wall of a
buried rock valley), or by dikes, or similar structures. Permeable boundaries are
formed by the bottom of rivers, canals, lakes and other bodies of surface water.
These permeable boundaries may be treated as surfaces cf equal head (specified),
if the body of surface water is large ir volume, 8o that its level is uniform and
independent of changes in groundwater flow. The uniform head on a boundary of
this type may, however, change with time due to seasonal variatior in the surface
water ievel. Other bodies of surface water, such as streams, may form boundaries
with nonuniform distributions of head which may be either constant or variadble
with time. A small stream, for example, may be affected by 2 nearby withdrawal of
groundwater if the withdrawal is at a rate of the same order of macnitude as the
flow in the stream. Then the boundary condition can not be taker independent of

the groyndwater flow: that 15, it would de a head~dependent flux.

3.4. the differential equation, governing steady groundwater flow in semiconfined
aquifers .

As an illustration of the above mentioned principles, we shall derive in this
section the differential eguation for steady flow in a2 semi-confined aguifer,
schematically depicted in fig. 3.5,

The following assumptions are made:

- the aguifer has a constant thickness H;

= in the aquifer, the vertical flow-component is negligible with regard to the
horizontal one:

- s0il and groundwater are homogeneous (no differences in properties from point
to point) and isotropic (equal permeability in all directions):

« the groundwater has a constant density.

Generally, horizontal flow in the clay layers, bounding the agquifer, is negligi-

ble. Only vertical flow is taken into account. The second assumption means that
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Fig. 2.8,

In- anc outflowing cuancities for ar e.ement in o semconfinel aguifer.

<he flow in z-direction in the agquifer approximately eguals zero. HRence, in
accordance with Darcyv's law, also the derivative of head eguals zero (-:-hz-- o). So
the head in z-direction has to be constant (hydrostatical pressure). Derivation
of the continuity eguation for a portion 4x.8Y.F of the aguifer:

inflow, x-direction: Vg -H- Ay H

- y-direction: Vy.u.Ax ;
v
outflow x-direction :(v, o T" .8x) . H. Ay ;
X

v
-l LAY VLK. AX;

~direction: (v
¥y on: ( YT 5y

In horizontal x-and y-directions the total inflow amounts to:

avx WV
- (—E + —XBY ).A x.4y.B
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Combination with Darcy's law produces as total horizontal inflow:

22 32
x(sh e =B ) axenyen
9y axt 3y 8y

From above and below, two flow volumes enter the considered element. Similar to

the theory, dealt with in 2.5.7. these volumes can be written as follows:

h-h h-h,
u . q -~

qu - - < .Ax. 8y H 1 = - c— JAx. by
u 1

where:
h = groundwater. head in the aquifer;
hy-hy = head in aquifers above and beneath the clay ‘lavers respectively:

cy+C) ™ hydraulic resistance of upper an¢ lower clay laver respectively.

Equiliprium between total inflow and outflow yields the followinc cifferential

eguation: neh heh
2 2 = h=
2h,3b) 8 3. (3.3.)
9x 3y2 . ¢y

This equation holds for semi-confined aquifers: in the case of confined aguifers,
the clay layersare impermsable and hence no water from above Or beneath can enter

the aquifers. The differential equation for this case is:

3%h _ 23%n
s—x-z--ksy—zﬁo (3.4.)

This is called the Laplace-equation. The general equation, governing three—dimen-

sional steady flow in confined isotropic agquifers is:

2 2 2
a%n _ 22n . 3%n
%z * 3yz T 322 = O (3.34)

In special cases an exact soclution can be found, using the right boundary condi-
tions. In practice however, this is mostly complicated and hence we have to apply
other solving technigues, for example numerical methods. The golution exists in
this case of numerical values for certain chosen points (in time and space),

which satisfy «ne differential eguation and boundary conditions as best as possible.
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3.5. analytical solutions of groundwater flow equations (steady flow)

3.5.1. introduction

In some cases the flow problem can be reduced, with good approximation, to a case
for which an analytical sclution exists or can be derived. In this section we
deal with two important flow problems, the flow to a well within a circular
island and flow through an infinite strip of land, bounded by open water. Another
interesting flow problem is the radial fiow to a well in different types of agui-
fers. The solutions of these flow problems are often used in pumping tests,
carried out to determine the transmissivity kE of en aquifer. In chapter 5 we
will discuss these pumping tests (the differential eguations and their solu~

tions).

3.5.2. radial flow in a completely confined aquifer

Radial fliow often occurs in the field, for instance in the vicinity of a pumping
we.l. For the solution of problems concerning radial flow the use of polar coor=-

dinates is particularly well suited (fig. 3.6.)

Fig. 3.6.
Cartesian coordinates and polar coordinates

A point P in cartesian coordinates is fixed by the distance x and y and in polar
coordinates by the distance r and the angle 6 . The basic equation (3.4.) in car-

tesian coordinates can be transformed into polar coordinates as follows:

%h  22n  a%n

1 dn
2 T 3y2 "&z2 Trar " C (3.6.)
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(The ecuation ir polar coordinates is an

nect 2

rdinary differential ecuation,

because in the case of radial flow the head will be independent of
(3.7.)

! one,
k more compact form of (3.6.) is:
Ld_(,ih_).o
r dr dr
Successive integration leads to the fcllowing general solution,
h = Cy lnr + Cy (3.8.)
Where C; and C, are constants, tc be Getermined from the boundary conditions,
differing for each particular case.
Ar example is the flow towards a well in 2 circular island, gsee fig. 3.7.

A well in ¢ cireular island, with confined fiow
When the production of the well is Qo ané the head at the outer circumference

Fig. 2.7.
the boundary conditions are:

r =R: he= kg

Q = Q5
conditions the general solution (3.8.) can be transformed into the particular
(3.2.)

- xw:

of the island is fixed,
T
The minus sign in the second boundary condition shows up since -Q° is the dis-

charge entering the well, flowing in negative r-direction. With these boundary

(r<R)

eguation describing this problem:
Q
° 1 r/R
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The solution possesses certain interesting properties and possible applications,

some being of fundamental importance.

- The solution is independent of the radius of the well tw- This means that the
influence of a well upon the head at & certain distance depends only on the
discharge of the well, and not upon its radius.

- When R becomes infinitely large, the solution degenerates since then 1ln %
tends to - @ , whatever the value of r is. This means that the flow field in
this case never becomes steady. If a steady state were possible in such an
agquifer, the water flowing out of the soil through the well had to be supplied
at infinity. As the formula indicates, this cannot be realised by lowering the
head to a finite value. Fortunately, in most practical cases it is possible to
define a certain finite outer radius of the agquifer.

- It is possible to calculate k¥ if we know the lowering of the head Jh = he-h
at a given distance of the weli. That is alsc possible when R is unknown, but
ver drawdowns at twc different distances I. angé r, &re known (measured :n

observation wells). The calculation of kK is done as follows:

--—Q— s
Ah: 2nkB 1a "1/R

er, o 10 T2/R

-Ah, = R T2/R-1n T
8h,-8b, = 3o (1o “2/R - 1n "1/R)

8 -8by = gEo 1o "2z,

o (3.10;
Q.ln(ry / 13
Beace, K& =37 (an,~ah,)

3.5.3. steady groundwater flow in unconfined aquifers

The upper boundary of an unconfined aquifer is the soil surface. Below soil
surface an unsaturated zone exists, with partly filled pore space. Only below the
phreatic surface (and in a limited zone above this level), all pores are filled
with water. The first assumption that has to be made in the mathematical formula~
tion of unconfined flow i1g, that flow of groundwater above the phreatic surface

can be neglected. Flow occurs only in the saturated zone, below the groundwater
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table. The phreatic table, however, is not a fixed plane, its pogition car vary
in time. Some more assumptions have to be made (according to Dupuit), before the
differential equation can be derived:

1. The flow is horizontal. Hence the head may be expressed by the height of the

water table above the base of the aquifer.
2. The flow density is uniform over the depth of flow and may be expressed by

v=-kﬁ1nsteadotv--k?—h..
3x os

where X represents the horizontal distance and s denotes the actual flow path

(fig-.B.B.).

Fig. 2.6. 3h -~ 2h
The Dupurt asswrption : 3 Tax

Dupuit's assumptions are reasonable for small slopes of the phreatic surface as

mostly will occur in nature. Hence, in cartesian coordinates:

gh
Ve £ T ki
v = -xib
Y 3y
v =0
2

In the derivation of the continuity eguation we now have to take into account the

derivatives of h in the x- and y- direction (see fig. 3.9.).

In fig. 3.9. the quantities of water are represented, flowing into and out of the

considered element of the aguifer. Besides horizontal in- and outflow, rainfall
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Frg. 3.9.

Srcwnaucter Tlow through on element of an wncoriined acuilfen

from above enters the element (or evaporation loss occurs) and below in- or
outflow can occur through a semi-permeable layer. Egualization of :in- and .outflow
produces the continuity-eguation. Substitution in Darcy's law cives the following
general flow eguation governing steady flow in an unconfined aguifer:

22 2 (p2 h-h
E{Q(h)*a(h)}‘P_cl -0

2 ax? ay2 N (3.11)

It has to be remarked, that in confined flow kH is constant and in unconfined
flow it is not. The transmissivity should be kh, with varying h. Sometimes it is
allowed, if the variations of h are very small with regard to h itself, to use a

constant kh. In that case, the formulas for confined flow are approximately valid.

3.5.3.1. flow through an infinite dam with vertical faces

In civil engineering fig. 3.10. might represent a dam, with different water
levels at both sides. In agriculture it might be a long parcel of land, bounded
by ditches. More general, in groundwater flow this situation occurs when a long

strip of land is bounded by areas of constant water level.
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-
Mg, 2.10.

Fiow throuch on infinite dam wiin vertical Jaces

Through the dam, groundwater £low occurs; rainfall infilcrates from above and
flows tc both sides. In this case, where h is a function of x only, (see fig.

3.10.) the basic differential ecuation becomes,

x a2(n?;
P53 - =P (3.12)

the general solution is:
hz._{.x2¢c,.x¢c2 (3.13)

C; 2nd C, can be calculated under the governing boundary conditions:
X-O!h-ﬁl
x =L :he=H

Substitution in (3.13) gives:

2 2 _ (p2 . g2y X, R - -
h -al (Bl HI)L¢kx(L x) 0 (3.14)

The discharge per unit width is a function of x:

Q = h.v_ withv =- k
x x

gls

Elaboration gives:

o, = % (si - ai) - P (4L - x) (3. 15)
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About this flow problem some remarks can be made:

1. If rainfall equals zero, (3.14) becomes:
2 o p2 - (g2 - g2y X
h El (Hl Bx) 1 (3.16)

X g2 2
ang Q = Q=3 (B] - B]) (3.17)
This means that the groundwater taklie is of a parabolic form and that the
quantity of water flowing through the dam is constant for every x (as it
should be; no water is added).

2. With equal levels at both gides (H;=H =H) and with rainfall we obtain:

n? = B2+ % .x {L - x) (3.18)
Q, =P (i - x (3.19)

Substitution of x = 1/2 L produces
P
1?2 =gl o ; . ’/4 .Lz, wnich is the maximum height of the phreatic
level in the middle of the dam. If h =~ ¥ (with large E and small L) then holds

(h+H) " 24 and:

P 2
h—SN-ﬁ (8 1L9) (3.20)

(h=H) represents the maximum elevation in the middle.
3.5.32. radial flow to a well in a circular island (see fig. 3.11.)

with radial flow it is always recommendable to use polar coordinates. In this
case the following differential equation holds:

2
1 d ah®) 2P
T & {r &= [~ % (3.21)

The general solution is:

P
h---z—kx *cllnr-vcz (3.22)
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Fig, 3.11.

Racial fiow in a well in a circular island
Boundary conditions are:

Tomr, P Q" Qe

r =R : he B

substitution of the boundary conditions yields:

2 2.®» 2_2 2% =&
h™ =B ¢2k(R~r)-;;ln;
Neglecting rainfall, we obtain:
Q
nlag?- 2128
T T

and, as a function of drawdown Ah=H~h:

Qo
2nkBE

&h X
sh (1 23)-- ln-i

If AhacH, than we obtain the following formula:

2,
2nkB

r
Ah = lnR

Thig is the same formula, as derived for confined flow.

(3.23)

(3.24)

(3.25)

(3.26)
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3.6. approximate methods

Flow nets. Graphical solution of the differential egquation

When the flow of groundwater is steady (time independent), the fundamental eguat-
ion governing the groundwaterflow is:

32h  a%n
oxl T oy = O

This equation is called Laplace's equatiorn and must be solved in a given flow
region, where certain conditions for h are specified alonc the boundaries of the
region. Analytical solutions of the equatiorn may only be found relatively easily,
when the geometry of the flow region is relatively simple and when the conditions
imposed aiong the boundaries of the region are alsc simple (see 3.4 anéd 3.5).
Approximate graphical methods and & variety of model studies can replace analy=i-
cal methods when the latter become too complex. A widely used graphical method
consists of the fitting of a flow net to the boundary conditions. This method has
marked advantages in speed of execution and range of applicability, especially

wnen geometricaily complicated boundaries occur.

The construction of a flow net to solve lLaplace’'s equation graphically is relati~
vely easy in problems with fixed boundaries and for confined flow, whereas it is
slightly more complicated for unconfined Ilow, where the location of the water-
table is not known beforehand. A flow net is & two-dimensional graph composed of
two families of curves of a special nature: flowlines or streamlines which indic~-
ate direction of flow and egquipotential lines connecting points of the same
potential. Its use is therefore limited to the investigation of two-dimensional
cross sections of a porous medium which are representative of the main flow and
to the anelysis of three—~dimensional problems with either axial or radial sym-
metry. In fig. 3.12 we give an example of a flow net. Careful elaboration of the
flow net will yield all necessary information on the problem concerned.
Principally, a trial and error method has to be followed.

3.7. analogue methods

The basic laws for groundwater flow, notably Darcy's law and the principle of con-
tinuity, lead for homogeneous ground to Laplace's equation (see eg. 3.4). This
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Fig. 2.1C.

Construction of c fiow net for grownduater F.ow wndermeath c dam.

Potenzicl lines and fiow lines should “orm near scuaves.

