Unit 1: Agricultural Activities and Environmental Impacts

Model Answers to Learning Activities

Soil and Groundwater Pollution from Agricultural Activities

Unit 3: Groundwater Hydrology


limit is the unsaturated zone, and this water can be easily pumped out. A special case of an unconfined aquifer involves perched water bodies as shown in Figure 3.3, which occur wherever groundwater is separated by a relatively impermeable stratum and zone of aeration above the main 

body of groundwater. Clayey layers in sedimentary deposits often have shallow perched water bodies overlying them. Storage volume within an aquifer is changed whenever water is recharged to, or discharged from, an aquifer. In the case of an unconfined aquifer, this may be determined as:

(S = Sy (V  




Equation 3.2
where
(S is the change in storage volume;

      

Sy is the average specific yield of the aquifer;

      
(V is the volume of the aquifer lying between the

original water table and the water table at some

later specified time.

The surface, which plays a key role in the identification, analysis, and synthesis of flow in confined aquifers, is referred commonly as the piezometric or potentiometric surface.  This is an imaginary surface of a confined aquifer coinciding with the hydrostatic pressure level of water in the aquifer. The elevation of this surface at a given point is defined by the water level in a well penetrating a confined aquifer at that point. If this surface falls below the top of the aquifer at any point, then the piezometric surface and water table coincide and the aquifer becomes unconfined at that point.

The other types or variations of aquifers are:

· Aquiclude: A saturated but relatively impermeable material that does not yield appreciable quantities of water to wells.

· Aquifuge: A relatively impermeable (such as granites, etc) formation neither containing nor transmitting water. 

· Aquitard: A saturated but poorly permeable stratum that impedes groundwater movement and does not yield water freely to wells, but may transmit appreciable water to or from adjacent aquifers constituting the groundwater storage zone. 

· Perched aquifers: These are special cases of unconfined aquifers. A perched aquifer occurs whenever a relatively small, impervious, or semipervious stratum supports a groundwater body that is above the main water table. If the base of the supporting stratum penetrates the main groundwater body, then this aquifer is called a semiperched aquifer. The water table of a perched aquifer is called a perched water table.

· Leaky aquifers: In locations, between deep and shallow aquifers, water is not completely impermeable, resulting in lowering of the water table when water is pumped. Such aquifers are termed as leaky aquifers.  

Groundwater is replenished by precipitation, which soaks or infiltrates the soil. When this water reaches the underground "water table", it begins a long, slow journey, moving at rates ranging from a few millimetres to a few metres per day. The soil removes impurities, while the rocks through which the water flows, perhaps for thousands of years, filter and purify the water further. It then usually reappears on the earth's surface (lakes, rivers, etc.) free of pathogens and pollutants. Because of this process, groundwater that occurs naturally is normally of excellent microbiological quality, and usually of adequate chemical quality for both irrigation and potable purposes. 

In this Section, we discussed the occurrence and distribution of groundwater – subsurface distribution, in both areal and vertical extents. In addition, we also understood the geologic zones important to groundwater and their structure in terms of water holding and water yielding capabilities. The groundwater in natural state is invariably moving and is governed by established hydraulic principles. In the next Section, i.e., Section 3.3 we will discuss groundwater movement along with underlying hydraulic principles governing the movement.

 

3.3
GROUNDWATER MOVEMENT

Groundwater is in constant motion, although the rate at which it moves is generally slower than it would move in a stream as it has to pass through the intricate passageways between free spaces in the soil. First, the groundwater moves downward due to the pull of gravity. However, it can also move upward when it flows from high-pressure to low pressure areas. Now we will discuss groundwater movement in various zones.

(i)
Movement in the zone of aeration: Rainwater soaks into the soil where some of it is evaporated, some adheres to grains in the soil by molecular attraction, a portion is absorbed by plant roots, while some seeps down into the saturated zone. During long periods without rain, the zone of aeration may remain dry. 

(ii)
Movement in the saturated zone: In the saturated zone (below the water table) water percolates through the interconnected pore spaces, moving downward by the force of gravity, and upward toward zones of lower pressure. Where the water table intersects the surface, such as at a surface stream, lake, or swamp, the groundwater returns to the surface.

(iii)
Recharge and discharge areas: The earth's surface can be divided into areas where some of the water falling on the surface seeps into the saturated zone and other areas where water flows out of the saturated zone onto the surface. Areas where water enters the saturated zone are called recharge areas, because the saturated zone is recharged with groundwater beneath these areas. Areas where groundwater reaches the surface (lakes, streams, swamps, & springs) are called discharge areas, because the water is discharged from the saturated zone. Generally, recharge areas are greater than discharge areas. 

