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FOREWORD
Groundwater has become the major source of water to meet the
requirements of domestic, industrial and irrigation sectors in India
during the last few decades on account of its ubiquitous occurrence,
easy availability and reliability. These qualities have led to its
indiscriminate exploitation in some parts of the country without due
regard to recharging options. This has resulted in considerable
depletion of the ground water table in some areas causing concerns for
the long-term sustainability. There is an urgent need for augmentation
of the limited groundwater resources by taking appropriate measures
including suitable management interventions.
Climate change has tremendous impact on groundwater
resources and consequently on agriculture and also on drinking water
use. The effect of climate change on groundwater includes a long term
decline in groundwater storage, increased frequency and severity of
groundwater droughts. Sustainable management of groundwater
resources is vital for food security, ecological integrity and economic
development. However, sustainable management requires a sound
understanding of this resource from scientific as well as socioeconomic perspectives.
Artificial recharge to groundwater through scientifically
designed structures has been proven as a viable option for
augmentation of groundwater resources. It also provides an
opportunity to utilize the surplus monsoon runoff which otherwise is
lost to sea unutilized.
The Technical Bulletin on "Augmentation of Groundwater
Resources under Climate Change in Rajasthan" has updated
information on various aspects related to planning and design of
artificial recharge structures, their feasibility, monitoring and issues
associated to sustainable groundwater management. This publication
will be of immense use to researchers, government officials and NGO's
engaged in planning and implementation of groundwater
augmentation schemes in various parts of the country.
(Dr. P. L. Maliwal)

PREFACE
Climate change is likely to affect groundwater due to
changes in precipitation and evapotranspiration. Agricultural
demand, particularly for irrigation water, which is major share
of total water demand of the country, is considered more
sensitive to climate change. Direct impacts of climate changes on
groundwater are variation in duration, amount, intensity of
precipitation and evapotranspiration which will increase or
decrease recharge rates.
Groundwater is the only dependable source of water in the
larger area of the state. High salinity, fluoride and nitrate
contents in groundwater further limit the availability of fresh
water assets. Because of its geographical position, the entire state
is frequently reeled by meteorological/ agricultural drought
situations affecting mass population as well as livestock for
drinking water, food and fodder. Cumulative impact of all these
factors has made Rajasthan as the most water crisis state of India.
The availability and sustainability of groundwater in
many principal aquifers are threatened by depletion by human
and climatic stresses. Therefore, groundwater sustainability is a
major challenge because groundwater is a widely distributed
resource. This bulletin highlights the scientific understanding of
aquifers response to climate change and importantly suggests
ways to augment groundwater recharge.
The AICRP on Groundwater Utilization under Directorate
of Research, MPUAT, Udaipur is operating an ICAR network
project on "National Initiative on Climate Resilient Agriculture
(NICRA)" with the major objectives on augmentation of
groundwater resources based on climate variables and their
impacts on agriculture. We are grateful to Director General
(ICAR) and Secretary (DARE), Govt. of India, New Delhi for his
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1
INTRODUCTION
The world is a blue planet as 70 per cent of the earth's
surface is covered with water but in reality 97.4 per cent of the
total water on earth is about 1400 Billion Cubic Meter (BCM) is
saline and only 2.6 per cent is available as fresh water (Tali et
al., 2012). About 77 per cent of this fresh water is locked up in
glaciers and permanent snow and 11 per cent is considered to
occur at depths exceeding 800 m below the ground, which
cannot be extracted economically with the technology
available today. About 11 per cent of the resources are
available as extractable groundwater within 800 m depth and
about one per cent is available as surface water in lakes and
rivers. Out of the 113,000 BCM of rain and snow received on
the earth, evaporation losses account for about 72,000 BCM,
leaving a balance of about 41,000 BCM, out of which about
9000-14000 BCM is considered utilizable (Shah et al., 2007).
Globally groundwater is estimated to provide
approximately 40-50 per cent of current potable water
supplies, 40 per cent of the water demand of self-supplied
industry and 10-20 per cent of water use in irrigation. In Asia
and the Pacific, about 32 per cent of the population uses
groundwater as a drinking water source (Morris et al., 2003).
Compared to surface water, groundwater use often yields
larger economic benefits per unit volume, due to its
availability at local level, drought reliability and good quality
requiring minimal treatment (UN/WWAP, 2003).

The average annual per capita availability of water in the
country, taking into consideration the population of the
country as per the 2001 census, was 1816 cubic meter which
reduced to 1545 cubic meter as per the 2011 census
(www.indiasanitationportal.org).
The increasing demand for water in the country has
brought forward the realisation that the underground
reservoirs formed by the aquifers constitute invaluable water
supply sources as well as natural water storage facilities. The
planned augmentation of water storage in the groundwater
reservoirs by suitable recharge techniques is useful for
reducing over-draft, conserving surface runoff and increasing
available groundwater supplies. Recharge may be incidental,
when it is a by product of normal land and water utilisation
measures and planned when the work is carried out with the
sole objective of augmenting groundwater storage to improve
water availability or water quality, reduce impact of floods or
preventing/stopping sea water intrusion. Groundwater
recharge techniques have been developed world over through
large number of experimental projects implemented with
diverse objectives. The aim of majority of the projects was to
augment groundwater storage by utilizing surplus rainy
season flows or the waste waters; projects for benefit of water
quality, conserving surface waters for subsequent use and
stopping land subsidence were quite common. In India, the
applicability of technologies to tropical conditions has been
evaluated through a number of studies conducted by Central
Ground Water Board and the State Groundwater Organisations.
In India, groundwater provides about 60 per cent of the
total agricultural water use accounting more than 50 per cent
of the total irrigated area. As an easily accessible and cheap
water resource, groundwater is often abstracted beyond its
natural recharging capacity, which results in depletion of the
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resource and/or degradation of its quality.
India contains 2.45 per cent of the world's land area and 4
per cent of its water resources. The country's water resources
are unevenly distributed in time and space. Of the yearly
runoff 80—90 per cent occurs during four months. The GangaBrahmaputra-Mahanadi basin holds 60 per cent of India's total
water supply in an area that is only 1/3 of the country's area.
3
Water consumption per capita was 650 m during the year
3
2001 and is estimated to reach between 725 and 750 m /capita
/year (Kannaiyan et al., 2001). The fourth United Nations
World Water Development report envisages global trends in
water availability and usage and pointed out that “The global
groundwater abstraction rate has at least tripled over the past
50 years and is increasing at an annual rate of between 1 per
cent and 2 per cent,” (http://www.livemint.com). It was
reported that India ranks first in the list among the top 10
groundwater-abstracting countries as of 2010. The boom in
groundwater abstraction has been driven by population
growth, in what the report calls “an unprecedented silent
revolution”. Agriculture accounts for 87 per cent of water
withdrawals in India, the highest of the BRIC (Brazil, Russia,
India and China) countries and India accounts for 26 per cent
of the world's DLDD (desertification, land degradation and
drought) affected population. In Punjab, one of Asia's major
breadbaskets, the water table is falling by two-three metres a
year, with serious impacts on food security. Annual
precipitation in India is of the order of 4000 BCM (including
snowfall) and the natural runoff in the rivers is computed to
be about 1869 BCM. The utilizable surface water and
replenishable groundwater resources are of the order of 690
BCM and 433 BCM respectively. Thus, the total water
resources available for various uses, on an annual basis, are of
the order of 1123 BCM (Dhiman, 2011).
The latest assessment of groundwater resources of India
3

carried out jointly by the Central Ground Water Board and the
concerned States, out of 5723 assessment units (Blocks/
Mandals/Talukas) in the country, 839 units in various States
have been categorized as 'Over-exploited' i.e. the annual
groundwater extraction exceeds the annual replenishable
resource and significant decline in long term groundwater
levels has been observed either in pre-monsoon or postmonsoon or both. In addition, 226 units are 'Critical' i.e. the
stage of groundwater development is above 90 per cent and
within 100 per cent of annual replenishable resource and
significant decline is observed in trend of long term water
levels in both pre-monsoon and post-monsoon periods
(Dhiman, 2011). Impact of climate change on the groundwater
regime is expected to be severe. India on the whole has a
potential of 45.22 Mha-m/year of replenishable groundwater,
unfortunately, due to rampant drawing of the subsurface
water, the water table in many regions of the country has
dropped significantly in the recent years resulting in threat to
groundwater sustainability. These regions mainly correspond
to the states of Gujarat, Punjab, Haryana, Tamil Nadu and
Rajasthan that have registered groundwater development
above the national average.
The most optimistic assumption suggests that an average
drop in groundwater level by one metre would increase
India's total carbon emissions by over one per cent, because
the time of withdrawal of the same amount of water will
increase fuel consumption. A more realistic assumption
reflecting the area projected to be irrigated by groundwater,
suggests that the increase in carbon emission could be 4.8 per
cent for each metre drop in groundwater levels (Mall et al.,
2006). It is recommended to study the aquifer geometry,
establish the saline fresh interfaces within few km of the
coastal area, the effect of glaciers melting on recharge potential
of aquifers in the Ganga basin and its effects on the
4

transboundary aquifer systems, particularly in the arid and
semi-arid regions.
Rajasthan is the largest state of the country whose
geographical area is more then the area of 128 countries in the
world. Rajasthan with more than 10.40 per cent of the
countries geographical area, supporting more than 5.5 per cent
of the human population and 18.70 per cent of livestock with
only 1.16 per cent of the total surface water and 1.72 per cent
of total groundwater availability of the country. The surface
water resources are mainly confined to south and south
eastern part of the state. Due to limited surface water
resources, about 94 per cent drinking water supply schemes
and 70 per cent irrigation schemes are based on groundwater
(Bharadwaj et al., 2010). The rainfall is erratic and there is a
large variation in the rainfall pattern in the state. The average
annual rainfall ranges from 100 mm in Jaisalmer to 800 mm in
Jhalawar. Average annual rainfall of the state is 531 mm. For
the 22 eastern districts, it is 688 mm whereas for the remaining
western districts, the rainfall is only 318 mm. Rainfall in large
parts of the state is not only inadequate but also varies sharply
from year to year and place to place. The rainfall occurs only
during monsoon months and the actual rainy days are
numbered. The state has also to depend largely on the water
allocated through inter state water sharing agreements, which
depends upon inflows of rivers. The state has witnessed
frequent drought and famine conditions in the past fifty years.
Groundwater is not available in many parts of state even for
drinking purpose. Sometimes water is being transported by
trains, trucks and other means. Total surface water available in
the state is 21.71 BCM, out of which 16.05 BCM is
economically utilizable. State has so far harnessed 11.84 BCM,
which is 72 per cent of economically utilizable portion. In
addition to it, 17.89 BCM is allocated through Inter-State
agreements (Anonymous, 2010).
5

Rajasthan is the most dry state of the country. The state is
divided into 14 river basins, which cover eastern, northern and
southern river catchments. Luni is the only river west of
Aravalli and in remaining Western Rajasthan the drainage is
internal in the desert sand. Catering safe drinking water to 686
million population is a big task before scientists, engineers,
administrator and policy planners. Availability of surface
water is mainly restricted to canal command areas of Indira
Gandhi Nahar, Chambal and Mahi rivers. Other rivers and
streams in the state are ephemeral flowing only during rainy
season. Out of 239 blocks of the state 166 blocks has been
overexploited, 25 blocks at critical stage, 16 blocks are under
semi-critical stage and one saline. Only 31 blocks of the state
falls under safe limit (http://www.cseindia.org/userfiles/
ranachatterjee_ground_management.pdf). There is a large
dependence on interstate surface waters received from RabiBeas- Satluj system through Indira Gandhi Canal & Gang
Canal systems. Rajasthan's share of Narabada and Yamuna
waters are yet to be received. The supplies have become
uncertain due to many social and political reasons. Also

Fig. : 1.1 The ground water development in different years
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proper distribution of canal water among various stakeholders
is another issue to be managed. It is most water deficit state of
India. In Rajasthan, groundwater conditions vary widely. The
depth to groundwater is within a few metres in the irrigation
commands to more than 100 metres in western Rajasthan. The
ground water development in different years is shown in Fig. 1.1.
The quarternary alluvium is the most important
unconsolidated formation due to its wide spread occurrence.
The maximum drilled thickness of alluvium is 543.51 metres
below ground level at Anupgarh in Ganganagar district. The
semi-consolidated formations belonging to Paleozoic,
Mesozoic and Cenozoic groups are composed of siltstone,
claystone, sandstone, shale, conglomerate and limestone.
Sandstones and limestones form the main aquifers in
Jaisalmer, Jodhpur, Barmer, and Bikaner districts. Sandstones
of Lathi formation are the most potential aquifers in the
districts of Jaisalmer, Jodhpur and Barmer. The quality of
groundwater also varies from highly saline in some parts of
western Rajasthan to fresh in the eastern part. The
replenishable groundwater resources of accepted drinking and
irrigation standards have been estimated as 12498 million
cubic meters. The depth of the water table of Rajasthan is
shown in Fig. 1.2.
Climate change has emerged as a key concern for the
World Bank and its clients in the 21st century. Sea level rise,
warming temperatures, uncertain effects on forest and
agricultural systems and increased variability and volatility in
weather patterns are expected to have a significant and
disproportionate impact in the developing world, where the
world's poor remain most susceptible to the potential damages
and uncertainties inherent in a changing climate.

Source: CGWB

Fig. : 1.2 The depth of the water table of Rajasthan

increased 0.6 ± 0.2 C since 1861 and predicts an increase of 2 to
4°C over the next 100 years (Spain, IPCC 2007). Global sea
levels have risen between 10 and 25 cm since the late 19th
century. As a direct consequence of warmer temperatures, the
hydrologic cycle will undergo significant impact with
accompanying changes in the rates of precipitation and
evaporation. Predictions include higher incidences of severe
weather events, a higher likelihood of flooding, and more
droughts. The impact would be particularly severe in the
tropical areas, which mainly consist of developing countries,
including India.

