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1.1 Introduction 
 

Groundwater is water that exists in the pore spaces and fractures in rocks and sediments beneath the 
Earth’s surface. It originates as rainfall or snow, and then moves through the soil and rock into the 
groundwater system, where it eventually makes its way back to the surface streams, lakes, or oceans. 

 
 Groundwater makes up about 1% of the water on the Earth (most water is in oceans) 
 But, groundwater makes up to 35 times the amount of water in lakes and streams. 
 Groundwater occurs everywhere beneath the Earth’s surface, but is usually restricted to 

depth less than about 750 meters. 
 The volume of groundwater is equivalent to a 55-meter thick layer spread out over the 

entire surface of the Earth. 
 Technical note: Groundwater scientists typically restrict the use of the term “groundwater” 

to underground water that can flow freely into a well, tunnel, spring, etc. This definition 
excludes underground water in the unsaturated zone. The unsaturated zone is the area 
between the land surface and the top of the groundwater system. The unsaturated zone is 
made up of earth materials and open spaces that contain some moisture but, for the most 
part, this zone is not saturated with water. Groundwater is found beneath the unsaturated 
zone where all the open spaces between sedimentary materials or in fractured rocks are 
filled with water and the water has a pressure greater than atmospheric pressure.  

 
To understand the ways in which groundwater occurs, it is needed to think about the ground and the 
water properties. 
 

  Porosity, which is the property of a rock possessing pores or voids. 
  Saturated and unsaturated zones. 
  Permeability, which is the ease with which water can flow through the rock. 
  Aquifer, which is a geologic formation sufficiently porous to store water and permeable 

enough to allow water to flow through them in economic quantities. 
  Storage coefficient, which is the volume of water that an aquifer releases from or takes into 

storage per unit surface area of aquifer per unit change in the component of area normal to 
surface. 

 
 

1.2 Origin of Groundwater 
 

The origin of groundwater is primarily one of the following: 
 
 Groundwater derived from rainfall and infiltration within the normal hydrological cycle. This 

kind of water is called meteoric water. The name implies recent contact with the 
atmosphere. 

 
 Groundwater encountered at great depths in sedimentary rocks as a result of water having 

been trapped in marine sediments at the time of their deposition. This type of groundwater 
is referred to as connate waters. These waters are normally saline. It is accepted that 
connate water is derived mainly or entirely from entrapped sea water as original sea water 
has moved from its original place. Some trapped water may be brackish. 

 
 Fossil water if fresh may be originated from the fact of climate change phenomenon, i.e., 

some areas used to have wet weather and the aquifers of that area were recharged and 
then the weather of that area becomes dry. 
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1.3 Groundwater and the Hydrologic Cycle 
 

 The hydrological cycle is the most fundamental principle of groundwater hydrology. 
 The driving force of the circulation is derived from the radiant energy received from the sun. 
 

Water evaporates and travels into the air and becomes part of a cloud. It falls down to earth as 
precipitation. Then it evaporates again. This happens repeatedly in a never-ending cycle. This 
hydrologic cycle never stops. Water keeps moving and changing from a solid to a liquid to a gas, 
repeatedly.  

 
Precipitation creates runoff that travels over the ground surface and helps to fill lakes and rivers. It 
also percolates or moves downward through openings in the soil and rock to replenish aquifers 
under the ground. Some places receive more precipitation than others do with an overview balance. 
These areas are usually close to oceans or large bodies of water that allow more water to evaporate 
and form clouds. Other areas receive less. Often these areas are far from seawater or near mountains. 
As clouds move up and over mountains, the water vapor condenses to form precipitation and freezes. 
Snow falls on the peaks. Figure 1.1 shows a schematic representation of the hydrological cycle. 
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Figure 1.1   Schematic Representation of the Hydrological Cycle 

 
In recent years there has been considerable attention paid to the concept of the world water 
balance, and the most recent estimates of these data emphasize the ubiquitous nature of 
groundwater in hydrosphere.  With reference to Table 1.1, if we remove from consideration the 94% 
of the earth’s water that rests in the oceans and seas at high levels of salinity, then groundwater 
accounts for about two-thirds of the freshwater resources of the world. 
 