Then along the pcrentiai lines the drop in head is approwimately

constant. Ficw lines Sre perpeniiluiar To oper boundarieé

and ¢ peTential lines.

differential ecuation also describes & number of other physical phenomena, such
as e.g. heat flow, bending of mem:branes and electrical current. Comparison of
problems solved in these fields may be of creat help for the solution of similar
groundwaterflow problems.

Another aspect of the various anaiogies is that some analogue phenomena can be
easily studied ir the laboratory: even so that laboratory investigations more
eagily yield the solution of the problem than a mathematical elaboration. Notably
this is the case with electrical current, described by Ohm's lad {(which is
similar to Darcy's law) and obeying the continuity principle. For the translation
to groundwater problems only similar boundary conditions and the appropriate
scale factors have to be applied. An example is given in fig. 3.13. The gechydro-
logical problem, which is simulated, is flow underneath a small dam. The electro-

des represent recharge boundaries. The other boundaries are impermeable.

3.8. pumerical methods

At present, for the solution of more complicate fiow problems (for example due to
variations in the values of the ground. characteristics within an area) almost in
every case numerical methods are used, needing computers as a necessary tool.
Particularly, two methods are used, the finite difference and the finite element

method. In this course, only some comments are made on the first method.
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The same problem as Fiz. C.1L. sclved with an electrical analogor;
ac ¢ Fizecd veiue ¢ the resistor, zerc indiextion of electrical

current indicates o equipcrenticl line.

T™he finite difference method

The area is divided into small elements. For every element 2 waterbalance is com-
posed. The in- and outflowing quantities are dependent on the gradients in head

and thus on the heads in the center of the elements. lnitial values are given to
these heads and iteratively the solution is determined, where every water balance

is in equilibrium. Considering for example, the differential equation

32 2 :
ax_g + 272 = 0 , which holds for confined, homogeneous aquifers, it can be

derived, that approximately holds:

azh‘h1-2h°+h

ax2 2

3

3%h
dy2 2

(3.35)
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where m is the mesh width of a sguare mesh of straight lines which is assumed to

cover the field, see Fig. 3.14., and h is the head in the nodal points:

2
EI
3 ) 1 ?
E
!
]

4

m m

1y
-~

4.

z¢. &

Zlemevzs o7 the Firite ZiSference metThod
The aporoxzmatior for the different.&l equation becomes:

5 v hy = g (3.36)

£ -

hg = '/& (hy ~ h

This means that :ir every point of the mesh the local velue of the head h has to

be the average of the values in the four adjacent points.

The best way to carry out such a calculation, if a computer is not available, is:

1. Estimate values of h in every nodal point (good initial values are limiting
the number of calculations which have to be made).

2, Select a nodal point and verify whether the equation holding for that point,

is satisfied. If not, change the local value of h.
3. Select another point and repeat instruction 2, until sufficient accuracy is

reached.

1n more complicated cases, where the differential equation contains & number of
other terms (e.g. flow through confining layers, withdrawals and the like) the
same method can in principle be used. Then, however, the appropriate difference
equations become somewhat more complicated.

For each particular problem they are to be derived.
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3.8. the superposition principle

Most Qifferential equations governing groundwater flow are linear (first degree
equation). As a conseguence, it is allowed to add effects of, for example, a2
number of withdrawals. The mathematical formulation is: the sum of two solutions
of the differential equation is itself also a solution of that e‘quation. When un-
saturated flow is involved, the governing differential equations are not linear
and the principle of superposition is not valid. In a number of other cases also
the differential equations will not be linear and then the method of super-
position may not be applied.

A first application of this principle is the calculation of the effect of an in-
creasing withdrawal from a pumping well.

Assume that the drawdown in a certain point of an aguifer due to pumping with

céischarge Q, is:

Ah = C.G. (3.37)
where T = 8 constant, representing the ground characteristicsanc holdinc for that
special point.

If the discharge Q increases to, for example, 30 than the drawdown becomes 3 4h

at the poimt where first it was Ah (see fig. 3.15.).

an

34n

3Q

An

Pig. 3.16.
An illustration of the superposition principle
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It alsc helds, that the drawdown in a certain point, due to pumping at several
sites, with several discharges, can be obtained by adding the separate drawdowns
of each well. Another application of the superposition principle is the case,
that ir a certain srea different factors are influencing groundwater heads and
-flow and we want to know the separate influence of one of them. We are now
allowed to calculate the effect of that factor separately; all other influences

together represent the so-called reference-gituation.

3.10. unsteady flow

Unsteady flow calculations are more complicated than steady ones, because the
governing differential eguations contain derivatives to time. Sometimes we have
to deal with unsteady flow, for example, in calculating flow patterns and draw-
downs in the viciaity of wells, relatively short after start of pumping.

For example, the differential equation for radial unsteady flow, caused bv & pum-

ping well in a confined agquifer has the following form:

(az(zm) L1 aum))‘ ¢ 2n)
are r (34 ot

where xH = transmissivity in az.s-1;
4Ah = grawdown of the head in m;

r = distance to the crentral point in m;
S = storage coefficient (dimensionless);

t = time in 8.

Compared to equation 3.6. this is again a partial differential equation because
also time derivatives are present. Additional boundary conditions are that the
drawdown at t = 0 equals 0 and that &t t = 0 also the pump starts pumping at a
rate Q = Q-

The solution of this problem, as given by C.V. Theis, is available in the form of
tables and not in the fom of a formula. These tables are represented in many
handbooks on geohydrology. They are often used at the analysis of pumping tests.
Also for other situations solutions are available. The subject of unsteady flow

falls beyond the scope of this book.
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4,

groundwater quality
4.1. the relation between quality and use

Groundwater quality may be expressed in terms of the physical, chemical and bio-
logical properties of water. Yet, we cannot give a general indication as to
precisely which parameters are concerned and which values will mark the differen-
ce between good and bad guality. The reason is that the quality of water should
be related to its use. Human consumption, livestock watering or irrigation supply
for example will each pose different requirements to the properties of water.

Water quite suitakle for livestock may be totally unfis for human consumption.

We will take the quality of groundwater to be used for human consumption as a
guideline. In this way we take into account that many gechydrological investiga~
tions aim at a determination of water resources available for puklic supply.
Furthermore the numdber of parameters conSidered when the groundwater has to be
drunk, will be SO large that also most other types of use will be covered. We
will restrict ourselves to physical and chemical properties. Determination of
bacteriological parameters is complicated and is mostly not.executed at the stage of
the gechydrological investigation. Moreover, groundwater will be biologically un=-
safe only in exceptional situations. On the other hand, most physical and chemi-
cal properties of groundwater will be strongly related to normal geohydrological
conditions. Both groundwater of very good quality with respect to human consump~
tion and groundwater unfit to drink is normally present in the underground. Just
to give you an idea the WHO recommendations for drinking water are represented in

table 4.1,

To be clear, the values of table 4.1. hold for drinking water; groundwater
containing certain elements in excess may be treated so that values below
standards result. Treatment, however, will require expensive treatment plants.
The costs of a treatment plant will increase dependent on the rate of difficulty
of removal of the undesired constituents.

vVery high costs will be involved at desalination of water, :but a too.

high salt (chloride) content may be prohibitive to the use of groundwater for
drinking. Therefore we make a major subdivisior in fresh and brackish or saline

groundwater.
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Table ¢.2.

WHO Intermationci Stendards for drinking water

Substance or

Highest desirable

Max. permissible

characteristic level level

colour 5 units on the Pt scale 50 units

odour unobjectionable unobjectionable
taste unobjectionable unobjectionable
suspended matter S turbidity units 25 units

total dissolved sclids 500 mg/1 1500 mg/1

pPE range 7.0 - 8.5 6.5 - 9,2
total hardness 1 mmol/l (an¢ H92+) S mmel/l (ca2* Mgz‘)
ammonium (asNE,)* 0.5 mg/2

calcium (as Ca) 75 mg/1 20C mg/1
chloride 20C mg/2 600 mg/1

copper 0,05 mg/2 1.5 mg/1

iron .1 mg/1 1.¢C mg/1
magneszum (if more tharn 30 mg/ 150 mg/1

250 mg/l 50‘2- present) ’

magnes:um (if less than 150 mg/1

250 mg/l 5042- present)

manganese .05 mg/1 0.5 mg/1
nitrate* 45 mg/l 100 g/l
nitrite* 0.1 mg/l

sulphate 200 mg/} 400 mg/1

zinc 5.0 mg/1 15 mg/l

* Derived from WHO European Standards.

We will start with an inventory of major and minor components of groundwater qua-

lity. Thereafter we will deal with quality variations to be found in fresh

groundwater, which in general actively takes part in the hydrological cycle.

Groundwater flowing at a significant rate generally will be fresh, as in 99 out

of 100 cases its recharge will be fresh (precipitation, rivers). Therefore, the

quality variations still to be remarked will be caused by factors related to geo-

hydrological conditions.
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The occurrence of brackish groundwater will for & large part - but not exclusive-
ly - be related to geological factors and notably marine influence. We will give

a review of the factors involved in the origin of salt in the underground.

Finally, we will @iscuss how the geohydrologic behavicur of brackish groundwater
differs from that of fresh groundwater and alsc what happens when both types are

bresent.

4.2. quality components of groundwater

Groundwater contains in general a great quantity of different substances {n solu-
tion. Some are relatively abundant, which means that their content is in the
range of milligrammes per liter (mg/l) or sometimes even g/l: they are called
major components of the groundwater cuality.

Other compounds or elements are present in smallier amounts (thev have to be coun-
ted in micrograms per liter (ug/l) or even less), they are called minor or trace
constituents. In normal practice only major components are determined; for the

determination of trace elemencts very sensitive and costly technigues are needed.

In chemastry the unit opole -ismuch used to express the cuantity of a chemical com=
pound. In water-chemistry, concentrations can be represented in moles

per liter or millimoles per liter (mmol/l). The formal definition of one mole is
that it contains an egual amount of chemical entities as 0.012 kg carbon (C). The
atomic mass of carbon is 12 and hence the definition means that the mass in kg of
one mol of any chemical compound can be calculated if the atomic masses of the
composing elements are known. In table 4.2. we will give data as to the major

compounds in natural water.

Chemical compounds dissclved in water may have the form of molecules, but most
are presenmt in dissociated forr as ions. For example, if ordinary kitchen salt
dissolves in water, then no NaCl mwlecules will be present in the water, but the
positive ions Na* and the negative ions C1-. Therefore the unit milli-equiva-
lent per liter (meg/l) is also used (although no longer allowed in the new ISO
recoamendations). One milli-equivalent per liter equals one millimol/liter Aivide-
ed bv the absolute value of the charge (valence) of the ion concerned. Hence 40
mg/1 Caz’ equals one mmol/l Caz’ and 2 meq/lCaz‘, the atomic mass
of Ca being 40 and the charge of Ca>® being 2.
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The bulk of dissolved substances in natural (fresh and brackish) groundwater is

N . . 2+ 2+
formeé by positively charged ions Ca“ , Mg® , Na®,

X" and sometimes NH,* and the
negative ions C1°, 5042-, NO3™ (in scme cases also NO,”) and HCO3™, Positive and
negative charges expressed in mez/l shculd balance each other, thus giving an in-
dication on the reliability of the analysis. It is recommended that an analysis
should at least permit to draw up this ion-balance. In table 4.2. the necessary

data to compose the ion-balance are given.

Table 4.2.
The mejor ions coniributing to the iom-balawce of natural water

positively charged concentration in negatively charged | concentration in
ions = cations mg/l or P.p.m. ions = anions mg/] Or P.D.I.

1 mmol/) |1 meg/l r? mmol/) { 1 mec/1
calcium (Cazq) 40 2¢ ! chloride (€17) 35.5 35.5
magnesium (Mgz’) 24 12 sulphate (SC42-) 9€ 48
sodium (Na™) 23 23 hydrogencarbonate

(HCC ;™) 6 €1

potassium (X*) KT} 3s carbonate (co32') 60 30
ammoniwn (NH,*) 18 18 nitrate (NO,T) 62 62

Other parameters of importance for water supply purposes and consegquently often

included in normal analyses are the oxygen and carbon dioxide contents, the iron

and manganese® contents, hardness, aggressivity, pH, chemical oxygen demand, elec-

trical conductance and temperature. Briefly the following remarks hold:

- Oxygen (O,) and carbon diexide (CO3) form part of the atmosphere. Hence,
they are also in dissolved form present in rainwater recharging the ground~
water. The ratio between both gasses, however, will change in groundwater.
Firstly the partial pressures (determining dissolution) in soil air will be
different from atmospheric air, due to biological processes. Purthermore, both
gasses are involved in a number of processes in the underground, leading
generally to a decrease of the oxygen content and to an increase in the concen-
tration of carbon dioxide.

- lron and manganese can be present in groundwater as ions, but alsc in complex
form with other (organic) compounds. The most common analyses yield the content

as pure iron or pure manganese.
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- Hardness is a property indicating the total amount of calcium~ and magnesium
ions in water. Haerdness may be expressed in various units. We recommend to

2
2*) or meq/l (Ca * ng*)-

express it as mmol/l (Caz*ng
Other units, such as German degrees or American degrees, can be readily derived
if the appropriate conversion factors are applied.

- Aggressivity is the property that water can dissolve calcium carbonate, for
example when it forms part of concrete constructions. Aggressivity is related
to the carbondioxide content. When groundwater contains more carbondioxide than
a8 certain equilibrium content, it will be aggressive.

- Acidity of water is expressed in pH units. Acidity is related to the content of

hydrogen ions in water according to:

1 N
pH = - olog (87)

where (57) is the content in mol/l HY,
In practice, pH of groundwater can be measured with instruments.

- Chemical oxygen demand is expressed as the amount of oxidant to be used by the
water concerned when a strong oxidant is added.

- Zlectrical conductance indicates the electrical conductivity of the water. It
is expressed in milliSiemens/m (mS/m) or microSiemens/cm (uS/cm). As such it is
related to total dissolved substances - the sum of the concentrations of all
ions - in water.