The Intergovernmental Panel on Climate Change (IPCC)
estimates that the global mean surface temperature has

Climate change is likely to affect groundwater due to
changes in precipitation and evapotranspiration. Rising sea
levels may lead to increased saline intrusion into coastal and
island aquifers, while increased frequency and severity of
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floods may affect groundwater quality in alluvial aquifers.
Sea-level rise leads to intrusion of saline water into the fresh
groundwater in coastal aquifers and thus adversely affects
groundwater resources. For two small and flat coral islands at
the coast of India, the thickness of freshwater lens was
computed to decrease from 25 m to 10 m and from 36 m to 28
m, respectively, for a sea level rise of only 0.1 m (Mall et al.,
2006).The future impact of climate change on groundwater
systems is of considerable concern. Expected consequences of
global warming include changes in aquifer recharge, shifts in
groundwater levels, and altered groundwater discharge rates.
These, in turn, will affect stream base flows, lake water levels,
and ecosystems that depend on groundwater (Green et al.,
2007). All these effects will be intensified if water abstraction is
increased to meet the growing societal and ecological demand
for fresh water (Bovolo et al., 2009).
Climate change will affect groundwater recharge rates,
i.e., the renewable groundwater resource, and groundwater
levels. As result of climate change hydraulic connection of
river and aquifer, groundwater recharge rates, changes in
river level influence groundwater levels much more than
changes in groundwater recharge (Allen et al., 2003). As a
result of climate change, in many aquifers of the world the
spring recharge shifts towards winter, and summer recharge
declines. In high latitudes, thawing of permafrost will cause
changes in groundwater level and quality. Climate change
may lead to vegetation changes which also affect groundwater
recharge. Also, with increased frequency and magnitude of
floods, groundwater recharge may increase particularly in
semi-arid and arid areas where heavy rainfall and floods are
the major sources of groundwater recharge. Bedrock aquifers
in semi-arid regions are replenished by direct infiltration of
precipitation into fractures and dissolution channels, and
alluvial aquifers are mainly recharged by floods. Accordingly,
9

an assessment of climate change impact on groundwater
recharge should include the effects of changed precipitation
variability and inundation areas (Khiyami et al., 2005).
Agricultural demand, particularly for irrigation water,
which is a major share of total water demand of the country, is
considered more sensitive to climate change. A change in
field-level climate may alter the need and timing of irrigation.
Increased dryness may lead to increased demand, but demand
could be reduced if soil moisture content rises at critical times
of the year. Warm air, holds more moisture and increase
evaporation of surface moisture. With more moisture in the
atmosphere, rainfall and snowfall events tend to be more
intense, increasing the potential for floods. However, if there is
little or no moisture in the soil to evaporate, the incident solar
radiation goes into raising the temperature, which could
contribute to longer and more severe droughts. Therefore,
change in climate will affect the soil moisture, groundwater
recharge and frequency of flood or drought episodes and
finally groundwater level in different areas. In a number of
studies, it is projected that increasing temperature and decline
in rainfall may reduce net recharge and affect groundwater
levels.
Groundwater is the only dependable source of water in
the larger area of the state. High salinity, fluoride and nitrate
contents in groundwater further limit the availability of fresh
water assets. Because of its geographical position, the entire
state is frequently reeled by meteorological/ agricultural
drought situations affecting mass population as well as
livestock for drinking water, food and fodder. Cumulative
impact of all these factors has made Rajasthan as the most
water crisis state of India. Gravity of situation therefore, calls
for discussing issues of concern vis a vis evaluation and
enforcement of suitable management strategies for sustainable
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availability of water in the state.
In the hard rock areas availability of groundwater
resources in a year is in direct response to the intensity of
monsoon. The hard rock aquifers give a quick response and a
good monsoon rainfall covers the water declines caused
during last few years of below normal/ lean monsoon rainfall.
The seasonal availability of groundwater also varies widely.
While the availability of groundwater at shallow depths
during post-monsoon period in a normal and good rainfall
year is plenty, the areas may experience acute drinking water
problem in summer with wells registering appreciable
declines in well yields.
The eastern plains in Chambal and Yamuna catchments
have a general slope towards east. However, some of the
rivers like Banganga, Barah, Sota & Sahibi in theses plains are
inland in nature. The increase in groundwater development
for agriculture and domestic draft has led to gradual decline of
water levels in the recharge and transitional areas. However,
in the discharge areas, the levels have not experienced such a
trend. The decline has caused reduction in well yields and
increased pumping cost. Such areas come under overexploited and critical categories. These are of great concern
and suitable management/ regulatory measures are required
to be implemented/ enforced.

consequence to canal seepage and over-application of water
for irrigation and lack of adequate surface and sub-surface
drainage. Large areas along canals have become water-logged
or have become prone to water-logging especially in
Ganganagar, Hanumangrah and Bikaner districts. Such
conditions also exist in Chambal Command area in Kota and
Bundi districts. The shallow water table, besides being an
agriculture hazard, also causes lot of rejected recharge in
monsoon season.
Looking to severity of the problems related to water, our
objectives are to present a general guideline to augment
groundwater resources in the state of Rajasthan under climate
change. This bulletin covers groundwater scenario of
Rajasthan, artificial recharge for augmentation of groundwater
and recharge studies undertaken for augmentation of
groundwater table in the state.
q

In the sandy plains of Western Rajasthan the water levels
are generally deep (more than 40 m). The availability of water
is further constrained due to the problem of salinity both in
the groundwater and soils. Due to low rainfall and hot arid
conditions many areas experience acute drinking water
problem. Groundwater irrigation is less prevalent in these
areas as compared to eastern and central Rajasthan.
In north eastern part of the state, in the Indira Gandhi
Nahar Project area, the water levels are shallow as a
11
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June. With the introduction of canal irrigation a variety of field
crops, viz., wheat, gram, mustard, cotton and sugarcane, are
now grown.

2
AGRO-CLIMATIC ZONES
OF RAJASTHAN
2.1

Zone I-a Arid Western Plain

This region comprises Jodhpur and Barmer districts. It
has a geographical area of 4.7 mha. Desert soils and sand
dunes occupy the major area in the zone. The mean daily
temperatures in Jodhpur range between a maximum of 40°C
in June to a minimum of 8°C in January. Rainfall in the zone
ranges from 100 mm in the west to about 300 mm in the east.
The common crops grown are pearl millet, mothbean and
clusterbean. Rabi crops like wheat, rape-seed and mustard are
grown only in areas where groundwater is available for
irrigation.

2.2

Zone I-b Irrigated North Western Plain

It has a geographical area of 2.1 mha covering
Sriganganagar and Hanumangarh districts. The soils in this
zone are alluvial deposits of the river Ghaggar in the flood
plains of Sriganganagar - are yellowish brown in colour, loam
to silty clay loam in texture and calcareous in nature. At many
places they are intermixed with sandy material. Generally, the
soils have very high content of soluble salts and exchangeable
sodium. The rainfall ranges between 100-350 mm. The mean
daily maximum temperature at Sriganganagar ranges from
20.5°C in January to 42.1°C in June. Likewise, the mean daily
minimum temperature ranges from 4.7°C in January to 28°C in
13

2.3

Zone I-c Hyper Arid Partially Irrigated Western
Plain

This zone covers about 7.70 mha of the geographical area
of Bikaner, Jaisalmer and parts of Churu district. The climatic
conditions are more or less similar to zone 1-a and 1-b. The
major crops grown in the rainfed areas are pearl millet,
mothbean and clusterbean. In irrigated areas, crops like wheat
and mustard are grown.

2.4

Zone II-a Transitional Plain of Inland Drainage

This zone covers Sikar, Jhunjhunu, Nagaur and the
eastern part of Churu district. It covers an area of about 3.69 m
ha. The soils are sandy barns to clay barns and cultivation is
restricted due to the shallow depth and stony surface of the
soil. Red desert soils, saline and lithosols are found in
depressions. The rainfall ranges from 300 mm in the west to
about 500 mm in the east. The mean daily minimum
temperature ranges from 5.3°C in January to 27.5°C in June.
Due to erratic precipitation, a large area is put under pearl
millet and kharif pulses, particularly mothbean and
clusterbean. Groundnut occupies a sizeable area. In rabi,
irrigated wheat and barley are important crops.

2.5

Zone II-b Transitional Plain of Luni Basin

This zone encompasses western Sirohi, eastern Jodhpur,
Pali and Jalore districts, and the area lying west of the Aravalli
ranges, covering a geographical area of about 3.0 mha. In
Jodhpur, Jalore and Pali districts, red desert soils are found.
About 27 per cent of the cropped area is under irrigation
mainly from canals and wells. The rainfall ranges from 300
mm in the west to 500 mm in the east. The principal crops of
the zone are pearl millet, kharif pulses, sesame; maize, wheat,
14

barley, mustard and gram. The area is prone to flooding by the
river Luni with a 16-year flood cycle. The area under mew and
mustard is increasing in the region with improving irrigation
facilities. The agro-climatic zones of Rajasthan is shown in Fig.
2.1.

2.6

Zone Ill-a Semi Arid Eastern Plain

This includes Ajmer, Tonk, Dausa and Jaipur districts
and covers an area of 2.96 m The alluvial soils of western and
northeastern parts of Jaipur and Ajmer are modified due to
increase of aeolian materials flowing through gaps in the
Aravalli ranges. Old alluviums are found in the southeastern
parts and lithosols near the foothills in Ajmer. Brown soils are
found in parts of Tonk district. The rainfall ranges from about
500 mm in the west and northwest to about 600 mm in
southeast. The mean daily maximum temperatures range from
22°C in January to 40.6°C in May and daily minimum
temperature from 8.3°C in January to 27.3°C in June. The
principal crops of this agro-climatic zone are pearl millet,
sorghum, clusterbean, cow-pea, green gram and groundnut
during kharif and wheat, barley, gram and mustard during
rabi. Maize and cotton are also grown in Ajmer district.

2.7

Chittorgarh and Sirohi. The terrain is irregular. The soils are
lithosols in the foothills in Udaipur and Chittorgarh districts,
but those away from the hills are old alluviums. The rainfall
ranges from 500 mm in west and northwest to about 700 mm
in the southwest. The mean daily maximum temperature at
Udaipur ranges from 24.2°C in January to 38.6°C in May.
Likewise, the mean daily minimum temperature ranges from
7.8°C in January to 25.3°C in June. The principal crops are
maize, sorghum, groundnut, cotton, black gram, wheat,
barley, gram and mustard. The main kharif crop is maize,
while wheat and barley cover the major area in rabi.

2.9

Zone IV-b Humid Southern Plain

This zone includes Dungarpur, Banswara, the
southeastern part of Udaipur and southern Chittorgarh
district. It covers a geographical area of 1.72 mha.
Predominantly, the soils of this zone are reddish, medium
textured, well-drained and calcareous. There are shallow soils
on the hill slopes and deep soils in the valleys. Maize, paddy,

Zone III-b Flood Prone Eastern Plain

This zone embraces southeastern Alwar, Bharatpur,
Dholpur and the southern Sawai Madhopur districts, covering
a total geographical area of about 2.37 m ha. Soils are mainly
alluvial, and subject to recurring floods and water logging.
The rainfall ranges from about 500 mm in the northwest to
about 650 mm in the southeast. The major crops grown in this
zone are gram, mustard, pearl millet, wheat and pigeon pea.

2.8

Zane IV-a Sub-Humid Southern Plain and Aravali
Hills

This zone covers a geographical area of about 3.36 mha
in the districts of Bhilwara, Rajsamand and parts of Udaipur,

Fig. : 2.1 The agro-climatic zones of Rajasthan
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wheat, cotton are the major crops of the zone and small
millets, kharif pulses and gram are also cultivated in this zone.

2.10 Zone V Humid Southeastern Plain
This includes Jhalawar, Kota, Baran, Bundi, eastern
Table : 2.1 Details of agro-climatic zones of Rajasthan
____________________________________________________________________________
Area (Million ha.)
____________________
Rainfall
Districts
Geo. Net
Share
Major Rabi Crops
Zone
(mm)
Area sown
(per Covered
cent)
____________________________________________________________________________
I a – Arid
Western Plain
I b – Irrigated
North-Western
Plain
I c – Hyper
Arid partially
Irrigated
Western Plain
II a –
Transitional
Plain of Inland
Drainage
II b –
Transitional
Plain of Luni
Basin
III a – Semiarid Eastern
Plain
III b – Flood
Prone Eastern
Plain

4.74

2.34

49-36

2.10

1.60

76.15

7.70

2.44

31.66

Barmer & part 200-370
of jodhpur
Sriganganagar 100-350
Hanumangarh

Wheat, Mustard
Cumin
Wheat, Mustard,
gram

Bikaner,
100-350
Jaisamand and
part of Churu

Wheat, Mustard
Gram

3.69

2.68

72.63

Nagaur, Sikar,
Jhunjhnu, part
of Churu

300-500

Mustard, Gram

3.00

1.93

64.35

Jalore, Pali,
part of Sirohi
& Jodhpur

300-500

Wheat, Mustard

2.96

1.77

59.75

Jaipur, Ajmer
Dausa, Tonk

500-700

Wheat, Mustard,
Gram

2.77

1.41

50.96

IV a – Subhumid
Southern Plain

3.36

0.92

27.36

IV b – Humid
Southern Plain

1.72

0.57

33.16

Alwar, Dholpur 500-700
Bharatpur, S.
Madhopur,
Karauli
Bhilwara,
500-900
Rajsamand and
part of Sirohi,
Udaipur,
Chittorgarh
Dungarpur,
500-1100
Banswara part
of Udaipur, and
Chittorgarh
Kota, Jhalawar 650-1000
Bundi, Baran

2.11 Desert and Non-Desert Regions of Rajasthan
The northeast-southwest running Aravalli Mountains is
a major topographic feature in about the center of the state.
The vast tract to the west of Aravalli Mountains is mainly an

Wheat, Barley
Mustard, Gram

Wheat, Gram

Wheat, Gram

V – Humid
2.70
1.27
47.06
Wheat, Mustard,
South-Eastern
Coriander
Plain
____________________________________________________________________________
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Chittorgarh and the western Sawai Madhopur districts. The
zone covers a geographical area of 2.70 m ha. The soils of this
zone are predominantly black soils of alluvial origin, generally
clay loam to clay. In some pockets soil salinity and
groundwater salinity have been encountered. The rainfall
ranges from 650 mm in the northwest to about 1000 mm in
southeast. The mean daily maximum temperature at Kota
ranges from 24.5°C in January to 42.5°C in May. Similarly, the
mean daily minimum temperature ranges from 10.5°C in
January to 29.7°C in May. The principal crops of the zone are
sorghum, maize, cotton, paddy, sugarcane, wheat, gram, and
linseed. The details of agro-climatic zones of Rajasthan are
shown in Table 2.1.

Fig.: 2.2 Desert and Non desert region of Rajasthan
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arid-zone, popularly called the Thar Desert or Marusthali. A
total of twelve districts, i.e., Jaisalmer, Barmer, Jalore, Pali,
Jodhpur, Bikaner, Nagaur, Sikar, Jhunjhunu, Churu,
Hanumangarh and Sriganganagar come under the desert
region of the state. Rest southern and southeastern region is
called non-desert region. The desert non desert region of
Rajasthan are shown in Fig. 2.2.
2

The desert region occupies 0.21 million km (62 per cent
of the area of Rajasthan or 6 per cent of the area of the country)
and has a total population of about 22.5 million people. The
region distinguishes by its low and erratic rainfall, high
atmospheric aridity, abundant sunshine and heat, strong dustraising winds and sparse vegetation cover. High sand dunes
and sandy plains cover 70 per cent of its surface. Other than
the Luni (Salt) River in the southeastern corner, there is hardly
a drainage system worth its name. The region is gifted with a
large variety of natural vegetation, there being over seven
hundred species of grasses, shrubs and trees. The perennial
amongst these are hardy, tenacious enough to withstand
extended droughts, efficient builders of biomass and yet
nutritious as a feed. But the problem is not lack of good
species but their overexploitation leading to a greatly depleted
cover.
The mean annual rainfall over the desert region is
around 450 mm at the eastern margin and from here it
declines to less than 100 mm to west of Jaisalmer over a
distance of 450 km. Nearly 90 per cent of the rainfall comes in
form of few spells confined to the monsoon season that lasts
for 65-75 days from months of July to September. Though the
monsoon season sets in with a high degree of regularity, there
is large variation from year to year. This takes away much of
the significance from the term mean annual rainfall as there
are hardly any two years that are identical in amount and
distribution of rainfall. This is amply illustrated by a study by
19

Fig.: 2.3 rainfall pattern of Rajasthan

the Central Arid Zone Research Institute. An analysis of the
rainfall for the period from year 1901 to 2001, for example for
Jodhpur, showed that only 25 per cent years received rainfall
within 20 per cent of the normal. Further, 32 and 14 per cent of
the years had deficient rainfall that was between 20-50 per cent
and more than 50 per cent short of the mean annual rainfall.
The remaining 29 per cent years recorded surplus rains. Thus,
a common picture is one of few years with surplus rains and
several years of high or moderate deficits. Since, crop growth
depends not only on the total rainfall but also on its
distribution, agricultural droughts are more frequent. For
example, year 2000 received almost the entire rainfall of 200300 mm, in the month of July with a total dry period
thereafter. As a result there was hardly any food or fodder
production, even though total rainfall of the season was
respectable. The rainfall pattern of Rajasthan is shown in Fig.
2.3.
q
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3
CONCEPT OF AUGMENTING
GROUNDWATER RECHARGE

quality of natural groundwater would substantially improve
in brackish and saline areas. The conduit functions of aquifers
thereby reducing the cost intensive surface water conveyance
system. The structures required for recharging groundwater
reservoirs are of small dimensions and cost effective, such as
check dams, percolation tanks, surface spreading basins, pits,
subsurface dykes etc.