 

Table 1.1   Estimate of the Water Balance of the World  
Parameter Surface area 

(Km2)*106 
Volume 

(Km2)*106 
Volume 

(%) 
Equivalent 
depth (m)* 

Resident time 

Oceans and seas 
Lakes and reservoirs 
Swamps 
River channels 
Soil moisture 
Groundwater 
Icecaps and glaciers 
Atmospheric water 
Biospheric water 

361 
1.55 
< 0.1 
< 0.1 
130 
130 
17.8 
504 

< 0.1 

1370 
0.13 

< 0.01 
< 0.01 
0.07 
60 
30 

0.01 
< 0.01 

94 
< 0.01 
< 0.01 
< 0.01 
< 0.01 

4 
2 

< 0.01 
< 0.01 

2500 
0.25 
0.007 
0.003 
0.13 
120 
60 

0.025 
0.001 

~ 4,000 years 
~ 10 years 
1-10 years 
~ 2 weeks 

2 weeks – 1 year 
~ 2 weeks – 10,000 

years 
10-1000 years 

~ 10 days 
~ 1 week 

* Computed as though storage were uniformly distributed over the entire surface of the earth.  
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1.4 Vertical Distribution of Groundwater 
 
1.4.1 Volumetric Properties 
 
Flow in soils and rocks takes place through void spaces, such as pores and cracks. The hydraulic 
properties of soils and rocks therefore depend on the sizes and shapes of the void spaces. These vary 
over very short distances (e.g. micrometers or millimeters). The idea of defining volumetric or 
hydraulic properties which apply at a given point in the unsaturated zone therefore has sense only if 
the properties relate to a finite volume of the soil/rock centered at that point. This volume is usually 
called the representative elementary volume (REV) and the properties defined in this fashion are 
sometimes called point-scale properties. 
 
The point-scale properties vary in space. Part of this variation is associated with variations in the 
degree of compaction, weathering, cracking, and holing (such as holes left by decayed plant roots). 
The term macropore is often used to describe a feature such as a crack which allows rapid 
subsurface flow. Macropores and their effects on flow (and chemical transport) lie at the heart of 
many of the difficult, unresolved, problems in Near-Surface Hydrology.  
 
At many locations, the subsurface flow is dominated by flow through complex networks of macropores. 
There may even be a few large soil pipes or subsurface channels (for example, subsurface pipes in 
steep hill slopes and channels in karst areas) which completely dominate the local flow conditions. 
 
At present, there are no reliable techniques for measuring and quantifying macropore networks, and 
the modelling of macropore flow is in its infancy. The theory given below therefore concentrates on 
matrix flow (i.e. flow through the pores in media which do not contain macropores).  
 
The point-scale properties can also vary in a systematic manner. There is usually vertical layering, 
resulting from the long-term evolution of the soil/rock profile by deposition processes, weathering, 
land management, etc. There are also variations associated with gradual horizontal changes (for 
instance, as shown in geological maps for a hill slope, catchment or region). 
 
The concept of defining large-scale properties (e.g. a single, average, property for an entire hill slope) 
is controversial, but is being considered by some research workers. 
 
The porosity n  at a point is defined as: 
 

    
volumetotal

voidsofvolumen =       (1.1) 

The volumetric moisture contentθ  is: 
 

    
volumetotal

waterofvolume
=θ       (1.2) 

 
and the relative moisture content R  is 
 

    
voidsofvolume
waterofvolumeR =      (1.3) 

 
where,    total volume = volume of solids + volume of voids. 
 
 
In the geotechnical literature, property values are often quoted in mass terms (the moisture content 
by mass, for example), making use of data for the bulk dry density dρ of the medium (i.e. the dry 

mass per unit volume of soil/rock). 
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Approximate properties such as field capacity and wilting point are used in the hydrological and 
agricultural literature. Field capacity is the volumetric moisture content left in the medium after it has 
drained under gravity from saturation for a period of two days (definitions vary), and the wilting point 
is the volumetric moisture content which is just low enough so that any plants growing in the medium 
will fail to transpire, so will wilt and die. 
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1.4.2 The Occurrence of Subsurface Water 
  
 
The subsurface occurrence of groundwater may be divided into zones of aeration and saturation. The 
zone of aeration consists of interstices occupied partially by water and partially by air. In the zone of 
saturation all interstices are filled with water, under hydrostatic pressure. One most of the land 
masses of the earth, a single zone of aeration overlies a single zone of saturation and extends upward 
to the ground surface, as shown in Figure 1.2.  
 
In the zone of aeration (unsaturated zone), Vadose water occurs. This general zone may be further 
subdivided into the soil water zone, the intermediate Vadose zone (sub-soil zone), and capillary zone 
(Figure 1.2). 
 
The saturated zone extends from the upper surface of saturation down to underlying impermeable 
rock. In the absence of overlying impermeable strata, the water table, or phreatic surface, forms the 
upper surface of the zone of saturation. This is defined as the surface of atmospheric pressure and 
appears as the level at which water stands in a well penetrating the aquifer. Actually, saturation 
extends slightly above the water table due to capillary attraction; however, water is held here at less 
than atmospheric pressure. Water occurring in the zone of saturation is commonly referred to simply 
as groundwater, but the term phreatic water is also employed. 
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Figure 1.2 A schematic cross-section showing the typical distribution of subsurface waters in a 
simple “unconfined” aquifer setting, highlighting the three common subdivisions of the unsaturated 
zone and the saturated zone below the water table. 

