


 

 

 

 

 

Groundwater emerged as one of the most important and precious natural resource in Pakistan. It 
is contributing about 40 % in total water resources of the country and playing important role in 
sustainability of irrigated agriculture in Indus Basin. The main source of groundwater is Indus Plain 
which is underlain by deep, well transmissive, continuous and extensive alluvium aquifer. Thal Doab is 
one of the main parts of Indus Plain Aquifer. This alluvium aquifer is composed of detritus from the 
mountains along the Indus River. The alluviums largely consist of medium to fine sand mixed with the 
silt and clay. The thickness of alluvium aquifer as derived from seismic data varies from 200m to 850m, 
having less in marginal areas along the hills and greater in central part of Thal Doab Aquifer. 

Recharge from various sources like; river, precipitation and irrigation network as discussed in 
report indicated an effective surface water–groundwater interaction. High values of aquifer characteristic 
(conductivity, storativity, specific yield) and available recharge sources made Thal as high yielding 
aquifer. The extensive groundwater development in Thal Doab like other areas in Indus Basin was started 
in early 1980s. Due to rapid groundwater development the number of tubewells increased from a few 
hundred in 1980 to 180,000 in 2012, which are currently pumping about 18 billion cubic meters (BCM) 
of groundwater annually. The water table in Lower Thal in southern part is close to ground surface inspite 
of large scale pumping, which indicates induced recharge from rivers and irrigation network. 

Groundwater investigation is a tedious job because of its occurrence in all types of rocks of all 
geological ages. Many techniques have been developed, improved and applied for this all over the World. 
Passive remote sensing is generally applied to work out recharge and discharge zones, surface geology, 
shallow groundwater quality. Surface geophysical methods play important role in delineation of aquifer, 
its vertical and horizontal boundaries and water quality. Electrical methods (electrical resistivity, 
electromagnetic and induced polarization) are mainly used in groundwater exploration for delineation of 
aquifer and assessment of water quality. Seismic, gravity and magnetic method have wide applications in 
basin level studies for mapping of bed rock, basement and thickness of alluvium. Ground penetrating 
radar and 3D resistivity are most recent applications in shallow groundwater exploration. 

The electrical resistivity method was used as main surface geophysical methods for groundwater 
investigations in Thal Doab. Carefully looking into financial constraints, time frame and purpose of 
survey; a grid of 5x5km was implemented in project area with the shallow depth of 300m. Total 1100 
vertical electrical sounding (VES) probes were conducted for this depth. Deep investigations to the depth 
of 1000m were carried out at relatively coarse grid of 20 x 20 km by applying VES and induced 
polarization (IP) methods. A total of 107 deep VES and IP probes were conducted to differentiate 
between saline water and clay layer during low resistivity values. Seismic data of 34 lines was interpreted 
for estimation of thickness of alluvium, mapping of bed rock and basement. Available gravity data at 
regular surface gravity grid of 5 x 5 minute (9 km X 9 km) was also used as supplement information on 
bed rock and basement structures underlain by alluvium aquifer. 

The foremost object of the investigations was to establish quantitative groundwater estimates and 
resource mapping. This objective was achieved through use of GIS based spatial analysis of prepared 
groundwater quality maps and its integration with aquifer characteristics. Entire quantity of groundwater 
in an unconfined aquifer cannot be drained out. The part of water which remains in aquifer is called 
specific retention whereas the part of water that can be drained out by pumping is called Specific Yield. 
Though Specific Yield is not the final parameter for aquifer management yet it gives good general 
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understanding of quantum of the water in an unconfined aquifer. Active aquifer storage of Thal Aquifer 
was estimated for usable groundwater up to the depth of 400 m.  Beyond this depth the bed rock hits 
under major part of the Thal Doab. The total useable water which can be pumped out from Thal Aquifers 
for drinking, irrigation and industrial use is about 958 BCM.  

Geophysical investigations were followed by exploratory well drilling at a regular grid of 25 km 
x 25km to the uniform depth of 90m and water as well lithological samples were collected at regular 
depth interval of 3m. The lithological samples were analyzed for mechanical analysis to establish textural 
classifications. The water samples were analyzed for quality parameters which are required for 
classification of water for agricultural use. These included; calcium, magnesium, sodium, potassium, 
chlorides, sulfates, and bicarbonates. Electrical conductivity, total dissolved salts and pH of these samples 
was also measured in laboratory at room temperature. Sodium adsorption ratio and residual sodium 
carbonate of each sample were calculated for assessment of water for irrigation use. Groundwater quality 
in Thal Aquifer varies widely spatially as well as vertically. The salt concentration varies from 0.300 
dS/m to as high as equal to that of sea water.  Major part of the aquifer is saturated with fresh and 
marginal quality groundwater. Four water quality zones were mapped on the bases of integration of 
electrical resistivity survey and exploratory well drilling data. Water quality data was plotted on Piper, 
Durov and USGS Salinity Diagrams. The most prominent hydrogeological facies as worked out during 
water quality modeling were; CaHCO3 type followed by NaCl and mixed water; like; Ca-Na-HCO3 and 
Ca-Mg-Cl type. 

Information about the origin/sources of recharge of any aquifer is of fundamental importance for 
its safe exploitation. Environmental Isotopes are natural tracers for derivation of such information. The 
isotopes techniques were applied in Thal Doab Aquifer for assessment of recharge source and 
groundwater age. Two hundred and eleven stations spreading over the entire study area were selected for 
collection of water samples. The sampling points included rivers, canals, hand pumps and tube wells to 
study shallow as well as deep groundwater in the project area. The study revealed that shallow 
groundwater in a small zone in the upper eastern part of the doab, between Grot in Khushab District and 
Hyderabad (Thal) in Bhakar District, is mainly recharged by the rain. Deep groundwater at most of the 
surveyed locations is recharged by the river/canal sources. Tritium activity was found in most of the 
analyzed samples, which indicated that aquifers are nourished by fresh recharge sources over most of the 
Thal Doab. 

Mathematical modeling emerged as an effective tool for the study of groundwater system 
behavior and its management by determination of safe yield. The Thal Doab is large area with great 
change in topography, land use / land cover and climate. Such characteristics make it a regional 
groundwater system.  Finite difference computer code, Visual MODFLOW v.3.0 by Waterloo 
Hydrogeologic Services, Inc., was used to simulate regional groundwater flow. The aquifer was vertically 
subdivided into three layers; top layers; 0-50 m, middle layer; 50-200m and bottom layer; 200m to bed 
rock which varies from 200m to 850m. For surface discritization, the finite difference uniform cell size of 
2.5km x 2.5km was selected in the simulation. Pre development/ steady state simulation was calibrated 
for the year 1984. Transient simulations were calibrated for four stress periods: 1991, 1994, 2004, 2009 
and mass balance was calculated for each stress period. Years 2015 and 2025 were simulated for future 
predictions. The aquifer simulation gave safe yield of 38 BCM which is also proved by the groundwater 
monitoring data of the area. The transient simulation for increased pumping indicated induced recharge 
due to effective groundwater-surface water interaction. It can be inferred from the study that Thal Doab 
will play important role in food security of the country in future because of its huge land and water 
resources. 
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1.1: Background

Groundwater has emerged as one of the most important and valuable natural resource in many
countries of the World. Groundwater has become main source of water for agriculture, drinking,
household, recreational parks and industrial sectors. It has multi- sectoral use in Pakistan; agriculture,
public health, industry, recreational activities. In addition to human uses, groundwater is a source of
supply for freshwater ecosystems, and maintains the stream flows through base flow. Almost all main
municipalities either solely or partly are depending upon subsurface water. About 80 percent of rural
population is utilizing groundwater source for drinking. The overall importance of this resource in
Pakistan can be accessed from the fact that groundwater is contributing more than 40 percent in total
water resources of the country. The gradual development of groundwater has been the primary instrument
in increasing cropping intensity from 80% to 130% in the last four decades.

The main source of groundwater in Pakistan is Indus Plain which is underlain by huge,
continuous, well transmissive and deep alluvium aquifer. The quality of the groundwater in the Indus
Plain varies widely. Areas subjected to heavy rainfall and consequently greater recharge, in the upper
parts of the Indus Plain, are underlain to great depths with good quality waters of low salt concentration.
Similarly, groundwater recharge occurring along the main rivers over geologic times has resulted in the
development of wide and deep localized belts of relatively fresh aquifers. The groundwater of the active
flood plain near the rivers and streams had always remained at shallow depths i.e. within 3 to 6m from the
ground surface. This water is of good quality except in certain saline pockets. However the central portion
of the Doabs away from the river always possessed deep highly saline groundwater.

Flat topography loamy soils and a network of irrigation canals underlain by continuous aquifer
have made this Indus Basin as one of the most suitable area for irrigated agriculture. Because of this fact
Indus Plain was famously known as the food basket of the sub-continent. The Indus River System
provided food security to the country but it also given birth to the twin menaces of water logging and
salinity due to continued rise in water table as a result of seepage from the irrigation system starting from
dams to canal, distributaries, water courses and farms. The groundwater regime in Indus Basin has passed
cycle of water logging, safe yield and mining. Soon after the construction of irrigation canals network, the
water table started rising at the rate of about 0.70m per year which was slowed down up to 0.17m when
water table reached close to surface and was further reduced when the water table approached in the
range of 1m below the ground surface. During first 45 years of the Pakistan history and still today in
some areas the country is fighting against the water logging and salinity. However, the seepage and
percolation of water from the irrigation system have also made a significant contribution to groundwater
reservoir (World Bank, 1994).

As the population growth in Pakistan remained high, food and fiber requirement increased at a
fast rate. The use of water in irrigation and industrial sectors also increased at high pace. After full
utilization of the surface water resources, pumping of groundwater started in early 1980s (Kahlown and
Majeed 2004). The continuous groundwater exploitation and long term droughts after 1982 initiated the
lowering of water table and the aquifer reached to the stage of safe yield in late 1990s. Further
groundwater development initiated the phase of groundwater mining in most of the areas in the Indus
Plain Aquifer. The extended drought during recent years has further aggravated the situation. This
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uncontrolled groundwater development has also resulted in water quality deterioration as hydraulic
gradients induced during pumping have caused up-coning of underlying saline water which is bringing
million tons of salts to the surface of the irrigated lands in Indus Basin. According to an estimate, about
70% of the public tubewells are pumping sodic water.

Indus Basin is good example of conjunctive use of ground and surface water. The groundwater-
surface water interaction is very effective and complex because of continuous seepage from canal
irrigation network and high transimissivty of unconfined alluvium aquifer. The surface irrigation system
and underneath aquifer are acting as single source as they are interdependent. Though many groundwater
studies were conducted in Indus Basin, however there has been a lack of studies on interaction of
groundwater and surface water.

Major studies conducted in Indus Basin remained confined to either soil -water -plant relationship
or water logging and salinity which again dealt with the processes in upper three meters of the aquifer.
Even the deep drilling in Indus Plain by USGS-WAPDA was focused to target of dealing water logging
and salinity.  The situation has turned other way and groundwater mining is emerging issue in many parts
of the country. Aquifers are now needed to be explored for greater depths to evaluate existing
groundwater potential and its judicial exploitation.

Thal Doab is an important part of the Indus Plain. The quality of water contained in alluvium
varies from fresh to saline and changes from place to place. The spatial variation of groundwater is
dependent on the availability of recharge source. Generally the freshwater occurs near rivers, canals and
in irrigated areas. Network of irrigation and link canals between rivers Indus- Jhelum, Indus –Chenab,
underlain by an unconfined alluvium aquifer has made Thal Doab as an interesting but complex regional
water system. Groundwater developed at fast rate in Thal Doab due to availability of land is expected to
cause groundwater mining in near future. The decline in water table beyond certain limit in this sensitive
area can cause detrimental environmental effects of saline water intrusion and saline water upconing.

1.2 Project Description

1.2.1 Project Submission and Approval

A development project ; “Demarcation of Groundwater Quality Zones in Indus Plain and
Marginal Areas for Sustainable Development of Groundwater “ was formulated with the initial cost of
33.041 Millions Pak Rupees and submitted to Ministry of Science and Technology in 2001 which was
approved by DDWP in April 2002. The administrative approval of the project was conveyed in October,
2002. The project was planned to start during the same year but its commencement was delayed for one
year due to budgetary constraints and it was executed during October 2003. The PC-1 was then revised
for enhanced cost of 37.93 Millions Pak Rupees. The project concluded in the June 2008 after completing
five years but geophysical survey could not be completed due to financial constraints. Again funds were
arranged from other development project titled “Integrated Water Resources Management in Indus Basin.
Still some gaps were left in Lower Thal which was recently filled through survey supported by no-
development funds allocated by Ministry of Science and Technology exclusively for research studies.

