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OVERVIEW
In Unit 2, we discussed soil properties including soil pH, temperature, colour, plasticity, heat, organic and mineral contents, etc., and their interaction with water, as it passes through soil layers. For example, during precipitation or irrigation, soil pores are saturated with water. As water passes through soil, chemicals and organic matter interact with it before reaching the ground water table. The water occupying all the voids within the geologic stratum is often referred as groundwater. 

That said, in this Unit (i.e., Unit 3) we will discuss the groundwater hydrology including occurrence, distribution, and movement of water below the surface of the earth. This Unit accordingly begins with the discussion on the occurrence and related issues of groundwater. Then you will be introduced to the role of groundwater in hydrological cycle, followed by the hydrograph, a graph drawn between discharge of groundwater and time.   Next, we will discuss two important functions of an aquifer namely storage and transport. Subsequently we will discuss the theoretical aspect of groundwater yield and methods of tapping groundwater. Finally, you will learn about recharge, which includes both natural and artificial (along with merits and demerits) methods. 

LEARNING OBJECTIVES

After completing this Unit, you should be able to: 

· discuss the role of groundwater in hydrological cycle;

· explain the subsurface distribution of groundwater;

· identify the role of surface geology in groundwater storage and movement;

· explain the movement of groundwater;

· represent mathematically the flow of fluids through porous materials  (or explain Darcy’s law);

· identify the properties that decide storage and transport of groundwater; 

· describe the methods for groundwater yield;

· discuss the aspects of groundwater recharge.

 

3.1
GROUNDWATER: AN INTRODUCTION

Although agriculture contributes to about 28% of India’s GDP and is the most important life sustaining activity as discussed in Unit 1 of this Course, it is responsible for groundwater pollution in many places in India and around the world, particularly related to the intensive use of nitrogen rich fertilisers and pesticides. It is generally worse where the soil is highly permeable, allowing agricultural chemicals to quickly permeate down to the underlying aquifers. Polluted groundwater, unfortunately, is very difficult to purify, due to relative inaccessibility, huge volume, slow flow rates, etc. As a result, pollutants entering a groundwater reservoir (aquifer) can cause severe and long lasting environmental damage, partly because of the very long time needed to flush pollutants out of the aquifer. To protect groundwater resources, there is a need for:

· controlling groundwater pollution with a combination of techniques that include evaluating aquifer pollution vulnerability, assessing potential contaminant loads and implementing land-use plans designed specifically to protect groundwater resources;

· controlling groundwater withdrawals particularly in areas subject to irreversible side-effects such as saltwater intrusion and land subsidence; 

· setting priorities for action based assessment of aquifer pollution vulnerability and contaminant loading; 

· adopting early warning monitoring strategies. There are two basic means of protecting groundwater, depending on whether the problem is excessive withdrawal (over-exploitation) or degraded water quality; 

· improving groundwater monitoring and protection.

Hence, this necessitates developing some prelude knowledge on the basics of groundwater: occurrence, distribution, movement, yield, etc.


3.2
OCCURRENCE AND DISTRIBUTION OF

GROUNDWATER

Precipitation (either in the form of rain or snow) that reaches the ground may take several paths. Some water will fill depressions and eventually evaporate; while some will infiltrate the soil. Part of the infiltrated water may strike relatively impervious strata near the soil surface and flow approximately parallel to it as interflow until an outlet is reached. Some portion may replenish soil moisture in the upper soil zone, and some infiltrated water may reach the groundwater reservoir that sustains dry weather stream flow.  Thus, infiltrated water is divided into interflow, groundwater, and soil moisture. Groundwater thus refers to water in the saturated zone of a geological stratum (Figure 3.1). Water also occurs underground in unsaturated zone where voids are filled with water or air.  This water beneath the surface can be tapped with wells, tunnels, or drainage channels, or it flows naturally to the earth’s surface via seeps or springs. Once underground, the water moves under the influence of two principal forces, namely gravity and capillarity; this controls the movement of water in rocks and unconsolidated material. Gravitational force is responsible for the entrance and percolation of groundwater from the time water percolates downward from the surface, and moves laterally in the saturated zone to emerge as springs and seeps, making up the base flow of surface streams and flowing wells, ponds and lakes. As far as force of capillarity is concerned, it is responsible for water to be held in the soil by surface tension and permits it to move in all directions by capillary action.