 
 

1.5  Types of Geological Formations and Aquifers 
 

There are basically four types of geological formations (Aquifers, Aquitard, Aquiclude, and Aquifuge) 
 

1.5.1 Aquifer 
 

An aquifer is a ground-water reservoir composed of geologic units that are saturated with water and 
sufficiently permeable to yield water in a usable quantity to wells and springs. Sand and gravel 
deposits, sandstone, limestone, and fractured, crystalline rocks are examples of geological units that 
form aquifers. Aquifers provide two important functions: (1) they transmit ground water from areas of 
recharge to areas of discharge, and (2) they provide a storage medium for useable quantities of 
ground water. The amount of water a material can hold depends upon its porosity. The size and 
degree of interconnection of those openings (permeability) determine the materials’ ability to transmit 
fluid.  
 
 
 

Types of Aquifers 
 
Most aquifers are of large areal extent and may be visualized as underground storage reservoirs. 
Water enters a reservoir from natural or artificial recharge; it flows out under the action of gravity or 
is extracted by wells. Ordinarily, the annual volume of water removed or replaced represents only a 
small fraction of the total storage capacity. Aquifers may be classed as unconfined or confined, 
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depending on the presence or absence of a water table, while a leaky aquifer represents a 
combination of the two types. 
 
Unconfined Aquifer. An unconfined aquifer is one in which a water table varies in undulating form 
and in slope, depending on areas of recharge and discharge, pumpage from wells, and permeability. 
Rises and falls in the water table correspond to changes in the volume of water in storage within an 
aquifer. Figure 1.2 is an idealized section through an unconfined aquifer; the upper aquifer in Figure 
1.3 is also unconfined. Contour maps and profiles of the water table can be prepared from elevations 
of water in wells that tap the aquifer to determine the quantities of water available and their 
distribution and movement. 
A special case of an unconfined aquifer involves perched water bodies, as illustrated by Figure 1.3. 
This occurs wherever a groundwater body is separated from the main groundwater by a relatively 
impermeable stratum of small areal extent and by the zone of aeration above the main body of 
groundwater. Clay lenses in sedimentary deposits often have shallow perched water bodies overlying 
them. Wells tapping these sources yield only temporary or small quantities of water. 
 
Confined Aquifers. Confined aquifers, also known as artesian or pressure aquifers, occur where 
groundwater is confined under pressure greater than atmospheric by overlying relatively impermeable 
strata. In a well penetrating such an aquifer, the water level will rise above the bottom of the 
confining bed, as shown by the artesian and flowing wells of Figure 1.3. Water enters a confined 
aquifer in an area where the confining bed rises to the surface; where the confining bed ends 
underground, the aquifer becomes unconfined. A region supplying water to a confined area is known 
as a recharge area; water may also enter by leakage through a confining bed. Rises and falls of 
water in wells penetrating confined aquifers result primarily from changes in pressure rather than 
changes in storage volumes. Hence, confined aquifers display only small changes in storage and serve 
primarily as conduits for conveying water from recharge areas to locations of natural or artificial 
discharge. 
 

 
Figure 1.3 Schematic Cross-sections of Aquifer Types 

 
Leaky Aquifer. Aquifers that are completely confined or unconfined occur less frequently than do 
leaky, or semi-confined, aquifers. These are a common feature in alluvial valleys, plains, or former 
lake basins where a permeable stratum is overlain or underlain by a semi-pervious aquitard or semi-
confining layer. Pumping from a well in a leaky aquifer removes water in two ways: by horizontal flow 
within the aquifer and by vertical flow through the aquitard into the aquifer (see Figure 1.4).   
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Figure 1.4 Different types of aquifers; A. Confined aquifer, B. Unconfined Aquifer, C. and D. 
Leaky aquifers, E. Multi-layered leaky aquifer system. 
 
1.5.2  Aquitard 

 
An aquitard is a partly permeable geologic formation. It transmits water at such a slow rate that the 
yield is insufficient. Pumping by wells is not possible. For example, sand lenses in a clay formation will 
form an aquitard. 
 
 
1.5.3  Aquiclude 

 
An aquiclude is composed of rock or sediment that acts as a barrier to groundwater flow. Aquicludes 
are made up of low porosity and low permeability rock/sediment such as shale or clay. Aquicludes 
have normally good storage capacity but low transmitting capacity. 
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1.5.4  Aquifuge 
 

An aquifuge is a geologic formation which doesn’t have interconnected pores. It is neither porous nor 
permeable. Thus, it can neither store water nor transmit it. Examples of aquifuge are rocks like basalt, 
granite, etc. without fissures. 
 