- Temperature of groundwater is mainly related to the temperature at land surface
and the so-called geothermal gradient. At a depth of more than 20 m, the avera-
ge annual air temperature will be predominant. This means that groundwater
generally will have a constant and relatively low temperature. As a rule of

thumb, groundwater temperature approximately will obey the formula:

t =7+ 0.03 4

where t = groundwater temperature in °C at depth d{m) and T is the average
annual air temperature at land surface (°C). At strong rates of groundwater flow
deviations may occur. Groundwater can transport heat, especially when vertical

flow prevails.

Raturally, a great number of other parameters may alsc be observed in ground-
water, depending on each particular situation. Examples are the fluoride content,

color, taste and smell. We will not discuss them.
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When interpreting data on the guality of croundwater, one should alwavs bear ir
minéd that analyses may not fully represent the groundwa-er sampied. This may par-
ticularly be causecd by changes occurring in the composition of water during
sampling and transport. Sampling has to be done carefully to make sure tha:t the
water is indeed discharged from the right aguifer. A more serious attack on
reliability is formed by the fact that gasses dissolved in groundwater are
generally not in equilibrium with atmospheric conditions. This fact may notably
result in an evasion of CO, from the sample and in an uptake of O, ané these
changes will have consequences for the values of some other parameters !e.g. iron
and manganese, pH) as well. The analysis itself does not give ar indication
whether such changes have happened or not. Another possible source of error is
when transport has taken too much time: especially under warm conditions, kiologic
life may develop in the sample, leading tc changes ir the chemical composition of

tne sample. Especiallyv the nitroger compounds are involved.
4.3. the composition of fresh groundwater

4.3.1. general

It is sometimes overlooked that the firs:t factor involved in the compos:tion cf
groundwater 1s the guality of water recharging the groundwater. Ir many cases
this original composition will be strongly influenceé by changes in gquality
occurring in the underground but mostly some of the original features can still

be recognized.

-
Quality ot water
recharging t
groundwater

«—— bioiogicsl

processes attecting water in

-«— physical the underground

“— chemical

|
R

Quality of
groundwater

Fig. €.1.

Composizion of grownavater
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4.3.2. recharge water

Ir general. £fresh groundwater may be recharged by rain, by irrigation water, or
by rivers (or, in other words: surface water), by waste water or by a combinat-

ion, each of them with their own characteristic composition.

Rainwater has a low content of dissolved substances, its compositior depends on
metereclogical conditions ané on the distance to the seashore. Near the coast
higher contents occur. The values of some parameters measured in rainwater have
increased locally ané recently, due tc increesinc air pollution. Wher rainfall
recharges the groundwater, part of the dissolved substances may be derived from
aerosols depositec on trees, land surface eic. and thereafter leached by rain.

Thereby contents in groundwater will increase.

Each river wiil, by nature, have its owr composition of water, dependent on the
drainage basin. Generally all contents of dissolved sudbstances will be higher in
river water than in rainwater. When the drainace basir is densly populated and
industrialized, pollution may have a strong influence. Near the sea rivers may

periocdicelly contain saline water,

Irrigation water derived from rivers will have the same characteristics. Due to

the seasonal intake of irrigation water, the seasonal fluctuations in river  water
quality should be considered. When percolating towards the underground, the irri-
gation water will contain residual fertilizers and other chemical compounds used

in agriculture in the irrigated area.

waste water may have a much varying composition depending on the guality of

the water supplied and on the kind of waste (domestic or industrial). It should
be noted that domestic waste water traditionally contains more Na* and C17

than the original water. Nitrogen compounds will also occur in most domestic

waste.

4.3.3. changes occuring during and after recharge

Most groundwater will cget its main guality characteristics during recharge. The
relevant processes are condensation by evapotranspiration, production of carborn

dioxide by biological processes mainly in the upper soil zone and dissolution of
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soluble ground partides. Also adsorption of substances dissclved in groundwater %o

ground particles may take place. Groundwater may further be liable tc redox reac-

tions.

&. Evapotranspiration

A very important physical process to influence groundwater quality is evapo-
transpiration or, to be more precise, the combination of evaporation and plant
transpiration (evapotranspiration) which may occur during recharge of ground-
water, Evaporation may be conceived as a destillation process resulting in an
evasion of 320 and a condensation of the remaining sclution. Hence, theore-
tically all concentrations of dissolved substances have to be multiplied by &
certain condensation factor. This factor follows from the ratio between the
total amount of water supplied and the remaining amocunt of water after evapo-
ratior. took place (e.g. this factor is equal to the xratio (P-R)/I: rainfall
minus surface run-off divided bv groundwater recharge). Under conditions where
actual evapotranspiration nearly ecquals rainfall, the recharge may take very
small values. Consequently, the condensaticn ratic will be very high. Ratio's
in the order of magnitude of 10 tc 100 anc even more can occur. Even perfectly
fresh recharge water may turn brackish bv such high condensation ratic's. For
irrigation water with more dissolved substances this danger becomes even
greater. Numerous examples can be cited where groundwater became saline due to
wrong irrigation practices.

One remedy is to install a drainage system by which excess salt can be carried

away.

Biological processes
(Micro)biological processes may take place under aerobic or anaercbic condit-

ions.

Aeroby
Plants assimilate CO, and H,O using energy derived from sun radiation:

CO, + Hy0 + energy — (CH%O) + Oy
The energy contained ir the organic compounéd (CE,O0) is essential for the
plant's life. It is freed by a second process which may reyield CO2 and
where O, is used. This last process is preponderant in soil, radiation being
negligible there. It will cause an increase of gaseous CO, in soil air, if

compared with the atmosphere. Similarly, as long as groundwater contains dis-
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solved O,+ organic matter in the soil or in the water may be mineralized by
micro-organisms using O, 2nd yielding CO, and H,0 as main products.
Generally the O, Content will decrease and the CO, content will increase

in the direction of the groundwater flow. Under aerobic conditions also, a
mostly limitec amount of 8042- and a sometimes considerable qQuantity of

Nos' or NO,” may be formed by biological activities in the soil.

Anaeroby
When oxygen is absent, organic matter may be broken up simultanecusly with a

reduction of nitrate, sulphate or carbon dioxide contents.

One of the end products of anaercbic processes - also other fermentation pro-
cesses may occur in the underground - is generally an increased content of
carbon dioxide. Other more specific end products, mostly in gaseous form are

nitrogen (N,), hydrogensulphide (H,S) and methane (CH,).

When soluble material is present in aguifers, it may be dissolved by ground-
water. However, this possibility should not be overestimated. Fluviatile sedi~
ments, forming aguifers flusheé by Z2resh groundwater,- will not <ontain much
soluble matter anymore. An exception should be made for salts brought in by
man (for example kitchen éalt or fertilizers). Another exception concerns the
case where aguifers are composed of volcanic sediments. An outstanding feature
of volcanic products is that they have generally not been transported by
normal surface water (such as rain, :iverg or the sea). For this reason they
still may contain components which are resdily scluble in normal groundwater
and thereby changing its quality. An example is the octurrence of pyrite (FeSj)
in these volcanic products. Iron sulphides are recuced species and when

they come into contact with water having oxidizing properties, they will dis-
solve. The solution products are ferrous iron and sulphate (8042-). The
resulting water will be aggressive and show a strong tendency to dissolve cal-

cium carbonate.

Groundwater containing CO, Will be able to dissolve calcium carbonate wvhen-
ever it is present in sediments, wheress groundwater without CO, will do so
only in relatively very small amounts. Normal groundwater will always contain
Co, mainly as a result of (micro)biological processes.

The following eguilibrium holds:

Caco, + B,C = CO, == ca®* + 2nc0;”
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d.

The fact that eguilibrium exists, implies that not all CO; is used. If
groundwater (in the absence of CaC0,) contains more thar the equilibrium
concentratior of CO,, it is called aggressive towards calcium carbonate,
therefore it has a tendency to dissolve CaCO, When the occasion occurs. Cal-
cium carbonate will precipitate if for some reason CO, -is emitted from the
groundwater (e.g. under changing pressure conditions). Under normal conditions
the pH of groundwater will largely depend on the relation between the values
of the CO,, HCO3' (and CO32-) concentrations. At normal pH's CO32- will be
absent.

Sorption processes are the general name for processes describing the physico-
chemical interaction between groundwater components and the aquifer material.
They can be distinquished in adsorption (dissolved substances in groundwater
acdhere to aguifer minerals), in leaching (aguifer components dissclve in
groundwater) and in ion exchange (mutual exchange betweer acuifer material and
groundwater components). Sorption processes play a role with the composition
of natural groundwater, but they are even more important with regard to the

benaviour of pollutants in groundwater.

Ar example of lon-exchange in tural groundwater is the cation exchange,
ofter to be cbserved in groundwater of coastal areas. Fresh groundwater flow-
ing through marine sediments may be liable to increased Na® ions in exchange
of CAZQ ions adsorbed by ground material. The reverse may also occur,

namely when brackish groundwater flows through fresh sediments.

Pollutants (for example heavy metals or biocides). will in many cases - but not
always, and not at any rate - adsorb at ground material as these gubstances in
groundwater are mostly not in equilibrium with ground minerals. The adsorption
capacity may be thus large that for many years a pollution may not reach

greater depths than a few centimetres.

Reduction - oxidation (redox) processes

A well-known example of a redox process concerns the behaviour of dissolved
iron in groundwater.

Iron compounds may be found underground both in solution as a component of the
groundwater and in solid form as part of the agquifer. The relation between

dissolved and precipitated forms can for a large part and at least
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gualitatively be explained by theories on reduction - oxidation (redox) condi~-
tions in aqueous solutions. Redox conditions for a certain solution are
expressed by the value of the redox potential Eh (in Volt) of that solution,
which can be measured (in practical cases not without difficulties). Now if Eh
and pH of a certain solution, being at equilibrium, are known as well as all
compounds invelved (both in dissolved and in solid form), theoretically all
concentrations of different ions in solutjon can be computed. Generally,
oxidized forms of involved elements are present at high and reduced forms at
low rédox potentials. For 2 number of common compounds of iror such an Eh-pH

diagram, also called a stability field diagram, is given by Hem (13970).

140

water oxidized

Eh W volts

- 0.60 =~

= 0.80 =

- 1.00

Fig. ¢.2.

Eh-pE diagram after Hem for solid forms of iron and dissolved
forms of irom [

-Ac:ivity of sulfur species 96 mg/l as 3042-

Aezivity of carbon dioxide spscies 61 mg/l as ECOv,
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4.3.4. o hypothetical example of fresh groundwater composition

To illustrate the foregoing, we have cumposed a hypothetical example how the

groundwazer gquality can result from a number of factors. Although this example is

imaginary, we will try and present realistic figures. We choose rainfall as a

startinc point. In following the hydrological cycle . the next steps can be imagin-

ed:

Ce

Assumedly the

(c1™) = 3 mg/1l C1°
(se, 2" . 4 mg/1 50,°"
(Nos’) = 1 mg/1 NO4~
(BCO3™) = 3 ng/l HCO3”
{cogs = 10 my/l CO;
PE = 5.6

In the unsaturated zone just

2+

{Ca

(M92
(Na*

(Fe)
(Mn)
E.C.

)

+
)

)

rainfall concerned has the following characteristics:

2+
= 2 mg/1 Ca

= 1 mg/l Mgz‘
= 2 mg/1 Na”*
=0

=0

= 25 uS/cm

below land surface 1/2 mmol, 1 ccz = 22 mg,/L

CO, will be freed by biological processes. Of the now total amounz of 32

mg/1 €Oy, 15 mg/l CO- is directly involved

2+
Ty v H20 + Catd; — Ca

+ 2HC03 -

2
lead:ng tc extra 15/44 x ¢0 = 14 mg/1l Ca *

in the solution.

The relation between rainfall and recharge

of 3, implying that, in neglecting surface

in the reacion:

and 30/44 x 61 =~ 42 mg/1 HCO;”

will lead to e condensation factor

runoff, the evapotranspiration

amounts to 2/3 of the rainfall. The resulting quality of soil moisture will

became from t and ¢:

(€17 = 9 ng/1 C1”
(0427 = 12 mg/1 s0,%"
(NO3™) = 3 mg/1 NO3~
(HCO3™) = 135 mg/1 BCO3~
(coy) = 51 mg/1 CO,

pB = 6.7

(Caz*
(Mgz‘

(Na*)
(Fe)
{Mn)
E.C.

) = 48 mg/1l ¢a2+
) = 3 mg/ M92~
= € mg/1 Na*
= 0.1 mg/]l Fe
=0

- 2504 S/cm

By a source of pollution the following concentrations are added:

(c15)
(s0,

2-

(NO3

= 36 mg/1 C1~

) = 24 mg/l 5042'
) = 20 mg/1 NCj3~

(<

(Na*)

24
a

) - 15 mg/1 ca’’

= 25 mg/1 Na*
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e. In flowing through the saturated zone the above aggressive water will encount-
2 -
er sufficient CacC; and thereby Ca * and HCO3 jons will go into
solution so that the amount of free (O, Will reduce to 12 mg/l CO,. The

groundwater in the saturated zone thereafter will obtain the following compo-

sition. :

(1) - 45 mg/1 C1” (ca?h) - 98 mg/1 cat
(5042') = 36 mg/1 so42' Mg2*) = 3 mg/1 Mg2®

(NO3™) = 23 mg/1 NO3~ (Na*) = 31 mg/1 Na*

(HCO3™) = 243 mg/1 HCO,- (Fe) = 0.3 mg/1l Fe

(coy) = 12 mg/1 CO, (Mn) = 0,03 mg/1 Mn
PE w 7.5 E.C. = 600 aaS/cam

£. Next, the groundwater may flow through a layer with much organic material and
where anaerchic conditions prevail. All nitrate will be reduced and half of
«he sulphate content. The resulting free C02 will direczly be involved in

the dissclution of CaCCs., but also in the dissolutior of magnesium com=
pounds, so that again a carbondioxide concentration of 12 mg/l CO, Tesults.

The composition of the groundwater will then be changed into:

(€17 - 45 mg/1 C1° (ca®*) = 90 2g/1 ca’”
(s0.°7) = 16 mg/1 S0,°" Mgy = 10 mg/1 McoT
(NO,7) =0 (Na™) = 31 mg/) Na®*
(HCO,™) = 294 mg/1 HCO5~ {Fe) = 5 mg/l Fe
(€0,) - 12 mg/1 Co, {Mn) = 0.5 mg/1 Mn
pl - 7.6 E.C. » 6504 S/cm

Note: due to anaerobic conditions also significant amounts of iron and manga~
nese will go into solution (because of a lowering of the redox poten-

tial).