1.2.2 Objectives

The project was implemented with following objectives:

1. To demarcate and map fresh groundwater quality zones in Indus Plain and Marginal Areas

2. To predict the future behavior of groundwater regime in response to pumping /recharge in different
groundwater zones

3. To ascertain safe yield in different  groundwater zones

4. To disseminate research findings in the form of reports and papers to stake holders concerned with
the groundwater use, and to the concerned scientific general.
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1.2.3 Location of Project Area

The first phase of PC-1 was designed for Upper Indus Plain and Marginal Areas which include,
four Doabs (area between two rivers): Thal, Bari, Rechna, Chaj and Marginal areas between Sutlej River
and Cholistan Desert and Plain Areas on right side of the Indus. This report pertains to Thal Doab only.

Thal Doab name is derived from Sanskrit phrase, Maraus Thal, which means sea of sand. An
alternate name for this area is Sindh Sagar Doab. It lies between Indus and Jhelum Rivers. Both names are
good descriptive of the area which spreads over and area of about 3.3 million hectares’ of seven districts
of Punjab Province namely: Mianwali, Khoshab, layyha , Bakkhar Muzaffargarh a parts of Jhang and
Multan

Thal Doab is a triangular shape area with its base towards North in the foothills and the apex in
the South. The area is located between Latitude: 32o to 35o North and Longitudes: 70o 43/, and 72o. 18/

East, as shown in the location map (Figure-1.1). The Project area is bounded by hills in the north, the
Indus River in the west and Jhelum and Chenab Rivers in the east. Adjoining to Thal Doab are large
Indus Plains in the east. The Thal Doab is divided into two parts on the basis of physiography; Upper
Thal Doab and Lower Thal Doab. The Upper Thal Doab is mainly covered with sands dunes except the
areas adjoining the Indus River and northern district of Mianwali due to availability of canal irrigation.
Now, irrigation is being extended through a new canal called Greater Thal Canal. The Lower Thal Doab
comprises of mostly irrigated area with abundant agricultural production.
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Figure 1.1: Location Map of Project Area

Figure 1.1: Location Map of Project Area 1
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1.3 Literature Review

Indus Basin is one of the well-documented river basins of the World. Many investigations and
studies have been undertaken in previous 100 years. Numerous studied have been carried out on
drainage, soil reclamation, water resources management and associated socio-economic issues by
governmental departments, international and local consultants and international bodies like World Bank,
Asian Bank.etc. However the Thal Doab has been remarked as the neglected part of the Indus Basin in
past because of its uneven natural topography, landform type characterized by windblown sandy desert
and low population

The documented groundwater investigation in Punjab started in 1870 when observation wells
were installed in irrigated areas to monitor effect of irrigation water table. These observations were
mainly on semi- annual schedule. The program was later on expanded with extension into irrigated areas
during 1915, when salinity and water logging emerged as a main hazard for irrigated agriculture in the
Indus Basin. This data remained under use by Indian governmental agencies, foreigner consultants and
various commissions constituted for solution of problems in the water sector. Most of the studies till
1930s had limited scope and were generally inconclusive and misleading (Green Man et al 1967).
However, the available data was observed by the, Wilson Sarathy (1928) and Taylor, Malhotra and Mehat
(1933). They related the rise in water table to the monsoon rainfalls.

Wilson and Bose, of the Irrigation Research Institute conducted geophysical survey to locate the
depth of the subterranean rock under the Punjab Plains in 1934. They conducted gravity survey and
followed lines of investigations along and across the Rechna and Chaj  Doabs. These investigations were
conclusive for determination of thickness of alluvium, but geophysical investigation was not verified by
drilling.

The results of investigations by Wilson and Bose (1934) were verified from boreholes sunk under
a regular program in 1954 when a comprehensive soil and water and investigations were started under the
cooperative agreement between Government of Pakistan and the US International Cooperation
Administration (USAID). The objective of this study was to inventory the water and soil resources of
Punjab and to describe relationship between irrigation activities, natural hydrological factors and the issue
of water logging & salinity and the drainage. The ultimate goal was the preparation of report
recommending remedial measures. These detailed groundwater investigations were carried out during
1957 to 1963. A total 209 test wells and 23 tubewells were drilled by WASID to determine lithology and
hydraulic characteristics of the alluvium in Thal Doab. This also included mechanical analysis of soil and
aquifer tests performance of for overall evaluation of the groundwater potential. This data is available in
Data Release Volume 16 of WAPDA.

In 1963, Sheikh Ijaz Ahmad and Answar Hussian analyzed the precipitation data from twelve
representative rain-guage stations in Rechna, Chaj and Thal Doabs by using standard statistical methods.
A linear regression equation was fitted to the data of each station and the standard test ’T’ was used to
check the significance of the’ coefficient of regression. Further analysis of the data of each station was
made using the method of moving averages. In addition an Isohyetel map showing values of mean annual
precipitation was prepared by using the data of 72 rain gauges. .

A detailed study was completed by consultants Tipton and Kalmbatch. Inc in 1963 for WAPDA
to prepare the feasibility report for Salinity Control and Reclamation Propjet (SCARP III) in Lower Thal
Doab. The consultant prepared report for feasibility of installation of 1540 tube wells for supplement
irrigation and improve subsurface drainage, improvement of surface water irrigation system, provision of
power for groundwater pumping and then to construct about 240km of surface water drains for carrying
out the excess rainfall.

Analog modeling study of Thal Doab was carried out by Water and Soil Investigation Division
(WASID) of WAPDA in 1970. The purpose of study was to evaluate the aquifer characteristics and
prepare technical report for remedial measure of water logging and salinity. The value of T used in the
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feasibility report is 4.97x10-4 liters per day/ meter.  The analog model analysis of the steady state
conditions, which existed prior to the period of year 1935, indicated that the value of coefficient of
transmissibility may be on the order of 1.49x10-5 per day/ meter (Bennett, et al, 1976). The higher value
of transmissibility was inferred from steady state analysis under the assumption that rivers act as
constant head boundaries.

Geotechnical Investigations were carried out by WAPDA for construction of Chashma Nuclear
Power Plant (Sheikh and Asharf 1977). The main objective of these investigations was to determine the
extension of different lithological units, particularly clay beds, if present. The drilling was carried out
upto the depth of 200m or more for delineation of bed rock. The lithological samples were collected and
analyzed for textural classification. This data was supported by geophysical well logging (resistivity
spontaneous potential and natural gamma ray). The study of composite logs yielded that bed rock of
Siwalik group occurred at the depth of 180m in each test hole whereas the hard beds of clay or gravel
were encountered after a considerable depth in which mostly sand were prominent.

A groundwater study was completed under Punjab Private Sector Development Project of Punjab
Irrigation and Power Department in 1999. The main objective of this was establishment of the
groundwater management areas /critical areas and development of data base for groundwater modeling
which could help in the implementation of regulatory framework for groundwater management. The study
was carried out in Rangpur area of SCARP III in Lower Thal Doab. Groundwater flow was simulated in
5300 km2 area with the average grid size of 2.5 x 2.5 Km. The system flow was calibrated for ten years
period  (1987-97) and safe yield was estimated for part of the aquifer underlying Rangpur and
Muzaffargarh Canal Command arear. (PI & P. 1999).

In 2011, Asthma and Baig assessed drought severity in Thal Doab by using remote sensing and
GIS techniques. They used 30m Landsat Images data of 19 years with 5 years interval and calculated
Normalized Difference Vegetation Index (NDVI). They computed /Standardized Precipitation Index on
six monthly basis and also correlation regression analysis to identify the dependency level among
different parameters. They found positive correlation among SPI, NDVI, crop yield, rainfall anomalies,
NDVI anomalies and total seasonal rainfall. Similarly ETo was also calculated from the data and
Negative correlation between crop yield and ETo was observed.
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2.1 Background

Groundwater investigation and evaluation is a tedious task and can be best handled by integrating
several disciplines. The conventional disciplines and tools used in groundwater investigation such as
geology, hydrogeology and hydrochemistry are now complemented with the methods of geophysics,
isotope hydrology, remote sensing and mathematical modeling. Such integration facilitates the complete
understanding of aquifer and establishing a conceptual model of a groundwater system and identifying the
aquifer geometry and boundaries as well as the flow regime, residence time and origin of groundwater.
Hydrogeological and groundwater vulnerability maps are prepared which are important means to present
the outcomes of such complex investigations. This chapter describes the available methods generally
applied in investigations and evaluation of groundwater resources especially at basin level.

2.2 Remote Sensing Techniques

Remote sensing, with its advantages of obtaining spatial, spectral and temporal data covering
large and/or inaccessible areas within a short time, has become a very effective tool in exploration and
monitoring of groundwater resources. Satellite data provide quick and useful baseline information on the
hydrological parameters controlling the occurrence and movement of groundwater and fluctuation of
groundwater levels (Kumar and Tomar, 2002). Visible and infrared imageries are used to map lithologies,
soils, vegetation and geological structures. Radar is also used to map structures, soil moisture and shallow
groundwater quality. Both passive and active modes of remote sensing are used in groundwater
investigation depending upon the scope and purpose.

Remote sensing technologies have been successfully applied to groundwater resource
investigations in various geological environments. In unconsolidated sediments, it can be used to map
groundwater seepage patterns and buried river and stream channels. These are able to locate
paleochannels based on the moisture content in the soils channels and also vegetation patterns observed
above the buried channels. Many hydrogeological parameters that may reflect the groundwater regime
can be interpreted by remote sensing, such as drainage patterns, soil types, soil moisture, fracture systems,
geological structure, relief, and anomalous zones of vegetation. It is also possible to distinguish facies of
alluvial fill, such as point bars, channels and flood plains.

Desert regions have often hosted humid phases. Surface water channels developed by drainage
during paleoclimate, some of the patterns of which are now exposed, while are others covered by aeolian
sand can be identified in the images. The penetrability of radar is helpful to directly identify shallow-
layered groundwater reservoirs in places having buried stream channels and foot plains of mountains. The
European remote sensing satellite (ERS) and Radarsat missions provide suitable radar images (Drury and
Deller, 2002) for such mapping. Remote sensing mapping of these drainage patterns is essential in the
evaluation of the groundwater potential of these regions.

In hard-rock environments, digitized aerial photographs and satellite images are used to compile
lineament and fracture zone maps The tool have been used to locate fracture zones and lineaments that
may store and transmit groundwater in fracture reservoirs. The relationship between drainage lines and
fracture patterns is important in evaluating the potential concentration of water in fracture zone aquifers

Chapter 2
Tools for Groundwater Investigations

and Evaluation
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(Saint-Jean, Singhroy, 2000). Geostatistical maps such as of lineament densities and lineament
intersection are easily extracted by processing remote sensing images (Elfouly, 2000). Suitable
lithological types and stratigraphic position for potential large groundwater reserves can be identified
from multispectral remote sensing data. Vegetation is responsive to soil-lithology characteristics. Hence
remote sensing technology is useful in highly vegetated areas as it provides clues in identifying the
underlying rock types, potential lineaments, faults and folds in the sub surface to identify groundwater
potential (Drury and Deller, 2002).

The lineament target areas are subsequently investigated in the field using geophysical techniques
followed by exploratory drilling to assess potential groundwater reserves. The delineation of intersections
of faults and fractures is used as a tool for deeper groundwater detection by using remote sensing and
ground penetrating radar techniques (Elfouly, 2000; Mahmood, 1996).

Gravity Recovery and Climate Experiment, known as GRACE, is orbiting the Earth, thereby
producing some of the most precise data ever on the planet’s gravitational variations. Time series
gravimetric measurements by grace are used to assess variations in groundwater level changes and so
variations in groundwater mass storage. A new satellite” Gravity Field and Steady-State Ocean
Circulation Explorer (GOCE)” is also measuring earth gravity at low height and better resolution. The
spacecraft's primary instrumentation is a highly sensitive gravity gradiometer consisting of three pairs of
accelerometers which measured gravitational gradients along three different axes. Such data can also be
used for measuring the change in groundwater storage.