 
 
 

 



 12

 
 
 
 
 

 

 
 



 13

 
 



 14

 



 15

 
 
 
 
 

 
 



 16

 
 



 17

 
 
 



 18

 
 
 
 
 
 
 
 

1.6 Water Table and Piezometric Surface 
 

1.6.1 Water table 
 

Water table is the surface of water level in an unconfined aquifer at which the pressure is atmospheric. 
It is the level at which the water will stand in a well drilled in an unconfined aquifer. The water table 
fluctuates whenever there is a recharge or an outflow from the aquifer. In fact, the water table is 
constantly in motion adjusting its surface to achieve a balance between the recharge and the out flow. 
Generally, the water table follows the topographic features and is high below ridges and low below 
valleys. However, sometimes the topographic ridge and the water table ridge may not coincide and 
there may be flow from one aquifer to the other aquifer, called watershed leakage. Wherever the 
water table intersects the ground surface, a seepage surface or a spring is formed. 

 
Perched water table when a small water body is separated from the main groundwater body by a 
relatively small impermeable stratum. Wells drilled below the perched water table up to the small 
impervious stratum yield very small quantity of water and soon go dry. 

 
1.6.2 Piezometric surface 

 
The water in a confined aquifer is under pressure. When a well is drilled in a confined aquifer, the 
water level in it will rise above the top of aquifer. The piezometric surface is an imaginary surface to 
which the water level would rise if a piezometer was inserted in the aquifer. Thus, it indicates the 
pressure of the water in the aquifer. Hence, a piezometric surface is the water table equivalent of the 
confined aquifer (see Figure 1.5). 
 



 19

 
Figure 1.5  Water Table and Piezometric Surface 

 

 
 
1.7 Aquifer Properties 

 
The following properties of the aquifer are required for study of groundwater hydrology: 

 
1. Porosity 
2. Specific Yield 
3. Specific Retention 
4. Coefficient of permeability 
5. Transmissibility 
6. Specific Storage 
7. Storage Coefficient 

 
 
1.7.1 Porosity 

 
Definition of Porosity 

 
Porosity (n) is the percentage of rock or soil that is void of material. The larger the pore space or 
the greater their number, the higher the porosity and the larger the water-holding capacity. It is 
defined mathematically by the equation: 
 

     %100×=
V
V

n v            (1.4) 

Where, 
           n    is the porosity (percentage) 
           Vv   is the volume of void space in a unit volume of earth materials (L3, cm3 or m3) 
 V    is the unit volume of earth material, including both voids and solids (L3, cm3 or m3) 
 
In sediments or sedimentary rocks the porosity depends on grain size, the shape of the grains, 
the degree of sorting and the degree of cementation. In rocks, the porosity depends upon the 
extent, spacing and pattern of cracks and fractures. 
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 The porosity of well-rounded sediments, which have been sorted so that they are all about 

 the same size, is independent of particle size, depending upon the packing. 
 

 Well-rounded coarse-grained sediments usually have higher porosity than fine-grained 
 sediments, because the grains don’t fit together well (see Figure 1.6)  
 

 
 

Figure 1.6 Porosity of Well-Rounded Coarse-Sediments vs. Fine Grained Sediments 
 

 In igneous and metamorphic rocks porosity is usually low because the minerals tend to be 
 intergrown, leaving little free space. Higher fractured igneous and metamorphic rocks, 
 however, could have high secondary porosity. 
 

 Since cements tend to fill in the pore space, highly cemented sedimentary rocks have lower 
 porosity (see Figure 1.7). 
 

 
Figure 1.7   Highly Cemented Sedimentary Rock 

 
 Poorly sorted sediments (sediments contains a mixture of grain sizes) usually have lower 

 porosity because the fine-grained fragments tend to fill the open spaces (see Figure 1.8). 
 

 The porosity of sediments is affected by the shape of the grains. Well-rounded grains may 
 be almost perfect spheres, but many grains are very irregular. They can be shaped like rods, 
 disks, or books. Sphere-shaped grains will pack more tightly and have less porosity than 
 particles of other shapes. The fabric or orientation of the particles, if they are not spheres, 
 also influences porosity (Figure 1.8). 
 

 Porosity can range from zero to more than 60%. Recently deposited sediments have higher 
 porosity. Dense crystalline rock or highly compacted soft rocks such as shale have lower 
 porosity. 
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Figure 1.8   Relation Between Texture and Porosity A. Well –Sorted Sand Having High Porosity;   B. 
Poorly- Sorted Sand Having Low Porosity; C. Fractured Crystalline Rocks (Granite); D. Soluble Rock-
Forming Material (Limestone). 
 