Water recharged to, or discharged from, an aquifer represents a change in the storage volume within an aquifer. An aquifer performs two important functions namely (i) storage function and (ii) transport or conduit function. We will discuss storage and transport functions in Subsections 3.3.1 and 3.3.2 respectively. Aquifer stores water serving as a reservoir and transmits water like a pipeline or an open channel. The openings or pores in a water bearing formation serve both as storage space and as a network of conduits. The openings in sub-surface geological formation can be grouped into three categories as:  

(i)
opening between individual particles as in sand and gravel;

(ii)
crevices, joints or fractures in weathered rocks; 

(iii)
solution channels and cavern in limestone and openings in basalt due to evolution of gases in lava.

3.3.1 
Storage function 

Two important properties of an aquifer material related to its storage are porosity and specific yield. Now we will discuss these along with other properties.
(i)
Porosity ((): This is the degree to which the total volume of soil, gravel, sediment or rock is permeated with pores (voids, interstices) or cavities through which fluids (and air) can move. It depends on the size, shape, irregularity and distribution of the pores.  Based on these features, interstices are classified as sub-capillary, capillary and super capillary. Capillary interstices are sufficiently small to hold the water under tension. Super-capillary interstices are those larger than capillary, which can be used and sub-capillary interstices are held primarily under adhesive forces.  Hence, Porosity (() is the percentage volume of the interstices (vi) to the total volume of a given rock or soil (V). This determines the amount of water that a soil can contain or the degree to which the total volume of soil, gravel, sediment or rock is permeated with pores or cavities through which fluids (and air) can move. Well-rounded coarse-grained soils usually have higher porosity than fine-grained soils, because the grains do not fit together well. Poorly sorted soils usually have lower porosity as the fine-grained fragments tend to fill the open space. 

( = (vi / V) or (vw/ V) =  (V- vm)/ V or ((m-(d)(m  Equation 3.3
where vw is the volume of water in a saturated sample, vm is the volume of mineral particles, vi is the volume of interstices, and V is the total volume. (d is the density of dry sample (bulk density) and (m is the mean density of mineral particles (grain density).

(ii)
Specific yield (Sy): The quantity of water that a unit volume of unconfined aquifer releases by gravity is specific yield.  It is defined mathematically as:

Sy = 100 Vg/V




Equation 3.4

where, Sy is the specific yield coefficient, Vg is the water volume drained by gravity force, and V is the volume of bulk sample.

(iii)
Specific surface (A): It is the measure of area per unit surface of the material, expressed as m2/g. Water retentive capacity of a soil or rock depends on surface area, size, shape and type of clay minerals. Surface area increases with decrease in size as shown in Table 3.2.

Table 3.2

Relation of Surface Area to Particle 

Size for Uniform Spheres

	Diameter of

particle, mm
	Soil classification
	Number of particles per cm3
	Total surface area, cm2

	10
	Medium Gravel
	1
	3.14

	1
	Coarse Sand
	1 ( 103
	31.4

	0.1
	Very Fine Sand
	1 (  106
	314

	0.02
	Silt
	1.25 ( 108
	1,570

	0.002
	Clay
	1.25 ( 1011
	15,700


        Source:  Todd, 1980, 2001  
(iv)
Specific storage (S): It is the volume of water released from a unit volume of aquifer per unit decline in hydraulic head. Specific storage has dimensions of per litre, 1/L.

(v)
Storage coefficient or storativity (Ss): It is a confined aquifer and product of specific storage (S) and aquifer thickness (b).  The value of the coefficient is in the order of 0.005.  The storativity for an unconfined aquifer is usually taken to be equal to the specific yield.

(vi)
Specific retention (Sr): It is the amount of water after gravity drainage, which a unit volume of soil material can retain in the pores by molecular attraction and capillarity.  It is defined mathematically as:

Sr = 100 Vr/V    




Equation 3.5

where, Sr is the specific retention coefficient, Vr is the volume of water retained against gravity drainage and V is the bulk volume of the sample. 

3.3.2 
Transport (Conduit) function 

Groundwater in its natural state moves and this movement is governed by two properties of the soil: porosity and permeability. In the previous Subsection, you understood porosity. Now we will discuss permeability - the property of water bearing formation, which is related to pipe line, or conduit function. 

(i)
Permeability: It is a measure of the degree to which the pore spaces are interconnected, and the size of the interconnections. Low porosity usually results in low permeability, but high porosity does not necessarily imply high permeability. It is possible to have a highly porous soil with little or no interconnections between pores. A thin layer of water will always be attracted to mineral grains due to the unsatisfied ionic charge on the surface. This is called the force of molecular attraction. If the size of interconnections is not as large as the zone of molecular attraction, the water cannot move. Thus, coarse-grained soils are usually more permeable than fine-grained soils, and sands are more permeable than clay. 
Movement of water from one point to another in the material takes place whenever a difference in pressure of head occurs between two points. The rate of movement of groundwater depends on the permeability of rock through which it is flowing, and on the hydraulic gradient, which provides the motion force. The mathematical representation of flow of fluids through porous materials is referred as Darcy’s Law, which we will discuss next.