Airborne geophysical techniques are increasingly being used to locate water bearing formations,
particularly under circumstances that are beyond the capabilities of conventional methods of geologic
mapping (seismic, gravimetric, and ground survey methods), and air photo interpretation. A major
problem in mapping for water is the magnitude of the problem. Detailed electrical mapping of a square
kilometer using ground equipment may require 100 to 200 electric probe layouts involving perhaps 20
days work. The estimated cost can run to $30,000. Fugro’s systems offer a viable alternative as a single
square kilometer of ground can be surveyed in minutes for a fraction of the cost.

The airborne electro-magnetic (AEM) technique is suited to fault topographies and for revealing
saline paleochannels, and is proving a valuable and accurate method of detection and delineating water
bearing zones (Ackland and Hunter, 2002). Zones of groundwater movement in soil-covered semi-arid
areas can be detected by temperature contrast of moist soil with infrared imagery. Airborne Radiometrics,
uses gamma radiation emissions to derive the concentration of thorium, uranium and potassium within the
shallow soil profile. A spectrometer is used to count the number of gamma rays across multiple bands
within the energy spectrum, with peaks in particular bands attributed to each of the three radioactive
isotopes considered. The technique is used to provide detailed information about the characteristics of the
soil and of the parent geological material, including surface texture, weathering, leaching, soil depth and
clay mineralogy (Bierwirth, 1997). This is useful in mapping landforms such as near-surface
palaeochannels or estimate soil hydraulic properties. The method is typically incorporated in airborne
geophysical surveys, but portable spectrometers can also be used in ground-based surveys.

Airborne Gamma Ray Spectrometry was applied in Baluchistan Province in 1982 by JICA to
explore groundwater in hard rock. Freshwater bodies were delineated in hard rock aquifers in the Prvince.
In another application airborne electromagnetic survey was conducted for groundwater investigations in
the desert areas of Punjab, Sindh and Baluchistan Provinces. The conductivity measured by airborne
surrey was compared with electrical resistivity by conducting vertical electrical soundings in deserts and
remote areas of Pakistan. The investigation were carried out by GTZ in technical collaboration with
WAPDA, Pakistan
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2.3 Surface Geophysical Methods

Several geophysical techniques can be applied for hydrogeological investigation depending upon
the purpose and scope at hand. The important ones are electrical resistivity, electromagnetic, induced
polarization, gravity and seismic methods. Often integrated geophysical survey approach based on more
than one geophysical method is applied especially for basin level investigations.

2.3.1 Electrical Resistivity Method

The electrical resistivity is most powerful method applied to hydrogeological studies especially
for evaluating the groundwater quality aspects. This method not only provides information regarding
subsurface lithologies but also gives indication about the presence of water in any horizon with the
estimate of salt concentration in groundwater. Besides its application in hydrogeology, resistivity method
has been extensively applied in engineering geology to determine depth to bed rock, to study status of
earth dam (Bogolovisky and ogilv, 1970).

a) Principle of Resistivity Method

The electrical resistivity varies between different geological materials, depending mainly on
variations in water contents and dissolved ions in the water. Resistivity investigations can thus be used to
identify zones with different electrical properties, which can then be referred to different geological strata.
Resistivity is also called specific resistance, which is the inverse of conductivity or specific conductance.

The most common minerals forming soils and rocks have very high resistivity in dry condition,
and the resistivity of soils and rocks is therefore normally a function of the amount and quality of water in
pore spaces and fractures. The degree of connection between the cavities is also important. Consequently,
the resistivity of a type of soil or rock may vary widely, as given in Table 2.1. However, the variation may
be more limited within a confined geological area and variations in resistivity within a certain soil or rock
type will reflect variations in physical properties. For example: the lowest resistivity values encountered
for sandstones and limestones which mean that the pore spaces in the rock are saturated with water,
whereas the highest values represent strongly consolidated sedimentary rock or dry rock above the
groundwater surface. Sand, gravel and sedimentary rocks may also have very low resistivities, provided
the pore spaces are saturated with saline water. Fresh crystalline rock is highly resistive, apart from
certain ore minerals, but weathering commonly produces highly conductive clay-rich saprolite. The
variations in characteristics within one type of geological material makes it necessary to calibrate
resistivity data against geological documentation, for example surface mapping, test pits or drilling.
However, this applies to all geophysical methods.

b) Standardized Resistivity Values.

After performing computer modeling of field data the average resistivity measured in field is
converted into true resistivity and layer thickness. This true resistivity is then compared with their
standardized values as a function of lithology to depict the subsurface configuration. This enables one to
interpret true resistivities in terms of lithology. The standardized values of resistivity for different types of
rocks are given in the Table 2.1.

Table 2.1: Electrical Resistivities of Rock (Ohm-m)
Rocks and Sediments Resistivities
Limestone (marble) >1012
Quartz >1010
Granite 5000--104
Sand Stones 35—4000
Moraine 8—4000
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Lime Stone 120—400
Clays 1—12
Alluvium Sands 10—800
Surface Water 15—100

(S. Knath, Patra Hrai and S. Shamasuddin)

c) Groundwater Investigations and Electrical Resistivity Method

The amount of water in a ground material depends on the porosity, which may be divided into
primary and secondary. Primary porosity consists of pore spaces between the mineral or particles, and
occurs in soils and sedimentary rocks. Secondary porosity consists of fractures and weathered zones, and
this is the most important porosity in crystalline rock such as granite and gneiss. Secondary porosity may
also be important in certain sedimentary rocks, such as limestone. Even if the porosity is rather low, the
electrical conduction taking place through water filled pore spaces may reduce the resistivity of the
material drastically. The degree of water saturation will of course affect the resistivity, and the resistivity
above the groundwater level will be higher than below if the material is the same. Consequently, the
method can be used for finding the depth to groundwater in materials where a distinct groundwater table
exists. However, if the content of fine grained material is significant the water content above the
groundwater surface, held by hygroscopic and capillary forces, may be large enough to dominate the
electrical behavior of the material.

The resistivity of the pore water is determined by the concentration of ions in solution, the type of
ions and the temperature. A range of resistivities for different types of water is given in the following
table.

Table 2.2: Electrical Resistivities of Water (Ohm-m) (ABEM Instruction Manual for SAS 4000)

The presence of clay minerals strongly affects the resistivity of sediments and weathered rock.
The clay minerals may be regarded as electrically conductive particles, which can absorb and release ions
and water molecules on its surface through an ion exchange process.

As the variation in temperature of the ground is generally small, the temperature influence is
normally negligible. However, in geothermal applications the variation can be significant, as well as in
permafrost regions. The mobility of ions increases with increasing temperature, as the viscosity of water
is lowered. Hence a decrease in resistivity with increasing temperature can be observed for materials
where electrolytic conduction dominates.

Measurement of the resistivity of the ground is carried out by transmitting a controlled current (I)
between two electrodes pushed into the ground, while measuring the potential (V) between two other

Type of Water Resistivity (Ωm)

Precipitation 30 -1000

Surface water, in areas of igneous rock 30 -500

Surface water, in areas of sedimentary rock 10 -100

Groundwater, in areas of igneous rock 30 -150

Groundwater, in areas of sedimentary rock > 1

Sea water 0.2

Drinking water (max. salt content 0,25%) > 1.8

Water for irrigation and stock watering (max. salt content 0,25%) > 0.65
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electrodes. Direct current (DC) or an alternating current (AC) of very low frequency is used, and the
method is often called DC-resistivity. The resistance (R) is calculated using Ohm's law:∝ /

The material parameter resistivity ( ), which is the inverse of electrical conductivity is related to the
resistance via a geometrical factor. It is common, but not necessary, to place the potential electrodes

symmetrically spaced on the line between the current electrodes. The resistivity of ground can be
calculated using:= /

Where the geometrical factor is for a generalized array, whose value depends on the positions of the
electrodes as defined in Figure 2.1

Here p1 and p2 are potential electrodes and c1 and c2 are current electrodes whereas r11 and r 22  is
separation between p1-c1and p2-c2 respectively. Similarly r12 is the separation between p2-c1 and r22
is separation between p1-c2.

Figure 2.1: General Geometry of Resistivity Formulation

2.3.2 Seismic Method

The basis of applied seismology is to measure  the travel time of artificially generated pulses of
elastic energy propagated through the ground. The impulse is picked up by electromechanical transducers
working as detectors  which are called geophones. The geophone respond to the motion of the ground,
and their response, transformed into electric signals, is amplified and recorded on magnetic tape or film
on which timing lines are also placed. Elastic wave energy can be imparted to the ground in a variety of
ways. The most commonly used method is that of firing a charge of explosives with high detonation
velocity in a temped hole. Such charges may be fired on the surface or a short distance above it.

12

electrodes. Direct current (DC) or an alternating current (AC) of very low frequency is used, and the
method is often called DC-resistivity. The resistance (R) is calculated using Ohm's law:∝ /

The material parameter resistivity ( ), which is the inverse of electrical conductivity is related to the
resistance via a geometrical factor. It is common, but not necessary, to place the potential electrodes

symmetrically spaced on the line between the current electrodes. The resistivity of ground can be
calculated using:= /

Where the geometrical factor is for a generalized array, whose value depends on the positions of the
electrodes as defined in Figure 2.1

Here p1 and p2 are potential electrodes and c1 and c2 are current electrodes whereas r11 and r 22  is
separation between p1-c1and p2-c2 respectively. Similarly r12 is the separation between p2-c1 and r22
is separation between p1-c2.

Figure 2.1: General Geometry of Resistivity Formulation

2.3.2 Seismic Method

The basis of applied seismology is to measure  the travel time of artificially generated pulses of
elastic energy propagated through the ground. The impulse is picked up by electromechanical transducers
working as detectors  which are called geophones. The geophone respond to the motion of the ground,
and their response, transformed into electric signals, is amplified and recorded on magnetic tape or film
on which timing lines are also placed. Elastic wave energy can be imparted to the ground in a variety of
ways. The most commonly used method is that of firing a charge of explosives with high detonation
velocity in a temped hole. Such charges may be fired on the surface or a short distance above it.

12

electrodes. Direct current (DC) or an alternating current (AC) of very low frequency is used, and the
method is often called DC-resistivity. The resistance (R) is calculated using Ohm's law:∝ /

The material parameter resistivity ( ), which is the inverse of electrical conductivity is related to the
resistance via a geometrical factor. It is common, but not necessary, to place the potential electrodes

symmetrically spaced on the line between the current electrodes. The resistivity of ground can be
calculated using:= /

Where the geometrical factor is for a generalized array, whose value depends on the positions of the
electrodes as defined in Figure 2.1

Here p1 and p2 are potential electrodes and c1 and c2 are current electrodes whereas r11 and r 22  is
separation between p1-c1and p2-c2 respectively. Similarly r12 is the separation between p2-c1 and r22
is separation between p1-c2.

Figure 2.1: General Geometry of Resistivity Formulation

2.3.2 Seismic Method

The basis of applied seismology is to measure  the travel time of artificially generated pulses of
elastic energy propagated through the ground. The impulse is picked up by electromechanical transducers
working as detectors  which are called geophones. The geophone respond to the motion of the ground,
and their response, transformed into electric signals, is amplified and recorded on magnetic tape or film
on which timing lines are also placed. Elastic wave energy can be imparted to the ground in a variety of
ways. The most commonly used method is that of firing a charge of explosives with high detonation
velocity in a temped hole. Such charges may be fired on the surface or a short distance above it.



13

a) Elementary Principles

The theory of elasticity which provides the basic understanding of elastic wave propagation treats
materials as homogeneous and isotropic. Although naturally occurring rocks, in place, do not fit either
specification very well in many areas, this theory has proved to be extremely useful in understanding
seismic phenomena. Actually, what are sought in seismic prospecting are the very discontinuities, which
make the crust inhomogeneous. These discontinuities, between bodies of unlike elastic properties, are
studied and interpreted in terms of their nature, depth, location and configuration. In most seismic models
they correspond to significant geological boundaries, but in some cases, they do not. This poses an
additional challenge for the interpreter.