 In porous rock, there may be small pores known as dead end pores which have only one 
 entrance, and so water molecules can diffuse in and out of them, but there can be no 
 hydraulic gradient across them to cause bulk flow of groundwater. In extreme cases, there 
 may be pores containing water that are completely closed so that the water in them is 
 trapped. This may occur during digenetic transformations of the rock. Since we are 
 frequently interested in the movement of groundwater, it is useful to define a porosity that 
 refers only to the movable water in the rock. 
          
 This is called the kinematic or effective porosity ne [dimensionless] 

   
rockofvolumetotal

watermovablebyoccupiedrockofvolumene =   (1.5) 

 
 It is worth distinguishing between Intergranular or matrix or primary porosity as the 

 latter is the porosity provided by small spaces between adjacent grains of the rock, and 
 secondary porosity of fractured rocks is the porosity provided by discrete rock mass 
 discontinuities (faults, joints and fractures). 
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 Table 1.2 lists representative porosity ranges from various geologic materials. 
 
Table 1.2   Range of Values of Porosity (after Freeze & Cherry, 1979) 

Formation n (%) 

Unconsolidated deposits   
Gravel 
Sand 
Silt 
Clay 
Rocks 
Fractured basalt 
Karst limestone 
Sandstone 
Limestone, dolomite 
Shale 
Fractured crystalline rock 
Dense crystalline rock                                          

 
25 - 40 
25 - 50 
35 - 50 
40 - 70 

 
5 - 50 
5 - 50 
5 - 30 
0 - 20 
0 – 10 
0 - 10 
0 – 5 

 
 

Classification of Sediments 
 
Sediments are classified on the basis of the size (diameter) of the individual grains. There are many 
classification systems in use. The engineering classification of sediments is somewhat different that 
the geological classification. The American Society of Testing Materials defines sediments on the basis 
of the grain-size distribution shown in Table 1.3. 
 
Table 1.3 Engineering grain-size classification (after Fetter, 1994) 
Formation Size Range (mm) Example 
Boulder 
Cobbles 
Coarse gravel 
Fine gravel 
Coarse sand 
Medium sand 
Fine sand 
Fines                                             

> 305 
76 – 305 
19 – 76 
4.75 – 19 
2 – 4.75 
0.42 – 2 
0.075 – 0.42 
< 0.075 

Basketball 
Grapefruit 
Lemon 
Pea 
Water softener salt 
Table salt 
Powdered sugar 
Talcum powder 

 
The grain-size distribution of a sediment may be conveniently plotted on semi-log paper. The 
cumulative percent finer by weight is plotted on the arithmetic scale and the grain size is plotted on 
the logarithmic scale. The grain size of the sand fraction is determined by shaking the sand through a 
series of sieves with decreasing mesh openings. The 200 mesh screen, with an opening of 0.075 mm, 
separates the sand fraction from the fines (see Figure 1.9).  
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Figure 1.9 Recommended sieve groups suitable for sieving various classes of unconsolidated 

sediments. 
  
The gradation of the fines is determined by a hydrometer test, which is based on the rate that the 
sediment settles in water. Figure 1.10 is a grain size distribution curve for a silty fine to coarse sand. 
This sample is somewhat poorly sorted as there is a wide range of grain sizes present. Figure 1.11 is 
the grain-size distribution curve for well-sorted fine sand. Less than 5% of the sample consisted of 
fines that pass the 200 mesh sieve. 
 

 
Figure 1.10 Grain-size distribution curve of a silty fine to medium sand 
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Figure 1.11 Grain-size distribution curve of a fine sand 

 
The uniformity coefficient of a sediment is a measure of how well or poorly sorted it is. The 
uniformity coefficient, Uc, is the ratio of the grain size that is 60% finer by weight, D60, to the grain 
size that is 10% finer by weight, D10. 

      
10

60

D
D

U c =      (1.6) 

where, 
  D60 grain size in which 60 percent of sample is passed 
  D10 grain size in which 10 percent of sample is passed (effective diameter) 
 
A sample with an Uc less than 4 is well sorted; if the Uc is more than 6 it is poorly sorted. The poorly 
sorted silty sand in Figure 1.10 has a Uc of 8.3, whereas the well-sorted sand of Figure 1.11 has a 
Uc of 1.4.  
 