Figure 3.1

Groundwater Flow
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Groundwater represents about 20% of freshwater resources of the earth, while lakes and rivers correspond to less than 1% and glaciers 79%. It is estimated that almost 80% of the world's rural population depend on groundwater for safe water supplies. The estimated total volume of readily usable groundwater in the world is about 42 million cubic kilometres. Table 3.1 gives the state-wise groundwater resources of India.

Table 3.1

Groundwater Resources of India

	S. No.
	State
	Groundwater Resource (Mm3)

	1
	Andhra Pradesh
	30,343.61

	2
	Assam (including Nagaland and Arunachal)
	51,682.81

	3
	Bihar
	38,607.92

	4
	Delhi
	616.74

	5
	Gujarat
	17,885.46

	6
	Haryana
	5,674.01

	7
	Himachal Pradesh
	2,837.00

	8
	Jammu and Kashmir
	12,334.80

	9
	Karnataka
	20,475.77

	10
	Kerala
	13,198.24

	11
	Madhya Pradesh
	54,889.86

	12
	Maharashtra
	25, 903.08

	13
	Orissa
	28,123.

	14
	Punjab
	11,224.67

	15
	Rajasthan
	7,154.18

	16
	Tamilnadu and Pondicherry
	20,229.07

	17
	Uttar Pradesh
	54,889.86

	18
	West Bengal
	28,370.04

	
	Total
	424,440.46


Source: Duggal and Soni, 1996

Further, some 1.5 billion people depend on underground water for their drinking needs. Shortages of groundwater in regions where excessive withdrawals have occurred emphasise the need for accurate estimate of the available subsurface resources and the need for proper planning to ensure the continued availability of water supplies. For this, we need to know the occurrence, distribution and yield aspects. Next, we will discuss the role of groundwater in the hydrological cycle. 

3.2.1 
Hydrological cycle

Precipitation replenishes surface water bodies and recharges aquifer systems. The cycle by which water is transported from the oceans to the atmosphere to the land and back to the sea is referred as the hydrological or water cycle (Singh, V. P., 1994), which is illustrated in Figure 3.2. It indicates the role of groundwater in the earth’s hydrologic cycle.

Figure 3.2

Hydrological Cycle
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This explains the movement and interrelationships of surface water, groundwater and water in the atmosphere. This cycle continually keeps a balance between the water of the earth and the moisture in the atmosphere (Mutreja, 1995). Thus, water cycle is the continuous circulation of water from the atmosphere to the earth and back to the atmosphere. In other words, water evaporates from the oceans and land surface, is carried over the earth in atmospheric circulation as water vapour, precipitates again as rain or snow, is intercepted by trees and vegetation, provides run-off from the land surface, infiltrates into the soil, recharges groundwater, discharges into streams and ultimately flows out into the oceans from which it will eventually evaporate again. The components of the hydrological cycle are precipitation (rainfall, snowfall, dew, fog, etc.), runoff [surface runoff, subsurface runoff (or interflow), and groundwater runoff (or baseflow)], evaporation, transpiration, infiltration, percolation, seepage, interception, depression storage, and moisture storage over and below the land surface.

Part of the precipitation, as well as any other flow, which appear in either perennial or intermittent surface streams, collected from a drainage basin or watershed is known as runoff. Hence, runoff is the total amount of water flowing into a stream, or the sum of direct runoff and base flow. Runoff is divided into two successively smaller subcategories: direct runoff (the sum of surface runoff and interflow) and surface runoff (the sum of overland flow and saturation excess overland flow). Overland flow is the portion of rain, irrigation water or other water that moves across the land surface and enters a stream or other waterbody. This generally occurs when precipitation exceeds the infiltration capacity of the soil. The precipitation that cannot be adsorbed by the soil when the soil is already saturated with water is known as saturation excess overland flow. Part of the runoff that percolates (and infiltrated water gets in to the ground) and is discharged into the stream is known as the groundwater runoff.  Groundwater discharging into streams maintains stream flow during the periods of no surface runoff.