According to the theory of elasticity, a homogeneous, isotropic, elastic solid can transmit four
kinds of elastic waves. Two of these, the compressional waves and the shear waves, are body waves.
These are transmitted through the interior of the solid. In the passage of compressional wave, particle
motion in the medium is parallel to the direction of propagation, like that of a sound wave in air. The
particle motion created by a shear wave is perpendicular to the direction of propagation. The other two
waves, known as Rayleigh waves and love waves, are confined to the region near the free surface of the
medium; their amplitude decreases with depth in the medium. Hence theses are also referred to as surface
waves. The particle motion created by these surface waves is complex; Love waves, for example, require
a surface layer with elastic constants different from those of the rest of the solid. Very little use has been
made of the propagation of shear waves or surface waves in hydrogeology. However, suggestions have
been made as to how they might be used to advantage in ground-water studies.

Elastic energy moves outward from a point source in a series of waves with curved fronts. For illustration,
the path which the energy follows from source to a geophone is most easily defined by a ray, a line drawn
normal, or nearly normal, to the wave front, depending on whether or not the medium is isotropic. The
ray-paths which seismic energy follows are constructed by the method of geometrical optics.
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b) Application of Seismic Refraction Measurements in Hydrogeology

Mapping of Buried Channels

The most common use of the seismic method for hydrogeology is in the determination of the
thickness of sediments, which overlie essentially non-water–bearing consolidated bedrock. The surface of
the bedrock may be plane or irregular, but it is of special hydrologic interest where it occurs in the form
of a channel filled by silt, sand and gravel. Typical examples include the fluvial sediments of present-day
river valleys valley-train deposits in old watercourses. The method has been used in northern Nevada
County, California. The channel is carved in Paleozoic and Mesozoic igneous and metamorphic rocks and
is filled with gravel, sand, and clay of tertiary age. Velocities in the unconsolidated sediments were found
to range from 0.27 to 2.07 km/sec.

Determining the Gross Stratigraphy of an Aquifer

If some of the velocity discontinuities in unconsolidated or semi consolidated deposits represent
stratigraphic breaks in the sedimentary sequence, seismic refraction measurements can be used, under
optimum conditions to unravel the gross stratigraphy of a deposit. If these breaks further represent
significant hydrologic boundaries, such as those between water bearing formations and non water bearing
formations, the seismic become of may have special hydrologic interest. A typical example of such
application is the work of Arnow and Mattick 1996 in the area between Salt Lake City, Utah, and Great
Salt Lake. The study was conducted to determine the thickness of the valley fill so that the amount of
ground water discharge towards Great Salt Lake USA could be estimated. The surface is underlain by
Quaternary deposits of silt, sand, and clay exceeding 150m in thickness. The seismic refraction study
revealed an irregular, buried bedrock surface at depths ranging from 270m to 1460m below the surface.
Overlying it, along part of the seismic section, is a thick section of sediments believed to be semi-
consolidated sediments of Tertiary age. The seismic velocity of these sediments is considerably higher
than that of overlying Quaternary sediments owning markedly different physical properties of the two.

2.3.3 Gravity Method

This method utilizes changes in density of the geological material in the subsurface to detect
structures suitable for groundwater storage. It assesses the depth of basement and could delineate large
sedimentary structures, which may have permeable zones. The method may also be applied to delineate
and locate buried paleo-channels and alluvial formations and faults, and zones of deformation. In this
method, the difference in gravity expressed as acceleration (ms-2) is measured between different points on
the surface of the earth which is related to changes in the density of the material. The instrument used is
called a gravity meter which can measure differences in the gravity field down to milligal (acceleration of
10-8ms-2) level. However, apart from density there are several other factors which determine the gravity
measurements. The gravity anomaly could also be due to elevation difference, terrain, latitude, see tides
and instrumental drift. Thus several corrections are needed to process the observed data to obtain accurate
gravity anomalies expressed as Bouger anomalies. Generally Bouger anomaly maps are prepared by
contouring the iso-anomalies, interpreted in terms of geological structure. For example a strong gravity
gradient may indicate faulted strata with different densities or an intrusive body. Similarly, low gravity
may indicate a sedimentary basin. Typical small gravity anomalies of 0.2 to 2 milligals have been
successfully applied for the detection of palaeo-channel aquifers (Angelito et al., 1991, Carmichael and
Henry, 1977).

2.3.4 Induced polarization

Induced Polarization is a geophysical phenomenon which measures the slow decay of voltage in
the ground after the cessation of an excitation current pulse (time domain method) or low frequency
variation of the resistivity of the earth (frequency domain method) by the Sumner(1976). In simple terms,
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the IP effect reflects the degree to which the subsurface is able to store electric charge, analogous to a
leaky capacitor. It occurs when an electric current passes through a rock body or soil. If the current is
interrupted, a difference in potential, which decays with time, is observed. The rate of decay of this
potential (induced polarization potential) depends on the lithology of the rock, its pore geometry and
degree of water saturation. Schlumberger (1920) noted that this phenomenon was taking place in the bulk
volume of the rock and not on the field electrodes used to measure it (Vrba, J.and Verhagen, B.Th.(eds).
2006).

The IP technique in this research assumes the measurement of both resistivity and the
polarizability. This procedure provides a convenient means of examining the dependence of IP response
on variables such as grain size, clay type (mineralogy), cation exchange capacity, and water content
where the resistivity method is not capable of differentiating between the clay and groundwater
formation, the IP can assist in indicating the presence of clay (Vrba, J.and Verhagen, B.Th.(eds). 2006).
The IP and resistivity surveys can be conducted simultaneously in the field as the same equipment is used
for both the methods.

2.3.5 Electro-magnetic (EM) method

This method is based on the electrical properties of sub-surface layers. It overcomes the problem
of establishing good galvanic (electrical) contact between source of current and media (earth), such as
encountered in resistivity measurements. In an EM survey measurements are carried out by passing an
alternating current through a loop of wire, called the transmitter, which generates an electromagnetic
(primary) field. This primary field will induce a secondary field in a medium with its strength depending
on its electrical conductivity. The secondary field, produced by the different properties of the sub-surface,
will have the same frequency as that of the primary field. The transmitter and receiver coil assembly with
constant separation and orientation will provide the electrical response of sub-surface material and assists
in locating conductive material. The depth capability of EM system is dependent on geometry of the
transmitter/receiver pair. The different versions of the method are called: frequency domain; VLF (very
low frequency i.e. 15 kHz – 3 kHz); and single frequency horizontal loop. The latter being particularly
useful in targeting faults, fractures, dykes, and shallow Karst topographic features which are conductive
(Bromley et al., 1994).

2.4 Hydrochemistry

The chemical constituents in groundwater are the result of combined effect of hydrogeochemical
and biochemical processes occurring in the soil groundwater-rock system. There are scale differences in
the chemical contents of groundwater both laterally (recharge/discharge areas) and vertically (shallow
oxidation/deep reduction zones), which apply particularly to groundwater occurring in sedimentary
basins. Generally, groundwater in recharge areas and shallow aquifers with residence times ranging from
years to a few decades has lower dissolved solids content than groundwater in discharge areas and in deep
aquifers hundreds to thousands of years old. The anion dominance evolution sequence HCO3-– SO4 -–
Cl- reflects the change from oxidizing conditions with HCO3 - as the major anion (shallow zone) into
reducing conditions where chloride gradually becomes the dominant anion (deep zone). Saline, chloride-
rich connate water in the deep zone is usually very old, its ages varying from thousands to millions of
years. However, high salinity groundwater is found also in arid and semi-arid regions, even in shallow
aquifers. Inverse and Forward geochemical modeling helps to clarify the chemical evolution, and thereby
understand the origin, or recharge pathway, of groundwater. The chemical evolution and zoning of
groundwater described above could be disturbed by tectonic activities producing structures such as faults
which interconnect aquifers carrying waters of different origin and age.
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2.5 Isotope Hydrology

Evaluation of recharge areas and groundwater residence time are two key aspects that have
significant implication for groundwater management in arid zones. Environmental isotopes and chemical
tracers are used to evaluate the origin and residence time of groundwater in the arid region. Groundwater
movement can be studied by injecting tracers and following their pathway. Such tracing is subject to
severe spatial limitations. Environmental isotopes continuously label groundwater movement in arid
regions’ Environmental isotope hydrology is increasingly seen as indispensable in understanding and
quantifying groundwater systems.

There is a large range of isotopic species that can be applied to hydrology, mainly of the light
elements H, He, C, N, O, but some heavier elements can also be employed. Radioactive species provide
information on the dynamics of groundwater. The non-radioactive, or stable, species give information on
the origin and pathway through hydrogeological systems, their abundance established by fractionation
processes prior to or during recharge. The decay of cosmic radiation-produced radioactive species, e.g.
3H, 14C and 39Ar, allows for the assessment of the residence time of groundwater in the range of decades
and up to millennia.

Non-radioactive, or stable, isotopes act as tracers on account of fractionation (change of
concentration) occurring during phase changes, and other physical and chemical processes. Thus the
isotope ratios of hydrogen and oxygen can be followed through the hydrological cycle to characterize rain
and infiltration into the sub-surface. The global meteoric water line, depicting the relationship between
these isotopes in rainfall, acts as a benchmark for interpreting analytical data in terms of groundwater
provenance. In a similar ways, the abundance of 13C can be interpreted in terms of the origin of dissolved
inorganic carbon, a basic constituent of groundwater, and is important in understanding hydrological and
hydrochemical processes. Isotopic species such as 15N and 34S are useful in tracing of pollution source in
groundwater.

2.6 Groundwater Modeling as Management Tools

Planning for long term development of groundwater reservoir and sustainable yield used to focus
the concept of safe yield and mining. The concept of safe yield is now being replaced by the optimal yield
and mining. Optimal yield is defined; as optimal plan for use of groundwater supply. It is the realization
of maximum economic objectives of the groundwater development, subject to physical, chemical, legal
and other constraints on the use of aquifer (Water Resources Council 1973). The frequent method of
determination of optimal exploitation of an aquifer is it simulation through numerical codes. Response of
groundwater system to pumping stress depends upon aquifer parameters (storativity and transmissitivity)
hydrological and geological boundaries, and positioning of wells and withdrawal developments in the
groundwater system. In groundwater hydrology, the expression boundry conditions refers to lithological,
geochemical and hydrologic conditions at the boundaries of the aquifer. These boundary conditions
commonly are primary factors influencing the functioning of aquifer unit and its response to pumping
(Heijde. P.V, etal 1986).

The flow of groundwater and change in water table can be analyzed mathematically using partial
differential equations when appropriate information on hydrological and geological conditions is
available. The use of these equations and the concepts are well accepted by hydrologists and engineers
dealing with flow in porous media.

The classic approach describes the dynamic of groundwater system to solve the flow equations to
reproduce the complexities of the groundwater flow systems. Once built, it can be used to make
predictions on future basin conditions under different management scenarios. To construct the model, the
hydrogeology of the groundwater basins must be well understood so that the model could accurately
reflect it. The input data are obtained from the available information and from the collection of new
information by drilling monitoring wells, conducting geophysical surveys, and collecting soil and water
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samples. Aquifer parameters such as their depths, hydraulic conductivities, and storage coefficient values
are recorded. The recharge from rainfall and irrigation network spreading on grounds is calculated by
hydraulic formulas. Information on pumping and injection wells is also collected. Geological maps, cross
sections, and water balances are created to document the hydrogeologic understanding. The computer
model is then built to match the known parameters of the system as close as possible. Calibration of the
model is an important step to prove that the model adequately simulates the real system. After proper
calibration the model is run for predictive simulation for long term sustainable management of aquifer.
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CHAPTER-3

GEOHYDROLOGY

3.1 Background

Physiography, geology, hydrology and meteorology of an area are key factors for description of
aquifer, groundwater flow pattern, storage characteristics source and extent of recharge and discharge to
outflow areas. Geology and physiography are important for understanding of storage characteristics and
pattern of regional, sub-regional and local flow systems of an aquifer. The groundwater is part of
hydrological cycle and its source is precipitation, a part of which seeps down to the watertable while the
remaining splits into other components, which are controlled by various meteorological elements.
Hydrology in terms of rivers flow, canals seepage and irrigation network plays important role in
groundwater- surface water interaction and recharge quantum and mechanism. This chapter deals with the
physiography, geology, hydrology and hydrometeorology of the Thal Aquifer to understand the
groundwater system in that area.