 
1.7.2 Specific Yield (Sy) 
 
Specific yield (Sy) is the ratio of the volume of water that drains from a saturated rock owing to the 
attraction of gravity (or by pumping from wells) to the total volume of the saturated aquifer. It is 
defined mathematically by the equation: 
 

     %100×=
V
V

S w
y      (1.7) 

where, 
 Vw   is the volume of water in a unit volume of earth materials (L3, cm3 or m3) 
 V    is the unit volume of earth material, including both voids and solids (L3, cm3 or m3  
         
All the water stored in a water bearing stratum cannot be drained out by gravity or by pumping, 
because a portion of the water is rigidly held in the voids of the aquifer by molecular and surface 
tension forces (see Table 1.4). 
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      Table 1.4   Specific Yield in Percent (after Freeze & Cherry, 1979) 
Formation Sy (range) 

 
Sy (average) 
 

Clay 
Sandy clay 
Silt 
Fine sand 
Medium sand 
Coarse sand                                 
Gravelly sand 
Fine gravel 
Medium gravel 
Coarse gravel 
Limestone 

0 - 5 
3 - 12 
3 - 19 
10 - 28 
15 - 32 
20 - 35 
20 - 35 
21 - 35 
13 - 26 
12 - 26 
 

2 
7 
18 
21 
26 
27 
25 
25 
23 
22 
14 

    
        
1.7.3 Specific Retention (Sr) 
 
Specific retention (Sr) is the ratio of the volume of water that cannot be drained out to the total 
volume of the saturated aquifer. Since the specific yield represents the volume of water that a rock 
will yield by gravity drainage, hence the specific retention is the remainder. The sum of the two equals 
porosity. 
     yr SSn +=       (1.8) 

 
 The specific yield and specific retention depend upon the shape and size of particle, 

 distribution of pores (voids), and compaction of the formation. 
 

 The specific retention increases with decreasing grain size. 
 

 It should be noted that it is not necessary that soil with high porosity will have high specific 
 yield because that soil may have low permeability and the water may not easily drain out. 
 For example, clay has a high porosity but low specific yield and its permeability is low. 
 

 Figure 1.12 illustrates the concept of specific yield. 
 

 
Figure 1.12   Specific Retention  
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1.7.4 Coefficient of Permeability (Hydraulic conductivity) (K) 
 
Permeability is the ease with which water can flow in a soil mass or a rock. The coefficient of 
permeability (K) is equal to the discharge (m3/s) per unit area (m2) of soil mass under unit 
hydraulic gradient. Because the discharge per unit area equals to the velocity, the coefficient of 
permeability has the dimension of the velocity [L/T]. It is usually expressed as cm/s, m/s, m/day, etc. 
The coefficient of permeability is also called hydraulic conductivity (see Figure 1.13). 
 
Hydraulic Conductivity can be determined and expressed as follows: 
 
 

Formulas 
 
1 [Hazen method]. The coefficient of permeability (K) depends on the properties of both     

 porous medium and fluid. It can be expressed as, 
 

       
μ
ρgCd

K m ][ 2

=      (1.9) 

where, 
            C    is the shape factor which depends upon the shape, particle size and packing of the 
  porous media 
            dm  is the mean particle size (d50) (L, m) 
            ρ    is the mass density ( M/L3, kg/m3) 
            g    is the acceleration due to gravity (L/T2, m/s2) 
 μ    is the viscosity (M/T.L, kg/s.m) 
 

 Another coefficient of permeability, called intrinsic permeability (k), is sometimes used. 
 The intrinsic permeability depends upon the porous medium and is independent of the 
 properties of the fluid. It is usually expressed as, 
 

     2
mCdk =      (1.10) 

 
 The intrinsic permeability k has the dimensions of [L2] and is usually expressed in cm2 or 

 Darcy, where 1 Darcy = 0.987 * 10-8 cm2. 
 

 The intrinsic permeability is rarely used in groundwater hydrology, but this term is very 
 popular in the petroleum, natural gas industries, and in density-dependent flow problems 
 such as saline water intrusion.  
 

 The intrinsic permeability is also called the absolute permeability. 
 

 The rate of groundwater flow is controlled by the two properties of the rock, porosity and 
 permeability. 
 

 Low porosity usually results in low permeability, but high porosity does not necessarily imply 
 high permeability. It is possible to have a highly porous rock with little or no 
 interconnections between pores. A good example of a rock with high porosity and low 
 permeability is a vesicular volcanic rock, where the bubbles that once contained gas give 
 the rock a high porosity, but since these holes are not connected to one another, the rock 
 has low permeability. 
 

 Typical values of hydraulic conductivity for unconsolidated and hard rocks are given in 
 Table 1.5 which are taken from Marsily [1986]. 
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Figure 1.13 Hydraulic Conductivity 
 

Tables 1.5  Hydraulic Conductivity for Unconsolidated and Hard Rocks  
Medium K (m/day) 
Unconsolidated deposits   
Clay 
Fine sand 
Medium sand 
Coarse sand 
Gravel 
Sand and gravel mixes 
Clay, sand, gravel mixes (e.g. till) 
Hard Rocks 
Chalk (very variable according to fissures if not soft) 
Sandstone 
Limestone 
Dolomite 
Granite, weathered 
Schist 

 
10-8 – 10-2 

1 - 5 
5 - 20 
20 - 102 
102 - 103 

5 - 102 
10-3 – 10-1 

 
30.0 
3.1 
0.94 
0.001 
1.4 
0.2 

    
 
2 [Kozeny-Carmen] 
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    (1.11) 

 where,   n  is porosity,   
   dm  is representative of grain size (L, m). 