3.2 Basic Requirement for Artificial Recharging
The basic requirements for recharging the groundwater
reservoir are:

3.1 Groundwater or Sub-Surface Reservoirs
The sub-surface reservoirs are very attractive and
technically feasible alternatives for storing surplus monsoon
runoff. The sub-surface reservoirs can store substantial
quantity of water. The sub-surface geological formations may
be considered as "warehouse" for storing water that come
from sources located on the land surface. Besides suitable
lithological condition, other considerations for creating subsurface storages are favorable geological structures and
physiographic units, whose dimensions and shape will allow
retention of substantial volume of water in porous and
permeable formations. The sub-surface reservoirs, located in
suitable hydrogeological situations, are environment friendly
and economically viable proposition. The sub-surface storages
have advantages of being free from the adverse effects like
inundation of large surface area, loss of cultivable land,
displacement of local population, substantial evaporation
losses and sensitivity to earthquakes. No gigantic structures
are needed to store water. The underground storage of water
would also have beneficial influence on the existing
groundwater regime. The deeper water levels in many parts of
the country, either of natural occurrence or due to excessive
groundwater development, may be substantially raised,
resulting in reduction in lifting costs and energy saving. The
21

a) Availability of non-committed surplus monsoon
runoff in space and time.
b) Identification of suitable hydrogeological environment
and sites for creating subsurface reservoir through
cost effective artificial recharge techniques.
The availability of source water, one of the prime
requisites for groundwater recharge, is basically assessed in
terms of non committed surplus monsoon runoff, which as per
present water resource development scenario is going
unutilized. This component can be assessed by analysing the
monsoon rainfall pattern, its frequency, number of rainy days
and maximum rainfall in a day and its variation in space and
time. The variations in rainfall pattern in space and time, and
its relevance in relation to the scope for artificial recharge to
sub-surface reservoirs can be considered for assessing the
surplus surface water availability.
3.2.1 Hydrogeological Aspects
Detailed knowledge of geological and hydrological
features of the area is necessary for adequately selecting the
site and the type of recharge structure. In particular, the
features, parameters and data to be considered are: geological
boundaries; hydraulic boundaries; inflow and outflow of
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waters; storage capacity; porosity; hydraulic conductivity;
transmissivity; water resources available for recharge; natural
recharge; water balance; lithology; depth of the aquifer; and
tectonic boundaries. The aquifers best suited for artificial
recharge are those aquifers which absorb large quantities of
water and do not release them too quickly. Theoretically this
will imply that the vertical hydraulic conductivity is high,
while the horizontal hydraulic conductivity is moderate. These
two conditions are not often encountered in nature.
The evaluation of the storage potential of sub-surface
reservoirs is invariably based on the knowledge of
dimensional data of reservoir rock, which includes their
thickness and lateral extent. The availability of sub-surface
storage space and its replenishment capacity further govern
the extent of recharge. The hydrogeological situation in each
area needs to be appraised with a view to assess the recharge
capabilities of the underlying hydrogeological formations. The
unsaturated thickness of rock formations, occurring beyond
three meters below ground level should be considered to
assess the requirement of water to build up the sub-surface
storage by saturating the entire thickness of the vadose up to 3
m below ground level.
The upper 3 m of the unsaturated zone is not considered
for recharging, since it may cause adverse environmental
impact e.g. water logging, soil salinity, etc. The postmonsoon
depth to water level represents a situation of minimum
thickness of vadose zone available for recharge which can be
considered vis-a-vis surplus monsoon runoff in the area.

3.2.2 Geology
Rajasthan is endowed with a continuous geological
sequence of rocks from the oldest Archaean Metamorphics,
represented by Bhilwara Super Group (more than 2,500
million years old) to sub-recent alluvium and wind blown
sand. The western and north-western parts of the state are
covered by vast blanket of young unconsolidated deposits
including the blown sand of the Thar Desert (Marusthal) of
western Rajasthan. The remaining area exposes wide variety
of hard rocks which include various types of metamorphic
schists, quartzites, marble and gneisses of Pre-Cambrian age
with associated acid and basic intrusive rocks. The formations
include the rocks of Aravalli Super Group, Delhi Super group
and upper Precambrian Vindhyan Super group of Cambrian
to Jurassic, Cretaceous and Tertiary ages. The south-eastern
extern extremity of the state is occupied by a pile of basaltic
flows of Deccan Traps of Cretaceous age. Several mineral
deposits of economic importance occur in association with the
above rock units.
The geological sequence of the state is highly varied and
complex, revealing the co-existence of the most ancient rocks
of Pre-Cambrian age and the most recent alluvium as well as
wind-blown sand. The Aravallis, one of the most ancient
mountains in the world, have the oldest granitic and gneissic
rocks at their base. Delhi Super group, the Vindhyan Super
group and younger rocks are highly metamorphosed at certain
places and show rich occurrences of minerals of great
commercial importance.

The artificial recharge techniques inter relate land
integrate the source water to groundwater reservoir. Two
effects are generated by artificial recharge in groundwater
reservoir namely - (a) Rise in water level and (b) increment in
the total volume of the groundwater reservoir.

The characteristic feature of the geology of Rajasthan is
the presence of several groups of rocks belonging to Archaean
and Pre-Cambrian ages. They form the Aravalli mountain
system which runs across the state from the north of Delhi in
the north-east to the Gulf of Cambay in the south-west. The
central part of the Aravalli ranges is occupied by a great
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synclinorium composed of Aravalli and Delhi rocks. Because
of the thin deposits of sand in this region, the rock exposures
are good but in the west and the south-west, they are often
engulfed in sandy alluvium and desert sands. The geology
and different geological formations map of Rajasthan is shown
in Fig. 3.1 & Fig. 3.2. The categorization of district for different
rock formation is given in Table 3.1.
____________________________________________________________________________

Table 3.1: Categorization of district for different rock
formations
____________________________________________________________________________
Ganganagar, Hanumangarh, Alwar,
Bharatpur, Dholpur, Jaipur, Ajmer,
Nagore, Pali, Jalore, Jhunjhunu, Sikar
Semi consolidated Jaisalmer, Jodhpur, Barmer, Bikaner,
Churu
Consolidated
Udaipur, Banswara, Chittorgarh,
Dungarpur, Rajsamand, Sirohi, Kota,
Bundi, Baran, Jhalawar, Bhilwara, Dausa,
Karoli, Pratapgarh, Sawai Madhopur,
Tonk
____________________________________________________________________________
Unconsolidated

3.2.3 Geohydrology of Rajasthan
Rajasthan lies over some of the oldest rock formations in
India. The state has a heterogeneous assemblage of geological
formations ranging from the oldest Archean to recent
alluvium and blown sand (Heron 1936, 1953; Sharma 1992).
All of the lithological units have some groundwater potential;
however, the water potential of theses formations depends on
their hydrogeological characteristics and structural control.
The groundwater potential areas in Rajasthan are not
widespread and homogenous, but found as isolated basins
with unique hydrological parameters. Also, the quality of the
groundwater depends entirely on the site specific physical
properties of the formations, the extent and nature of
weathering and other specifics.

Fig. 3.1 : Geology map of Rajasthan
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including water quality. These provenances are hard
crystalline rock, consolidated sedimentary rock, semiconsolidated cavernous rock, semi-consolidated sedimentary
rock, basaltic, unconsolidated to poorly consolidated
sedimentary rock and alluvial. However, despite good data,
water yield data is based on water lifting devices installed in
the wells. There is a gap in information and precise
hydrogeological characteristics such as optimum yield,
drawdown, recovery rate, porosity, permeability and
transmissivity have not been adequately determined.
Systematic hydrological investigations in the state of Rajasthan
were initiated in 1965 and completed in 1972. From
preliminary investigations, regional maps depicting the
hydrogeology, depth of water, chemical quality of the
groundwater and groundwater potential zones (phreatic) were
prepared. These maps divided the state into 90 basins.

Fig. 3.2 : Different types of formations of Rajasthan

3.2.4 Hydrogeological Conditions
Hydrogeological characteristics of the various
lithological formations, such as depth of groundwater, yield,
etc. are of vital importance in studying the groundwater
potential in any area. The State Groundwater Department
(SGWD), in 1977-78 identified 28 types of aquifer and grouped
them into 13 hydro-geological zones. Subsequently, better data
and information on hydrological properties of various aquifers
and their extent were generated and these groups were
reclassified (Chatterji, 1993). Based on detailed information of
these 13 aquifer types, the SGWD divided the state into seven
provenances, each with similar groundwater characteristics,
27

The groundwater potential zones able to receive
recharge and transmit water were delineated. These zones
were categorized into thirteen groups. Hilly and inaccessible
areas and areas with saline water or poor yield potential are
not included. A total of 766 groundwater potential zones were
identified and demarcated in 1977-78. The number of
groundwater potential zones has since been reduced to 583 by
merging zones of 50 km2 or less with the neighboring zone.
Groundwater potential zones are periodically revised based
on further surveys and exploratory drilling programs. The
revised groundwater potential zones are given in Table 3.2.
For greater clarity of classification, groundwater
potential zones have now been divided into five groups, 15
zones, 13 sub-zones and 94 sub-sub zones. The sub and subsub zones are based on variation in discharge and quality of
water. The first and second estimates were made during 1984
and 1988 but the area determined during 1990 increased by
10.67 per cent and 14.14 per cent over 1984 and 1988 years, i.e.,
the coverage improved in the subsequent years of estimation.
28

____________________________________________________________________________

Table
3.2 : Revised groundwater potential zone
____________________________________________________________________________

3.3 Characteristics of Groundwater Potential Zones

Number of
Notation
Formations
____________________________________________________________________________

Besides rainfall and lithological characteristics, the
development of groundwater aquifers and recharge to such
aquifers is largely determined by the geomorphic properties of
the land, especially slope, drainage patterns and the nature
and thickness of the unconsolidated/semi-consolidated layers
over the bedrock formations. A good correlation exists
between the hydrogeological properties of non-hard rock
areas and the geomorphic properties of the land. Since
geomorphic features can easily be identified through visual
interpretation of remote sensing products and field traverses,
it is possible to identify potential aquifers and to locating areas
suitable for groundwater recharge. However, very few studies
on the relationship between geomorphic properties and
groundwater characteristics have been done in Rajasthan and
most of these have been carried out in universities in the arid
western part of the state (Rathore, 2003). The groundwater
potential zones of Ahar and Wakal river basins of Udaipur
district were delineated by MPUAT, Udaipur. The favorable
artificial recharge zones for these two basins were found to be
12.7 and 9.2 percent of total area (Machiwal et al. 2011 and
Singh et al. 2014). The characteristics of groundwater potential
zones are given in Table 3.3. The groundwater potential zones
and aquifers are shown in Fig. 3.3.

Zone

Sub-

Sub-

Total

zones sub-zones
____________________________________________________________________________
GROUP I – UNCONSOLIDATED
Younger alluvium
32
16
2
50
A
Older alluvium
71
48
20
139
Ao
GROUP II – TERTIARY FORMATIONS
Tertiary sandstone
–
–
–
–
T
and gravel
Tertiary formations
3
13
–
16
T
(mixed aquifer)
GROUP III – CONSOLIDATED SEDIMENTARY FORMATIONS
Parewar formations
–
2
–
2
P
Bhadesar formations
–
3
–
3
Bh
Lathi formations
1
8
–
9
L
Sandstone (M.SG/
35
8
27
70
SS
Vindhyan's)
Shale (M.SG/
9
8
–
17
Sh
Vindhyan's)
Limestone (M.SG/
17
8
16
41
LS
Vindhyan's /
Aravallis/Delhi etc.)
Slate (M.SG/
2
–
–
2
SL
Vindhyan's/
Aravallis etc.)
GROUP IV – CRYSTALLINES – IGNEOUS FORMATIONS
Basalt
14
–
–
14
B
Rhyolite (Malani)
5
–
–
5
R
Granite (Malani/
14
20
–
34
Gr
post-Delhi/Aravallis)
Ultra basic
1
–
–
1
Ub
(Dalorite/Diorite)
GROUP V– METAMORPHICS
Quartzite
24
2
–
26
Q
(Delhi/Aravalli)
Schist/Phyllites
72
16
–
88
Sc/Ph
(Calc/Mica/Biotite)
Gneisses/B/G.C.
46
20
–
66
Gn.
____________________________________________________________________________
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31
32

__________________________________________________________________________________________

A3

A2

A1

Occasional limestone
Vindhyan sandstone

Tertiary sandstone

Younger alluvium
layers, moderately
Younger and old
alluvium
Older alluvium

Intercalated clay
permeable
Appreciable clay contents,
low permeability
Dominantly argillaceous,
calcareous, poor
permeability
Medium to coarse grained
arenaceous, moderate
permeability

Tubewells
Tubewells

Tubewells

Ring wells,
dug wells

Tubewells

Tubewells

Source: Rathore, M.S. (2005) Groundwater Exploration and Augmentation Efforts in Rajasthan, Institute of Development Studies, Jaipur.

Table
3.3 : Characteristics of groundwater potential zones
__________________________________________________________________________________________
B4
Vindhyan limestone
Partly cavernous,
Tubewell,
moderate to low
dug well
permeability
C
Consolidated
C1
Quartzite/ Sandstone Moderate secondary
Wide
Metamorphic
/Phyllite/ Schists/
permeability due to
diameter,
Aquifer
Granite and acid
extensive weathering
tubewells/
intrusive
and fractured zones
dug wells
C2
Quatzite/Gneisses/
Low secondary
Tubewells,
Slate/Shale/Basic &
permeability due to
wide diameter
Ultra basic intrusives limited fractured zones
Dug-cumbore wells
C3
Quartzite/Gneisses/ Compact poor
Revitalization
Slate/ Shales/Basic & permeability
of dug wells
ultra basic intrusives
by blasting,
lateral
drilling, etc.
D
Detailed hydrological investigations are in progress
E
Area not suitable for further groundwater development due to meager potential, unsuitable water
quality and inaccessibility
F
Hills
__________________________________________________________________________________________

B2

Semi-consolidated B1
to consolidated
Aquifer

Unconsolidated
Aquifer

Medium grained
intercalation of shales,
moderate to low
permeability
B3
Vindhyan sandstone Fine grained, compact,
Dug well,
poor
permeability
tubewell
__________________________________________________________________________________________

B

A

Table
3.3 : Characteristics of groundwater potential zones
__________________________________________________________________________________________
SubCode Zone
Nature of Aquifer
Suitable for
code Aquifer
__________________________________________________________________________________________

4
METHODOLOGY FOR PREPARATION
OF MASTER PLAN
The Master Plan for Artificial Recharge has been prepared
considering the hydrogeological parameters and hydrological
data base. The following aspects were considered for
preparation of the plan (Anonymous, 2013):

Fig. 3.3 : Groundwater Potential Zone & Aquifer of Rajasthan

q q
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i.

Identification and prioritization of need based areas for
artificial recharge to ground water. Estimation of sub
surface storage space based on the water table behaviour
and quantity of water needed to saturate the unsaturated
zone (up to a depth of 3 to 8 m bgl depending on the
prevailing hydraulic conditions and zone of fluctuation in
the state, to fully utilize the unsaturated zone without
allowing water logging condition)

ii.