(ii)
Darcy’s law expresses the flow through aquifers, most of which are porous media. This helps in computing velocity of water through medium, which helps in determining the discharge. It states that the velocity of flow of a fluid in a porous media is proportional to the hydraulic conductivity multiplied by the hydraulic gradient (i.e., the difference in hydraulic head divided by the distance between the two points (dl), where the hydraulic head is measured). 

v ( dh/dl 




Equation 3.6

That is, the rate of flow through porous media is proportional to the head loss and inversely proportional to the length of the flow path. Equation 3.6, could be written as:

         v = ( k (dh/dl) 




Equation 3.7
Where, k is the hydraulic conductivity, a constant that serves as a measure of the permeability of the porous medium and dh/dl is the hydraulic gradient. The negative sign indicates that the flow of water is in the direction of decreasing head. From Figure 3.5,

Figure 3.5

Darcy’s Law
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The flow across the control area ‘A’ is given by:

Q = Av


Or, Q = (A k (dh/dl) or Q = (A k i 

Equation 3.8

Where:

v = gross or filtration velocity through medium;

Q = discharge (m3/s) or the flow across the control area A;

A = gross area (m2);

dh/dl = i = hydraulic gradient;

k = coefficient of hydraulic conductivity or permeability

(m/s);

h =  the piezometric  head (m)  given by:

h =  z+ p/( + C




Equation 3.9
C = an arbitrary constant

p = the hydrostatic pressure (kg/m2)

z = elevation above a datum (m)

( = specific weight of  water (kg/m3)

Next, we will discuss ‘h’ the piezometric head and ‘k’ the permeability.

(iii)
Hydraulic gradient (dh/dl) is the slope of the water table or potentiometric surface.  It is the change in hydraulic head over the change in distance between the two monitoring wells or dh/dl. The horizontal gradient is the rise over run and is given by dh/dl = difference in head/ horizontal distance between wells = (h2 –h1)/L.  Figure 3.6 depicts the hydraulic gradient (dh/dl) between two monitoring wells.

Figure 3.6

Hydraulic Gradient
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(iv)
Permeability or hydraulic conductivity is the ability of a formation to transmit water through its pores when subjected to hydraulic gradient of unity. The definition of permeability is obtained from Equation 3.7; when dh/dl is 1, then V = k. Permeable material contains interconnected cracks or spaces that are both numerous and large enough to allow water to move freely. In some permeable materials, groundwater may move several metres in a day; in other places, it moves only a few centimetres in a century, for example, it ranges from 10-8 m/d for clayey deposits to 103 m/d in coarse sands.  Groundwater moves very slowly through relatively impermeable materials such as clay and shale.

(v)
Piezometric or potentiometric head of groundwater (h) is the elevation to which the water level rises in a borehole when it penetrates in confined or semi-confined conditions.  Potentiometric head is measured using a sounder or gauge. The potentiometric head in an unconfined aquifer is at the elevation of the water table and in a confined aquifer, the potentiometric head is typically at a higher elevation than the top of the aquifer due to the confining pressure (Figure 3.6). This is represented by Bernoulli’s equation, which states that the total head at any point along the streamline is constant.

p / (  + V2 / 2g + Z = h (which is constant) 
Equation 3.10
where,
p = pressure (kg/m2);

V = velocity of flow (m/s);

( = specific weight of fluid (kg/m3);

g = acceleration due to gravity;

Z = elevation of point under consideration above

the chosen plane of reference (m). 

Velocity components of energy may be safely ignored in ground water flow because they are very small and hence equation 3.4 reduces to:

        p/ ( + Z = constant   



Equation 3.11
The significance of lines of equal piezometric elevation, equipotential lines, determines direction and magnitude of flow.

Figure 3.7

Piezometric Heads Under Different Zones
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(vi)
Effective porosity: It is the volume of pore space that will drain in a reasonable period under the influence of gravity. Effective porosity is always less than total porosity, sometimes (as in the case of clay) much less. Good aquifers tend to have values of effective porosity in the range of 10-30%, although examples of higher and lower values can be found.

(vii)
Transmissivity (T): It is similar to hydraulic conductivity, relating to the flow through porous media. However, transmissivity deals with the rate of flow per unit width through the entire thickness of the aquifer per unit of hydraulic gradient, expressed as m2/sec. It is the product of field permeability (k) and saturated thickness of the aquifer (m).