3.2 Physiography

The precipitous escarpments of the salt range rise abruptly to a general elevation of 900m above
mean sea level (amsl). From the base of these hills, which are between 290 and 305m above msl, the land
slopes down to 94m asl at the south end of the Doab. The major breaks in slope from north to south are
near the Mianwali-Khushab road and near the Leiah-Garh Maharaja road. The average slope is 1.8 m per
km in the northern section, about 0.85m per km in the middle section and 0.48m per km in the southern
section.

The central part of Thal Doab is underlain by sand dunes. The height of sand dunes varies from a
few to about 30m above the surrounding land surface. The height of the bluffs of the Bar Upland ranges
from 5m to 15m above the adjoining flood plains. The area is bounded by the Indus River on the west and
Jehlum and Chenab Rivers in the east. There are no perennial streams within the area; however, a number
of intermittent hill torrents emerge from the Salt Range which dry out within a few kms. The entire
northern boundary is dominated by the Salt Range. Strata of the Salt Range are composed of highly
deformed, fractured and folded, fossilferous rocks of Cambrian to Pleistocene age.

The Thal Doab is divided into three major physiographic divisions: namely Piedmont area and
Alluvial Plain. The later is further subdivided into three units as follow;

I. Piedmont Area

II. Alluvial Plain

a. Bar Upland

b. Abandoned flood plain

c. Active flood plain

3.2.1 Piedmont Area

This area borders the southern side of the Salt Range Hills and extends southward to Khushab-
Mianwali road. At the western end near Mianwali, the slope is between 1 and 1.9m per km. However, on

Chapter 3
Geohydrology of Project Area
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the eastern side, near Khushab it is steeper and ranges between 2 and 5.8m per km. The slope is generally
to the south.

Hill torrents from the Salt Range bring large volumes of water and along with a huge quantity of
rock debris. A continuous strip of fan deposits, which consists of boulders and gravel, is present along the
foot of the hills. The earth surface in the upper reaches is eroded and gullied, and in the central part it is a
sloping plain terraced into agricultural fields. The soils range in texture from course in the northern part to
fine in the southern part of the subdivision and consist of brown clay loam. The land surface in the non-
irrigated parts is devoid of vegetation and, where soils are coarse, precipitation readily percolates down
to the water table. However, the southeastern parts are waterlogged as a result of the seepage from
Muhajir Branch of Thal Canal and the impermeable nature of the subsoil.

3.2.2 Alluvial Plain

The alluvial plain is a part of the Indo-Gangetic plain, which was formed by the deposition of
sand, silt, clay and gravel by the Indus river and its tributaries. It is divided into three physiographic
subdivisions: Bar Upland, Abandoned Flood Plain and Active Flood Plain. These are classified on the
basis of surface features and their location relative to the present river courses (Figure.3.1).

a) Bar Uplands

The Bar Upland lies in south of the piedmont. The surface of it for the most part is covered by
wind-blown sand which forms an undulating topography. The western and eastern boundaries of the Bar
Upland along the Indus and the Jehlum Rivers are well marked by scalloped bluffs and high banks. These
bluffs, locally called “Dhaya” or “Powah”, are most prominent in the upper half of the Doab. The
southern limit of the unit is not distinct because of the obliteration and covering of the surface by sand
dunes. However, a boundary has been drawn on the basis of land slope and profiles using available points
of known elevations.

The northern part of the Bar Upland, which lies immediately south of, and parallel to the
piedmont area, is an undulating sandy plain, with low, shifting sand dunes aligned in a southernly
direction. The wind-blown and overlies a substratum of silt and clay. Further south in the Bar Upland, and
toward the center of the area, the landscape gradually changes and the relief becomes more pronounced;
the longitudinal sand dunes trending northeast-southwest are characteristics of this extensive region. The
dunes normally support a cover of typical desert flora. The shrubs and grasses are dense enough to
prevent large-scale blowing of sand but are not dense enough to prevent the sand storms. At places are
long, narrow belts of level, hard-surfaced land, called “Patti”, which are flanked by lines of high dunes?
This area is the northern part of the Thal Desert.

Adjoining the northern tract of the Thal Desert on the west is an area which is covered by wind-
blown sand, forming a rolling topography and also level sand plain. The sand plain is bounded on the
west by bluffs of considerable heights along the Indus River. The core of this region is a north-south
trending belt of ‘Patti’ land, a few kilometers in width and almost 160 km in length. This strip, locally
known as “Dagger”, is believed to be an abandoned channel of the Indus which has been largely
obliterated by the dunes. Beneath the cultivatable sandy soil, the water table is high enough to permit well
irrigation by Persian Wheel. This strip is lower and flatter in comparison to the bordering areas.

b) Abandoned Flood Plain

This area was abandoned by the rivers in comparatively recent geological times and occupies
almost half of the Doab. Its boundary between the bar upland is marked with sharp bluffs, except at the
southern end of the Bar Upland where wind-blown sand has covered the area. The outward margins of
this zone along the Active Flood Plains are also marked by bluffs. The Abandoned Flood Plain is
generally protected from floods by artificial embankments. The windblown sand along the southern end
of the bar upland represents an extension of central Thal Desert cover. Though not essentially different
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from the upper part of the desert, shifting sand are in the shape of typical sand dunes. At the southern end,
old inundation channels are present, but are somewhat obliterated by cultivation. Beyond the part which is
covered by desert, the landscape changes into a gently sloping plain with occasional isolated, shifting, low
sand dunes. This uncovered surface shows typical features of stream channel and meander scars and ox-
bow lakes.

c) Active Flood Plain

This division of the alluvial plain includes the beds of the Indus, Chenab and Jehlum Rivers and
their belts. It is bounded on one side by the rivers and on the other by high bluffs of the bar up land in the
northern part of the Doab or by sharp, low bluffs along the abandoned flood plain in the southern part.
The flood plains range from less than one km to 10 km wide along the length of the Doab. The active
flood plain has a slightly undulating surface with numerous channels or channel scars. Natural levees,
though not continuous, form the banks of the rivers. Behind the levees are the cut off meanders, cut off
point bars with ridge and swale features and back swamp lowlands. During normal floods the water does
not spread beyond the back swamp low lands where, particularly along the Indus River, there is a wild,
growth of thick tall grasses.

3.3 Geology

The geology of Thal Doab is best described in relation to its physiography, because the Doab is
composed of unconsolidated Quaternary alluvial and aeolian deposits that are distinguished mainly by
their physiographic forms. The materials of the alluvial plain are very thick and overlie basement rocks
which is probably as old as Precambrian. No test holes have reached the basement rocks in Thal Doab,
but drilling in Bari, Rechna and Chaj Doabs confirmed the Precambrian surface at depths of 30 to 455m
(Kidwai, 1962)

Wilson and Bose (1934), on the basis of their gravity survey, have postulated that the maximum
thickness of the alluvium northeast of the Precambrian Delhi-Shahpur Ridge in Chaj Doab is more than
1200m. They believe that southwest of the buried ridge in Chaj Doab the depth to Precambrian rocks
close to the ridge exceeds 620m and is deeper to the northwest in Thal Doab. Strata in the Salt Range in
north of the Doab are composed of highly fractured and folded, fossilferous rocks of Cambrian to
Pleistocene age. The extension of these rocks may occur beneath the alluvium to the south, but no definite
information may be recovered. Piedmont alluvial deposits flank the Salt Range foothills. Surficial Aeolian
sand forms an extensive deposit over the alluvium in central Thal Doab.
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Figure-3.1 Map Showing Physiographic Units in Thal Doan
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3.3.1 Piedmont Deposits

The area at the base of the Salt Range is occupied by the piedmont fan deposits. The surface
material at the southeast end of the range is course and poorly sorted near the foot hills but it grades into
clayey and silty material near Khushab. The coarsest piedmont deposits were noted in the west, between
the salt range and the Indus River. Boulders, gravel and very coarse sand have been encountered near
Daud Khel. Much of the piedmont material has been derived from fan deposits at the foot of the Salt
Range and has under gone many cycles of erosion and re-deposition by hill torrents and small meandering
streams. The piedmont deposits generally become finer grained in southerly and easterly direction.

3.3.2 Alluvial Complex

The major rock unit of Thal Doab, which is alluvium, constitutes the aquifer of the area. The
alluvium consists dominantly of unconsolidated fine to coarse sand, with minor, generally localized
lenses of clay and slits. The sediments were deposited in a subsiding trough by the Indus River and its
tributaries, the Jehlum and Chenab. These rivers were young at the time and had steep gradients with
large volumes of water, and thus had more capacity for erosion and transportation than at present. The
major part has been played by the mighty Indus itself. Dominance of coarse material suggests that
deposition by the shifting rivers was uniform and less heterogeneous as compared to Rechna and Chaj
Doabs.

Wind-blown material has also contributed to the alluvium. Due to prevailing arid conditions,
wind has reworked a considerable thickness of the material. Dunes reaching a height of 15 to 30m are not
uncommon. In the project area a study of lithologic samples and logs show that the alluvium consists of
unconsolidated clay, silt, sand and gravel as well as various mixtures of these clastics. The clay is
generally silty or sandy, and is grey, brown, and reddish brown or earthy brown. It is hard and sticky, and
contains 60 percent clay size material (less than .005mm in diameter). The silt generally contains clay or
sand and has about the same range of color as the clay. A common characteristic of the clay and silt is that
they contain concretions of impure calcium carbonate in irregular shapes, called ‘Kankar’. Kankar is
authigenic and is, perhaps, due to precipitation of calcareous material from percolating or fluctuating
ground water. Laboratory analysis of disturbed and repacked samples of these sediments shows low
permeability on the order of .0003 x 10-4 to 0.308 x 10-4 m/sec. The porosity ranges from 38 to 46 percent.

Sand is generally fine to medium grained (0.125 to 0.5mm), but a small amount is very fine (.053
to .125mm), coarse (0.5 to 1.0mm), and very coarse (1 to 2mm). The sand is poorly to fairly well sort and
the grains are subangular to surround. Quartz is the dominant mineral; next in quartz are heavy minerals
and mica. Porosity ranges from 0 33 to 41 percent and the permeability determined in the laboratory
ranges from 0.3 x 10-4 to 1.42 x 10-4 m/sec. Test holes drilled in the Bar Upland areas show that the sand
horizons are locally compact and the sand grains are cemented in a matrix of silt and clay. The matrix
varies from 10 to 40 percent in these formations which have been described as silty and clayey sand.
Gravels are generally made of sedimentary rocks such as siltstone, mudstone and sandstone. The usual
colors of the pebbles by composition as sandstone is light grey, siltstone is dull brown, mudstone is
reddish brown and kanker is earthy grey. Originally, the kanker is distinct from the other rocks in
composition, shape and structure, however, reworked kanker is rounded. Only about 5 percent of the
gravels are of hard rock. Gravel is not of common occurrence and its deposition is restricted either to the
flood plains of the present river system or to the vicinity of the foothills of the Salt Range. It is generally
poorly stored and occurs as gravelly sand. The gravels are subangular to subrounded, irregular and
elliptical shape and their grains size varies from granules to pebbles.

The northeastern portion of the Doab around Khushab (as test holes, is generally underlain by
thick clay and silt. The coarse material present is thin but extensive. Areas in the piedmont zone have
been reworked somewhat by the rivers and coarse sediments have been deposited in alternate layers. In
the central portion, i.e. around Qaidabad and Bundiyal, the coarse material is much concentrated and with
a few exceptions, extends to a depth of 200 meters. Otherwise the material is quite uniform. The 15 to 25
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Km wide flood plain belts of the Indus and Chenab rivers are underlain by thick deposits of sand with rare
amounts of gravel. The explored thickness of these deposits ranges from 125 to 180m. Silt and clay
occurs in the sand as thin lenses which are of limited vertical and lateral extent.

The central strip of land between the flood plains, i.e. Bar Upland, is also predominantly
underlain by sand. There are occasional intercalated bodies of fine material which are laterally extensive.
The explored thickness of the sand ranges from 90 to 320m and even more.

In the southern part of the Doab, between Rohilanwali and Alipur, there is a higher percentage of
slit and clay with kanker. Sand is scarce and is in the form of thin lenses. The explored thickness of the
material ranges from 150 to 180m. However, near Khairpur Sadaat, the alluvium is predominantly sandy.