Quantification of local surplus annual runoff availability
as source water for artificial recharge in each sub basin/
watershed and possibility of transporting surplus runoff
from adjoining watersheds/sub- basins also to be
considered.

iii.

Areas of poor chemical quality of ground water and scope
of improvement by suitable recharge measures.

iv.

Working out design of suitable recharge structures, their
numbers and type; storage capacity and efficiency
considering the estimated storage space and available
source water for recharge.
34

v.

Cost estimates of artificial recharge structures required to
be constructed in identified areas.

4.1

Data Preparation

Depth to water table map for post monsoon period based
on decadal average of depth to ground water levels was
prepared with contour intervals of 2 or 3 m. The data of ground
water levels was taken from National Hydrograph Network
Stations of CGWB. Similarly a long term (decadal) post monsoon
water level trend map was prepared. This map brought out the
ranges of water level rise and fall on long term basis. These two
maps were superimposed to bring out depth to water table
variations along with the trends of water levels over the last
decade. The special problem areas like deeper pressure head in
deeper aquifers under exploitation and coastal aquifers under
stress were demarcated and special recharge programmes are
suggested in the plan. The water logged areas close to water
scarcity areas are also identified for diverting the surface runoff.

different ranges. This volume is than multiplied by average
specific yield of different aquifers to arrive at the net amount of
water required which is to be recharged by artificial recharge to
saturate the aquifer upto 3 mbgl. The storage space available in
the feasible areas of the state is 32921 MCM.
Assessment of actual volume of water required to saturate
the vadose zone has been worked out. An average recharge
efficiency of 75 per cent of the individual structure is considered
in the computation 86 MCM of surface water is required to
saturate the vadose zone of the feasible areas.

4.4

Source Water Availability

4.2

Identification of Area

?

The areas feasible for artificial recharge have been
demarcated into following three categories:

?

Areas showing declining trend (more than 0.2m/yr) and
water level between 3 and 9 m bgl.

?

Areas showing declining trend (more than 0.1m/yr) and
water level between 9 and 20 m bgl.

As per the Tahal-WAPCOS report on Water Resources
Planning for State of Rajasthan a total of 14747 m3/yr of surface
water goes unutilized from 14 river basins considering total
availability and committed surface water resources.
Proportionate surface water availability, in identified area has
been worked out and has been considered for planning the
artificial recharge structures. The amount of surface water
considered for planning the artificial recharge is 860.9 MCM.
Plan proposes that 75 per cent of it i.e. 645 MCM will be stored in
percolation tanks, 15 per cent i.e. 129 MCM will be stored in
anicuts and the rest 10 per cent i.e. 86.1 MCM through recharge
shafts. Therefore, a total of 3228 percolation tanks, 1291 Anicuts
and 2871 Recharge Shafts are proposed in the identified areas of
Rajasthan for artificial recharge.

?

Water level more than 20 m bgl.

4.5

?

The areas of above three categories cover 39,120 sq. km of
the state.

4.3

Subsurface Storage Space and Water Requirement

The thickness of available unsaturated zone (below 3
mbgl) of above 3 catagories is estimated by considering the
different ranges of water level. The total volume of unsaturated
strata is calculated by considering and unsaturated thickness of

After assessing the volume of water required for
saturating the vadose zone, the actual requirement of source
water is to be estimated. Based on the experience gained in the
pilot/demonstrative recharge projects implemented in different
hydrogeological situations, an average recharge efficiency of 75
per cent of the individual structure is considered. The volume of
source water required for artificial recharge was calculated by
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Source Water Requirement

multiplying a factor of 1.33 (i.e. reciprocal of 0.75). In few cases
different values are taken depending upon the regional scenario
prevailing thereupon.

4.6

Capacity of Recharge Structures

The capacity of recharge structures was worked out based
on the findings of various artificial recharge studies under taken
in different states and the same was used for planning the
recharge structures. Maximum storage capacity (single filling)
and gross capacity due to multiple fillings during rainy season
were taken into consideration for designing percolation tanks,
cement plugs, check dams and other surface storage structures.
The number of rainy days and the possible number of fillings to
the proposed recharge structure (2 to 3 fillings for check dams, 3
to 5 fillings for ponds etc) is also taken into consideration.

4.7

Number of Recharge Structures

The numbers of recharge structures required to store and
recharge the ground water reservoir have been worked out as
follows: No. of Structures =

Total Surplus Surface Runoff Considered

Average Gross Capacity of Water Spreading
Recharge Structures (Considering Multiple Fillings)

The type and design of different types of structures like
percolation tanks, check dams, recharge shafts etc. in a particular
block/watershed would be guided by prevailing hydrogeological situation, existing density and number of structures, land
availability etc. The planning of type and design of proposed
structures should accordingly be decided. The allocation of
source water for recharge through specific type of artificial
recharge structures should be done considering these aspects.

4.8

development is either overexploited or critical caused by
excessive development of groundwater resulting in sharp
decline in water level. A total number of 3228 percolation tanks,
1291 Anicut and 2871 recharge shafts are proposed with the
Average capacity of 200, 100 and 30 TCM respectively.

4.9

Area Benefitted

Assured irrigation to be brought by percolation tank shall
be in around 96848 ha, by Anicuts 4370 ha and by recharge shafts
15498 ha. Therefore, total 116716 ha of additional land could be
brought under assured irrigation in the feasible areas by
considering delta factor as 0.5.

4.10 Roof Top Rain Water Harvesting in Urban Areas
It has been assessed that roof top rain water harvesting can
be adopted in ~ 4 lakh houses, govt. buildings, institutes etc. in
urban and municipal areas of the state suitable for artificial
recharge in the first phase. It will harness 35.50 MCM rain water
to augment ground water resources considering normal rainfall
for the state and 80 per cent efficiency of the system. The cost of
roof top rain water harvesting of a building having roof and
paved area of ~ 200 sq.m. has been assessed to be Rs. 10,000. The
total cost for the roof top rain water harvesting for the state has
been estimated to be Rs. 400 crores.
q

Recharge Structure and Cost Estimates

Most of the artificial ground water recharge structures will
be located in such areas where the stage of groundwater
37
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5
ARTIFICIAL RECHARGE
STRUCTURES SUITABLE TO THE
HYDROGEOLOGICAL AND CLIMATIC
SITUATION OF RAJASTHAN
The suitability of artificial recharge structures in a given
situation is determined by the climatic, topographic,
hydrogeologic and land use conditions prevailing in the area,
whereas the climatic conditions broadly determine the
availability of water resources including the source water, the
topography determines the extent of runoff and hence
retention. The soil conditions and land use determine the
extent of infiltration. Finally the hydrogeologic conditions
govern the existence and potential of various aquifer systems,
their deposition and accessibility to artificial recharge
structures.

and depleted ground water resources in many areas of the
country. In order to augment the natural supply of ground
water, artificial recharge of ground water has become an
important and frontal management strategy in the country.
The artificial recharge efforts are basically augmentation of
natural movement of surface water into ground water
reservoir through suitable civil structures. The artificial
recharge techniques interrelate and integrate the source water
to ground water reservoir and are dependent on the
hydrogeological situation of the area.

5.2

Moderate Rainfall Region

In the areas having moderate rainfall of 750 to 1000 mm/
annum generally have adequate water resources available
only during the rainy season. The total number of rainy days
in a year may be between 20 to 35 and the coefficient of
variation between 25 to 30 percent.
The surface runoff still accounts for major component of
precipitation and infiltration recharge may be 10 to 15 percent
of the annual precipitation. During below normal rainfall
years the groundwater recharge may not be adequate to
saturate the water table aquifers. The second and third order
streams may dry up before December - January and only
major rivers may carry some water during summer.

Natural replenishment of ground water reservoir is slow
and unable to keep pace with the excessive continued
exploitation of ground water resources in various parts of the
country. This has resulted in declining ground water levels

The inadequacy of surplus water beyond the rainy
season may limit possibility of obtaining source water for
artificial recharge. Diversion of supplies released from surface
reservoirs in upper catchment or water transferred from
surplus basins, water lifted from river flow (where ever
available) may be required for surplus irrigation. Hence,
conserving as much of surface runoff through watershed
treatment measures, inducing additional recharge during and
after rainy season and conserving groundwater out flow
through subsurface dykes appear suitable techniques for such
areas.
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5.1

Need for artificial recharge to ground water

Artificial Recharge is the process by which the ground
water reservoir is augmented at a rate exceeding that under
natural conditions of replenishment. Any man made scheme
or facility that adds water to an aquifer may be considered to
be an artificial recharge system.

5.3

Moderate to Low Rainfall Region (Semi-Arid
Zone)

Regions experiencing low to moderate rainfall (400 to
700 mm/annum) may be categorized as semi-arid zones as the
average annual precipitation barely suffices water demand. In
such areas usually the number of rainy days varies between 25
to 30. The year to year fluctuation being high, the water
scarcity years (drought) occur with almost regular frequency.
This causes further adversity. The losses are higher and
infiltration may account for 15 to 20 per cent of the
precipitation. Though the infiltration component is percentage
wise higher, the total rainfall being limited, the total natural
recharge is also limited. The stream flow is mostly restricted to
rainy period.
The built up of groundwater storage during rainy season
does not suffice to irrigate Rabi crop and may be adequate for
drinking water use through winter. During summer shortages
of drinking water supply occur, which may be acute in below
normal rainfall years.
Such areas deserve remedial measures on priority.
However, due to general paucity of source water, the only
option available is to conserve as much of surface runoff
which goes waste to the Sea during the short rainy period. The
rainwater harvesting and runoff conservation measures
augmenting groundwater resources are appropriate in such
situation.

5.4

Low Rainfall Region (Arid Zone)

recharge may be very small or negligible. The Western
Rajasthan district particularly Jodhpur, Bikanar, Jaisalmer,
Barmer and Jalore etc. falls in this category. Such regions,
though experiencing acute need, may be left out of
consideration for artificial recharge unless trans-basin water
transfer is available. Rainwater harvesting is relevant for
augmenting drinking water supplies.
In case imported water is available, depending upon
surface conditions (sandy/rocky), topographic situation and
salinity profile of soil and zone of aeration, either spreading,
or injection methods for confined aquifers (through shafts,
dugwells, & borewells) may be choosen.

5.5

Topographic Situation

Topographic situation determines the retention period of
surface and groundwater within the topographic unit. Steeper
gradients (more than 1:10 to 10 per cent) usually for the runoff
zones with little possibility of infiltration. Such areas on hill
slopes may be suitable only for water conservation measures
like gully plugging, staggered trenching or contour trenching
measures, which slow down surface runoff, cause more
infiltration which may go as delayed subsurface seepage either
to unconfined or deeper confined systems.
Moderate topographic slopes between 1:10 to 1:100 (10
per cent to 2 per cent) usually occur on valley sides,
downward of piedmont foothill regions. Surface and
subsurface retention will be for a longer period depending
upon local slope and other conditions.

The areas experiencing precipitation less than 400 mm/
annum, with number of rainy day between 20 to 30 or even
less and rainfall variation coefficient between 30 to 70 per cent
for the arid regions. The major component of outflow is
evaporation and drainage is poorly developed. Infiltration
may rarely exceed field capacity of soil and groundwater

Within this zone, immediately at the foothills the
piedomont belt is located (slopes between 5 per cent to 10 per
cent) with characteristic deep water table. The surface
drainage is generally located above the water table. This area
is suitable for locating recharge basins and percolation tanks
for water table aquifer.
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The broad valley floors or the lowest elevated zone
along the major rivers may typically have gentle gradients
between 2 per cent to 0.2 per cent or even less in case of flood
plain deposits. The movement of both surface and
groundwater in these areas is sluggish and retention time is
more. These are generally categorised as groundwater storage
zones as all the water moving down the water table gradient
converges to this zone. Often the deeper semi-confined
aquifers contribute water to unconfined zone through upward
leakage due to higher piezometric heads. Because of such
favourable location the need for artificial recharge may occur
in such zones only if it falls in low rainfall or adverse
hydrogeologic strata zone.

5.6

Soil and Land use Conditions

In case of artificial recharge through water spreading
methods this factor assumes special importance. The depth of
soil profile, its texture, mineral composition, organic content,
all go to determine its infiltration capacity. The areas having
limited thickness of soil cover are easily drained and permit
more infiltration as compared to areas with thick soil profile in
valley floor. The soils having coarser texture due to higher
sand silt fractions have marked higher infiltration capacity as
compared to highly clayey soils which are poorly permeable.
The soils containing minerals which swell on wetting
like montmorollinite etc. and with higher organic matter are
good retainers of moisture necessary for crop growth but
impede deeper percolation.
The land use and extent of vegetal cover also determines
infiltration capacity. Barren valley slopes are poor retainers of
water as compared to grass lands and forested tracts which
not only hold water on the surface longer, but the root system
also facilitate seepage during the rainy seasons. Similarly the
ploughed fields facilitate more infiltration as compared to
barren fields not tilled.
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5.7

HydrogeologicaI Factors

The hydrogeological conditions of the surface strata
forms the most important factors in planning artificial
recharge schemes. Below the soil zone the recharged water
moves in moisture fronts through the zone of aeration and the
unsaturated flow is governed by the permeability of zone of
aeration which in turn varies with moisture content of the
front. Usually, in case of consolidated and semi consolidated
rock formations, the subsoil zone passes into weathered strata
which in turn passes into unweathered parent place to other
and determines the thickness of weathered zone and its
hydrogeologic properties, which are generally much better as
compared to the parent rock due to higher porosity and
permeability imparted by weathering. The nature of soil,
subsoil, weathered mantle, presence of hard pans, or
impermeable layers govern the process of recharge which
feeds the unconfined aquifer. The saturation and movement of
groundwater within unconfined and all deeper confined
aquifers is governed by Storativity and Hydraulic
conductivity of the geologic strata.