The land area that diverts all surface runoff to the same drainage outlet is referred as watershed. Streams and rivers convey both surface water and groundwater away from high water areas, preventing surface flooding and rising groundwater problems. The tract of land (both surface and subsurface) drained by a river and its tributaries is called drainage basin (catchment area). A watershed area supplies surface runoff to a river or stream, whereas a drainage basin for a given stream is the tract of land drained by both surface runoff and groundwater discharge.

The portion of water that enters the soil moves either vertically or laterally. Significant lateral movements of water through the soil are termed either through flow or interflow. Interflow is that part of the subsurface flow that moves at shallow depths, reaching the surface channels in a relatively short period, and therefore is commonly considered part of the direct surface runoff. Thus, interflow is the water that travels laterally or horizontally through the zone of aeration (vadose zone) without reaching the water table during or immediately after a precipitation event and discharges directly into a stream. Vertical movement of water through the soil is called percolation. 

Percolating water eventually reaches the saturated zone. The top of the saturated zone (i.e., subsurface zone in which all rock openings are filled with water) is the water table (also known as phreatic surface), which is the locus of all points in an unconfined body of groundwater where the pressure remains atmospheric. The sustained flow (amount of water) in a stream that comes from groundwater discharge or seepage is known as base flow.  It flows through rock and soil layers of the earth until it discharges as a spring or seeps into a stream, lake, or ocean.  The elevation of the water table keeps on changing with different phases of the hydrological cycle.


3.2.2 
Hydrograph

The water that constitutes the stream flow may reach the stream channel by any of the several paths from the point where it reaches the earth as precipitation. Some water flows over the soil surface as surface runoff and reaches the stream soon after occurrence as runoff. Other water infiltrates through the soil surface and flows beneath the surface to the stream. This water moves more slowly than surface runoff and contributes to sustained flow of the stream during periods of dry weather. Where groundwater reservoirs are below stream channels – often the case in arid regions – streams cease to flow during protracted precipitation-free periods. Stream flow, at a given location on a watercourse, is represented by a hydrograph, which is depicted in Figure 3.3. 

Figure 3.3

Hydrograph
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Hydrograph is the graphical representation of the instantaneous rate of discharge of a stream with respect to time.  This is a result of the physiographic and hydrometeorological effects of the watershed. Normally this is obtained by means of a continuous recorder that shows stage (depth) versus time (stage hydrograph), and is then transformed into discharge by the application of a rating curve. The hydrograph produced in a stream is the result of various hydrological processes that occur during and after any precipitation event. It has four components; (i) direct surface runoff, (ii) interflow, (iii) groundwater or baseflow, and (iv) channel precipitation. The rising portion of a hydrograph is known as the concentration curve; the region in the vicinity of the peak is called the crest segment; and the falling portion is the recession. The shape of a hydrograph depends on precipitation pattern characteristics and basin properties.

During peak season (rainy season), the maximum contribution of surface runoff is from rainwater while in dry seasons; baseflow contributes to the surface water. The falling limb of the hydrograph is a record of both the runoff and baseflow. Over a period of many years, such falling limb records of a particular stretch of stream can be analysed to derive a number or value, which is unique to that particular stretch and upstream contributing basin. This number ‘a’, the base flow recession constant, is used in the following equation to compute the flow rates. 

Q = Q0 e-at   





Equation  3.1
where,
Q is the discharge (m3/s) or flow rate at time t;

Q0 is the initial flow rate;  

t is elapsed time since time of the initial flow.

The baseflow recession constant of a stream or a certain stretch of a stream may cause variations only slightly over a long period if neither environment nor climate changes appreciably.   