The ion-balance of the last formed groundwater will have the following form:

Anions

45/35.5 mmol/1 C17 = 1.27 meg/1
18/96 mmol/1 sof' = 0.38 meq/1
294/61 mmol BCO3‘ = 4,82 meq/1

total 6.47 meq/1
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Cations

2+
90/4C mmol Ca = 4.50 meq/l
10/24 mmol Mg® = 0.83 meq/1

31/23 mmol Na *= 1,35 meqg/1

total = 6.68 meq/i

Note 1: The jon-balance is not fully in equilibrjum as it should be., This
situation, however, reflects practice where analyses never will show a
perfect fit.

2+ 2+

Note 2: The hardness is 2,67 mmol/) Ca Mg .,

Note 3: Again we remark that the example is imaginary:; in reality the impact
of the processes may be different and furthermore other procasses may

be invclved.

4.4. sources of brackish or saline groundwater
4.4.1. general

Defiritions: Brackish water has a salinity (= total dissolved salts) smaller than
that of seawater, yet large enough that it cannot be usec for drinkinc. The salini-
ty of saline water equals or is larcer than the salinity of seawater. A brine

contains water of a very hiech salinity.

In practice, if indiceating salinity with the chloride concentration, you may take

the following limits:

- fresh water contains less than 600 mg/l Cl1~7;

- brackish water has a chloride content in between 600 mg/l Cl1~ anéd 19000 mg/l
€17,

- saline water conteins 19000 mg/l C1~ or more.

Irn natural groundwater, mostly the water will be either fresh or brackish. Yet,

in exceptional cases, you may encounter saline groundwater ©r even brines in the

underground. According to the above definitions, brackish groundwater might be

conceived as a mixture between fresh water and seawater. Indeed, in many cases

marine influence can be discerned in the origin of brackish groundwater. Never-

theless, also other factors may be involved and furthermore the marine influence

may take different forﬁs. In discussing the origin of brackish or saline ground-

water, we will distinguish betweer the original sources of salt brought in the
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undergrounc ané in prucesses by which & displacement of salt or changes in

content are brought away.

4.4.2. various origins of brackish groundwater

Two original sources of salt in the underground exist. Firstly, salt may form
part of the ground and be dissolved by groundwater. Secondly, salt can be brought
tc the ground by water containing dissolveé salts.

a. Ground containing salt

Most igneous rocks will not contain much soluble salt. Many sediments, how-
ever, are of marine origin anc at their time of deposition they contajned
salt, Part of the salt may still be present at later ceological periods.
Extreme examplies of salt containinc sediments are layers of pure selt or salt
domes in the underground. Quite commonly, however, marine clay - or sand
layers still have certain salt contents. The selt may be freed either by
filushing with water or, in the case of clay liavers, bv compactior due to cOm-
pression. Especially in the case of compaction of marine clay lavers the water
driven out may have very hich salt contents (brines).

b. Salts brougnt in bv water

The most obv.ous example of water containing salt is seawater. Seawater may
flow te the undergrouné irn coa;:al areas where it will built up 2 salt water
wedge underneath fresh groundwater. This process is called seawater intrusion.
Its influence will be restricted to small zones along the coast. Furthermore
during periods of transgression (see chapter 2), seawater may cover fresh
sediments. Salt may intrude in the underground either by convective flow or by

the phenomenon of molecular diffusion.

Nevertheless, aiso the very small amounts of salt brought in by rainfall may
causé brackish groundwater bodies. The original fresh water may be liable to con-
secutive steps of heavy condensation by evapotranspiration and become brackish.
An intermediate stage may for example be that rivers draining already condensed
groundwater are used for irrigatior in dry climates. Evaporation may be brine-

forming if the water concerned consists of seawater.

4.4.3. physical phenomena influencing salt contents

Taree major physical processes influence the salt content of brackish ground-
water, namely condensation by evaporation, molecular éiffusion ané hydrodynamic

dispersion.
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a.

b.

Condensation by evapotranspiration

We zlreay described the effect of evaporation or groundwater quality in the
previous chapters. Two examples may illustrate the role of evaporatior in the
forming of brackish groundwater bocdies.

1. Situations occur where inland valleys are surrounded by hills without
having a river outlet. These valleys receive groundwater from the hills
around, but evapotranspiration is so high that no groundwater is dis-
charged to rivers. This means that the salts brought ir by the groundwater
fiow will remain ir the underground, whereas fresh water evaporates. If
this situation continues for years and years, the groundwater in such
valleys may turn brackish or even saline. The vallev becomes a salt desert.

2. A relatively fresr river flows through a desert. The inhabitants divert
part of the river water to irrigate the desert without, however, installing
& drainage system. Practicaily all the irrigation water will be used by
evapotransriration. Again the salts will remain ir the soil. After a number

f vears the irrigateé¢ fielcs will become useless because of salination.

Molecular daiffusion

Even wnen no flow of groundwater oczurs, yet the dissclved ions mav be moving
due tc molecular diffusion. The acting forces are differences ir concentra-
tions. Molecular diffusior is a very slow process: the effect will only become
significant after very long periods (see figure 4.3.). In flowing groundwater
this effect may be neglected, but in stagnant groundwater it may play a sig-
nificant role. An example is the situation where fresh sediments are covered
by sea during a long lasting transgression. Then the fresh sediments may become
salinated by diffusion.

Hydrodvnamic dispersion

When groundwater containing variable concentrations of salt is flowing through
a porous ground, the distribution of salt will change in the direction of
flow. A certain spreading occurs both in the direction of flow and perpendicu-
lar to it: this mixing tends to decrease the gradients in concentration. The
phenomenon is called hydrodynamic dispersion and it is caused by the non-rec-
tilinear pathways of flow on microscopic scale. 1f fresh groundwater flows
over a layer containing brackish or saline water at rest, lateral hydrodynamic
dispersion will bring upward salt ions. For this reason the originally fresh
flow will salt up in the direction of flow. In this way, salt water bodies,

originally at certair places deposited, will be displaced¢ and be dispersed
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through the underground. Brackish groundwater may be found where you would not
expect it, if ignoring dispersion. The phenomenon of hydrodynamical dispers-
ion is also responsible for the fact that practically never a sharp interface
between fresh and saline groundwater will oractically. neveroccur in nature; there
will atways dbe a transitien zone. Bydrodynamical disperéion can be described by

pathematical formulas, in practice, however, not without difficulties.

4.5. behaviour of groundwater of varying densities
4.5.1. a sharp interface between fresh and brackish water of constant density

Many geohydrologists have studied the behaviour of fresh groundwater in coastal
areas and underneath small islands. In such cases the transition zone between

fresh and brackish groundwater is thin; the brackish groundwater will have a
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saiinity of nearly seawater and it will relatively be at rest. The fresh ground-
water may be considerec as a lense, floating upon static saline water with a
sharp interface in between. The average head in the salt groundwater will every-
wnere be equal to mean sealevel. Under such conditions and takinc into account
that pressure of water just below and just above the interface will be equal, the

so-calleé Badon Ghijben-Herzberg relatiorn holds (see figure 4.4.).

b l8nctsurtace

phrestic level

mean ses level (MSL )

tresh/saiine
intertace

Different heads in growncwater cf diferent density due tc the BGE effect
Note tha:t a: the coast the dashed line represents the real situatica.

Form fig. 4.4. it can be derived that:
Hopg = (H+h)py

where:

H = depth of the interface below MSL (m):

h = head of the fresh water above MSL (m);

pg ™ density of the saline groundwater (kg.th);
Ps = density of the fresh groundwater (kg.m-a).
Reworking yields:

For saline groundwater having the same salinity as seawater:

4 8 ——= = 0.025 (Pg = 1025 kg/m3 and pg = 1000 kg/m3)



Ther it follows also that

BE = 1/4.},
H=40h

Hence in words, the depth of the interface will be forty times the head of the
fresh groundwater above mean sealevel., For brackish groundwater, having a lower
salinity than seawater an appropriate value for A should be substituted:; it then
will appear that the depth of the interface will lie at greater depth. It becomes
doubtful, however, if for brackish groundwater of low salinity the Badon Ghijben-

Herzberg relation still holds.

The Badon Ghijben-Herzberg relation together with the Dupuit assumptions (see
chapter 3) can be used to derive a differential eguatior for ¢roundwater flow in
the fresh lens. An example concerning an infinite strip of land (e.g. a dune

ridge) is given below (fig. 4.5.).

The basic ecuations are:
Darcy: q* -k (E+n) % (per metre cf the strip)
Continuity: dg * l.8x

P [

Badon Ghijben~Herzberg: h = AH with & = ———.f
Boundary conditions: x =0 , gq= 0 £
x=1 ,H=¢0
The differential eguation beccmes:
I.x

g .28, __Ix
T A& X (1+8 &

Elaboration yields the solytion:
B2 = 1. (L2-x?)/(k(1+4)4)
h =AH

Also for other cases solutions, or (numerical) methods to derive them, are avail-

able.
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4.5.2. flow in groundwater of varying density

Wwher 1n the underground groundwater of varying density is present, the direction
of groundwater flow can no longer be predicted from differences in head, observed
ir observation wells. Now potential energy conditions of the groundwater are

expressed bv the pressure eguivalent P of the potential. 1n formula:
P =pgz + p

where
-2
P = pressure eguivazlent of potential in a certain point (Pa = N.m );

P = density of groundwater in the point (kg m-3)7

g = acceleration of gravity (m.s'z);

z = elevation of the point above reference level (m);

p = pressure at the point (Pa = N.m‘z).

Again the flow of groundwater will be from points of high P to points of low P

ané no fiow will occur along planes where the pressure egquivalent of the poten-
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tial is constant. Values of P can be easily calculated if head, density and ele-
vation above reference level are known. In doing so for a given observation well,
you should realize that the weight of the column of water in the well eguals
p/pg, where p is the water pressure at the screen. Theoretically also the rate of
Ilow might be computed, the theory concerned falls beyond the scope of these

notes.
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groundwater surveys

5.1. the need for investigations

Field- and laboratory investigations have to be planned (type, extent etc.)

according to the following considerations:

~ What are the objectives of the considered project (What 4o you want to know =
Problem identification) and how dc you want to realize them (Strategy)?

- What are the available data (inventorisatiorn), implying both quantity anc
quality of the data, how can they be used and is that informatior suffjicien:.
Based or existing cata, a preiiminary insight has to be obtained into the (geo)
hyaroiogical situation of the region or the site (underground, characteristics,

etc.).

Witn the answers to these two cuestions, it is possidle to formulate the necessa~-
ry additional investications.
with regard t¢ the type of project, three categories may be cdistinguished, imply-

inc three different types of investigations:

- Regional-scale investigations, considering water-resources in view of a future
development, be it for irrigation, for public water supply or some Other use.

- More or less local scale investigations, directed to the realization of a part-
icular groundwater withdrawal (optimal design in view of yield, guality, draw-
down and its consequences).

- General gechydrological investigations, on different scales, on behalf of
different objectives (f.e., the cutting of a canal, draining a building site

etc.).

5.2. use and interpretation of available data

Available data can be present in the following form:
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a., Maps anéd aerial photographs.

a.1. Topographical maps

Generally, topographical maps, preferably on the largest scale possible
{say 1 : 25.000) and containing contour lines, show a wealth of hydrogeo-
logical information. The drainage pattern (i.e. the system of ditches,
larger canals and rivers, etc.) of the area can be determined, which al-
ready gives a clue as to groundwater flow. Shallow groundwater flow will
be partly directed to the drainage system and partly follows the direct-
ion of the Arainage pattern (see fig. 5.1.). When the intensity of ditch-
es, brooks and rivers is high, you can expect shallow groundwater tables,
anéd reversely. In case of shallow water tables, the storage capacity of
the underground is low and as a consenquence, the drainage system has to

be more intensive, to discharcge the rainfall excess.

—————=x drainage system

S mn— igohyp;.

— direction of flow

Fig. §.1.
Direction of flow of shallow growndwater

The contour . lines of land.surface also give an indication as to directiom
of flow, which rouéhly follows the gradients in land.surface.. Furthermore
the elevations in land surfiace -will sometines disclose geological featu-
res. For example elongated elevations in & further flat coastal plane
most probably will indicate P»uried rivers (or river banks) or beach rid-

ges. They may contain local fresh groundwater bodies due to infiltration

(see fig. S5.2.).
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Sudden changes in the pattern of contour lines may mark the location of a
fayit or a change in the geological structure of the underground. The
location of build=-up areas and the kind of vegetational cover mayv 3lso
Give hydrogeologacal information. One of the basic needs of man is drink-
ing water; it may therefore be expected that he chooses for his dwelling
place areas where good water is available, either in the form of surface
water or as (shallow) groundwater. From the vegetational cover indica-
tions can be obtained as to the depth of the water table. Coarse textured
80ils with & deep-lying water table mostly are less suitable for agricul~
ture, They will be covered by forests or be waste lands. 1If the farmers
grow different crops, they alao at least partly will follow the ground-
water table with their cropping pattern. Meadows will be found in relati-
vely wet areas and agricultural land in the more dry parts. A marsh vege-
tation indicates a very shallow groundwater table or an impermeable sub-

soil (see fig. 5.3.).

Information about the soil use (arable land, natural vegetations, ect.)
is of great importance. In an area with many human activities, a ground-
water withdrawal can be influenced (pollution). A withdrawal however, can
also influence the surrounding area (f.e. influencing of crop yield by

lowering of the groundwatertable).
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Fig. &.3.
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cover

a.2. Geological maps. If a geological map exists of the ares <o be studied it
will be of great help for the hydroceclogical investigation. If possible,
such & map should give :in some representative verticel sections an
indicatior about the lithology of the layers presen:t. However, a geclogi-

cal map. mOstly still has to be completed in hydrogeoclogical respect.

a.3. Hvdrogeolocical maps. For some areas hydrogeclogical maps exist, or they

are in execution. Generally, such maps should show all the hydrogeologi-

cal features of the area concerned.

a.4. Soil mavs. Sometimes some kinds of soil maps are available for a certain
region. In general, information is given about the composition of the
upper 1 or 2 m of the underground (the soil), in relation with its
origin. Sometimes, thease maps contain information about ranges of ground-

water depths.

a.5. Maps showing special features. Sometimes an area is mapped for one

special reason, e.g. to design a future irrigation pattern, or to indica-
te the type of forest. Also such maps may give valuable hydrogeclogical

information,
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a.§.