5.8

Traditional Artificial Recharge Practices in
Rajasthan

In Rajasthan, there are numerous ways of rain water
harvesting and the traditional wisdom of local people can be
seen from various practices in vogue in the country. The select
situations are given in Table 5.1. However, with speedy
ground water development in the last few decades, the
necessity for changing practices is felt.
The rainfall occurrence in India is limited to about
three months period ranging from around 10 to 100 days. The
natural recharge to ground water reservoir is restricted to this
period only. The artificial recharge techniques aim at
increasing the recharge period in the post-monsoon season for
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Kundi
Kuis/Beris
Baoris/ Bers Jhalaras
Nadis Tobas Tank as
Khadin Vav/Vavdi/
Bavoli/ Bavadi Virdas
Paar

__________________________________________________________________________________________
Sl. No. Region
Structure
Description
Areas
__________________________________________________________________________________________
A common water harvesting
place, rain water flows from the
catchment and percolates into
the sandy soil
2
Central high
Talabs/ Bandhis
Human made/natural lakes
Alwar,
lands, Rajasthan Saza Kuva
Open well with multiple owners
Bhartpur
Johads
Earthern check dams
region of
Naada
A small stone check dam across
eastern
Pat
a stream or gully Structures to store Rajasthan
the water by diverting swift
flowing hill streams
Rapat
Percolation tank with a bund to
impound rain water flowing
through a watershed
Chandela tanks
Constructed by stopping runoff in
rivulet flowing between hills by
erecting massive earthen embankment
Nadi, dry stone pond, Constructed to harvest rain water Southern
Baoris
Rajasthan
__________________________________________________________________________________________

Thar Deserts
Western
Rajasthan

Looks like an upturned cup nest
Western
ling in a saucer
Rajasthan
10-12 m deep pits dug near tanks
Rajasthan
to collect the seepage water
Rajasthan
Community wells used for
Jodhpur city
drinking needs
Jodhpur city
Rectangular Tanks having steps
Bikaner
used for Religious rites
Jaisalmer
Ponds storing water during rainy
Rajasthan
season Natural catchment with
Western
ground depression Lined circular
Rajasthan
holes made in the ground Built
across the lower hill slopes
Traditional step wells with a
sluice constructed at the rim
Shallow wells in low depressions
__________________________________________________________________________________________

1

Table
5.1. Traditional Artificial Recharge Practices in Rajasthan
__________________________________________________________________________________________
Sl.
No. Region
Structure
Description
Areas
__________________________________________________________________________________________

about 3 more months providing additional recharge. These
results provide sustainability to ground water development
during the lean season. In arid areas of the country, rainfall
varies between 150 and 400 mm/year with even less than 10
rainy days. Majority of the rain occurs in 3 to 5 major storms
lasting only a few hours. The rates of potential evapotranspiration (PET) are exceptionally high in these areas which
range from 300 to 1300 mm. The average annual PET is much
higher than the rainfall and at times as high as ten times the
rainfall. The entire annual water resource planning has to be
done by conserving the rainfall by either storing on surface or
in sub-surface reservoir. The climatic features are not
favorable for creating surface storage. Artificial recharge
techniques have to be adopted which help in diverting most of
the surface storage to ground water storage within shortest
possible time.
Roof top rain water harnessing can also be adopted to
meet domestic water requirements. The roof top rain water
can be stored in specifically constructed surface or sub-surface
tanks. Dependence on ground water has increased many folds
and the natural recharge to ground water has decreased, due
to urbanization, construction of buildings and paved area. The
over-development of ground water is resulting in decline of
ground water levels and to counter this artificial recharge has
to be adopted. In urban areas water falling on roof tops can be
collected and diverted to the open wells/ tube wells/ bore
wells by providing a filter bed.
There is thus a need to prepare a systematic plan for
augmenting ground water resources under various
hydrogeological situations. The revised Master Plan prepared
by CGWB provides an overview of the possibilities for storing
surplus monsoon runoff in sub-surface reservoirs in major
basins of the country. This covered all the areas to saturate
vadose zone up to 3 m depth bgl based on available surplus
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monsoon runoff and specific areas of coastal aquifers and
island aquifers. However, specific emphasis needs to be given
to the areas where ground water levels are declining and
water scarcity is being felt. Keeping this need in view, an
attempt has been made, to prepare a plan for groundwater
recharging under climate change in Rajasthan. In this plan
emphasis has been given to design various artificial recharge
structures for different regions of the state. The Plan also
includes roof top rain water harvesting in urban areas for
recharging the specific aquifer that ensures prevention of rain
water wastage by letting into drains along with sewage water.

5.9

Artificial recharge techniques

Artificial recharge to groundwater is achieved by three
different method namely the induced recharge method,
spreading method and injection method. The suitability of a
particular structure and method is based on the
hydrogeological conditions and topographical feature. The
suitability of artificial recharge methods and structures are
given in Table 5.2 and Table 5.3 respectively.
____________________________________________________________________________

Table
5.2 : Suitability of Artificial Recharge Method
____________________________________________________________________________
a)
b)
c)
d)

Highly permeable surface formations
Shallow aquifers
Source water of inferior quality
Deep seated aquifers with permeable
or semi-permeable overburden.
e) Aquifers with limited storage capacity

Spreading method
Spreading method
Spreading method
Spreading method

f)

Induced recharge
method
Injection method

Deep aquifers with impervious
overburden.
g) Source water of very good quality

Injection method
is preferable,
though spreading
method is also
applicable.
____________________________________________________________________________
48

Table 5.3 : Suitability of Artificial Recharge Structures

____________________________________________________________________________

S.No. Lithology

Type of Structure
Feasible
____________________________________________________________________________
i)

Alluvial or
hard rock to
40 m depth.

ii)

Hard rock
down to
40 m depth

iii)
iv)

v)

Hard rocks
Alluvial or
Hard rock
with confined
aquifers
(40 m depth)
Hard rock

Topography

Plain area or
Spreading pond, sub
gently
surface dyke, minor
undulating area irrigation tank, check
dam, percolation pond,
or unlined canal
system.
Valley slopes
Contour bunding or
trenching alongwith
terracing (land
levellings)
Plateau region
Recharge ponds
Plain area or
Injection wells or
gently
connector wells
undulating area

Foot hill zones

Farm ponds or
recharge trenches,
Anicuts, dry stone/
masonry ponds
vi)
Hard rock and Forested area
Sub-surface dykes, to
alluvial area
avoid forest
submergence
vii)
Soil cover,
Highly
Gully plugging to stop
Alluvium
undulating
soil erosion and
increase
recharge
____________________________________________________________________________

·
·

Ditch and furrow system
Over irrigation

b.
·
·
·
·
·

Direct sub surface techniques
Injection wells or recharge wells
Recharge pits and shafts
Dug well recharge
Bore hole flooding
Natural openings, cavity fillings.

c.
·

Combination surface – sub-surface techniques
Basin or percolation tanks with pit shaft or wells.

d.
·
·

Indirect Techniques
Induced recharge from surface water source.
Aquifer modification.

Besides above, the groundwater conservation structures
like groundwater dams, sub-surface dykes or locally termed as
Bandharas, are quite prevalent to arrest sub-surface flows.
Similarly in hard rock areas rock fracturing techniques
including sectional blasting of boreholes with suitable
techniques has been applied to inter-connect the fractures and
increase recharge.
q

The artificial recharge techniques can be broadly categorised
as follows:a.
·
·
·

Direct surface techniques
Flooding
Basins or percolation tanks
Stream augmentation
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q

q

6
DESIGN OF ARTIFICIAL RECHARGE
STRUCTURES AND MONITORING
MECHANISM

The artificial recharge structures suitable for various subhumid, semi arid and arid regions of Rajasthan has been
designed and constructed for augmentation of groundwater
table. Some important structures suitable artificial recharges
are described as under:-

6.1 Percolation Ponds

Fig. 6.1 : Percolation pond

l

These are the most prevalent structures in Rajasthan as a
measure to recharge the groundwater reservoir both in
alluvial as well as hard rock formations. The efficacy and
feasibility of these structures is more in hard rock formation
where the rocks are highly fractured and weathered. In the
state of Rajasthan the percolation tanks have been constructed
in plenty in basaltic lava flows and crystalline rocks. A typical
plotgraph of percolation pond is shown in Fig. 6.1. The
percolation ponds can also be constructed in the Bhabar zone.
Percolation ponds are also constructed to recharge deeper
aquifers where shallow or superficial formations are highly
impermeable or clayey with certain modification.
6.1.1 Important Aspects of Percolation Ponds
l
A detailed analysis of rainfall pattern, number of rainy
days, dry spells, and evaporation rate and detailed
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l

l

l

l

hydrogeological studies to demarcate suitable
percolation pond sites.
In Peninsular India with semi arid climate, the storage
capacity of percolation tank be designed such that the
water percolates to groundwater reservoir by January
since the evaporation losses would be high
subsequently.
Percolation ponds are normally constructed on second to
third order stream. The site should be selected in such a
way that large volume of water could be stored through
minimum investment.
The submergence area should be in uncultivable land as
far as possible.
Percolation pond is located on highly fractured and
weathered rock for speedy recharge. In case of alluvium,
the bouldary formations are ideal for locating
Percolation Ponds.
The aquifer to be recharge should have sufficient
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l

l

l

l

l

l

thickness of permeable vadose zone to accommodate
recharge.
The benefitted area should have sufficient number of
wells and cultivable land to develop the recharge water.
Detailed hydrological studies for runoff assessment be
done and design capacity should not normally be more
than 50 per cent of total quantum of rainfall in
catchment.
Waste weir or spillway be suitably designed to allow
flow of surplus water based on single day maximum
rainfall after the tank is filled to its maximum capacity.
Cut off trench be provided to minimise seepage losses
both below and above nalla bed.
To avoid erosion of embankment due to ripple action
stone pitching be provided upstream upto HFL.
Monitoring mechanism in benefitted as well as
catchment area using observation well and staff gauges
be provided to assess the impact and benefits of
percolation tank.

6.2 Masonry Check Dam/Anicut
Check dams are constructed across small streams having
gentle slope and are feasible both in hard rock as well as
alluvial formation. The site selected for check dam should
have sufficient thickness of permeable bed or weathered
formation to facilitate recharge of stored water within short
span of time. The water stored in these structures is mostly
confined to stream course and the height is normally less than
3 m. These are designed based on stream width and excess
water is allowed to flow over the wall. In order to avoid
scouring from excess runoff, water cushions are provided at
downstream side. To harness the maximum runoff in the
stream, series of such check dams can be constructed to have
recharge on regional scale.

Fig. 6.2 : Masonry Check Dam / Anicut

A series of small bunds or weirs are made across selected
nala sections such that the flow of surface water in the stream
channel is impeded and water is retained on pervious soil
surface for longer body. Nala bunds are constructed across
bigger nalas of second order streams in areas having gentle
slopes. A nala bund acts like a mini percolation tank. The most
commonly used check dam/Anicut is shown in Fig. 6.2. The
low cost masonry check dam is shown in Fig. 6.3.

Fig. 6.3 : Low Cost Masonry Check Dam
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6.3

Gabion Structure

This is a kind of check dam being commonly constructed
across small stream to conserve stream flows with practically
no submergence beyond stream course. The boulders locally
available are stored in a steel wire. This is put up across the
stream's mesh to make it as a small dam by anchoring it to the
streamside. The height of such structures is around 0.5 m and
is normally used in the streams with width of about 10 to 15
m. The cost of such structures is around Rs. 15000/-. The
excess water overflows this structure storing some water to
serve as source of recharge. The silt content of stream water in
due course is deposited in the interstices of the boulders to
make it more impermeable.

6.4

Dry Stone Masonry Pond

Dry stone masonry pond, between 1.5 and 2.5 m height,
are constructed to collect and store water. In this type of
structure the upstream and downstream walls are constructed
3-4 m apart by dry stone masonry after excavating a
foundation of appropriate depth. The space in between these
two walls is filled with locally available murrum or soil with
proper compaction.

The filling is done in layers of 20-30 cm height along
with wetting and compaction. The earth fill is kept 10-20 cm
above the top of the wall to provide an extra provision for
natural settling over a period of time. Proper compaction is
one of the important considerations to check seepage through
the embankment and to ensure the stability of the structure.
The length of the head wall extension depends on the specific
site conditions. The height of such structures is restricted up to
2.5 m to avoid overturning due to water pressure. The width
of the wall at the bottom is kept 1.5 m and at the top it is only
0.5 - 0.6 m. The reduction in width is maintained uniformly
from bottom to top in the inner edge of the wall. The upper
portion of the wall (0.30 - 0.5 m high) is constructed with
cement mortar to avoid damage to the walls by cattle or
human activities. The view of a dry stone masonry pond is
shown in Fig. 6.4.
It is necessary to provide a properly designed waste weir
for safe disposal of excess water. Sufficient free board is kept
to check flows from the top of the structure. The construction
of such structures does not require any technical skill; local
people and mason can complete the job efficiently. The size of
the catchment area should not be more than 50-60 hectares for
such types of ponds.

6.5

Dug Well Recharge

Fig. 6.4 : Dry stone masonry pond

In alluvial as well as hard rock areas, there are
thousands of dug wells which have either gone dry or the
water levels have declined considerably. These dug wells can
be used as structures to recharge. The groundwater reservoir,
storm water, tank water, canal water etc. can be diverted into
these structures to directly recharge the dried aquifer. By
doing so the soil moisture losses during the normal process of
artificial recharge, are reduced. The recharge water is guided
through a pipe to the bottom of well, below the water level to
avoid scouring of bottom and entrapment of air bubbles in the
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aquifer. The quality of source water including the silt content
should be such that the quality of groundwater reservoir is not
deteriorated. Schematic diagrams of dug well recharge pit is
given in Fig. 6.5.

Fig. 6.5 : Recharge of well through filtration pit

6.6

Bori Dam

Bori dam or Bori baandh is an indigenous technique of
water harvesting commonly found throughout the hilly
terrains of semi-arid regions. It is the cheapest method of
water harvesting.

Fig. 6.6 : Bori dam
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Such type of baandhs are constructed in nallas, streams
or rivulets having off season flows or perennial flows, for the
purpose of temporary storage of water to irrigate the winter
crops and sometimes summer crops also, depending on the
duration of flow in the streams.
In constructing bori dams, the sand/ordinary soil-filled
cement/urea bags are piled up in two rows across the nalla
bed to get the desired height. The rows of sand-filled bags
may be increased as per the requirement of the height of the
dam. In some of the areas a loose boulder bund is also erected
in downstream side in order to provide stability to the sandfilled bag dam. Sometimes a gap of 1-2 m is kept between the
two rows of sand-filled bags and the space is filled up and
packed with heavy soil to check seepage. In some of the
situations farmers also construct such dams to collect water to
a sufficient height and divert the water as gravity flow
through unlined channels towards arable land for irrigation.
Sometimes, the farmers also construct simple earthen bunds of
suitable size across the nalla bed supported by bori baandhs
on the downstream side for fulfilling the seasonal
requirements of irrigation in the lands of close proximity. Bori
dams are damaged by frequent wetting and drying due to
consequences of rainfall and temperature and the life of this
dam is only 1-2 years. A bori dam is shown in Fig. 6.6. The
construction of Bori dam have following benefits.
·

Bori dams are constructed for the purpose of temporary
storage of water to irrigate winter and summer crops in
fields lying in close proximity of the structures.

·

Temporary stored water percolates down and recharges
groundwater.

6.7

Groundwater Dams or Sub-Surface Dykes or
Underground Bandharas (UGB)
These are basically groundwater conservation structures
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and are effective to provide sustainability to groundwater
structures by arresting sub surface flow. A groundwater dam
is a sub-surface barrier across stream which retards the natural
groundwater flow of the system and stores water below
ground surface to meet the demands during the period of
need. The main purpose of groundwater dam is to arrest the
flow of groundwater out of the sub-basin and increase the
storage within the aquifer. By this technique the water levels
in upstream part of groundwater dam rises saturating the
otherwise dry part of aquifer.
The underground dam has following advantages:
·

Since the water is stored within the aquifer,
submergence of land can be avoided and land above
reservoir can be utilised even after the construction of
the dam.

·

No evaporation loss from the reservoir takes place.

·

No siltation in the reservoir takes place.

·

The potential disaster like collapse of dams can be
avoided

The aquifer to be replenished is generally one which is
already over exploited by tube well pumping and the
declining trend of water levels in the aquifer has set in.
Because of the confining layers of low permeability the aquifer
can not get natural replenishment from the surface and needs
direct injection through recharge wells.

screens may not be required. An injection pipe with opening
against the aquifer to be recharged may be sufficient.
However, in case of number of permeable horizons separated
by impervious rocks like vesicular basalts or cavernous
limestones, a properly designed injection well may be
constructed with slotted pipe against the aquifer to be
recharged.
6.7.1 Subsurface Barriers / Dykes
The use of surface reservoirs to store water in areas with
dry climates has several serious disadvantages, such as
pollution risks, reservoirs siltation, and evaporation losses.
Using groundwater is one way of overcoming these problems,
but in some areas good aquifers are unavailable, or may only
yield sufficient quantities of water seasonally.
Damming groundwater for conservation is certainly not
a new concept. More recently, small scale groundwater
damming techniques have been developed and applied in
many parts of the world, including India. There are basically
two different types of groundwater dams, viz. subsurface
barriers or dams and sand storage dams.