3.2.3 
Subsurface distribution of water

Groundwater distribution may generally be categorised into zones of aeration and saturation (Viessman, et. al., 1989). The saturated zone  (often referred to as groundwater zone) is one in which all voids are filled with water under hydrostatic pressure. In the zone of aeration, the interstices are filled partly with air and partly with water. The zone of aeration is subdivided into sub zones:

(i)
Soil Water Zone: It begins at the ground surface and extends downward through the major root band. Its total depth is variable and dependent on soil type and vegetation. The zone is unsaturated except during periods of heavy infiltration. Various categories of water encountered here are hygroscopic water (which is absorbed from air), capillary water (held by surface tension) and gravitational water (which is excess soil water draining through the soil). Water that is drained from a soil by gravity is known as the specific yield, which is expressed as the ratio of the volume of water that can be drained by gravity to the gross volume of soil. Values of specific yield depend on the soil particle size and shape, distribution of pores, and degree of compaction of the soil.

(ii)
Intermediate Zone: This belt extends from the bottom of the soil-water zone to the top of the capillary fringe and may vary from non-existence to several hundred centimetres in thickness. This zone is a link between a near-ground surface region and the near water-table region through which infiltering fluid passes. 

(iii)
Capillary Zone: It extends from the water table to a height determined by the capillary rise that can be generated in the soil. The capillary band thickness is a function of soil texture and may fluctuate not only from region to region but within a local area.

(iv)
Saturated Zone: In this zone, groundwater fills the pore spaces completely and porosity is therefore a direct measure of storage volume. Due to molecular and surface tension forces, a part of this water (specific retention) cannot be removed either by pumping or drainage. Specific retention is the ratio of volume of water retained against gravity drainage to gross volume of the soil. In the zone of saturation, groundwater fills all the interstices; hence, the effective porosity provides a direct measure of the water contained per unit volume. Further, these can be classified according to their flow property as:

· Groundwater basin: It is the physiographic hydrological unit containing one large or several connected and interrelated aquifers. In a given physiographic unit, drainage and groundwater basins may have more or less the same configuration (as in valley in mountain ranges) or an entirely different one (as in sand hill areas).

· Springs: It is a concentrated discharge of groundwater appearing at the surface as a current of flowing water. 
Note that 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.
Groundwater systems and mechanisms for recharge and withdrawal are illustrated in Figure 3.4.

Figure 3.4

Groundwater Systems and Mechanisms for 

Recharge and Withdrawal
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3.2.4 
Subsurface geology

The geological structure of a groundwater basin (viz. the numbers and type of water bearing formations, their vertical dimensions, interconnections, hydraulic properties, outcrop patterns, etc.) governs the occurrence and movement of water within it. For example, in bedrock areas, the hydrological characteristics of the rocks are location, size, orientation, and ability to store or transmit water. While in unconsolidated rock areas, basins contain hundreds to thousands of centimetres of semi consolidated to unconsolidated fill deposits that originated from the erosion of headwater areas. Such fills often contain extensive quantities of stored water. Hence, the determination of groundwater volume and flow requires knowledge of the groundwater basin’s geology and nature of geohydrologic units such as aquifers, aquifuges and aquicludes  (Viessman, et al., 1989).

Aquifers are the water bearing formations, also known as groundwater reservoirs, that contain sufficient saturated permeable material, such as unconsolidated sands and gravels as illustrated in Figure 3.1, to yield significant quantities of water.  There are two types of aquifers namely confined and unconfined, depending on the presence and absence of impermeable layer. We will explain these below:

· Confined aquifer: It is an impervious layer made of geological material through which significant quantities of water cannot move. It is located below unconfined aquifers while in confined aquifers (or confining bed), the confined area is located above and below. Aquifers that are wedged between layers of relatively impermeable material are consequently under pressure. These are also known as artesian aquifers. On drilling a well into such formations, water would rise to the height corresponding to the pressure head in the aquifer. 
· Unconfined aquifer: It is an aquifer in which the water table serves as the upper surface of the zone of saturation. The water table has an undulating form and slope depending upon the area of recharge and discharge, pumpage from wells and permeability. The rise and fall of water corresponds to change in volume of water in storage within an aquifer. Lower limit of an unconfined aquifer is an impermeable zone and its upper 










































































































(LEARNING ACTIVITY 3.1





Explain how groundwater contributes to the hydrological cycle?





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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