Aerial photographs and satellite imagery

For many areas of the world, the available topograpkhical and other maps
do not show sufficient detail to allow for the desired hydrogeological
interpretation. In such cases, alsc aerial photographs mav be used, which
ir some respects ever may yield more valuable jinformation than maps. Now-
adays the results of satellite imagery, using various photographical
technigues, are often available. These may also be helpful. A well-known
example of the use of aerial photographs is the delineation of fault sys-

tems in hardrock mreas. The faults may yield grohndwa:er.

b. Other data.

b.1.

Water guality data. In some cases drainage proplems or water supply pro-

blems &re associated with salinity problems. Hence, data may be avail-
abie. Ir Other cases cuality date have aiready beer collected resardinc

existing groundwater withdrawals. All! these data should be collected.

Data on different hvérclogical parameters. Some governmental departments

or institutes keep records on discharges of rivers and brooks, others on
metecrological data such as rainfall, evaporation, etc. As far as they
could be of help for the hydrogeoclogical investigations envisaged, they
should be collected. Since surface water and groundwater in general are
interrelated, it is essential that all available data on surface waters

be collected.

Documents on wells and springs. In most &reas to be investigated already

some wells will have beer executed in the past (explcoratory wells for
oil, water wells etc.). If such wells have been drilled or supervised by
governmental services there is a good possibility that well logs are kept
in an archive. In this archive also some date on quality of the water may
be present. Sometimes also the contractor in charge of drilling the wells
will keep an archive. Also springs have sometimes been measured and the
records kept in an archive. Plotting of data on depths of the wells on a
map give additional information, for example about existence of aquifers

and the position of aquitards.
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b.4. Data on borings. Information may be available about the composition of
ground and water, obtained from samples, taken from a borehole. More or
less detailed information can be available about groundwater neads or
-tables, obtained within the framework of different types of investigat-
ions. Sometimes this information is available in the form of isohypses or

time-groundwater head graphs.

c. Published an¢ unpublished studies on the geohydrology of the area. There are
probably only a few areas left in the world which have not been the subject of
some hydrogeological study, how rough and how general it may be. Such studies
may have been carried out by governmental services, or by private companies.
They mey have beer published in a scientific journal, or they may have remain-
ed an internal report. To trace back these studies may be a cumbersome, but
mostly also a worthwhile job. Of course, the investigator should start with a
seaxrch ir the specialized libraries and alsc contact the governmental services
and private firms, known to have executed arn investigation irn the area he is

interested in.

d. Interviews with the local people adbout their means of water supply. Although
visiting the existing means of water supply in the area concerned also could
be reckoned to belong to the field work to be executed, it might be very use-
ful to make already in the preparatory stage of the investigation a visit to
the area. Interviews with the local inhabitants will give much hydrogeological
information. The behaviour of the existing wells and springs as to level and
discharge fluctuations and information about the quality of the water will be
well-known by the users. Furthermore tried and failed attemps to get drinking
water will be remembered. Also it is likely that people can be found who have
remarked natural phenomena which struck them, such as seepage areas Or an un=-
usual vegetational pattern. Moreover, the structure of the uppermost soil

layers will be familjar to the farmers.

5.3. additional field and laboratory investigations

Sometimes it is possible to carry out an investigation with available data. In
nost cases, however, further investigations are necessary, in accordance with the
objectives of the project. In the following the most important categories of geo~

hydrological investigations will be mentioned and shortly treatéd:
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a. Hydrogeology
It may be necessary to complete the geological insight in the area concerned.
This only can be done by a professial hydrogeclogist. However, this expert
should be well aware of the problems tc be scolved, so that he can restrics
himself to the kind of study needed.

Exploratory drillings can be necessary to obtain information about the exis-

tence and position of aquitards and aquifers, and to learn other properties of
aquifers. Drillings are expensive and their sites should be chosen carefully,
so that they later can be converted irn production wells if possible.

1t is pecessary to know whether a layer, found in a boring, forms part of a
more extensive whole, or that it is a solitary lense of limited dimensions.
These questions are to be solved by a geclogist.

Geophvsical survev at the land surfaceor ir boreholes can give additional

infermaticn about the structure and geometry of the various lavers in the
underground.

with all this informatior and, if possible, with groundwater -neac opservations
on different depths, you may try to make a first geohydrological schematiza-
tion of the underground, in order to make the problem accessibie for calcula-

tions.

b, Geohydroliogy

~ Measurement of groundwater levels

With date on groundwater levels, insight can be obtained into the ceohydrologi-
cal structure of the underground (distinguishing agquifers and aguitards) and
into ground characteristics.

~ Determination of ground characteristics

When the geohydrclogical schematization is established, values must be deter-

mined for the ground characteristics cftheditfc:mt.l!yers: to be able to make

calculations.

A certain flow pattern is caused by, among other things, the characteristics of

the underground. Reversely, you may imagine, that out of the flow pattern

irnformation can be derived about the ground characteristics. This can be done

in two ways: .

* Making use of natural existing flow patterns, toc get insight into the magni~
tude of the transmissivity, the hydraulic resistance or the storage coeffi-

cient.
* Generating an artificial, temporary flow pattern, by means of a withdrawal of

groundwater (so-called pumping tests) and measuring the heads, during a cer-

tain period.
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- There are several types of laboratory investigations available to obtain infor-

mation about the permeability of the underground.
* Estimation of the permeability, based on the granular composition of soil
samples.
* Permeameter-tests, making use of Darcy's law (see sections 2.5.3. and
2.5.4.).
In general, the representativity of the results of such investigations is very

limited.

- Discharge measurements of various kinds of surface water which are connected

with the groundwater system to be investigated. In many cases it will be usefil
to draw a water budget of a chosen aquifer system. From this budget the various
flows of water can be estimated anéd thereby also an estimate can be made of the

available resources to be used for drinking water.

c. Gechydrochemistry

Taking water samples and analyzing them to their chemical composition will

make it possible to compose geochemical maps of the groundwater. Such maps may
be of much value for a better insight in the connectior between aguifer

systems, in the flow of the groundwater, iz the kind of sediment composing the
agqui fers etc. Also the investigation of the distridbution of fresh and brackish

wvacter- has to be mentioned here (sampling and geophysical methods).

Summarizing the mentioned categories of investigation, in relation to their

goals, we get the following (rough) scheme:

\
- Geophysical survey T
- Drillings extend, depths,
thickness of
layers
- Groundwater head observations Geohydrological
(on different depths) schematization >
- Geohydrochemical survey description of the
~
total geohydro~
t i
- Analyzing natural flow patterns \' logical situation
-~ Pumping tests SGround characteristics
|
- Laboratory investigations )
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In the following, some important field investigation-categories will be dealt
with in some detail.

5.4. geophysical surveys at landsurface

Geophysical surveys at land ,gnrface forx a relatively quick and inexpensive way -~
if compared with e.g. drillings - to explore the structure of the underground.
That is the reason why geophysical surveys are often applied in the first phase
of an investigation. The methods used, however, mostly require specialized
professionals to execute the soundings and to interpret the results. The hydro-
geclogist nevertheless should know the merits of the methods available and there-
tore we will sketch a few methods used in hydrogeoloov:

a. Geo-electrical resistivity soundings

With the resistivity method normally an electrical current, generateZ by an
artificial source, 1s sent through the underground by means of two current

electrodes at land surface. The resulting electrical potentials are measured

with two other eiectrodes, also at land surface. Combinedwith the strength of

current applied the apparent resistivity of a part of the underground can be
calculated. By varying the distances betweern either the current electrodes

(Schlumberger arrangemen:, see figure 5.4), or both types of electrodes

(Wenner arrangement) different apparent resistivities will be obtained.

‘\ powar N Z (current) displecing the electrodes
resistor

potential
electrodes

{ pol.mlulv) current electrods

I [N Araldarare

Pig. S.4.

The Schlumberger arrangement for resistivity sowndings
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The apparent resistivity depends on the distance between the electrodes,
because of variations in the resistivity and the thicknesses of subsequent
layvers in the underground.

The longer the distances, the deeper the layers involved in transmitting the

electrical current. In this way a curve can be composed representing the rela-

tion between apparent resistivity and d{stance between the electrodes. In

matching the measured curve with theoretical curves, representing various
situations as to thickness, depth and resistivity of layers, the probable
cructure of the underground can be determined.

Three difficulties may hamper interpretation:

= 1. Suppression. Thin layers at greater depth will not become clearly visible
in the measureé¢ curve. Its influence will be suppressed by adjacent
lavers.

- 2. Eguivalence. For a given measured curve not one unigue solution exists,
as generally the combination of thickness and resistivity of a layer wilil
result from the observations. Hence, it may be useful tc have available
the bore-log of a drilling. ‘

- 3. Influence of water cuality. The resistivity of a certain layer is deter-

minecd by both the resistivity of the ground and of the groundwater. It
follows that the resistivity of the groundwater should be knowr if that

of the ground has to be determined,

The resistivity method is very useful in cases where marked differences in the
resistivity of underground lavers exist. Such is the case in alluvial sedi-
ments with an alternation of clay- and sand layers and especially in cases

where both fresh and brackish groundwater are present.

Electro~magnetic methods
With electro~magnetic methods a time-varying low-frequency electro-magnetic

field is generated by a transmitter at land ‘surface. This field will be trans-
formed by any electrical conductor in the underground. A combination of prima-
ry (in-phase) and secondary (phase-shifted) signals is then detected by a re-
ceiver. Interpretation of results will give a clue as to the structure of the

underground. Again, thickness, conductance and depth are important parameters.

. A difference with the resistivity method is that conducting bodies of limited

horizontal dimensions (e.g. buried fractured fault zones) may be more easily
discovered. An advantage is that no walking out of electrodes is needed.
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c. Seismic methods
Seismic methods make use of the properties of ground with regard to the propa-
gation of seismic waves. The seismic waves are generated by explosions or
another instantaneous release of energy to the earth. The arrival of the
various waves is recorded by a number of seismometers or geophones on varjious
distances from the so—called shot point. Interpretation of results will yield
depth and thickness of layers with different elastic properties in the under-
ground.
Seismic methods are not much used ir groundwater expleration, probably because
most layers concerned do not have much differing elastic properties. Onme
application is the determination of the depth of the bedrock underneath soft

sediments.

5.5. measurement of groundwaterheads

The frecuencv of observation of groundwater heads depends on the tvpe of study. In
& reconnaissance survey, a freguency of once or twice a&a month will generally be
sufficient. To obtai- a representative picture of the position of the water tadle
(or head-surface) in the area under study, 2ll the meassurements should as far as
possible be taken on the same date, for exampie, on the 14th and 28th of each
month. If this proves impossible for whatever reason, the water level of the par~
ticular date may, under certain conditions, be estimated by (graphical) interpo-
lation. Ancther possikbility is to use avarage levels over a given period.

If special problems are to be investigated, such as tidal fluctuations, or the
effect of heavy rainfall on the groundwater table, the frequency of measurements
should be increased to, say, once every hour. If possible, an automatic recorder

should also be installed on a representative well.

With regard to the density of the observation network, no general rules can be

given as this depends entirely on the topographical, geologic;i and hydrological
conditions of the area under study, and on the type of survey (reconnaissance,
detailed).

Groundwater flow problems cannot be golved, unless it is known what happens at the
boundaries of the flow system. An observation network must therefore extend some-
what beyond the boundaries of the area under study, so as to determine {Qqualiti-

vely or quantitively) any infliow fram and outflow to adjacent areas.
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For a survey of groundwater levels, observations can be made in:
~ existing (village) wells;

- open bore holes;

-~ observation wells (piezometers):

- surface waters (lakes, sStreams, canals, etc.).

—Yater level measurements can be taken in various ways:

- Wetted tape method: A chain or steel tape (with calibration in millimetres) to

which a weight is attached, is lowered into the pipe or bore hole to below the
water level. The lowered length of chain from the reference point is noted. The
chain is then pulled up and the length of its wetted part measured (this is

facilitated by chalking the lower part of the chain). When the wetted length is
substracted from the total lowered length, this gives the depth to the water

level below the reference point (Fig. 5.5A.).

~ Witk a mechanical sounder, consisting of a small piece of steel oOr copper tube

which is closed at its upper end and connected to a calibrated steel tape or to
a4 chain. When lowered into the pipe it produces a characteristic sound upon
hitting the water., The depth to the water level can be read directly from the

Teel tape Or measured afterwards along the chain (Fig. 5.5B.).

- With an electric water level indicator, consisting of a double electric wire

with two electrodes at the lower ends. The upper ends of the wire are connected
to & battery and an indicator device (lamp, sounder). When the wire is lowered
into the pipe and the electrodes touch the water, the electrical circuit
closes, which is shown by the ipdicator. If the wire is calibrated, the depth
to the water level can be read directly (Pig. 5.5C.).

- With & floating level indicator or recorder, consisting of a float and counter-

weight attached to an indicator or recorder (Fig. 5.5D.).

Recorders can generally be set for different lengths of cobservation period.

They require, however, .relatively wide pipes.

When artesian groundwater occurs (the piezometric level rises above land surface)
the head in observation wells can be measured by means of a flexible tube,
attached to & vertically fixed lath or stick.
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5.6. pumping tests.and well tests

In almost every groundwater survey one or more of the following cround Sharacter-

istics have to be known:

- horizontal permeability kj (m/day):

- vertical permeability k, (m/day);

-~ trangmissivity kH ) (mz/day);

- hyédraulic resistance ¢ (8ay):

- leakage factor Vkie (m):

- storage coefficient S (aimensionless) ;
- porosity p ‘ (dimensionless) .