 
 

3 [Shepherd] – Empirically derived  
 
      85.165.1 todcK =         (1.12) 
  
 where   c and d exponent values vary with material description 
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1.7.5 Transmissivity (T)  
 
Transmissivity (T) is the discharge rate at which water is transmitted through a unit width of an 
aquifer under a unit hydraulic gradient. Thus, 
 

    
][

][
aquiferunconfinedKhT

aquiferconfinedKbT
=
=

     (1.13) 

 
where, b is the saturated thickness of the aquifer. b is equal to the depth of a confined aquifer. It is 
equal to the average thickness of the saturated zone of an unconfined aquifer. 
 

 Transmissibility is usually expressed as m2/s, or m3/day/m or l/day/m. 
 

 Transmissibility of most formations lies between 1*104 -1*106 l/d/m, with an average 
 value of 1*105 l/d/m. 
 

 Figure 1.19 illustrates the concepts of hydraulic conductivity and transmissivity. 
 

 
Figure 1.19   Illustration of the Coefficients of hydraulic conductivity and transmissivity. Hydraulic 
conductivity multiplied by the aquifer thickness equals coefficient of transmissivity. 
 
 

 
Table 1.8 Classification of Transmissivity 

Magnitude 
(m2/day) 

Class Designation Specific 
Capacity 
(m2/day) 

Groundwater 
supply 

potential 

Expected Q 
(m3/day) if 

s=5m 
> 1000 

 
 

100-1000 
 
 

10-100 

I 
 
 

II 
 
 

III 

Very high 
 
 

High 
 
 

Intermediate 

> 864 
 
 

86.4 – 864 
 
 

8.64 – 86.4 

Regional 
Importance 

 
Lesser regional 

importance 
 

Local water 

> 4320 
 
 

432 – 4320 
 
 

43.2 – 432 
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1-10 
 
 

0.1-1 
 
 

<0.1 

 
 

IV 
 
 
V 
 
 

VI 

 
 

Low 
 
 

Very low 
 
 

Imperceptible 

 
 

0.864 – 8.64 
 
 

0.0864 – 0.864 
 
 

< 0.0864 

supply 
 

Private 
consumption 

 
Limited 

consumption 
 

Very difficult 
to utilize for 
local water 

supply 

 
 

4.32 – 43.2 
 
 

0.423 – 4.32 
 
 

< 0.432 

 
 
 
1.7.6  Specific Storage (Ss) 
 
Specific Storage (Ss) is the amount of water per unit volume of a saturated formation that is stored 
or expelled from storage owing to compressibility of the mineral skeleton and the pore water per unit 
change in head. This is also called the elastic storage coefficient. The concept can be applied to both 
aquifers and confining units. 
 
The specific storage is given by the expression (Jacob 1940, 1950; cooper 1966): 
 

     ( )βαρ ngS ws +=     (1.14) 

 
where   wρ  is the density of the water (M/L3; Kg/m3) 

  g  is the acceleration of gravity (L/T2; m/s2) 
  α  is the compressibility of the aquifer skeleton (1/(M/LT2); m2/N)  
  n  is the porosity 
  β  is the compressibility of water (1/(M/LT2); m2/N) 
 
The specific storage is usually expressed as cm-1 or m-1. For most aquifers, the specific storage is 
about 3*10-7 m-1 (see Table 1.9). 
 
 
Table 1.9  Values of Specific Storage Assuming Porosity Equal to 15 % (after Younger, 
   1993) 

Typical Lithologies Specific Storage (m-1) 
Clay 
 
Silt, fine sand  
 
Medium sand, fine  
 
Coarse sand, medium gravel, highly fissured  
 
Coarse gravel, moderately fissured rock 
 
Unfissured rock 

9.81 x 10-3 

 

9.82 x 10-4 

 

9.87 x 10-5 

 

1.05 x 10-5 

 

1.63 x 10-6 

 

7.46 x 10-7 

   SOURCE: (Younger, 1993) 
 
 
In a confined aquifer, the head may decline-yet the potentiometric surface remains above the unit. 
Although water is released from storage, the aquifer remains saturated. Specific storage (Ss) of a 
confined aquifer is the storage coefficient per unit-saturated thickness of the aquifer. Thus,  
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b
SSs =     (1.15) 

where, b is the thickness of aquifer. 
 
 
 
 
 

1.7.7 Storage Coefficient (S) 
 
Storage coefficient (S) is the volume of water released from storage, or taken into storage, per 
unit of aquifer storage area per unit change in head. 
 

 The storage coefficient is also called Storativity. 
 