In alluvial areas injection well recharging a single
aquifer or multiple aquifers can be constructed in a fashion
similar to normal gravel packed pumping well. The only
difference is that cement sealing of the upper section of the
well is done in order to prevent the injection pressures from
forcing leakage of water through the annular space of bore
hole and well assembly. In hard rock areas casing and well

Subsurface dams are commonly constructed in river-bed
aquifers consisting of sand or gravel. Other types of aquifers
that may be dammed are weathered zones, alluvial or
colluvial layers, or any type of overburden with sufficiently
good aquifer characteristics. Infiltration conditions must be
such that the reservoir is properly recharged during the rainy
period. The storage reservoir must be contained by
impervious or low-permeability layers that prevent vertical
and lateral seepage losses. The containing layer must be at
such a depth that it is technically feasible to carry out the
excavation at reasonable cost. In general, the limit seems to be
at around 4-5 m. It is imperative that suitable material for
construction is available locally and at reasonable cost.
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site at low cost. The use of clay is a labour-intensive alternative
but requires no skilled manpower. Possible drawbacks are the
large excavations generally required, need for proper
compaction and the risk of erosion damage to the clay surface
due to the flow of groundwater. The general design feature of
sub surface clay dykes is as under
·

The construction of a clay dam should commence
immediately after the monsoon and should be
completed before the commencement of the next
monsoon.

·

Clay is the primary construction material. Careful
selection and compacting of the clay ensures an
impervious dam and avoids infiltration through fissures
and fractures.

·

The foundation must be sound and watertight. This
avoids seepage under the dam that can lead to loss of
stored water.

·

The dam must be two meters wide all the way down to
the foundation.

·

The height of the dam depends on the depth of the clay
layer.

·

Protect the top of the dam against erosion from erosive
velocity of runoff.

·

An extension of the clay dam into the river banks should
be made to prevent seepage and erosion between the
river banks and the dam.

·

The dam should be located where the river bed is
narrower and the sand layer becomes thinner.

Fig. 6.7 : Subsurface barrier

Subsurface barriers are used to retain or arrest the
seasonal subsurface flows and facilitate the abstraction of
water through lined shallow wells, especially during periods
of water scarcity. The objective is to place an impermeable
barrier-either of clay or masonry across the river-bed, from the
surface down to the bedrock or other solid impervious layer.
A trench of the required width is dug across the flow
direction of the groundwater. Subsurface dams are generally
constructed at the end of the dry season, when there is little
water in the aquifer. There is usually some flow, however, this
must be pumped out during the construction work. After the
construction of dam, the trench is refilled with the excavated
material. It is important that the refill is properly compacted
by mechanical means and watering. The sketch of a subsurface
barrier is shown in Fig. 6.7.
6.7.2 Subsurface Clay Dykes / Barriers
The clay dyke is mostly suitable for small projects in
highly permeable aquifers of limited depth, such as sandy
river-beds. Clayey top soils are generally available close to any
construction site, it can be excavated and transported to the
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6.7.3 Surface-cum-Subsurface Masonry Dam
A surface-cum-subsurface masonry dam is an
alternative involving slightly more advance engineering for
which skilled labour (mason) is needed. In this system one
advantage is that it is raised above the level of river bed up to
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the height of one mater to act as a temporary reservoir of
water and down below the bed level up to the availability of
bed rock or solid impermeable layer to arrest the subsurface
flow. For construction of such type of dams stones are
generally used. The cross-section of a surface-cum-subsurface
masonry dam is shown in Fig. 6.8.

·

A sound foundation must be constructed to avoid
seepage under the dam.

·

A spill-over apron must be constructed to protect the
downstream side of the dam from erosion caused by
flowing water, which would remove material from the
area behind the dam.

·

The dam should be extended with two wing walls into
the river bank to prevent seepage between the river
banks and the dam.

·

The top of the dam and side walls must be protected
against erosion from flowing water.

The construction of surface cum subsurface masonry
dam is shown in Fig. 6.9.

Fig. 6.8 : Surface cum subsurface masonry dam

Bricks are also commonly available in many areas.
Building a brick wall and plastering it to make it watertight is
a fairly simple procedure, which can be completed by a local
mason. The masonry dams constructed using bricks is not a
cost effective technique and its stability is also doubtful. The
general design feature of surface-cum-surface masonry dam is
as under:
·

The construction of a masonry dam should commence
immediately after the monsoon and must be completed
before the next monsoon.

·

The dam should be at least 1.0 m wide

·

The height of the dam depends on the depth of the
bedrock layer

·

The dam should be located where impermeable bedrock
rises up towards the river bed surface to within less than
five meters.
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Fig. 6.9 : Construction of surface-cum-subsurface masonry dam

6.7.4 Sand Storage Dam
It is not necessary for water storage to be in the form of
free water open to the atmosphere. Sand is able to store
substantial quantities of water in the voids between the
particles, if they are not filled by smaller particles. A coarse
sand of uniform size could store water up to 45 per cent of its
volume. The sand in riverbeds usually has a mixture of grain
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sizes but may hold up to 30 per cent water, of which about
half would drain under gravity and may recharge the
groundwater aquifers.
A sand storage dam impounds water in sediments
caused to accumulate by the dam itself. When a subsurface
dam is built, it is possible to obtain at least some idea of the
hydraulic characteristics of the existing aquifer material. When
planning the construction of a sand storage dam, however, the
material in which the water is supposed to be stored is still in
the catchment area waiting to be transported to the dam site
by a flood of unknown intensity. The proper design of a sand
storage dam is, therefore, a more complicated matter,
involving more hydrological and hydraulic calculations. The
upper limit of dam construction and also the upper limit of
storage volumes are thus set by the condition that the dam has
to withstand at the maximum peak flow, and allow for a
discharge of the peak flow below the bank level or through
spillways.

The dam may be built of stonework, or of stone gabions
or blocks large enough to withstand the pressure. The gabion
or block dam is covered on the upstream side by a thick layer
of clay to make it impermeable. It is also possible to place the
watertight clay layer as a core inside the dam.
All sand storage dams must be very well protected
against erosion along the banks, and even more so at the dam
toe, where the energy of water during peak flows is extremely
high. The best way to avoid erosion is to construct the dam at
natural rock bars. If these are not available, it is important to
built the dam wall several meters into the riverbank and to
protect the dam toe with stone filling.
The major design features for a sand storage dam is as under
·

The sand storage dam is built in successive seasonal
stages of 50 cm each.

·

A filter-box and draw-off pipe should be constructed as
well as tapping station with watering through and
laundry slab must be provided.

·

Do not increase the height of the dam wall until a flood
has deposited a bed of coarse sand up to the level of the
present dam wall.

·

The dam should not cause flooding out over the
riverbanks and create erosion.

·

30 cm thick masonry wing walls should be added once
the dam wall has reached its maximum height. These
protect the bank from erosion.

6.8

Khadin – A Traditional Method of Rainwater
Harvesting

Fig. 6.10 : Sand storage dam

A sand storage dam is generally constructed in stages
(Fig. 6.10). The basic idea is to limit the height of each stage to
keep a sufficiently high water velocity, so that the fine
particles are washed out from the reservoir, while the coarse
particles settle down. The height of each stage is determined
by estimating the sedimentation process in the reservoir, from
the extent of natural sedimentation in the stream.
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Khadin is a unique land use system developed centuries
ago by farmers of western Rajasthan. It is a very popular
traditional method of rainwater harvesting practiced in most
of the arid and semi-arid regions of Rajasthan. Khadins are
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structures on low lying lands where crops are raised by
conserving rainwater received from the relatively impervious
uplands with steeper slopes. Khadin bunds are constructed
across the slope of the land. The khadin system was developed
way back in the 15th century (A.D.) in the extreme deserts
with an average, but greatly variable, annual rainfall of 100200 mm. The khadin is a site-specific system that cannot be
developed everywhere. The needed physiographic conditions
are: an upstream drainage area comprising shallow, gravelly
or rocky areas with a high runoff potential and a flood plane
or gently sloping plain area where soils are suitable for crop
production.
In this system, earthen bunds are built across the valley
plain, preferably on contours to collect and impound surface
runoff and silt from the surrounding barren hills, wastelands
or other catchment area. The ratio of the khadin or
submergence area to catchment area, depending on the type of
catchment, is 1:12 to 1:15 and it is designed to fill from rainfall
of 75-100 mm, in an area where the average rainfall is 165-200
mm with great variability. The height and cross-section of the
bund are designed on the basis of the rainfall pattern,
catchment characteristics, wave length and soil type. The
height of the bund varies from 1 to 3 m to submerge 75 per
cent of the khadin area. The depth of water storage varies from
0.5 to 1.25 m and it usually disappears due to percolation,
evaporation and infiltration. The other benefits are the
leaching of salinity by the stored water, enhancement of
groundwater recharge and improvement of the water level of
downstream wells. There is a progressive increase in crop
yield every year due to the deposition of fresh silt in the
khadin bed. Deep percolation in the khadin bed induces
groundwater recharge. In big khadins small dug wells outside
the bunds provide drinking water. The sketch of Khadin is
shown in Fig. 6.11.
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Fig. 6.11 Khadin
6.8.1 Site selection
The criteria for the appropriate selection of khadin sites
are as follows:
l

The khadin bed should be relatively flat, so that with a
minimum height of the bund a large area can be effectively
brought under submergence.

l

A relatively impervious catchment with steeper slopes
needs to be made available above the khadin bed, so that
enough runoff is produced.

l

The impervious layer below the khadin bed should not be
very deep, so that it can retain moisture for a longer
period.

6.9 Nadi (Semi-arid/ Aravali Region)
Nadi is a small traditional water harvesting structure
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constructed at appropriate site to harvest the runoff water of
relatively impervious non arable uplands for the purpose of
drinking water for animals and ground water recharge of
open dug wells situated in the lower reaches. These are also
constructed to store water in the monsoonal nallahs in the
upper reaches for various purposes and primarily for recharge
of groundwater. The depth of such nadis generally do not
exceed 3 meters. These structure are constructed in two ways
depending upon the available funds. In the first system both
side of earthen embankment of appropriate width is
supported by dry stone masonry walls. In the second system
the upside wall is masonry using lime or cement mortar.

6.11 Recharge shafts

Masonry wall and earth fill is done in arc shape having
curvature in the raised by the locally available soil/ murrum.
Layer wise compaction of soil is necessary for stability of the
structure. The width of earthen embankment and stone walls
are decided considering the size, topography and catchment
characteristics. A properly designed waste weir of surplussing
arrangement is also provided at suitable site.

· In the areas where the source water is having silt, the shaft
should be filled with boulders, gravel and sand from
bottom to have inverted filler. The upper most sandy layer
has to be removed and cleaned periodically. A filter is
provided before the source water enters in the shaft.

6.10 Nadi (Arid Regions)
In arid zone construction of Nadi is an age-old practice
of water harvesting. These are small excavated or
embankment village ponds constructed to harvest rainwater
for groundwater recharging and also to mitigate the scarcity of
drinking water. These nadis hold water from two months to a
full year after rains depending on the catchment
characteristics, amount, intensity and distribution of rainfall.
Each village has one or more of such structures, depending on
the demand of water and availability of suitable sites.
Capacity of such nadis are reduced in due course of time due
to sediment deposition.
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These are the most efficient and cost-effective structures
to recharge the aquifer directly. In the areas where source of
water is available either for some time or perennially, e.g. base
flow, springs, etc. the recharge shaft can be constructed.
Following are the site characteristics and design guidelines :
· To be dug manually if the strata is of non-caving nature.
· If the strata are caving, proper permeable lining in the form
of open work, boulder lining should be provided.
· The diameter of shaft should normally be more than 2 m to
accommodate more water and to avoid eddies in the well.

· When water is put into the recharge shaft directly through
pipes, air-bubbles are also sucked into the shaft through the
pipe, which can choke the aquifer. The injection pipe
should be lowered below the water level, to avoid this.

6.12 Recharge through rooftop rainwater harvesting
In urban areas, the rooftop rainwater can be conserved
and used for recharge of groundwater. This approach requires
connecting the outlet pipe from the rooftop to divert the water
to either existing wells/tubewells/borewell or specially
designed wells. Urban housing complexes or institutional
buildings have a large roof area and can be utilised for
harvesting rooftop rainwater to recharge aquifers in urban
areas. the availability runoff from rooftop area with respect to
rainfall is shown in Table 6.1.
Three most important components, which need to be
evaluated for designing the rainwater harvesting structures
are:
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Hydrogeology of the area including nature and extent of
aquifer, soil cover, topography, depth to water levels
and chemical quality of groundwater.

·
Area contributing runoff

·
Hydro meteorological characters, viz. rainfall duration,
general pattern and intensity of rainfall.

6.12.1 Recharge through abandoned well or hand pump

Open wells are one of the major sources of irrigation in
most arid and semi-arid regions where surface water for
irrigation is scarce (Fig. 6.12). In these areas a good number of
wells are now abandoned due to sharp depletion of
groundwater during the last few years. Such wells are
commonly found in hilly and rocky tracts. These abandoned
wells could conveniently be used as percolation wells to
recharge groundwater.

Fig. 6.12 : Recharge Through Abandoned Well or Hand pump

The surplus runoff from localised catchment areas of
habitation or other arable and non-arable lands may be
diverted through a ditch or trench and conveyed through a
channel or pipe up to the abandoned well. This water is stored
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in the well for a certain period, depending on the rate of
downward movement. Through downward seepage of water,
the stored water helps to recharge groundwater. The process
continuously recharges the aquifer throughout the rainy
season and also as long as there is water in the well. In order
to minimise silt load in the water to be discharged in the well,
sediment basins or depressions are created to hold the water
before conveying it to the recharge well.
Rainwater from rooftop catchment and other paved
areas of the house can successfully be diverted or conveyed to
the abandoned well or hand-pump through an appropriately
designed system.
6.12.2Recharge of open dug well / bore well
In alluvial as well as hard rock areas, there are
thousands of dug wells, which have either gone dry, or the
water levels have declined considerably. Under such
conditions the surface runoff could be used to replenish the
water table. To some extent this replenishment is also possible
through open dug wells by diverting some amount of surface
runoff from a limited catchment area, depending on the
topographical features.

Fig. 6.13 : Recharge of open well / bore well through rooftop
harvesting system

Sometimes, at a depth of 30-50 cm below the bottom of
the pit one or two cement pipes are buried and
connected to the well through the walls. These pipes
discharge the silt-free seepage water directly in the well
and temporarily increase the water level of the well.
These recharged wells then act as percolation tanks to
help recharge the aquifer.

The following methods may be employed to recharge
wells or groundwater:
1.

Runoff from the adjoining upper reaches of the farm
land is diverted to a dugout pit, or an artificially created
depression, or a very small sunken pond near the
individual well. This pit will store runoff water for a
limited period of time, depending upon the permeability
of soil profile. The downward seepage as well as the
lateral seepage will take place as long as there is water in
the pit. The process will continue throughout the rainy
season and help to replenish the water table. The storage
capacity of the pit depends on the micro catchment
available with the owner of the well (Fig. 6.13).
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2.

In the second method a pit is constructed or depression
created (1.5 -2.0 m deep and of desired length and
breadth) at a reasonably higher elevation. This pit serves
the purpose of a silt or sediment trap. It is filled with
different layers of filtering materials for protection
against silt intrusion. In the bottom of the pit bigger
sized pebbles or stones are filled up to a depth of 50 cm,
smaller sized pebbles in the middle layer of 50 cm depth,
and at the top, there is a layer of 50 cm deep coarse sand.
The pit is kept unfilled about 0.50 m to 1 m deep from
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ground level to hold water. This filtration pit is
connected through a pipe (0.30 cm above the bottom) to
a masonry tank. This tank is connected to the well
through a pipe fitted about 30 cm below the top to
discharge almost clean/silt free water in the well. This
masonry tank further traps the remaining sediments/silt
of water. Runoff from the upper reaches is diverted to
the pit and the filtered water is delivered to the well
through the masonry tank. This water helps to raise the
water level of the well and also helps to recharge
groundwater (Fig. 6.14). These techniques have been
found very successful at many of the locations and
require to be encouraged.