There are several methods available to determine values of the ground characteris-
tics, but the most rg}iable are pumping tests and well tests. There are many
variants, but the principle is always the same: you withdraw groundwater at &
certain rate from & well which has a screen in the aquifer being tested and you
measure at the same time the effects or the groundwater head. Interpretation will
result, via analytical formulas describing the gove;ning flow problem, into

values for the relevant ground characteristics.
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4, preferably constant, amount of water is withdrawrn from a well, during a
certain pocriod and the changing heads in the observation wells are measured.
Observation wells at several distances of the pumped well have to be available.
These observation wells must have anyhow a filter in the pumped aguifer and by
preference, also filters in bordering layers {(to trace how far the influence of

the test works out in the verticel direction). See also fig. 5.6.

pumped woui
observalion waeills

- 011QInal watertabie

T TN e

deep aquiter

|
|
J

Fig, E£.€.
Set-ur of a pwming test
1n general, it is recommendable to have & boring available which reaches the base

of the aguifer, so that the thickness of the aguifer is known and the permeabili-

ty k. Can be determined fror transmissivity.
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Pumping tests produce the relation between éischarge {yield of the well) and the
resuliing drawdowns on varying distances tc the pumpec well. This relaticn mostly
cbeys an analytical formula (the solution of a differential egquation), depending
or. each specific situation. The analytical solution contains the distance and the
relevant ground characteristics. So, if the discharge Q is known ané also the
drawdowns, these characteristics theoretically can be calculated (see fig. 5.6.).
The analytical formula that holds in a certain situation, and the values of the
ground- characteristics, determine the drawdown on a certain moment at a certain
place, caused by a certain withdrawal.

So you have to design your pumping test (situation of observation wells, fre-
quency of measurements, period of pumping) based on a rough estimation of the
local situaticn and the ground characterastics.

i:‘. the beginring of the test, the drawdown will increase very rapidly, so it is
recommended to measure the heads freguently durinc the £irst hours of the test,
especially in observatiorn wells near the pumpeé well.

We have to pay attention yet to the particular difficulty that you cannot
measure &8 drawdowr in a direct way.

Thne drawdowr is the lowering of the watertable (or the head) with regeri to the
level, that should have occurred if the pumping test had not been carried out

(see fig. 5.7.).

observation well

landsurtace

watertable
measurements | — unp!tected watertable

Ornw&ovm

watertable attected by pumping

C

Pig. 5.7,
"Measuremert” c¢f arawdoun

This level, however, is not a constant level in time, but it is influenced by the

weather (rainfall) or by other disturbing factors (for example other withdrawals
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ir the vicinity, varyinc levels of surface water, etc.). To calculate the ground
characteristics you need drawdowns, caused by the pumping only {(see also fig.
5.8.). Hence, it is necessary to eliminate all other influences. Therefore vou
need a reference well at large distance: the head in this well is allowed to be
influenced by the external influences, but not by the pumping. This head is con-
sidered to be the level as it should occur in the observation wells if no pumping

test was carried out.

:&————-——

wrong 7\ head . without pumping
value of (reterence level)

head drawcown
correct drawdown Ah

Fig. .8

Determingtion ¢f drawdown from ¢ nead-time groph.

Finally, some remarks about the execution of pumping tests have tc be made:

* The discharge of the pumped well bas to be measurec.

* The groundwater heads should preferably be related to a reference level, so that
abs.olute differences ip head in vertical direction can be traced.

* It has to be avoided that the water, discharged by the well, can influence the
head in the pumped aquifer during the pumping test.
So you must transport it, via a temporary pipeline, as far as possible from the
pumping site, preferably out of the influenced area.

* Personnel and equipment should be able to reach the site easily.

* It is recommendable to make a lay-out of the situation, with the different
spots of the observaticbn wells, the distances to the pumped well, the dischar-
ge point and other relevant information (see fig. 5.9.).
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Possitle iayout of o pwmping test.

Well tests

In well tests there are no t_abservation wells available. Only the measured heads
in the pumped well can be used for interpretation. You can carry out a well test
in the same way as a pumping test. In general, the only characteristics you can
determine with a well test, is the transmissivity kH and, at known thickness of
the agquifer H, the horizontal permeability ky Generally, the accuracy of
results will be less than the accuracy of results of a pumping test. However,
carrying out a well test is much cheaper than a purping test, because you don't
need observation wells.,

It is sometimes possible to perform a well test on an existing well, although

conditions may not be as ideal as when wells have been specially drilled for the
purposé.
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Analyzing pumping test data always results in a determination of the transmis-
sivity ki of an aquifer and, if the thickness ¥ is known, also the horizontal
permeability ky. Furthermore a value of the storage coefficient results. For
semi~confined aquifers, it is often possible to calculate a value for the
leaxage factor L. With L and kB you can calculate a value for the hydraulic
resistance ¢, because L = V XHc. To determine values for the vertical permeabili-
ty and the porosity, it is necessary to carry out the test ir & special way.

Within the framework of this course, this is & too complicated subject.

After the pumping test has been completed and all basic informatior has been

collected on well discharge, drawdowns in the various piezometers ang in the

pumpec well, trends cf the natural changes in hvdraulic heacd, et¢., the datamust-he

processed. This comprises in general:

- compiling the data in the form of graphs:

- correcting the drawdown data for changes of the hydraulic heads in the aguifer
not induced by pumping;

- determining the type of aguifer that has been pumpecd.

In the following, we shall deal with one method for analyzing data of pumping
tests in confined and unconfined aquifers (Thiem~Dupuit) and one method for

analyzing well test-data.

The assumptions underlying the methods are:

- The aquifer has 2 seemingly infinite areal extent.

- The aquifer is homogeneous, isotropic and of uniform thickness over the area
influenced by the pumping test.

~ The aquifer is pumped at a constant discharge rate.

~ The pumped well penetrates the entire aquifer and thus receives water from the
entire thickness of the aquifer by horizontal flow.

It will be clear that the first assumption in particular is seldom satisfied in
nature. However, slight deviations are not prohibitive to the application of the
methods. When greater deviations from the above assumptions occur, we come into

the field of special flow problems.
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A. The Dupuit-Thiem method tc analyze pumping tests

Besides the above mentioned assumptions, the following conditions should be
satisfied:
- Flow to the well is in steady state.
Attention should be drawn to the fact that steady state has been defined here
as the situation where variations of the drawdown with respect to time are
negligible, or where the hvdraulic gradient has become constant.
- The aquifer is confined or unconfined, but not semi-confined.
When two or more observation wells are available, the transmissivity of a con-
fined¢ aguifer can be determined with the following formula, (see alsc chapter
3}, which is the solution of the differential eguation, describing the szeady
flow to a pumped well :in an confined aquifzr
When two or more observation wells are available, the transmissivity of a confined
aquifer can be determined with the following formula, (see also chapter 3), which
is the solution of the differential equation, describing the steady flow to a
pumped well in a confined aquifer:
A=mys ry:® steady-stace drawdown at distance r, (m):
3h2, 2 = steady-state drawdown at distance r. (m}:
Q = constaat 11 discharge (ms.day-1h

-1
XH = transmissivity of the aguifer (mz.day e

Substitution of the values of hy h2. Iqr Ty and ¢ into the equatiorn
vields the value for kH.

‘2t

2 c v
vg. S.10.

D

S

pservations needel o ayply ine Dupuit Triem method.
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For uncornfined flow the Dupuit-assumptions, listeéd i1n section 3.5.3, must be
satisfied (among other things, the drawdown should be small in relation to the
thickness of the saturated part of the aguifer; otherwise the assumption, that

the thickness of the aguifer is constant, is no longer statisfied).

E. Analysis of well-test data

Determination of the transmissivity of an aquifer by means of a well test can
take place in cases of horizontal flow to the well-screen. That situation occurs,
when the screen-height eguals or almost equals the aguifer thickness H. In prin-
cipie, this method can be applied for every type of aguifer.
You can get the best results with date, obtained during a short recovery periog,
after a shor: perioé of pumping. (Irn general: a pumping period of approx. 20
minutes ané & recovery-period of the same lencth). Doing so, no problems can
occur with the resistance of the well itself (headé losses cdue tc entrance of the
water into the well), which is a normal phenomenon at weil-tests.
After pumping has been stoppec, the water level in the well will stop falling ané
insvedd, rise again to its original positicr, this being the so-called recoverw
of the well. The rise of the water level can be measured as resicdual drawdown
4§hr, this Is the difference between the original water level prior t¢c pumping
and the actual water level measurec 2t & certain moment t* since pumping stopped

(see Fig. 5.11.).
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Schematic time-drawdowr / residual-drawiown dicgram
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By plotting Ah, (linear scale) wersus t'/t" (on logarithmic scale}, where t’ is
the time since pumping started, and fitting a straight line through the plotted
points, 4m can be determined. 4m is the slope of this line (the difference in

residual drawdown per log cycle of t'/t", see fig. 5.12.). Now, the transmissivi=
ty can be calculated with:

. 2.39
k8 4mAm

/1Y e———

|1 2 |4 |e|aro1 r la lelaroz rz.

°_
\'

3 | e

E ~ .

$ 4 °\\

£ \\

« g S~
S—

e

0

Figc. §.12.

fepresentatior of test results.

A similar method may also be used when the period of pumping has been very long,
for example wher stopping a production well. In that case not the residual draw-
down has to be observed but the rise of head with regard to the level before
stopping. Again, this rise on linear scale should be plotted versus time after
stopping on a2 logarithmic scale (see fig. 5.12) and the slope 4m of the resulting

line determined. The same formula as above may then be used to campute the trans-
missivity kH.
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6.

groundwater development
6.1. water resources in relation to water demand

As a source for public water supply, the use of groundwater has some advantages

above other water resources:

- Groundwater mostly is hygienically safe; it does generally not contain pathoge-
nic germs.

- If groundwater is present, its availability is practically constant through-
out the seasons. No storage facilities are needed.

- Groundwater quality is relatively constant. Notably, the consumers appreciate
the constant and relatively low temperature. But alsc groundwater often has
other favourable properties like absence of suspended material, of colour, of
taste and smell components.

- If present, groundwater mostly will be available near places of demand. No

expensive transport will be needed.

Groundwater also has a few drawbacks. One is that the withd-awal of groundwater
from the underground is relatively complicated, because wells or drains have to
be installed. Another drawback is the mostly limited availability of groundwater,
implying that in cases of high demand - when e.g. used for irrigation or to
supply & big town - the availability of groundwater may quantitatively be insuf-
ficient, In many cases, however, the advantages will outweigh the Arawbacks (see
table 6.1.). If you have to search for water resources to fulfil a given demand,

first you should consider groundwater possibilities.

The question about groundwater resources can be put in two forms:

1. Regional planners, after having established water demands, may ask for the
groundwater resocurces of a complete region, be it a district, a province or
the whole country.

2. The approximate place of withdrawal and the quantity of demand may already be
locally fixed; like e.g. at the water supply of a village.

Both cases represent quite different approaches. On a regiocnal scale first the

general availability of groundwater should be investigated in terms of favourable

and less favourable areas for withdrawal and provisional estimates of total

available amounts. Technical means and the exact costs of withdrawal come at the
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Teble €.1.

Some effects of different sources cf water sipply (rural setting)

source techniques of investment costs of ease of possible
supply costs per operation operation constraints
capita and main-
tenance
seawater desalting plant L asnad Eadasd complicated
or saline
surface solar still Aaaasd Lad simple limited
water capacity
rain dams and topography
water reservoirs St g complicated not suitable
cisterns R + simple limited
capacity
fresh pumping and
surface chemical - -t complicated absence of
water treatment e suitable
pumping and relatively source
slow sand Laad hand simple
filtration
brackish pumping and + + simple limited use
ground- no_treatment
water desalination \aannd hanand complicated
fresh spring no suitable
ground- captation + + simple spring
water available
shallow wells + + simple attraction
of polluted
watexr
deep wells -+ =+ relatively upconing of
complicated brackigh
watey
+++++ very high +++ moderate + very low

++++ high

++  low
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second place. On a local scale often the prasence of groundwater has already been
established; now the investigation should focus on the design of the best solut-
ion to withdraw groundwater (e.g. by shallow wells or by deep wells), including
the conseguences of withdrawal. The best solution comprises costs of withdrawal,
transport and expected treatment of the groundwater. Consequences of withdrawal
may be defined in the form of drawdowns and changes in flow, to be interpreted
with regard to other interests involved in groundwater. In the following chapters

we will give some indications as to the set-up of both types of investigations.
6.2. regional groundwater development

6.2.1. introduction

The availability of groundwater On a regional scale is related to & number of
regional properties of groundwater:

- the groundwater reservoir;

- pnatural and artificial recharge:

- meximum vield of groundwater;

- technical, environmental and economical constraints to withdrawal:

- optimum yield of groundwater.

Hereafter we will define more in detail what is meant by these expressions and

what their relation is to the availability of groundwater.

622. the groundwater reservoir

The groundwater reservoir in a given region at a given time is the total volume
of water present in the underground of that region at that time. The upper limit
of the reservoir is landsurface and the lower limit is the depth where the rocks
40 not contain any water anymore. No further distinction is made e.g. between
groundwater in aguifers, agquitards or aguicludes. Generally, you will f£ind it
difficult to determine the exact volume of the groundwater reservoir; mostly the
porosity and the depth of deep water containing layers are unknown. Often, how-
ever, the deeper layers are less interesting as they contain brackish or saline
groundwater not taking part in the hydrological cycle. More important is the

fresh groundwater reservoir.
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The lower limit of the fresh groundwater reservoir i{s the interface between fresh
and brackish groundwater (where the chioride content = 600 mg/l C17). The fresh
groundwater reservoir has the following characteristics:

- Ir a natural situation the fresh groundwater reservoir will seasonally fluc-
tuate around a constant average value. Over longer periods the recharge and
discharge of the reservoir will be in equilibrium {the storage component in the
water balance is zero).

- The volume of the fresh groundwater reservoir may take very high values if
thick non-consolidated layers are present. Sand tér example has a porosity of
about 0.35, tmplying that every m of sand saturated with water will contain
0.35 m> of water. An area of only 1 xm2 with a sand layer of 10 m thick will

thus contain 3.5 million 23

of water.

For the withdrawal of groundwater you may take two positions concerning the £fresh

groundwater regervoir:

1. Apart from a small initial change the volume of the reservoir is kept unchang-
ed (groundwater as a continuously renewed resource).

2. A more or less large part of the withdrawal comes from a continuous reduction

in volume of the fresh groundwater reservoir (mining of groundwater).