 The storage coefficient is a dimensionless as it is the ratio of the volume of water 
 released from original unit volume. 
 

 The water-yielding capacity of an aquifer can be expressed in terms of its storage 
 coefficient. 
 

 In unconfined aquifers, Storativity is the same as the specific yield of the aquifer. 
 

 In confined aquifer, Storativity is the result of compression of the aquifer and expansion 
 of the confined water when the head (pressure) is reduced during pumping. 
 
For a vertical column of unit area extending through a confined aquifer, as in Figure 1.20a, the 
storage coefficient equals the volume of water released from the aquifer when the piezometric surface 
declines a unit distance. In most confined aquifers, values fall in the range 0.00005 < S < 0.005, 
indicating that large pressure changes over extensive areas are required to produce substantial water 
yields. Storage coefficients can best be determined from pumping tests of wells or from groundwater 
fluctuation in response to atmospheric pressure or ocean tide variation. 
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Figure 1.20 Illustrative sketches for defining storage coefficient of (a) confined and (b) unconfined 
aquifers 
Storage coefficient normally varies directly with aquifer thickness 
 

   
[ ]

[ ]βαρ
βαρ

ngbS
ngSbutbSS ss

+=⇒
+== .

            (1.16) 

 
where b is the saturated aquifer thickness in meters to be applied for estimating purposes. 
 
 
The storage coefficient for unconfined aquifer corresponds to its specific yield, as shown in 
Figure 1.20b. 
 
In an unconfined unit, the level of saturation rises or falls with changes in the amount of water in 
storage. As the water level falls, water drains from the pore spaces. This storage or release is due to 
the specific yield (Sy) of the unit. Water is also stored or expelled depending on the specific storage of 
the unit. For an unconfined unit, the storativity is found by the formula 
 
     sy hSSS +=              (1.17) 

where   h  is the thickness of the saturated zone. 
 
The value of yS  is several orders of magnitude greater than shS for an unconfined aquifer, and the 

storativity is usually taken to be equal to the specific yield. For a fine-grained unit, the specific yield 
may be very small, approaching the same order of magnitude as shS . Storativity of unconfined 

aquifers ranges from 0.02 to 0.30. 
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The volume of the water drained from an aquifer as the head is lowered may be found from the 
formula  
      
     hASVw Δ= ..              (1.18) 

 
where   wV  is the volume of the water drained (L3; m3) 

  S  is the storativity (dimensionless) 
  A  is the surface area overlying the drained aquifer (L2; m2)  
  hΔ  is the average decline in head (L; m) 
 
The transmissivity and storage coefficients are especially important because they define the 
hydraulic characteristics of a water-bearing formation. The coefficient of transmissivity indicates how 
much water will move through the formation, and the coefficient of storage indicates how much can 
be removed by pumping or draining. If these two coefficients can be determined for a particular 
aquifer, predictions of great significance can usually be made. Some of these are: 
 

1 Drawdown in the aquifer at various distances from a pumped well. 
2 Drawdown in a well at any time after pumping starts. 
3 How multiple wells in a small area will affect one another? 
4 Efficiency of the intake portion of the well. 
5 Drawdown in the aquifer at various pumping rates. 

 
 
 
 
 
 
 

1.8 Springs 
  

A spring is a concentrated discharge of groundwater appearing at the ground surface as a current of 
flowing water. To be distinguished from springs are seepage areas, which indicate a slower movement 
pond and evaporate or flow, depending on the magnitude of the seepage, the climate, and the 
topography. 
 
Springs occur in many forms and have been classified as to cause, rock structure, discharge, 
temperature, and variability. Springs can be divided into (1) those resulting from mongravitational 
forces, and (2) those resulting from gravitational forces. Under the former category are included 
volcanic springs, associated with volcanic rocks, and fissure springs, resulting from fractures extending 
to great depths in the earth’s crust. 
 
Gravity springs result from water flowing under hydrostatic pressure; the following general types are 
recognized, (see Figure 1.21) 
 
1. Depression Springs – formed where the ground surface intersects the water table. 
 
2. Contact Springs – created by permeable water-bearing formation overlying a less permeable 

formation that intersects the ground surface. 
 
3. Artesian Springs – resulting from releases of water under pressure from confined aquifers 

either at an outcrop of the aquifer or through an opening in the confining bed. 
 
4. Impervious Rock Springs – occurring in tubular channels or fractures of impervious rock. 
 
5. Tubular or fracture Springs – issuing from rounded channels, such as lava tubes or solution 

channels, or fractures in impermeable rock connecting with groundwater. 
 



 33

 
Figure 1.21 Diagrams illustrating types of gravity springs. (a) Depression spring. (b) Contact 
springs. (c) Fracture artesian spring. (d) Solution tubular spring (after Bryan, 1919). 
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