The pattern of occurrence of coarse and fine material in the Doab suggests possible historical
events. The fine material around Khushab corresponds to the distribution of similar material inn Rechna
and Chaj Doabs along the foothills and the Salt Range. This material is a continuation of the fine material
over the buried ridge in Chaj Doab and disappears west of Khushab. The occurrence of fine material in
the east and coarse material in the west at the foot of the Salt Range suggests that the former has escaped
erosion by the river or rivers flowing transversely to the present drainage system. The only probable river
is the Indus which had a more easterly trend in the past (Wadia, 1961). There is no indication of another
stream, which could have removed several hundred feet of fine material and could have deposited coarse
material in the southwest of the Salt Range. It is improbable that the great thickness of coarse material
was laid down by the hill torrents from the Salt Range which does not appear to be breached by major
channels draining to the south except Nammal, Moreover, gradation of the east from the entrance of the
Indus towards the plain is quite uniform, i.e. the Indus as it enters the plain has very coarse material which
grades into finer toward the east. Actually, the dune sand has shrouded most of the surficial features and,
therefore, also the recent geologic history of the area.

The fine material in the south of the Doab between Rohilanwali and Alipur has accumulated by
normal and continuous alleviation and gradation of the sediments. These have been reworked by either
the past or present drainage. The material is heterogeneous to depths of 200 meters or more in the project
area which indicates discontinuous alleviation in the Subrecent or Pleistocene age. Moreover the
physiographic units are not associated with a typical lithology. Local accumulations of silty sand are
present in the Bar Upland as well as in the Flood Plains of the lower Doab.

3.3.3 Aeolian Deposits

The central portion of Thal Doab, including the Bar Upland and the area just to the south, is
occupied by sand dunes, which are prominent features that extend over vast part of the area. Commonly
the dunes are either grey or yellowish grey, the two have distinctive texture and mineral contents.
However well-rounded, frosted quartz is the dominant mineral in both types. The grey dunes have a
greater percentage of heavy dark minerals than do the yellowish-grey dunes due to sorting by wind action.
The dark minerals impart a grey color to the dunes. The grains of which are well rounded and uniform in
size. Mica is rare. The yellowish-grey dunes are less common and the grain size is smaller than in the
grey dunes. The yellowish-grey dunes contain a fair amount of silt, with very fine sand and mica flakes;
the material is generally finer than that of the grey dunes. Heavy minerals are rare. The wind-blown sand
has originated from the present and past flood plain deposits of the Indus River system and from other
source areas as far as the Thar Desert of Rajputana and Sindh, during past ages when arid conditions
prevailed in this part of the earth.

Petrologic studies and mechanical analysis of the surface and subsurface sand have usually failed
to determine the agents of deposition, and to demarcate the contact of the alluvial and the aeolian
deposits. The main difficulty is that the subsurface samples are obtained by rotary rigs and are
contaminated and disturbed. A few characteristics such as polishing and roundness of grains are only
occasionally distinguishable. However, the alluvial and Aeolian deposits can be identified with some
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reliability by the distribution and occurrence of the coarse and fine material shown of the cross sections.
The top material, from land surface from the depth of 15 to 25m, is generally loose, non-stratified coarse
sand, whereas the underlying material below these depths is fine textured and stratified. Thus the upper
material was probably deposited by wind action. This conclusion is supported by microscopic
examination of a few samples that have the same characteristics as the Aeolian deposits previously
described. The few sections cut along the road from Rangpur to Dera Din Panah via Munda show the
contact between the alluvium and sandy clay which has a stratified pattern.

3.4 Hydrology

The Thal Doab starts from the point where the mighty Indus River emerges onto the great Indus
Plains right at Kalabagh after running of hundreds of kilometers through a long series of ridges. The four
main tributaries of Indus namely; Jhelum, Chenab, Ravi and Sutlej meet at the Indus downstream at
various locations. Parallel to inflows, several offtakes are provide irrigation water as the river passes
through alluvium filled Indus Plains and finally drains into the Arabian Sea. The system of inflows to and
diversions from Indus has developed a unique gravity generated surface as well subsurface flow in
southwestern direction which discharges into Arabian Sea.

3.4.1. Surface Water Hydrology

The Indus River, one of the mightiest and the longest rivers of the world, originates from a spring
called Singikahad near Mansarawar Lake on the north side of great Himalayas Range in Kaillas Parbat in
Tibet at an altitude of 5450m above mean sea level. In a course of about 1450Km up to Tarbela (height
1100 m above msl), there are five right bank and three left bank tributaries. The catchments area of
mighty Indus upto Tarbela is about 420000 km2 which is hilly and covered by snow and glaciers. Below
Tarbela, the biggest western tributary is Kabul River. The important eastern tributaries are Jehlum,
Chenab, Ravi, and Sutlej Rivers. Indus and its tributaries form a huge irrigation network consisting of
marvelous diversion structures, dams, barrages, irrigation and link canals. This network is maintaining
Worlds Largest Contiguous Irrigation System which is called Indus Basin Irrigation System (IBIS). Many
perennial and non perennial canals are source of recharge to Indus Plain Aquifer which acts as
supplement irrigation source and also acts as shock observer during dry periods and droughts.

3.4.2 Surface Water Resources

The river Indus brings heavy loads sediment and huge water discharges into the Arabian Sea. The
discharge of Indus varies from place to place while flowing down stream. The average annual discharge
at Kabagh is about 97 Billion Cubic Meters (BCM) while entering in Thal Doab. The high discharges are
available during summer as the main inflows are from snow melt in the catchments; winters therefore are
low flow periods of the Indus. The lowest discharge is observed during October and highest during late
May due to combined effect of snow melting and monsoon precipitation. The peak monthly discharge is
as high as 20 BCM during May.

The Indus is directly benefiting Thal Doab through surface water supplies as well as through
recharge by its bed and by flooding on flood plains. The river has been changing its courses through the
ages. However the present course of the Indus was established 260 years ago in 1758-79 and has shifted
only a couple of kilometers right and left from center of the course (Blandford 1903 and Lamarbrick,
1964). British Government carried out river training by constructing embankments at 5 to 8km away on
both banks which kept the river course confined. Before the construction of embankments the river was
free to meander and shift. The shifting of the course has been contributing to the recharge of study area,
especially the Lower Thal Doab.
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Figure 3.2; Discharge Hydrograph of Indus at Kalabagh

Figure-3.3 Monthly Discharge of Indus at Kalabagh

3.4.3 Canals Irrigations and Rivers Offtakes for Thal Doab

As Indus flows downstream, it supplies water continuously to Thal Doab portion of the Indus
Basin Irrigation Network. The Thal Doab works as head point of mighty Indus, therefore many link and
irrigation canals were taken out from Indus as it passes through the Doab to feed Thal. Several irrigation
canals have also been built for irrigation of Thal Desert. Even now Greater Thal Canal is under
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construction to bring extensive area under cultivation for meeting food requirement of the county in
future. The offtakes from Indus are in Thal Doab are discussed in following paragraphs.

a) Thal Canal from Jinnah Barrage

The first diversion from Indus in Thal Doab is the Thal Canal which offtakes from Jinnah Barrage
near Kalabagh. The canal was operated in 1955 with design discharge of 26 m3/sec, with total command
area of 1.11 million hectares. Its total recharge to groundwater is 2.7 BCM out of which the recharge to
usable water zone is 2.432 BCM and to saline groundwater zones is 0.32 MAF (0.395 BCM). (Ahmad,
1993).

b) Chasma Barrage and Canals

The second offtake from Indus is, ‘Chashma – Jhelum Link Canal’ at Chashma Barrage to
facilitate Indus Basin Treaty. The Chashma Barrage and Chashma – Jhelum (C-J) Link were constructed
in 1971 to provide small reservoir to transfer Indus water into Jhelum to feed Havali Canal Command,
Rangpur Canal Command Sidhani Canal and Sutlej Valley Command areas. In addition the Chashma
Barrage also feeds Chashma Right Bank Canal.. The Chashma – Jhelum Canal travels about 100km
trough Thal Doab and carries discharge of 614 m3/sec. The canal recharge is about 1 BCM during Kharif
and 0.8BCM during Rabi season making total of 1.8BCM per annum (Ahmad, 1993).

c) Taunas Barrage and Canals

The Taunas Barrage was constructed in 1955 on the main Indus to feed Panjnud and Abbasia
through Taunsa- Panjnad(T- P) Link canal which carries about 400 m3/sec of water and feeds
Muzaffargarh and D.G. Khan Canals. The D.G Khan Canal falls out of the Thal Doab and hardly
recharges any part of the study area. The Muzaffargarh canal however passes through Thal Doab and
feeds the project area. It has recharge of 1.7BCM in usable groundwater whereas 0.018BCM in saline
groundwater area.

d) Trimmu Barrage and Canals

Rangpur canal is another important feature of the Lower Thal Doab. It is taken out from the
Trimu Barage and its recharge to Useable groundwater area is about 0.27BCM and to saline groundwater
zone is about 0.019BCM. Its command area is about 0.17Mha (Ahmad, 1993)

3.5 Groundwater Hydrology

The unconsolidated material of the alluvial complex provides a favorable environment for the
storage and movement of ground water. Local and regional variation in lithology limits the scope, but this
is negligible considering the vast volume of the alluvium. The widespread surficial sand allows rapid
recharge by infiltration of water from precipitation, rivers, canals, water courses, and agricultural fields,
thus surface runoff is low. Rainfall in the southern and central part of the area is low, but it is moderate in
the north. The major portion of rainfall adds to groundwater because of rapid infiltration into the sand
dunes. Numerous hill torrents flow from the Salt Range during the rainy season and are absorbed in the
sand dunes whence it percolates into permeable and porous formations. The rivers Indus and Chenab
recharge the ground water where they are higher than the adjacent ground-water level. Major recharge is
from the Indus River.

Drainage of the area is better than other parts of the Indus Plain; Rechna and Chaj and Bari Doabs
because of the generally coarser material in the subsurface. However, variations in the lithology at places
seem to act as a barrier for the subsurface flow of ground water which creates local and regional problems
of waterlogging and salinity. The quality of ground water to 200m in the area is generally good, except in
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two areas in the south-central part of the Doab (Shamsi and Hamid, 1963). This shows that subsurface
drainage is well developed, except locally in low-lying areas that are extensively irrigated.

A series of pumping tests was conducted for the determination of hydrologic properties of the
alluvium. The transmissibility values obtained by aquifer test analysis generally agree with the subsurface
geologic conditions in the area. Most of the tests were performed on wells having screened intervals of 37
to 52 m, and total depths of 80 to 100m. Out of 38 successful tests in the area, 20 sites were in more
permeable zones and show coefficients of transmissibility ranging from 0.122 to 0.366 m/sec. The
remaining 18 tests, in comparatively less permeable zones, give coefficients of transmissibility ranging
from 0.052 to 0.12 m/sec.(WAPDA (1994) ) The values for Thal Doab are generally higher than those of
Rechna and Chaj Doabs (Bennet 1967).

3.5.1 Groundwater Development

The massive development of groundwater in the Indus Palin Aquifer started about 30 years ago.
This source is tapped by about 20,000 public and more than about 1 million private tube wells. The total
abstraction of groundwater in Pakistan is estimated to be 60 BCM out of potential of 63 BCM (Kahloon
and Majeed 2004). Most of this is used for agriculture. Also more than 70% of the population of Pakistan
depends on groundwater for drinking, industrial and domestic use. The growth of tubewells in Thal Doab
as based on data of Planning and Development Department of Punjab is depicted in Figure 3.4. The graph
indicates that appreciable pumping started in 1984 with the rapid rising trend in 1996.

Figure 3.4: Growth of Tubewells in Thal Doab. (Punjab Development Statistics 2002 2009)

3.6 Soil Moisture

Moisture is the main factor governing productivity in Thal Doab area. Rainfall is generally
insufficient for the growth of even one crop per year in most of the project area. The meridian effective
rainfall of 250mm is minimum requirement for growth of one crop of wheat per year if all rainfall is
effectively conserved in the area of contact the terrain. Eighty percent probability is generally acceptable
for whereas only a part of the surveyed area hardly exceeds the probability of sixty five percent. The same
precipitation leaves different moisture parentage in different soil groups, in inter-dunal depressions, a
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hallow type soil retains higher percentage of moisture, therefore 150mm effective rainfall can produce
mole crop(Sheik I. H., and Hussain 1963). The most portion of Upper Thal including a part of Khoshab,
District, Bakkhar, District, a part of Sargodha and Jhang is mainly underlain by sand dunes. The area is a
source of gram even if the rainfall is low and erratic. The statistical analysis of the rainfall indicates that
after three years adequate rainfall for growing of gram is received in most of the area. The production of
gram after three years compensates the two years low yield of crop in desert. The good yield in the third
year pays off all credits of the farming communities which are surviving on this practice.