6.13.1 Water Level Monitoring
The monitoring of surface water and ground water
levels during feasibility studies greatly help in identifying the
method of artificial recharge. Network of observation wells is
used to study the ground water flow pattern and temporal
changes in potentiometric head in the aquifer.
The observation well network during feasibility stage is
generally of low density, spread over a large area with the
primary aim of defining the boundary zonation of the aquifer
to be recharged and to know the hydraulic characteristics of
the natural ground water system. After identification of the
feasible ground water structures, the observation well network
is redefined in a smaller area with greater well density. The
objective of monitoring system is to study the effect of artificial
recharge on the natural ground water system. Depending on
the method of artificial recharge and the hydrogeology of the
area, the observation well network has to be designed.

6.13 Monitoring Mechanism

The monitoring system of observation well network
should be designed specially to monitor impact of individual
structures which can further be extended and merged to
monitor the impact of group of such structures in the artificial
recharge scheme area. The network of observation wells
should be
a)
Adjacent to the recharge facility
b)
At a sufficient distance from the recharge facility to
observe composite effects and c) near the limit of
hydrological boundaries.

The monitoring of water levels and water quality is of
prime importance in any scheme of artificial recharge to
ground water. The monitoring data speaks for the efficacy of
structures constructed for artificial recharge and greatly helps
in taking effective measures for ground water management on
scientific lines. As such the plan for artificial recharge should
have the monitoring mechanism inbuilt with the scheme.

If the recharged aquifer is overlain by confining/ semiconfining layer, piezometers should be installed to monitor the
water levels of overlying and underlying aquifers which helps
in the study of leakages etc. Where the surface water bodies
are hydraulically connected with the aquifers which are being
recharged, it is advisable to monitor the water level profiles of
both surface water and ground water.
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Fig. 6.14 : Well recharging system – through filtration pit

The periodic monitoring of water levels can demarcate
the zone of benefit. In this method a network of observation
wells is established in the area likely to be benefitted to study
the following:
?

In the zone benefitted, the water levels be observed as to
whether the well hydrographs have a flat apex during
the time when there is water in the recharge structure
(tank, pit, etc.)

?

Wells situated outside the zone of influence normally
show an angular apex for the period when the recharge
is taking place, while those situated within the zone of
influence have a flatter area.

?

The recession limbs of hydrograph wells close to a
recharge structure normally have a gentle gradient as
compared to those located far off. Crops in the zone of
influence will be healthy compared to those outside such
an area. Furthermore, in the zone of influence there is a
tendency by the farmers to grow crops with high water
requirements. Well yields in the zone of influence are
generally being greater than those outside it. The wells
in benefitted zones may have more sustainability in lean
period than those outside.

The above criteria can be used to define the zone of
influence and thereby, a real and temporal demarcation of the
effectiveness of recharges structures.
6.13.2 Tracer technique for demarcating zone of benefit
Tracers are useful in demarcating the area benefitted by
artificial recharge, Tritium; Rodhomine B, fluorescent dye and
environmental isotopes, etc. are quite useful in assessing the
extent of recharge and efficiency of recharge structures.
6.13.3 Water quality monitoring
The monitoring of water quality during the
implementation of artificial recharge schemes is essential to
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maintain the quality standards for specified uses of the
augmented resource. In case of injection wells, the
composition of native water in the aquifer and the recharged
water is important to know prevent clogging of well and
aquifer due to excessive precipitation of salts. The data on the
chemical quality of native water and the changes which may
take place during the implementation of artificial recharge
schemes should be collected by regular sampling from
observation well network. Thus, the type of water quality
monitoring programme depends on the specific problem being
studied i.e. changes in ground water quality; effect of soil
salinisation and prevention of any contamination etc. The
samples to be collected will also depend on the purpose and
are generally categorized into:
(1) Indicative: The indicative samples are collected at 1 to 4
months intervals and used to ascertain the presence of
injected effluent.
(2) Basic: Basic samples are taken at monthly intervals for
wells already influenced by recharge to determine the
effect of recharge effluent on ground water quality and
the purification provided by flow through the soil and
aquifer system.
(3) Comprehensive: Comprehensive samples are taken at
intervals of six months to one year for observation wells
to determine water quality with respect to specific
standards for intended water use.
6.13.4 Impact assessment
The impact assessment of artificial recharge schemes can
generally be enumerated as follows:
?

Conservation and harvesting of surplus monsoon runoff
in ground water reservoir which otherwise was going
un-utilized outside the watershed/ basin and to sea.
Rise in ground water levels due to additional recharge to
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ground water. In case where continuous decline of
ground water level was taking place, a check to this
and/or the intensity of decline subsequently reduces.
The energy consumption for lifting ground water from
abstraction structures also reduces.
?

The ground water structures in the benefitted zone of
artificial recharge structures gain sustainability and the
wells provide water in lean month. The domestic wells
will become sustainable and many of the areas
depending on water supply through tankers are
benefitted.

?

The cropping pattern in the benefitted zone may
undergo marked change due to augmentation of ground
water. Due to the increase in soil moisture, green
vegetative cover may be increased and so are the
number of ground water abstraction structures in the
zone of influence.

?

The quality of ground water may also improve due to
dilution. Besides, the artificial recharge schemes will
generate indirect benefit in terms of decrease in soil
erosion, improvement in fauna and flora, influx of
migratory birds, etc. The social and economic status of
farmers would be substantially improved due to
increase in crop production.
q
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q
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7
ROAD MAP OF IMPLEMENTATION

The priority areas are identified in water scarcity and
water quality problem areas for various hydrogeological
terrains. The high rainfall areas in the state have water scarcity
in summer months and low rainfall areas are prone to water
scarcity for the entire year. The demonstrative artificial
recharge structures implemented by CGWB through various
state agencies in an integrated manner during XI five year
plan period have proved to be successful. The implementation
of the scheme involves number of agencies/resource persons
and site selection is to be done based on technical feasibility.
The present activities under various schemes are to be
properly integrated before taking new works.
Presently, various schemes are taken up under following
programmes.
·

Watershed development

·

Bharat Nirman

·

Irrigated Agriculture modernization, water bodies
restoration and management project

·

(IAMWARM)

·

Drought Prone Area Programme (DPAP)/ Desert
Development Programme (DDP)

·

National Watershed Development Programme for
Rainfed Areas (NWDPRA)
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·

NABARD assisted rainwater harvesting programme for
augmentation of ground water recharge

·

Rehabilitation of tanks identified by MLAs

·

Command Area Development & Water Management
Programme

·

Mahatma Gandhi National Rural Employment
Guarantee Act. (MGNREGA)

·

Water Conservation in Reserved Forest Area

·

Integrated Watershed Management Programme (IWMP)

·

Local area development programme of M.P & M.L.A

There are many more state and central as well as
Corporate Social Responsibility (CSR) programme and aided
projects particularly in the drought prone and disaster prone
areas implemented over years. The communities also have the
traditional RWH systems for storage of runoff in surface for
direct use however with time the need for recharge in aquifer
system has gained priority.
Hence, the basic approach of beneficial use of rain water
in surface or sub-surface needs participatory community
approach. The non filling of non system tanks even in good
monsoon period in parts of the hard rock terrain is inferred as
the result of deficient soil moisture situation and deeper water
table thereby the generation of runoff is negligible. Such areas
are identified and the surplus runoff available in part of
watershed is considered for the natural flow downstream and
additional structures are feasible only by transporting surplus
water from adjoining watersheds and or diversion of flood
water by a dedicated canal system.

Badmer, Karauli and Chittorgarh. Rajasthan can be divided
into three hydrogeological unit namely unconsolidated
sediments, semi consolidated sediment and consolidated
rocks. The unconsolidated sediments are of two trypes alluvial
sediments and aeoline deposits. The alluvial deposits are
confined to Barmer, Jalore and Jodhpur district consisting of
sand, clay, gravel and cobbles. Valley fill have been reported
from Jhunjhunu, Ajmer, Bhilwara and Udaipur. Semi
consolidated formations include sand stones, lime stones and
Aur beds covering Jaisalmer and Barmer districts. The
consolidated rocks includes gneiss, granites, schist, phyllites,
marble, lime stone, quartzite and basaltic. The area identified
from artificial recharge zone is 160589 km2 and volume of
water to be harnessed is 860 MCM.
The experience gained by demonstrative artificial
recharge projects indicates more benefit from percolation
ponds and desilting of tanks than from check dams. Providing
additional structures like recharge shafts in ponds and
recharge bore wells in check darn, farm pond etc will have
effective recharge and the total watershed approach for such
works was experimented successfully in Baswa-Bandikui,
watershed of Dausa District and Ramgarh area of Jaisalmer
district in the state. The Ramgadh area is located in Sam Block
of Jaisalmer district, westernmost part of Rajasthan. It is a part
of the Great Thar Desert and Western Arid Plain, part of
Banganga basin. It covers an area 675 km2.
7.1.1 Community Program

The areas which require urgent interventions by
artificial recharge, are located in the state are Jaipur, Ajmer,
Jalore, Jhunjunu, Nagaur, Alwar, Sikar, Churu, Jodhpur,

In Rajasthan, roof top rain water harvesting has been
made mandatory. As per the status of enactment of RTRWH
by various states, it is mandatory for roof areas of 300 m2 or
above. As roof top harvesting from individual houses and
recharge to groundwater is the best option available, it is
suggested for even small rooftop of 50 to 100 m2. In order to
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7.1

CGWB Scheme for XII Plan Period

mitigate liquid and solid waste disposal problems, appropriate
measures are being taken up for protecting the existing water
bodies and aquifers by harnessing rain water from roofs. Roof
Top Rain Water Harvesting from cluster of houses will be
more effective than adopting in individual houses, particularly
in case of urban areas. The district-wise or agro climatic zonewise roof top rain water harvesting proposal for urban areas is
to be covered under community program.
7.1.2 Industries
Central Ground Water Authority has already given
guidelines for the implementation of RWH by industries, infra
structure development agencies and mining industry that are
seeking NOC for new projects or for expansion -program and
same should be made mandatory for the existing industries
also. In case there is no scope for artificial recharge in plant
area due to geological conditions like lack of weathered
thickness as well as occurrence of saline aquifer, where the
recharged water cannot be economically drawn from the
aquifers, the storage in surface is the best option for direct use.
However, on case to case basis, the industry is to be given
mandatory instructions to harvest rain water and recharge to
groundwater, at least 2 per cent of total water pumped. Such
recharge can be taken within the factory premises or at least in
the watershed/sub basin within the respective state to
improve overall groundwater scenario in the state.

work in particular, IWMP, Drinking Water supply
Department of GOI under Drinking Water Mission for
sustainability of sources like tanka (pond), head works. A
district level co-ordination committee under District Collector
and select funding Agency as well as implementing agency as
members, is recommended to have an overall monitoring of
the recharge program. The cost escalation with time can be
monitored and the groundwater development and land use
pattern change with time, the impact of climate change and its
ground reality can be periodically reviewed by the district,
state and national level groundwater development and
management committee.

7.2

Management options

·

Integrated use of Surface & Ground water

·

Rain water harvesting structures should be made
mandatory for all houses, existing as wells as new.
Presently, it is mandatory for houses with more than 300
m2.

·

Roof top artificial recharge structure should be
constructed in all govt. buildings and private properties.

·

There are three big industrial areas in town, VKIA,
Jhotwara and Sitapura, there are big plots with huge
open areas. The industrialist should be persuaded to
construct rain water harvesting structures and artificial
recharge structures for recharging the aquifer.

·

Mandatory RWH for Industries, commercial
establishments in specific time frame-with incentive

·

Creation of Authorized Technical Pool of experts for
design, verification and proper maintenance of Artificial
Recharge Structures

·

Recycling of water: Sewerage Treatment Plant in new
buildings should be mandatory.

7.1.3 Centrall State Government Schemes
Presently, number of state and central government
programs have regular budgetary program for water
harvesting, water conservation and sustainability of water
sources for drinking water supply. The major works are
carried out by Forest Department, National Rainfed Authority,
Agriculture departments, Drinking Water Supply
Departments, Panchayat Raj Institutions under MGNREGA
83

84

·

Ban on using fresh water for green areas, construction
activity and non drinking usage like car washing etc.

·

Industrial water requirement through treated water.

·

Opening toll free number for complaints on illegal
drilling and violation of water laws.
q

q

q

8
DEVELOPMENT AND IMPACT OF
RECHARGE STRUCTURES UNDER
CLIMATE CHANGE SCENARIO
In arid and semi-arid parts of Rajasthan, farmers face
significant water shortages and risk of crop failure even with a
slightly abnormal decline or delay in monsoonal rains. With
advances in pumping technology and its easy affordability,
groundwater exploitation for irrigation by small-holder
farmers across the state has undergone massive expansion and
has to some extent enabled farmers to manage deficiencies in
monsoonal rainfall, and even allow dry season irrigation, thus
contribution to poverty alleviation. However, the rapid
population increases and groundwater use in the past three
decades in many parts of Rajasthan has resulted in the
exploitation of groundwater at a rate far greater than the
natural recharge.

8.1. Studies of groundwater table dynamics
2

Rajasthan spread over an area of 342239 km and has
been divided into 33 districts which are further subdivided
into 239 blocks. The increased ground water development in
certain places for the agriculture and other uses has resulted in
groundwater mining.
The surplus monsoon runoff can be stored in the
groundwater reservoirs without sacrificing the cultivators
land, free from the adverse effects like inundation of large
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surface area and reduction in evaporation losses. The
groundwater fluctuation data (1994 - 2010) of four districts of
Southern Rajasthan viz Udaipur, Banswara, Dungarpur and
Rajsamand was analysed to see groundwater table dynamics
in respect of rainfall pattern in space and time.
8.1.1 Water Table Fluctuation of Udaipur
The monthly groundwater table data of 34 selected wells
of Girwa block of Udaipur district during the year 2006 to 2009

8.2. Development and evaluation of groundwater
recharge structures - A case study
The dry stone masonry type low cost groundwater
recharge structures and masonry check dams / anicut has
been constructed and its impact on groundwater recharge was
evaluated from 2010 to 2013. The results of the study revealed
that these structures are highly useful for augmenting water
table and recharging aquifer in hard rock area of Udaipur district.
8.2.1. Identification of suitable sites and construction of
groundwater recharge structures
The suitable hydrogeological sites for construction of
groundwater recharge structures were identified in Girwa and
Vallabh Nagar block of Udaipur district. The two different
types of community based groundwater recharge structures
have been designed constructed at various locations. The
following two types of recharge structures widely used in the
area were constructed for the recharge study.