The 2irst option implies thad groundwater withdrawal cannot exceed the sum cf
natural and artificial recharge. Hence, there is a maximum to withdrawal. On the
other hané the period of groundwater pumping is unlimited. In the second case,
when groundwater withdrawal continuously reduces the volume of the fresh ground-
water reservoir, the groundwater is mined. The resource will be depleted after a
given time and the pumping bas to be stopped. It will only in exceptional cases
be justified to mine groundwater. 1f possible, you should always strive at main-
taining the fresh groundwater reservoir. In that case the reserveir only has a
buffering capacity, influencing groundwater quality and hydrological effects of
withdrawal, but not directly the amount of withdrawal.

6.2.3. natural and artificial recharge

Depending on its place in the hydrological cycle each groundwater reservoir has a
certain recharge and an, averagely, equal discharge. Recherge and discharge are
flows of groundwater to be expressed irn volume per time (e.g. m3/yea.x)- For a
given area the recharge may also be expressed in terms of a continuocusly renewed

water layer (e.g. ir mz/year).
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Recharge is the total of all inflowing water, which may come from above or from

aside. Three main types of recharge can be distinguished.

1. Groundwater receives recharge from above. because part of the rainfall perco-

lates downward. The area concerned is a recharge area.

Fic. €.1.
Recharge From above

Horizontally more groundwater flows out of the area than into it. The water-

balance has the form:

P-E~R= Qout
(P = precipitation, E = evapotranspiration, R = surface runoff and Qout -
discharge by horizontal groundwater flow).

2. No recharge comes from above, but groundwater receives recharge because of an
incoming horizontal groundwater flow. Two situations may occur. The first is
that groundwater is discharged by only horizontal groundwater flow. The under-
ground only acts as a4 transport means for groundwater. Mostly, confined aqui-
fers are concerned. The water balance simply is:

.. =0

in out

In the second case groundwater is also, or exclusively, discharged by upward
groundwater flow (seepage), to be drained away by brooks or other surface
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water. The area is a discharge area and the water balance has the form:
=D )
Qin (*Qout

(D = upward seepage, being drained away).

Q out

Fig. €.¢.

Borizontel transpor:

3. Groundwater receives recharge from :nfiltrating rivers of lakes or other surf-
ace water and is discharged by either horizontal outflow, or upward seepage,
or both. In such cases the level of river water should be higher than ground-
water heads in the Adj;cent valley, a situation which scmetimes occurs near

the moutq: of rivers.

Frg., 6.2.
Recharge from rivers to discharge areas

Mostly if groundwater is recharged by rivers it cannot be fed by rainfall,

because the areas concerned will be discharge areas with upward groundwater
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flow. The water balance has the form:

= + D
river Qout

Q

i ; i t
(invex = infiltration from river bed Qout = horizontal groundwater

outflow and D = upward seepage).

The above water balances hold for natural situations. In all three cases the re~
charge can be increased by artificial means. In recharge areas an additional re-
charge can be induced by bringing surface water to the area and forcing it to in-
filtrate intc the scil. In aquifers where only horziontal groundwater transpor:
occurs, additional water may be introduced by recharge wells. Near rivers the
groundwater heads may be lowered artificially, thus inducing an increased rechar-
ge. The aim of artificial recharge is to increase the possible groundwater with-
drawal, without reducing the groundwater reservoir. Surface water temporarily is
given groundwater properties, so that increased withédrawal benefits from an im~

proved guality.

6.2.4. maximum groundwater withdrawa! and constraints

Under «the assumption that the groundwater reservoir remains intact the maximum
groundwater withdrawal should not exceed the sum of natural plus artificial re-
charge. The natural recharge is given for any given area, but algo artificial re-~
charge has an upper limit depending on the hydrogelogical situation (e.g. because
the percolation capacity of the soil is limited). Hence & certain maximum exists
to the groundwater withdrawal in a given area.

In practice, artificial recharge will only be applied in special cases. Normally,
the maximum groundwater withdrawal is related to the natural recharge only. If
all discharge takes place via groundwater abstraction, natural discharge is zero.
This thecretical maximum withdrawal generally cannot be realized in practice. A
number of constraints will reduce the groundwater available for withdrawal. Three
major types of constraints exist:

- a. technical constraints;

- b. environmental constraints;

- c. economical constraints.
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a. Technical constraints. Groundwater has to be withdrawn by technical means like

wells, drains, etc. It follows that the geohydrological situation must be
suitable to install such intakes. Cases can be imagined where only in part of
the area concerned groundwater intakes can be placed and that in the remaining
part still & large natural discharge of groundwater occurs. Another technical
constraint results from the presence of brackish groundwater. In abstracting
fresh groundwater the flow pattern is disturbed and thereby brackish ground-
water may entexr the intakes. To avoid the attraction of brackish groundwater
the yield of fresh water has to be reduced to values smaller than recharge.

b. Environmental constraints. Fresh groundwater generally forms ar active part of

the hydrological cycle. Many human activities deﬁend on the hydrological cycle
like agriculture, watering of arimals ané fishery, to mention only a few. If
the hydroiogical cycle is forcedly chanced by groundwater abstractior, other
interests may be damaged. The rate of damage will determine the importance of
the constraint exertec on groundwater withdrawal.

c. Economical constraints. The economical constraints related to groundwater

withdrawal follow from the effor:is needed to transform groundwater of given
qualizy at 2 given place into drinking water of a desired quality at the place

of demand.
In the practical situation the optimum withdrawal of groundwater resources can
only be a part of the recharge. In The Netherlands for example, groundwater with-

drawal is taken to be maximally about 308 of the average recharge.

Optimum groundwater withdrawal in critical situations

Which strateqgy should you apply if you had to decide on the sources of wvater
supply to fulfil a given demand in & given area? At first look the answer seems
to be quite simple. Hydrogeological and geohydrological investigations should
reveal the volume of the fresh groundwater reservoir and its average recharge.
Places suitable to install groundwater intakes also follow from such an investi-
gation. Somewhat more detailed geohydrological investigations should indicate
technical constraints - like presence of brakisch groundwater - to withdrawal.
Econamical constraints follow from @& comparison between requirements of demand
(place and quality) and expected conditions of withdrawal. A determination of
environmental constraints is yet needed and then you may compare the most favour-
able way of groundwater withdrawal with water derived from other types of water

resources.
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Indeed, in & non-critical situation where demand forms only a tiny part -« say a
few percent ~ of recharge you may simply succeed in this way. Technical con~
straints mostly will take a simple form in such cases. Moreover, environmental
agspects will mostly have a small impact as the disturbance of the hydrological
cycle is small. Hence, the problem reduces to & mere economical comparison of

alternative possibilities to be solved by relatively simple methods.

The decision becomes complicated in & critical situation where water demand re-
presents a large part of natural groundwater recharge in the area concerned.
Firstly, in such cases the technical constraints generally will be complicated
(quality changes by withdrawal, large drawdowns etc.). The investigations to
determine technical consiraints therefore will be time - and money - consuming.
This aspect adds to the economical constraints and furthermore an element of un-
certainty comes intC scene. Ever more uncertainty accomperies the environmental
consequences, for large withdrawals mostly not to be negelected. In the first
place the environmental effects of a significant disturbance of the groundwater
part of the hydrological cvcle are mostly ingufficiently known. But even if an
estimate can be made it will contain a number of immeasurable components (e.c.
damage to natural reserves). The resultino problem mog:tly has to be solved by a
political decision, hot to be taken by technicians alone. We will end here with
the remark that the general problem of the optimal groundwater withdrawal in cri-

tical situations still is the subject of much research.
6.3. groundwater development on local scale

6.3.1. introduction

In fact most considerations mentioned for regional problems also hold for the
local development of groundwater resources. Only the approach is different, if
you have to supply groundwater to one given village or town. You need not start
with an estimate of groundwater recharge. More important are the technical,
environmental and economical aspects of withdrawal. Subsequently, you have to
deal with the following items:

- Selection of the exact site of the wells, or the well fields.

- Design of the water intake structures.

- Estimation of the environmental impact.,

- Determination of groundwater quality and possible changes after pumping.
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From the considerations underlying this investigation, it automatically follows

whether withdrawals remain within the limits of recharge or not.

6.3.2. site selection of wells or well fields

Before you can make a choice, regarding the site of the future groundwater in-
take, you need a rough insight in the geohydrological structure of the under~-
gtaﬁnd at and near the place of demand. Sometimes the inventory of available data
will already give you this insight, or else vou neec an additional reconnaissance.
Geophysical soundings will be of much help in this phase of investigation, as

they rerresent a relatively cheap and fast method to collect general information.

At the selection of & number of alternative sites for the future water withdrawal

<he following selection criteria play a role:

- a. The underground should allow for installazion of water intake structures,
preferably drilled wells, or else dug wells or drains or the like.

= b. The layers to be purped should contain groundwater of an acceptable guality,
which expectedly will not significantly change after long~time pumping.

- ¢. The distance between withdrawal and places of demand should be as close as
possible to reduce transport.

= d. No site should be chosen such that a large environmental impact of withdraw-

al can be expected.

The above selection criteria give rise to some additicnal remarks:

a. Possibility to install water intake structures

Generally to withdraw groundwater, permeable layers are needed. In aquifers
with a thickness of more than a few metres and consisting of sand, drilled
wells generally represent the best technical solution to withdraw water. Dril-
ling can be done by hand if the agquifer is shallow, or else you need a drilling
rig. The drilling method should suit the type of underground (percussion drile
ling for hard rock, rotary drilling for soft rock). Sometimes no extensive
fresh agquifer exists; the water has to be drawn from thin layers with fine
silty sand, or from a thin layer of fresh groundwater floating on brackish
groundwater. Drains are well suited, where a thin layer of fresh groundwatar
has to be skimmed. The yield per unit length may be low, but the total capa-
city may be sufficient. Normally, drains are installed at shallow depth in a

trench, dug from lanéd surface. In-exceptional cases the drains may be installed
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in tunnels, dug from a central shaft. Drains are more expensive than drilled
wells. They shouléd only be used if no drilleé wells can be applied. Dug wells
have, due to & much larger diameter, a higher specific yield (yield per meter
drawdown per meter screen length) than drilled wells. Therefore they car some-
times be used in thin and less permeable layers in cases of small demand;

their total yield mostly will be small.

Groundwater cuality to be expected

Groundwater quality at the selected sites should be known, either by previous
observation or else by analysis of samples. Groundwater guality may deteriora-
te by pumpin;g. Examples are attraction of brackish groundwater, or of polluted
water from above. Prefarably the site of withdrawal should be upstream of
sources of pollution. Clearly you will come into trouble if you install a

shallow well very near to e.G. a sanitary latrine.

Distance between withdrawal and place of demand

Some transport of the groundwater pumped will always be necessary. At larger
distances, however, transport costs will become predominant irn the total costs
of the water delivered. Only after careful examination of transSport costs ver-

sus other arguments you should choose a more far-off site.

Environmental impact of withdrawal

Especially the larger withdrawals mostly will have some environmental impact.
Sites where 2 large influence on other interests can be expected, should be
avoided.

6.3.3. design of pumping wells

6.3.3.1. general

In 99 out of 100 cases the intake structure for groundwater abstraction will con-

sist of a drilled well. Therefore we will discuss in some detail the design of

drilled pumping wells. The main elements of a drilled shallow well are shown in

figure 6,4. Deeper wells to be provided with a mechanical pump, either of a

suction type (pump at the surface) or of a pressure type {(deepwell pumps or

underweter pumps) will essentially show the same characteristics.
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In the following the possible causes of failure of a well will be treated and how

tc evoid them. Some common Cases %O be encountered can alrsady shortly be

mentioned:

a.

Wrong screen implantation. The pump gives only a small amount of water becauge

the filter is not placed in a water bearing layer.

Clogging of the screen. The well does not yield water after some time because
the screen has been filled with sand and silt.

Too low water levels during part of the year. Due to the variation in ground-
water level during the year the suction height of the pump may become too large
80 that no water can be withdrawn. ln other cases the water.lavel may even drop

below the screen.

Bad quality of the water. The water pumped is not used by the potential
consumers because of its bad taste or smell. Even more dangerous is a pollut-
iorn with pathogenic organisms, because they mostly will not be recognized by the

users of the well,
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e. Corrosive action of the groundwater, leading to an increased deterioration of

the whole structure.

Of all the aspects pertaining to drilled pumping wells, we will only treat a few,

neamely construction of the well, drawdown in the well and the yield of wells.

6.3.3.2. construction of the well

The screen and the flow pipe are mostly placed in a borehcle with a somewhat
larger diameter. It is important that the non-screened parts of the borehole be
filled up with less permeable marerial {clay) in order to prevent downward soak=-

ing of polluted water fram land gurface.

A more complicated problem is formed by the desigr of the proper well screen and
its surroundings. It is by no means sure that even in the best aguifer anv screen
will do. On the contrary, the chance of a quick clogging of the screen will be
great if no care is taken to adjust the screen coanstruction to the sandy acuifer
concerned. Moreover, when the aguifer contains an appreciable f£raction of finer
material (fine sand and silt) a gravel packing arouné the screen is necessary to
avoid a sand- or mudpumping and ultimately a non-yielding well. A gravel pack has
to consist of carefully sieved very uniform quartz sand or gravel. Anyhow the
application of a gravel packing will increase the yield and the life-time of
every well., However, the installation of a gravel pack is expensive (because a
large borehole is needed and the gravel material is expensive in itself) and
great care should be taken for proper execution. The following rules can be
followed at the design of & well screen without or with a gravel packing and sub-
sequent development of the well.

a. Non-gravel packed or naturally developed wells.

To determine the size of the well screen slot, when no gravel-packing is
applied, a sieve analysis of a repregentative sample of the aquifer material
has to be carried out. For such a sieve analysis a set of sieves with various
widths of the opening is necessary (such sets of sieves are commercially
availadble). The sample is first sieved through the gieve with the largest
openings and the quantity of sand retained on the sieve is noted. Thereafter
the sieve with the second largest opening is taken, the result noted and so

on. With the results a sieve analysis graph can be composed. The diameter of
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the sieve openings and the percentages (in weight) of the total sample, re-
tained or each sieve give a point in the graph (see fig. 6.5.).