3.7 Hydrometeorology

Falling in arid region, Thal Doab is one of the hottest areas of Pakistan. There is only one
meteorological station located at Minawali at northern end of the Thal Doab. Hence no representative
Meteorological Observatory is available deep within the Thal Doab. The single meteorological
observatory is not enough for description of the hydrometeorological elements in such a large area.
Therefore, the data of observatories at Dera Ismail, Khan, Sargodha, and Multan was analyzed for the
purpose for understanding the hydromeorological regime as these stations are adjoining to Thal Doab.

3.7.1 Mianwali

The mean average annual temperature at Mianwali is 24 oC with the maximum value of 35 oC
during June and minimum of 4 oC during January.  The average minimum temperature during the year is
17 oC and average maximum annual is 24 oC. The average annual maximum rainfall is 500mm which is
maximum throughout the Thal Doab. The average annual relative humidity at 0000 hours is 77 %
whereas at 1200 it is 42 % as a mean value. All hydrometeorological elements are depicted in Figure 3.5.

Figure-3.5: Meteorological Elements at Mianwali

3.7.2 Dera Ismail Khan

The mean annual rainfall at D. I. Khan is 274 mm with the monthly highest of 69mm during July
followed by the 53mm during August. The pattern of rainfall indicates dominance of monsoon system

The westerly wind also contributes in the total annual precipitation. The mean annual temperature
is 24 oC with the maximum mean annual temperature 32 oC and average annual minimum value of 17 oC.
The night time annual mean relative humidity remains 74, whereas the day time humidity remained 41 %.
The meteorological elements are depicted in Figure-3.6.
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3.7.3 Sargodha

Though Sargodha falls in irrigated area but due to its proximity to Thal Doab, the data of this station is
considered relaent. The annual mean rainfall at this station is 426mm. The mean annual temperature is 24
oC with the mean maximum of 31 oC and mean annual minimum of 18 oC. The day time mean value of
relative humidity is 71 % where its value at the night time is about 79 %. The Monsoon rainfalls are also
dominant and contribute a major part in annual precipitation. The monthly distribution of precipitation
indicates westerly winds with appreciable amount during March and April.

Figure-3.6: Metrological Elements at D.I. Khan

Figure 3.7: Meteorological Elements at Sargodha
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4.1 Background

There are many tools and techniques which are in use all over the world for investigation of
different hydrogeological parameters and subsurface processes in aquifers during groundwater
development. The selection of techniques depends upon the scope and purpose of the investigations. The
task of groundwater investigations and evaluation in project the area was conducted in eight stages of
surveys and investigations; literature review, application of surface geophysical methods, exploratory
well drilling and sampling, aquifer evaluation, water quality evaluation, application of environmental
isotopes, mathematical modeling and presentation of the results in figures and final report. The schematic
diagram of series of the techniques is shown in Figure 4.1

4.2 Integrated Geophysical Survey

There are several advantages of geophysical methods such as these are low cost and give wide
coverage, quick results in groundwater investigations. However every geophysical method has limitation
as well as advantage over the other. Therefore an integrated approach of use of several techniques was
preferred to use in the Thal Doab. The following methods were used for this project.

 Electrical Resistivity survey

 Induced Polarization method

 Seismic Reflection survey

 Gravity survey

4.2.1 Electrical Resistivity Survey

The electrical resistivity survey was used as main investigation tool of groundwater exploration in
the study area. The Vertical Electrical Soundings (VES) technique was applied at two grids; shallow
investigations and deep investigations grids.

a) Investigation up to the depth of 300m is termed as shallow in this area. The upper part of the
aquifer is important as freshwater is mostly confined to this zone. For shallow investigation the
VES were conducted at regular grid of 5 x 5km grid over the entire area of Thal Doab. A total of
1300 VES probes were conducted in area of about 3.3 Mha area.  The shallow resistivity grid is
shown in Figure 4.2

b) Investigation upto 1000 meters are termed as deep in this area. For deep investigation the VES
were conducted at regular grid of 20 x 20km in the entire Thal Doab. In this way total of 107
deep probes were conducted in entire Thal Desert. The data were processed in the IX1D software
for conversion of Apparent Resistivity to the True Resistivity values and prepared electrical
section for its conversion into hydrogeological section finally. The conducted deep resistivity
probes are shown in Figure 4.3.

Chapter 4
Methodology
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4.2.2 Induced Polarization (IP) Method

Induced polarization was applied to differentiate from clay from saline water in the case of low
resistivity survey was conducted again at the regular grid of 2 x 20km and was integrated with the deep
resistivity probes. The targeted depth of investigation of IP was also 1000m. The instrument used for
measurement of VES had additional option for IP and Self Potential (SP) survey. The conducted IP and
VES probes are shown in Figure 4.3

Figure 4.1: Flow Chart for Stepwise Methodology Applied in
Groundwater Investigations and Management
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Figure 4.2: Shallow Resistivity Probes Locations in Project Area



35

Figure 4.3: Location of Deep Resistivity and Induced Polarization in Project Area
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4.2.3 Seismic Reflection Applications

Deep investigations conducted by applying VES and IP soundings proved partly successful in
mapping of bed rock configuration. The alternate was either drilling of exploratory wells or use of other
geophysical methods for this information. PCRWR was lacking financial resources for deep drilling and
conducting other geophysical surveys. Only feasible alternative remained the use of low resolution deep
seismic data collected by various petroleum exploration companies in project area. The project area was
well explored and bulk seismic data have already been collected and processed by national and
international oil companies including OGDCL, UNOCAL and Shell Oil. Processed seismic section of 34
lines in Thal Doab and adjoining area were obtained from the office of the Directorate General Petroleum
Concession (DGPC), Ministry of Petroleum and Natural Resources, Islamabad entirely for research
purposes. The seismic reflection data was interpreted for determination for gross stratigraphy and
hydrogeology of aquifer in Thal Doab. The seismic lines used in interpretation are shown in Figure 4.4

4.2.4 Gravity Modeling

The subsurface geological modeling based on the available gravity data collected by different oil
companies as arranged from Directorate General Petroleum Consortium, Islamabad was integrated as
check on resistivity and seismic applications. This data was collected at regular surface gravity grid of 5
minute x 5 minute (9km X 9km) during 1990s, which covers the major part of the country. These data
were used in the GRAVMOD (Gravity Modeling Software), a computer program written by Talwani
(Talwani, M., Ewing, M., 1960). The Modeling technique involved approximation of two dimensional
bodies by an n-sided polygon. Evaluating the effects of each side of the polygon and summing over the n-
sides calculate the effect of the polygon at a given point. The program adds up effects of all the polygons
and plots both the measured and calculated anomalies along the given profile. Bed rock and basement
were mapped and two cross-sections; east- west and north south were derived to map the thickness of
aquifer in Thal Doab
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Figure 4.4: Map Showing Seismic lines in Project Area
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Figure 4.5: Map Showing Gravity Measurement Points in Project area
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4.3 Exploratory Well Drilling and Water Quality Sampling

The chemistry of water samples reflects the combined effects of all processes starting from
dilution of precipitation, its infiltration into the soil above the water table, seepage to the aquifer, traveling
sometimes over great distances and depths, to reach the point of sample from the aquifer. The extensive
water quality sampling of the aquifer with large spatial and vertical coverage, was necessary to
understand the geochemical process and to evaluate the quality water for irrigation, drinking and
industrial use. A total of 56 exploratory wells of 45 centimeter diameter were drilled at regular grid of 20
x 20km over the entire study area of 3.3 Mha by using percussion drilling rigs. All these exploratory wells
were drilled to the depth of 90m for uniform vertical coverage of the aquifer. Water samples were
collected at regular vertical interval of 3 m staring from water table. In this way total 1 water 1400
samples were collected and analyzed for evaluation of the groundwater. Similarly the lithological
sampling was carried out at 3 m depth for information on geological formation. The location of
exploratory wells drilled for water quality sampling in Thal Doab is shown in Figure 4.6

Water samples were analyzed for seven solutes which make up nearly 95 percent of all water
solutes (Runnells, 1993; Herczeg and Edmunds, 1999). These solutes are calcium, magnesium, sodium,
potassium, chloride, sulfate, and bicarbonate. Electrical conductivity, total dissolved salts (TDS) and pH
of these samples were also measured in the laboratory at room temperature. SAR and RSC of each sample
were calculated to describe the suitability of groundwater for irrigation. Vertical and horizontal variation
in groundwater is discussed in details. Groundwater typology and its use for irrigation were worked out
through analysis of Piper, Durov and Wilcox Diagrams.
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Figure 4.6; Map Depicting Locations of Exploratory Wells in Project Area
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4.4 Quantitative Evaluation of Groundwater

Geographic Information System (GIS) was used for analysis and mapping of groundwater data to
demarcate the water quality zones. After relating the spatial and resistivity data, the Inverse Distance
Weightage Interpolation Methods was used for thematic mapping. The final output was presented as
groundwater quality zonation maps for four categories of groundwater. The GIS maps were developed for
various depths: 0-50m. 50-100m, 100- 150m, 150-200m, 200-250m , 250-300m , 300-400m, 400-500m,
500-600m, 600-700m, 700-800m and 800-850m.

The ultimate objective of the investigations was to work out quantitative estimates of useable
water in aquifer. The estimation includes calculation of specific yield and specific retention. In a water
table aquifer(unconfined aquifer), the volume of water released from groundwater storage per unit surface
area of aquifer per unit decline in the water table is known as the Specific Yield, (Sy), also known as the
Drainable Porosity. Hydrologists divide water storage in the ground into, the part that will drain under the
influence of gravity (called Specific yield) and the part that is retained as a film on rock surfaces and in
very small openings (called Specific Retention). GIS maps indicating different water quality zones at
different depths were used for estimation of total volume of the alluvium under each water quality zones.
Total volume of water contained in a layer of aquifer under specific water quality zone was estimated by
simple multiplication of porosity of the alluvium with it volume. Specific Yield was estimated by using
the data of pumping tests conducted by USGS during investigations in late 1960s. Total 42 pumping tests
were conducted by USGS in entire area of Thal Doab. The active storage (volume of water in Billion
Cubic Meter was calculated as product of the Specific Yield and total volume of the alluvium.

4.5 Isotopes Hydrology

Two hundred and eleven sampling stations spread over the entire study area including ; Mianwali,
Khushab, Bhakar, Layyah, Jhang and Muzaffargarh Districts were selected for collection of water
samples. Location of sampling stations is shown in Figure 3.9. The sampling points included rivers,
canals, hand pumps and tube wells. The rivers and canals represent surface water (recharge source) while
the hand pumps (total143) and tube wells (Total 68) represent shallow and deep groundwater
respectively. Important physico-chemical parameters like EC were measured in-situ using portable pH
and EC meters. From each sampling point, separate samples for stable isotopes (2H, 18O) and radioactive
isotope (3H) were collected in pre-cleaned polyethylene bottles. The sampling station for isotopes
hydrology is shown in Figure 4.7.

For determining the oxygen isotopic composition of water samples, CO2 equilibration method
was used (Epstein and Mayeda, 1953, Sajjad, 1989). This method involves equilibration of CO2 with
sample water and subsequent mass spectrometric determination of "R" - the ratio of 12C 16O18O/12C 16O2

obtained by suitable corrections from the masses 46 and 44 in CO2, which has isotopic ally equilibrated
with water sample. This is compared with isotopic ratio in CO2 equilibrated with internal standard at
identical temperature. The standard error of measurement was of the order of 0.1 ‰.

For hydrogen isotope ratio (2H/1H) analysis, water samples were first reduced to hydrogen gas
using zinc reduction method. The hydrogen produced was measured on a mass spectrometer (Sajjad,
1989). The standard error of measurement was of the order of 1 ‰.