Fig 8.1 : Trend of water table fluctuations with rainfall

was recorded by AICRP Udaipur Centre. The analysis of data
in respect of monthly rainfall data reveals that the water table
fluctuation during pre and post monsoon period is very high.
The high fluctuation in the water table is a most important
property of hard rock aquifer. During the period of three years
the net decline in water table during post monsoon period was
4.09 m, which shows that water table is falling at an alarming
rate of 1.37 m/year. The trend of water table fluctuation with
monthly rainfall is shown in Fig. 8.1.
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(i)

Single wall cement masonry pond

(ii)

Masonry check dam / anicut

8.2.2. Assessment of Groundwater Recharge from Rainwater
Harvesting Structures
The project is important for semi-arid regions of
Rajasthan especially for hard-rock areas, which makes it
difficult to apply basic hydrologic principles derived for
alluvial and unconsolidated geologic formations. The study
area is situated in hard-rock region of Udaipur district.
Therefore, the results of the study showed that rain water
harvesting structures are most effective for recharging
groundwater. It is useful for the planners, researchers and
decision makers in the state to formulate suitable strategies for
implementing artificial recharge projects on large scale.
Groundwater recharge is one of the vital components of the
water cycle and is highly uncertain to be predicted accurately.
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In hard-rock areas of Rajasthan, cost-effective and feasible
methods for artificial groundwater recharging have not been
identified. Also, studies on evaluating impact of artificial
groundwater recharge on improving groundwater quality are
rare. Water scarcity and depletion of groundwater levels are
among the major problems in Rajasthan. During May-June
every year, most of the wells become dry due to decline in
groundwater levels. Artificial recharge of groundwater seems
to be an appropriate solution under the present situation. It
has been observed that rainwater harvesting-cumgroundwater recharging structures play an effective role in
augmenting groundwater tables in the region.
8.2.3 Selection of Hydrogeological Sites
In the study area suitable hydrogeological sites were
identified for construction of various types of groundwater
recharging structures. These structures were evaluated in
terms of groundwater recharge. Monitoring of stored
rainwater in the structure during monsoon seasons will enable
to evaluate efficacy of the rainwater harvesting-cumgroundwater recharging structure. The water harvesting
structure constructed in Shishvi village is shown in Fig. 8.2.

8.2.4 Preparation of Depth Capacity Curve for Shishvi Water
Harvesting Structure
During the monsoon period of 2012 daily surface water
levels of water harvesting structure as well as the water table
of identified well were monitored to find out the impact of
constructed structure for groundwater recharging. During the
monsoon months, the constructed structure gets completely
filled up two to three times because of occurrence of normal
rainfall and its proper distribution. The total amount of
rainfall recorded during the year was 704.63 mm. Depthcapacity curve of the structure was prepared by preparing
contour map of the submergence area. The capacity of the
pond at different depth is given in Table 8.1. The prepared
depth-capacity curve is shown in Fig. 8.3.
____________________________________________________________________________

Table 8.1 : Storage capacity of groundwater recharges
structures
constructed at Shishvi
____________________________________________________________________________
3

Contour
Value
Depth (m)
Capacity (m )
____________________________________________________________________________
98.50
0.5
250.00
99.00
1.0
992.50
99.50
1.5
2285.00
100.00
2.0
4235.00
____________________________________________________________________________

Fig. 8.2 : Masonry water harvesting structure (Anicut)

Fig. 8.3 : Depth-Capacity Curve of Shishvi Water Harvesting Structure
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8.2.5 Assessment of Groundwater Recharge through
Rainwater Harvesting Structure Constructed at Shishvi
For assessment of groundwater recharge through
rainwater harvesting structures, daily monitoring of surface
water level was carried out through the installation of gauge
in the Anicut. The water table of the identified well situated in
the downstream side of the pond was also measured on daily
basis. The pan-evaporation data were collected from the CTAE
Meteorological Observatory. The collected data were analyzed
for computation of groundwater recharge and recharge rate
through the construction of water harvesting structure. A
correlation between rainfall, pond water level and well water
level (Fig. 8.4) which clearly indicates that the water table of
well increases due to increase in the level of water in the
constructed water harvesting structure. The average recharge
rate was found to be 7.10 cm/day where as net recharge
volume was 24527.99 m3.

during the year 1994-2010 for southern Rajasthan. The
hydrograph of rainfall and pre as well as post monsoon water
table fluctuations of Udaipur, Rajsamand, Dungarpur and
Banswara was prepared which shows the falling trend of
water table in these districts during 1994-2010. In Udaipur the
pre and post monsoon water table depleted from 8.03 m to
11.90 m and 4.44 m to 5.85 m, respectively. The rainfall and
water table fluctuation graph of Rajsamand, Dungarpur and
Banswara clearly indicates the depletion of water table during
last 17 years. The variation in pre monsoon water table is quite
high as compared to the post monsoon. During the year 2005
and 2006 which were excellent year in respect of occurrence
and distribution of rainfall, the water table was quite high in
post monsoon in all the districts of southern Rajasthan. The
rainfall recharge relationship of five years (2006-2010) for
Udaipur, Rajsamand, Dungarpur and Banswara was carried
out using water table fluctuation techniques. During these
years the rainfall recharge relationship for Udaipur,
Rajsamand, Dungarpur and Banswara varies between 6.5 to
13.6 per cent, 6.2 to 16.2 per cent, 6.8 to 13.9 per cent and 3.3 to
10.8 per cent, respectively. The maximum recharge percentage
in Udaipur, Rajsamand and Banswara was found in the year
2010 whereas for Dungarpur the maximum recharge
percentage was in the year 2009.

Fig. 8.4 : Graph showing correlation between rainfall, water level
of well and anicut

The assessment of groundwater recharge at climate
change scenario through construction of masonry water
harvesting structure at Shishvi and Karget village was carried
out for entire monsoon period of 2013. The average recharge
rate for Shishvi and Karget water harvesting structures were
computed as 7.10 cm/day and 6.80 cm /day respectively,
whereas the volume of net recharge for these structures during
3
3
the year was 24527.99 m and 24831.33 m , respectively.

8.3

8.3.1 Effect of climate change on water table fluctuation

Water Table Fluctuation in Southern Rajasthan

An effort has been made to study the effect of climate
change on water table fluctuation with respect to rainfall

The effect of climate change on water table fluctuations
with respect to rainfall was analyzed on the basis of 17 years

91

92

(1994-2010) data of rainfall and water table for Udaipur,
Rajsamand, Dungarpur and Banswara districts of southern
Rajasthan. The available data set of rainfall and water table
clearly reveals the uneven and erratic pattern and effect of
climate change. The annual rainfall of Udaipur, Rajsamand,
Dungarpur and Banswara varies between 251 mm to 1283
mm, 302 mm to 770 mm, 355 mm to 1371 mm and 501 mm to
1877 mm, respectively. The data clearly indicates that the 2006
was the exceptional year in which amount of rainfall was very
high in all the districts of southern Rajasthan.
Due to effect of climate change the pre and post
monsoon water table depleted at an alarming rate during 1994
to 2010 in all the four district of the Southern Rajasthan (Table8.2). The hydrograph of rainfall and water table clearly
____________________________________________________________________________

Table
8.2: The pre and post monsoon water table
____________________________________________________________________________
Year
Udaipur
Rajsamand
Dungarpur
Banswara
_____ _____________ ___________________ _________________ _______________
Pre Post
Pre
Post
Pre
Post
Pre
Post
____________________________________________________________________________
1994 8.68 4.44
13.60
5.69
8.09
3.22
5.63
2.81
1995 8.03 8.95
9.47
6.61
7.13
6.06
5.77
3.87
1996 9.45 5.39
10.44
6.15
8.62
4.42
6.08
2.99
1997 9.33 6.63
10.36
6.98
7.60
4.06
5.40
3.78
1998 10.20 7.63
11.02
9.60
7.83
4.93
5.84
3.08
1999 10.60 9.98
13.89
12.47
8.13
6.58
5.44
4.41
2000 12.21 11.37 15.53
14.69
9.83
8.67
6.30
5.83
2001 12.80 8.57
16.56
10.79
9.78
5.77
7.50
5.83
2002 11.61 10.57 15.09
15.11
8.67
7.23
7.58
5.13
2003 12.73 8.84
16.96
14.03
9.93
4.89
7.47
4.00
2004 12.53 8.29
16.59
13.76
9.75
8.67
6.96
4.19
2005 10.96 5.33
16.38
8.99
8.84
6.50
6.55
4.50
2006 9.30 4.32
13.63
4.40
9.45
2.77
6.54
3.47
2007 8.43 6.25
9.46
6.18
8.45
4.80
5.66
3.32
2008 10.24 8.79
12.21
11.06
8.95
7.71
5.65
5.54
2009 11.84 8.75
15.81
13.50
9.47
4.32
6.66
4.13
2010
11.94
5.85
16.57
7.42
8.52
5.65
6.78
4.21
____________________________________________________________________________
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indicate the falling trend of water table in Udaipur,
Rajsamand, Dungarpur and Banswara which is shown in Fig.
8.5 to 8.8 respectively. The rainfall and recharge relationship
for all the four districts was also estimated which shows the
uneven and erratic pattern of recharging (Table-8.3).
____________________________________________________________________________

Table
8.3: The rainfall and recharge relationship
____________________________________________________________________________
Udaipur
Rajsamand
Dungarpur
Banswara
________________
__________________
_________________
_______________
Monsoon Recharge Monsoon Recharge
Monsoon Recharge
Monsoon Recharge
rainfall in mm
rainfall
in mm
rainfall
in mm
rainfall in mm
____________________________________________________________________________
Year

2006 1371.0 98.0
1371.0
156.0
1371.0
119.0
1371.0
65.0
2007 704.0
46.0
704.0
63.0
704.0
71.0
704.0
61.0
2008 398.0
38.0
398.0
25.0
398.0
27.0
398.0
13.0
2009 677.0
64.0
677.0
42.0
677.0
94.0
677.0
61.0
2010
567.0
77.1
567.0
92.0
567.0
55.0
567.0
61.0
____________________________________________________________________________

The amount of rainfall was recorded highest in the year
2006 but the maximum recharge percentage in Udaipur,
Rajsamand, and Banswara was found in the year 2010. In
Dungarpur district maximum recharge was found in the year
2009. In the year 2006 the amount as well as intensity of storm
was very high carrying high flood but it was not effective for
ground water recharging. The rainfall recharge relationship
for Udaipur, Rajsamand, Dungarpur and Banswara is shown
in Fig. 8.9 to 8.12 respectively. The per cent variation in the
ground water recharge from 2006 to 2010 in all these district is
____________________________________________________________________________

Table 8.4: The per cent variation in the ground water
recharge
from 2006 to 2010
____________________________________________________________________________
S.N. Year

Percentage rainfall-recharge

____________________________________________________________

Banswara Dungarpur

Rajsamand

Udaipur

____________________________________________________________________________

1
2006
4.7
8.7
11.4
7.1
2
2007
8.7
10.1
8.9
6.5
3
2008
3.3
6.8
6.3
9.5
4
2009
9.0
13.9
6.2
9.5
5
2010
10.8
9.7
16.2
13.6
____________________________________________________________________________
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shown in Table 8.4. The comparative status of rainfallrecharge for Udaipur, Rajsamand, Dungarpur and Banswara is
shown in Fig. 13.

Fig. 8.8 Hydrograph of rainfall and water table - Banswara
Fig. 8.5 Hydrograph of rainfall and water table - Udaipur

Fig. 8.9 Rainfall recharge relationship - Udaipur
Fig. 8.6 Hydrograph of rainfall and water table - Rajsamand

Fig. 8.7 Hydrograph of rainfall and water table - Dungarpur

Fig. 8.10 Rainfall recharge relationship - Rajsamand
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8.4

Results of significant value

Salient Results
Ø

The study on effect of climate change on water table
fluctuation with respect to rainfall cleanly indicates the
depletion of water table during last 17 years (1994-2010)
in Udaipur, Rajsamand, Dungarpur and Banswara
district of Southern Rajasthan.

Ø

The rainfall recharge relationship carried out for
Udaipur, Rajsamand, Dungarpur and Banswara district
indicates that amount of rainfall is not directly
proportional to the recharge. It depends on intensity and
distribution of rainfall in the area. In these district the
amount of rainfall was highest in the year 2006 but
recharge percentage was found highest in the year 2010.

Ø

The study conducted in two village of Udaipur district
through construction of recharge structure revealed that
the average recharge rate varies between 6.80 to 7.10 cm
/ day and volume of total recharge that can be carried
out by constructing 2 m height of masonry check dam
will be about 24500 m3.

Fig. 8.11 Rainfall recharge relationship - Dungarpur

Fig. 8.12 Rainfall recharge relationship - Banswara

Fig. 8.13: The comparative status of rainfall- recharge
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9
CONCLUSION

Groundwater has been become the major source of water
to meet the requirement of domestic, industrial and irrigation
sector in India during the last few decades on account of its
ubiquitous occurrence, easy availability and reliability. Over the
years, particularly since launching of Five Year Plans, there have
been continued effects in India for development of groundwater
resources to meet the increasing demands of water supply for
various sectors. In many parts of the country, groundwater
development has already reached a critical stage, resulting in
acute scarcity of the resources. Over exploitation of the
groundwater resources results in declining groundwater levels,
shortage in water supply and increased pumping lifts
necessitating deepening of groundwater abstraction structures.
These have serious implications on the environment and the
socio-economic conditions of the people. The prevailing
scenario of groundwater development and management in
Rajasthan calls for urgent steps for augmentation of
groundwater resources to ensure their long term sustainability.
The diverse nature of the terrain and complexities of hydrogeological conditions prevailing in the state makes this a
challenging task.
A proper planning for the judicious exploitation of
groundwater in a river basin becomes essential and hence the
systematic study or evaluation of groundwater potential on
river basin is the need of the hour. It has been recognized that
aquifers are not only sources of water but also storage reservoirs
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that require proper management for efficient use. With respect
to management, an aquifer may be considered as a reservoir for
long term storage artificially produced and as a water quality
control tool because of its filtering characteristic that reclaims
artificially recharged waste water. Artificial recharge may be
viewed as an augmentation of the natural movement of surface
water into underground formation by some method of
construction, by surface spreading of water or by artificially
changing natural conditions. The purpose of artificial recharge
of groundwater is to reduce or reserve declining levels of
groundwater in a basin and to store surplus surface water and
reclaimed water for future use. In hard rock regions, it is
common to find a weathered zone and the fractured zone
provides opportunity for storing surplus water in them. Both the
layer can be recharged economically through a single injection
well provided the well intercepts both the layers.
There has been relatively little research on groundwater
availability in hard-rock regions. The flow of groundwater in
hard rock region takes place through cracks and faults which is
preferential flow. The basic principles of groundwater flow,
applicable in case of alluvial aquifers, are not applicable in hard
rock regions. These limitations are affecting groundwater
research in hard rock areas. The case of alluvial aquifer is much
easier to deal as compared to hard rock aquifer. In India, two
third area of country is with hard rock geology. Therefore,
groundwater management in hard rock region is issue of
national importance and better understanding of groundwater
dynamics in hard rock area is important. Optimal plan for
groundwater development and utilization is essential for
preparing safe yield and conjunctive use strategies and
promoting improved water lifting devices based on both
conventional and non-conventional sources of energy.
Agriculture sector is the largest consumer of water in
Rajasthan (87%) but with ever growing population, increased
urbanization and industrialization the requirement of water are
100

also increasing. The other component technologies should be
dovetailed to have a better management of available water for
crop production. Understanding the hydraulics of
groundwater, distribution of irrigation water and its uptake by
plants will lead to efficient utilization of water.
Cost effective and socially acceptable rainwater
harvesting and groundwater recharging structures need to be
designed for different rainfall zones and soil type under rainfed
eco-system. Promotion of supplemental irrigation through farm
ponds especially during long dry spells and multiple use of
harvested rainwater for field crop should be practiced in rainfed
areas for higher crop and income per drop of water. Efforts
should be made to develop various site specific insitu
conservation techniques, rainwater harvesting and
groundwater recharging technologies and fine tune the existing
traditional technologies for effective harvesting of rain water
and its efficient utilization.
Against the background of climate change scenario and
declining production environment, producing enough food for
increased demand with limited water resources is a daunting
task and this would require increased adaptation and mitigation
research to extreme weather events, capacity building and
changes in policies. Concerted effort is required to assess the
effect of climate change on water resources, to develop
techniques of reducing the impact of extreme hydrological
events on crop growth and ground water table and also to find
out ways and means for climate resilient agriculture.
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