The smooth line connecting all the points is called the sieve-curve. The size
of the screen opening is now selected such that the screen will retain from 40
to 50 percent of the sand of the aquifer. Or, with other words, 50 to 60 per-
cent of the surrounding aquifer particles will pass the screen during develop-
ment of the v'cll (see hereafter). For the example of fig. 6.5., a screen with

openings of 1 mm would be appropriate for curve a.

100%
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Pig. 6.6,
Example of a sieve analysis graph. .
Curve a represents coarse sand, gravel packing is not necessary.

Cwrve b represents fine sand, gravel packing is necessary.
Note: Sometimes it is useful to plot the sieve openings on a semi-

logarithmic scale.

The sand with curve a of £ig..5is composed of relatively coarse material. For
finer grains a smaller slot size is necessary. However, it is not advisable to
use slot sizes smaller than 0.5 mm as then the danger of clogging by chemical
incrustation or bacterial growth becomes too great. Therefore, in aquifers
consisting of fine sand a gravel pack is needed.

Wells where a gravel pack is applied.
The sand represented by curve b in £fig.6.5is too fine for a well without a
packing. The gradation of the packing material should be determined such that



m

only a minor percentage (usually 30% is taken) of the agquifer material can
pass through it. This aim is reached when the smallest grains of the gravel
pack have a diameter which is 4 to 5 times the diameter of the largest grains
of the above 30V of aquifer material, which is allowed to pass the pack: in .
figb.5this diameter is represented by the 70% retained percentage. Hence, for
the example of curve b the smallest fraction of the gravel pack should have a
diameter of 0.5 mm. All of the gravel pack should be retained by the screen
slots, so the slot size shoulé be also 0.5 mm. In case of a very fine sand it
may be necessary that between the screen and the first gravel pack a second
gravel pack is applied to avoid that the slot size would become too small. How-
ever, the thickness of the total gravel pack should not exceed 8 inches,

whereas the lower limit is & thickness c¢f 2 inches.

5. Development of the well.
Maximum benefit from arn installed well is only cbtained if the well is proper-
ly developed. For a non-gravel-packed well, development may ever be considered
& necessity. Development consist of pumping the well, by a special pump, first
with a small capacity (say 20% of the expected discharge during use) and then
with a stepwise increasing capacity, till the capacity is some 1.5 times the
expected capacity. If possible, every now and then the flow of water should be

reversed. The results of such development will be (see also fig. 6.6.):

1. Correction on damage or clogging of the aquifer resulting froam drilling
methods (sometimes a mudcake is formed alongside the borehole with rotary
drilling methods).

2., Increase in porosity and permeability of the aquifer in the surroundings of
the well. .

3, Stabilization of the sand around the screen or the packing, so that the

well will not yield sapd or mud during exploitation.

T TIReec B8 o = inside screen, b = screen slot, ¢ = gravel packing,

aquifer material without fine particles,

ﬁ?g
383588
i
Q,
"

unattained part of aquifer

©
"

Fig. 6.6,
The result of development
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6.3.3.3. drawdown in the well

The drawdowr. in pumped wells mainly comprises two components, the first resulting
from the geohydrological situation in the surroundings of the well and the second
from the resistance to water flow of the well construction itself. You can derive
the drawdown induced by the geohydrological situation by the methods proposed in
the chapter on Fundamentals of groundwater flow.

The appropriate formula mostly will have a form like:

Ah'yﬂgﬁ . W)

{(Ah = drawdown, Q = well discharge; kE = transmissivity:; W(u) the appropriate
well function, dependent on a.o0. distance to the well).

By substituting the radius of the well - the radius of screen plus packing ~ vou
will Zind t.hé drawdown holding for the outer diamezer of the well. To this value
first the drawdowns caused by other wells in the vicinity and determined with the
same formula should be added. Thereafter a drawdown caused by well resistance

should extra be added to find the ultimate drawdown in the well.

The well resistance mainly depends on two factors, namely the rate of penetration
of the well in the acuifer and the occurrence of friction losses in packing, well
screer and flow pipe. A well is partially penetrating if not the full haight of
the aguifer is screened - ct‘ thick aguifers a cost reduction results fram partial
penetration. Partial penetration causes curvilinear flowlines near and underneath
the well and hence an additional drawdown. Formulas exist to describe this
effect, depending on well discharge and on geometrics of penetration. Contrarily,
you cannot determine the resistance due to friction losses beforehand; it largely
depends on the actual construction of the well. Therefore you need a well test in
whick after some (say four) hours of pumpinc the well discharge and well drawdown
are observed and the specific yield of a well is determined. The specific yield
is the drawdown per unit discharge per full well or alternatively per one metre

of the screen after some (4) hours of pumping.

Normally at the start of pumping the drawdown caused by friction losses will be
much smaller than the drawdown caused by the geohydrological conditions. After

prolonged pumping, however, the resistance of the well may increase due to clog=-
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ging of the packing or the screen. Clogging may, apart from attraction of mud and
other fine particles, alsc be caused by chemical or microbiclogical processes.
These last causes carnot always be prevented. Then a dangerous situatior occurs
as it may be expected that clogging will continue at’ an ever faster rate. In case
of clogging a number of regeneration methods have been developed, dependent on
the type of clogging. These methods, however, are expensive; in severe cases it
will even be better to abandon the well. An increase of the well resistance may
be observed whern an observation screen is available in the gravel packing. An
increasing difference in drawdown between ﬁhe observation well and the pumping

well gives an indication as to increasing well resistance.
6.3.3.4. the yield of wells

To determine the maximum yield of wells you may use two criteria:
- 1, The inflow velocity at the screen.

-~ 2, The drawdown in the well,

In the past sSome investigators have tried to establish a relation becween inflow
velocity, permeability of the aquifer and clogging of the well bv fine particles.
As a result they have proposed formulas where the maximum inflow velocity and
hence the maximum well diacharge are a function c¢f permeability of the aguifer.
In later years, however, other investigators discovered that at a proper design
and execution of the well construction practically never a clogging with fine
particles will occur. On the other hand, other types of clogging might alsc be
related to inflow velocity. Not enough field studies have been done, however, to

establish & design criterium.

The maximum drawdown to be allowed in the well depends on each particular situa-

tion. Examples as to the drawdown in the well being 2 limiting factor are:

~ a. In cases where a suction-type pump at land. ‘surface (e.qg. a suction handpump)
has to pump the water, the suction height should not exceed theoretically
10 m, but in practice not a depth of 6 to 7 meters. Hence the groundwater-
level in the well should not drop beyond € to 7 m below the pumphouse. In
many situations the average level in the well already may be some metres be~
low land surface and furthermore seasonal fluctuations of another 2 to 3
meters may occur. Hence, not much additional drawdown due to pumping can be
allowed in such cases. A practical consequence is that in using a suction
type pump, you must be well aware of the lowest possible water level to occur

in the well.



- b. The wate:llevel in the well should not dror to a lower level than the place
cf the opening of the pump if an underwater pump is useé or else the pumpwill
attract air ané possibly get damaged. Especially in shallow aquifers the
pump opering may have a relatively high position. Hence, you should also
bere take good care of the lowest possible water level in the well under
extreme conditions. You may choose the sclution to locate the underwater
pump within the well screen to gain some depth. This situation, however, has
the drawback that part of the well screen may temporarily fall dry. In some
cases this will lead to an ever increasing chemical clogging of the well.

- c. 1f & partially penetrating well is located above a brackish water body in
the same agquifer, the drawdowns in the well should be limited to about half
the original distance between the base of the well and the top of the brack-
ish water, to avoid upconing. Elaboration yields the maximum discharge of

the well concerned.

6.3.4. estimation of the environmental impact of pumping groundwater

wWithdrawal of groundwater affects the hvdrological cvcle and thereby it may have

consequences for other interests involved with groundwater. Generally one or more

of the followinc effects may result fran pumping:

- a. lowering of the groundwater head in the vicinity of the well may affect the
yield of other wells. Shallow (dug) wells may fall dry; freeflowing artesian
wells may stop flowing: in wells with a suction pump the suction height may
exceed 6 to 7 m.

~ b. lowering the phreatic groundwater level may cause damage to agricultural
crops ©or the natural vegetation, if they, in d4ry seasons, also have to rely
on groundwater. This situation only occurs at shallow groundwater tables
where the roots of plants can reach the capillary fringe above the phreatic
level.

- ¢. lowering of groundwater heads will result in an increase of grain pressure
and thereby may result in a significant compactior of soft groundlayers and
notably peat and clay. Compaction or consclidation of the underground will
cause land subsidence. Cases can be cited where land subsidence due to
groundwater pumping took excessive forms (Mexico City, Venice).

~ d. A decrease of natural groundwater discharge will cause a decrease in the
discharge of natural springs, brooks and smail rivers. This decrease will be
felt by other uses of the surface water concerned, amongst others by a deter-

ioration of water guality (less dilution’.



115

If follows that you should obtain first a detailed insight in the changes of
groundwater head in the vicinity, not only in the aquifer itself but also in
superimposed layers, to estimate the environmental impact of groundwater with-
drawal. Especially the determination of drawdowns in a multi-aquifer system will
cause trouble. As already has been stated, even more difficulties arise at the
evaluation of environmental changes due to the lowering of head. Nevertheless an

attempt shouléd be made.
6.3.5. changes in groundwater quality

Due to groundwater pumping the groundwater flow field will change. Hence ground-
water having an undesired guality may be attracted by the wells concerned. We
already mentioned the case of an upconing of brackish groundwater from deeper
layers. Special attention should also be given to the possible attraction of
polluted water froxr above. To this end you have to determine direction ané rate
of flow. In practical cases you may use simplifying, but safe, assumptions to
define a protection zone around the well or the well field based on residence
times. In such zones no polluting activities, eventually causing a deterioration

of groundwater quality, should be allowed.
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appendix A

Conversion factors for some much used units in (geo)hydrology according to ISO

standards
Length (alsc depth’ of rainfall or evapotranspiration)
Inch 1 in. = 0.0254 » = 25.4 mm
Foot 1 gt = 12 ip = 0.3048 m = 304.8 mm
Yard 1 yd. = 3 ft = 0,944 m
Mile 1 mile = 1609 m = 1,609 km
Ares
Acre 1 acre = 4047 m2
Volume
Liter 11 « 0.009 m3
U.S. gallon 1 U.S. gallon = 3.7851 = 0.003785 m3
Imperial gallon 1 Imp. gallon % 4.5461 = 0.004546 m>
Temperature
Degrees Celsius a °c = (a + 273.15)K
Degrees Fahrenheit b °F = (b~32).5/9 °C = (5/9b + 255.37)K
!2_3_3_
Pound 1 1b. = 0.454 kg
Ounce 1 oz. = 0.,02835 kg
Grain 1 gr. - 0.0648.10"° kg
Weight (force)
Kilogramforce 1 kgf = 9,8 N (Newton)
Poundforce 1 1bf = 4.5 N
Pressure
Newton/meter? 1 N/m? = 1 Pa {Pascal)
Atmosphere 1 atm. - 1.013.105 Pa
Meter water column 1 m.WeCs = 9806.65 Pa



Cubic metre per hour
Cubic feet per second
Imp. gallon/day
U.S. gallon/day

Meter/day
U.S. gallon/day/fcet2
Imp. gallon/day/teet2

Meterz/day
U.S. gallon/day/feec
Imp. gallon/day/feet

Part per million
Part per billion
Grain per gallon

Discharge
1 m3/m

1 cfs

1 1.G.D.

1 U.5.G.D.

Velocity (flow density,

1 m/day
1 U.S. gnl/day-ft2
1 Imp. gal/day-ft2

Transmissivity

1 mz/dey

1 U.S. gal/day-ft
1 Imp. gal/day-£:

Warer quality
1 pepem.
1 pepeb.
1 gr/U.S. gal

26 m3/aay = 3.777.107%

28.3 1/ = 0.0283 m3/s
5.262 m3/s
4.381 n3/s

hydraulic conductivity)
1.157.107° /s
4.716.10 m/s
5.663.10° w/'s

1.157.10"° p2/s
1,437,107 m2/s

-7
1.762.10° mé/s

1 mg/l = 1 g/m3
1 ug/l = 0.001 g/m3
17.1 mg/1 = 17.1 g/m3

m3/s

17
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appendix B
Fur<her reading

1. BEAR, J.
Dynamics of fluids in porous media

American Elsevier Environmental Science Series. New York, 1971.

2. DAV1S, S.N. and R.J.M. DE WIEST
Bydrology
New York, Wiley, 1966.

3. GROUNDWATER and WELLS
K reference book for the water-well industry

Published bv Edward E. Johnson Inc. Saint Paul, Minnesots.

4, Guide to Hydrometeoroclogical practices
worlé Meteorological Organization

wW.X.0., No. 1686. T.P. B2,

5. HEM, J.D.
Study and Interpretation of Chemical Characteristics of Natural Water

C.$.G.S. Water Supply Paper no. 1473, 1970.

6. HUISMAN, L.
Groundwater Recovery

MacMillan, 1972.

7. KRUSEMAN, G.P. and RIDDER, K.A. de
Analysis and evaluation of pumping test data
International Institute for Land Reclamation and Improvement (ILRI)
Wageningen, 1970
Bulletin 11,

8. PRICKETT, T.A.
Modelling techniques for groundwater evaluation
In: Advances in Hydroscience; ed. by Ven Te Chow, New York, Academie Press,

1€75, Vol. 10, p. 1=143.



10.

11.

12.

13.

14.

STEADY flow of groundwater towards wells; Compiled by the Bydrological
Colloquium, The Bague, Committee for Bydrological Research TNO, 1964
Proceedings and Informations No. 10.

SURVEYS and lnvestigations

Edited from: lecture notes of the International Course on Land Drainage
wageningen, ILRI, 1974

Drainage principles and applications, Publication 16, Vol. III.

TELFYORD, W.M., GELDART, L.P., SHERIF and KEYS, D.A.
Applied Geophysics
Cambridge, University Press, 1976.

TREORIES of field drainage and watershed runoff.

Edited from: Lecture Notes of the International Course on lLand Drainage.
wWwageningen. ILRI, 1973

Drainage principles and applications, Publication 16, Vol. II.

VERRUIJT, A.
Theory of Groundwater Flow
MacMillan, 1970.

WALTON, W.C.
Groundwater Resource Evaluation
neGraw-Hill, 1970.
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