T = k m 





Equation 3.12
(viii)
Intrinsic permeability (Ki): It is the ability of a porous medium to transmit fluid, independent of the fluid properties. It is representative of medium alone and is a function of size and shape of the void through which the fluid moves.  The relation between hydraulic conductivity and intrinsic permeability may be expressed as:

       
Ki = k (/ ( g     




Equation   3.13
where, ( is dynamic viscosity, ( is fluid density (i.e., mass per volume) and g the acceleration due to gravity (9.81 m/s2).

Larger the square of the mean pore diameter d, lower the flow resistance.  A dimensionless constant, called the shape factor C is used to describe the overall effect of shape of the pore spaces.  Thus, intrinsic permeability can be determined by the equation:

Ki = Cd2   




Equation 3.14
(ix)
Cone of depression: It is the cone delineated by the drawdown that occurs from the well to the point of negligible drawdown, the radius of influence. The cone of depression for a well differs in size and shape depending upon the pumping rate, duration, aquifer characteristics, slope of the water table and recharge. Recharge within the cone of depression takes place by one or more of the following conditions: 

· It intercepts enough flow in the aquifer.

· It intercepts a body of surface water from which additional water is obtained and vertical recharge from precipitation occurs within the radius of influence. 

· Leakage occurs through overlying or underlying formations.

Next we will discuss various methods of groundwater yield and factors affecting it, but before that let us work out a learning activity.


 

3.4
GROUNDWATER YIELD

The development of groundwater supplies is accomplished mainly through wells or infiltration galleries. The response of the head in an aquifer due to pumping one or more wells is dealt in well hydraulics. Darcy’s law (Section 3.3.2) and the fundamental equations governing groundwater movement can now be applied to particular situations. By testing wells, storage coefficients and transmissivities of aquifers, future decline of groundwater can be calculated. Aquifer performance test is categorised into two types, equilibrium and non-equilibrium tests. In the case of equilibrium, the cone of depression must be established for a flow equation to be derived, while in the case of non-equilibrium, the derivation is based on the condition that steady-state conditions have not been reached. We have discussed only aquifer performance for determining hydraulic characteristics under equilibrium conditions. Various factors are responsible for the proper performance of these collection works necessitating a clear insight. The equations of well-flow presented in this Section were developed under following assumptions by Dupuit (1863):

· the extent of aquifer is infinite;

· aquifer is homogeneous, isotropic (invariant with respect to direction) and of uniform thickness;

· the piezometric head is horizontal at the beginning;

· aquifer is pumped at a constant discharge rate;

· the pumped well penetrates the entire aquifer so that the flow towards the well is horizontal. 

Under static conditions, the water level will rise in the water table. When pumping begins, the water level (in the well) is lowered, thus removing free water from the surrounding soil. The water table assumes the general form of an inverted cone. The distance from the well to where the static water table is not lowered by drawdown is known as radius of influence. The radius of influence may be predicted from the physical characteristics of the aquifer.  

Table 3.3

Radius of Influence of Wells

	Soil formation and texture
	Radius of Influence (ft)

	Fine sand formations with some clay and silt 
	100 – 300

	Fine to medium sand formation, fairly clean and free from clay and silt 
	300 – 600

	Coarse sand and fine gravel formations free from clay and silt
	600 – 1000

	Coarse sand and gravel, no clay or silt  
	1000 – 2000


Source – Schwab and Frevert, 1985

The maximum quantity of water that is actually available from a groundwater basin on a perennial basis is limited by the possible deleterious side effects that can be caused by pumping and by the operation of the basin. As a result, several concepts of basin yield are generally recognised.  They are as follows:

Mining yield: If groundwater is withdrawn at a rate exceeding the recharge, a mining yield exists. As a consequence, this yield has to be limited as the aquifer storage is recharged. 

Perennial yield: The perennial yield of a groundwater basin defines the rate at which water can be withdrawn perennially under specified operating conditions without producing adverse effect. The adverse effect may include:

· progressive reduction of the water resource;

· development of uneconomic pumping conditions;

· degradation of groundwater quality;

· land subsidence caused by lowered groundwater levels.

After learning the general principles of groundwater yield, let us now discuss the yield in the unconfined and confined aquifer.

Unconfined aquifer

The flow towards a well in an unconfined aquifer or a water table aquifer is determined on the basis of assumptions discussed in Section 3 of this Unit, besides this, Dupuit implicitly assumes that a concentric boundary of constant head surrounds a well, for otherwise no steady flow can occur (Mutreja, 1995). A well in an unconfined aquifer is given in Figure 3.8.

Figure 3.8

Unconfined Aquifer
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(LEARNING ACTIVITY 3.2





Explain the role of zones of aeration and saturation in the distribution of water.





Note:


a)	Write your answer in the space given below.


b)	Check your answer with the one given at the end of this Unit.

















(LEARNING ACTIVITY 3.3





What are the properties associated with storage function?





Note:


a)	Write your answer in the space given below.


b)	Check your answer with the one given at the end of this Unit.
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