Tritium (3H) content of water samples was determined by liquid scintillation counting after
electrolytic enrichment. The enrichment was carried out by using cells with stainless steel anodes and
phosphated mild steel cathodes. Starting with 250 ml of initial volume, about 20-fold enrichment was
done for subsequent measurement by liquid scintillation counting. Concentration of tritium is expressed
in tritium units (TU), which is equal to 3H/1H ratio of 10-18 and 1TU is equivalent to 0.12 Bq/kg of
water. The standard error of measurement was of the order of 1 TU (Florkowski, 1981).
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Figure 4.7: Location of Station for Isotopes Sampling
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4.6 Groundwater Flow Modeling

Groundwater mapping and Specific Yield provided bulk volume of different types of ground
waters in Thal Doab Aquifer. How to manage this natural resource remained the next important task.
Groundwater is a renewable source and balance between inflow and outflow is essential for its sustainable
development. The groundwater system behavior was simulated by applying Visual Modflow, a finite
difference code developed by USGS. Modeling was accomplished in three stages; model development,
calibration and prediction.The Thal Doab is about 447km long with a varying width of 150 to 20 km
averaging 110km, elongated in north south direction. Looking into available data and purpose of
modeling, the model grid of 2.5x 2.5km with an area of 6.25km2 was used in the study. In this way the
finite difference grid consists of 60 columns and 179 rows. Out of 10740, the active cells were 4032
which are bounded by natural boundaries; the Indus River in the west and Jhelum & Chenab in the east.
All cells are of the same area. The southern boundary is at confluence of Chenb and Indus Rivers.
Vertically the, aquifer was divided into three layers. The top layer was taken from surface to 50m depth.
Almost entire pumping in the Thal Doab is from this layer therefore this layer needed great consideration.
The second layer extended from 51 to 200m depth. The maximum depth of pumping in near future could
be from this part of the aquifer.  The third layer extended right down to the bed rock and its thickness
varied from place to place with the variation in topography and depth of bed rock.

The base of triangular area in the north, flanked by Salt Range was taken as no flow boundary.
River boundary was set on western, eastern and southern sides of the modeled area. The surface recharge
was calculated as the combined effects of percolation from precipitation, irrigation canals, water courses
and return flow of pumping. The evapotranspiration in irrigated area was covered in precipitation and
other components which were supposed to be constant during simulation period.

The groundwater development in this area started in early 1980s, however the groundwater
monitoring mechanism in a part of the area existed from the time of implementation of SCARP (Salinity
Control and Reclamation Projects) in Lower Thal. Due to lack of good enough data for the calibration of
the pre-development was taken in 1984 when a few wells were working and aquifer was supposed to be in
steady state condition.

The model code requires permeability and storativity for flow modeling. Data of 40 pumping
tests conducted by the USGS in late fifties was processed and seven zones were identified in Thal Doab.
Single value of each hydraulic parameter was assigned by taking simple average of all tests falling in
particular zone.

Field visits were conducted for acquiring data on the number of tubewells, pumping hours and
designs of the wells. Additional data was collected from Provincial Agriculture department of Punjab
Government which prepares the annual inventories of the well in each district. Some data was also
obtained from the publications ‘Punjab Development Statistics’, for simulation periods. Steady state or
pre-development simulation was calibrated for the year 1984 and transient simulations were calibrated for
four stress periods; 1985 to 1992, 1992 to 1996, 1996 to 2004 and 2004 to 2009. The predictive runs were
simulated for years 2015 and 2025.



44

References

1. APHA, AWWA and WEF, D.E.1992. Standard Methods for the Examination of Water and
Wastewater. American Public Health Association, American Water Works Association and Water
Environment Federation, 18th Edition, Washington, DC

2. Florkowski, T.1981. Low level tritium assay in water samplers by electrolytic enrichment and
liquid scintillation counting in the IAEA laboratory, In: Methods of Low Level Counting and
Spectrometry, IAEA, Vienna, 335-337.

3. SRTM 90 Meters Digital Elevation Model (DEM). hthttp://srtm.csi.cgiar.org/
4. Talwani, M., Ewing, M.1960. Rapid computation of gravitational attraction of three-dimensional

bodies of arbitrary shape: Geophysics, 25 (1), 203-225

5. Runnells, D.D.1993. Inorganic chemical processes and reactions, in Alley, W.M., ed., regional
groundwater quality. New York, Van Nostrand Reinhold, p. 131–153.

6. Sajjad, M. I.1989. Isotope hydrology in Pakistan, instrumentation- methodology- applications,
Ph.D. Thesis submitted to University of the Punjab, Lahore.



45

5.1 Background

Interpretation of geophysical data can be completely objective or highly subjective. It can range
from a simple inspection of a map or profile to a highly sophisticated operation involving skilled
personnel and elaborate supporting equipment. Some interpretations require little understanding of the
geology, but the quality of most interpretations is improved if the interpreter has a good under-standing of
the geology involved. Although some individuals are skilled geophysicists as well as geologists, a
cooperative effort between geologist and geophysicis is usually the most effective approach to the
interpretation of geophysical data. (Zohdy, et.al, 1990).

In the current project the investigations are confined to alluvium which forms the regional
aquifer, and geology therefore is less complicated. The objective here is hydogeological investigation,
therefore understanding of hydrology and water quality is also important for valuable interpretation of
geophysical data. Required information on geology and water quality was collected by exploratory well
drilling at regular grid of 25 x 25km in entire Thal Doab.

An integrated geophysical approach consisting of Vertical Electrical Resistivity (VES), Induced
Polarization (IP), Seismic and Gravity methods of exploration are applied to have better controls and
checks for reduction of uncertainty and discrepancies in interpretation. The interpretation of geophysical
data for resource assessment is expressed with the detailed methodology.

5.2 Electrical Resistivity Survey and Data Interpretation

The electrical resistivity was applied as main tool for groundwater investigation in Indus Plain. In
general the detailed investigation was carried out at 5 x 5km grid with the investigated depth of 300 m as
the main aquifer lies at the depth of 300-400m.

The maximum depth of alluvium in study area is 900m; therefore deep resistivity and Induced
polarization soundings were conducted for 1000m depth at uniform grid of 20 x 20km. The deep
instigation grid is shown in Figure 4.3.

The measured resistivities when subjected to interpretation process have yielded sub-surface
electrical layers. These interpreted electrical layers need a correlation with the sub-surface geology, this
transformation of interpreted layers into lithologic units is essentially based on the geological information
obtained from exploratory wells, tubewells, and other data of previous investigations conducted in the
area.

5.2.1 Correlation between Resistivity and Water Quality

The processed resistivity data gives electrical section indicating resistivity of different layers and
depths of these layers. This vertical electrical section is converted into hydrogeological section by
correlating water quality and rock core obtained from drilling at the points of resistivity survey. For this
purpose, exploratory wells are drilled at regular grid of 25 x 25 km in the entire Thal Doab. In this way
total 56 exploratory wells were drilled by using the Cable Tool Method of drilling. Water samples
collected were analyzed in the laboratory. The analyzed water samples were correlated with the vertical
electrical section derived through resistivity modeling for each probe. As the survey was conducted at 5 x

Chapter 5
Interpretation of Geophysical Data
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5 km grid, therefore the resistivity as well as water quality is assumed to be the same within 25 km2 area.
If resistivity and water quality varies considerably within this area, that will be error in hydrogeological
mapping. Vertically the resistivity was correlated with water quality at and below water table. The
resistivity above water table has not been interpreted for any conclusion. Below water table the resistivity
was correlated with water quality at the regular interval of 50m. As the depth to water table varies from
point to point in the area therefore instead of taking only upper level of the aquifer the shallow water
quality is mapped up to the depth of 50m.

The relationship between the interpreted earth resistivity and conductivity of the water collected
from 56 exploratory boreholes in Thal Doab is given in Table 5.1. And regression developed for
groundwater quality and resistivity is shown in Figure 5.1

Table 5.1: Correlation of Groundwater Electrical Conductivity
with Electrical Resistivity in Thal Doab

Well No Resistivity (ohm) EC (ds/m) EC-Range
1-10

TH-3 2 6.82
TH-4 4 4.2
TH-5 10 7.35
TH-8 7 4.48 3.6 to 7.35
TH-9 9 3.87
TH-18 4 5.38
TH-47 7 4.67

11-24
TH-13 24 3.60
TH-22 24 2.61
TH-27 17 2.19
TH-34 21 1.70 1.7-3.6
TH-38 11 3.56
TH-43 22 1.75
TH-44 23 1.99
TH-49 15 3.15

25-35
TH-21 34 1.25
TH-32 31 1.37 1.25-1.6
TH-33 34 1.25
TH-36 28 1.25
TH-39 29 1.56
TH-40 29 1.28

35-50
TH-1 45 0.99
TH-6 39 0.65
TH-10 42 0.94
TH-11 48 0.94
TH-12 43 0.70
TH-15 39 0.95
TH-17 41 0.90
TH-19 40 0.84
TH-20 46 0.41
TH-23 45 0.83
TH-24 45 0.96
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Well No Resistivity (ohm) EC (ds/m) EC-Range
TH-25 46 0.49
TH-28 42 0.78 0.31-0.99
TH-29 42 0.69
TH-30 44 0.62
TH-35 40 0.89
TH-37 36 0.58
TH-42 45 0.83
TH-45 40 0.31
TH-46 47 0.87
TH-48 50 0.90
TH-52 39 0.51
TH-55 44 0.69
TH-56 41 0.70

>50
TH-2 125 0.69
TH-7 106 0.29
TH-14 67 0.55
TH-16 72 0.58
TH-26 74 0.60
TH-31 66 0.37 0.29- 0.87
TH-41 72 0.87
TH-50 50 0.54
TH-51 52 0.40
TH-53 53 0.62
TH-54 51 0.55

5.2.2 Interpretation of Resistivity Data in terms of water quality and Lithology

The earth resistivity is dependent on rock type, void spaces, fluid content and salt concentration
in fluid. The inter-relationship of electrical resistivity, rock formation and type of water is summarized in
Table 5.2. It is apparent from table that low resistivity is either  due to fine grained rock or saline water in
the coarse grained rock. The high resistivity value corresponds to freshwater in sandy formation.
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Table 5.2: Interpretation of Resistivity Data: Correlation Between
Water Quality, Lithology and Resistivity

Figure 5.1: Regression Developed Between Earth Resistivity
and Groundwater Quality in Thal Doab

The interpreted subsurface hydrogeological conditions are classified into five resistivity zones.
The resistivity curves and interpreted resistivity models are given in Annexure A. The interpreted
resistivities with pertinent hydrogeological conditions have been classified as under:

a) Very Low Resistivity Zone

The interpreted resistivity values of the subsurface material less than 10 Ohm-m is termed as
Very Low Resistivity Zone. The zone reveals the presence of either fine grained geological material like,
silty clay with fresh water or it can be sand containing saline water content. The range of electrical
conductivity of groundwater in Thal Doab for this very low resistivity zone is 3.6 – 7.35 dS/m.
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b) Low Resistivity Zone

The interpreted resistivity vales from 11-24 Ohm–m is termed as Low Resistivity Zone. This
indicates the presence of low quality water with the alluvium formation like mixture of silt, sand and clay
or fine sand. The range of electrical conductivity of groundwater for this resistivity zone is 1.75- 3.6 dS/m
in Thal Doab

c) Medium Resistivity Zone

The resistivity values in the range of 25-35 are termed as Medium Resistivity Zone. This
indicates marginal quality water with the clayey fine silty and sand formation in Thal Doab. The electrical
conductivity of groundwater is in the range of 1.25 –1.56 dS/m in study area.

d) High Resistivity Zone

The resistivity values the range of 35-400 Oh-m is termed as High Resistivity Zone. This
indicates good quality groundwater water in sandy formation with some minor patches of silt in Thal
Doab. The electrical conductivity of groundwater is in the range of 0.39 –0.99 dS/m in study area

e) Very High Resistivity Zone

The very high resistivity zone is further divided into two sub zones. The resistivity values more
than 400 Ohm-m above water table indicates dry weathered material whereas below water table it pertains
to bed rock.

5.3 Electrical Resistivity and GIS Mapping

Geographic Information System (GIS) was used for the presentation of surveyed data and
mapping of the resistivity at different depths. EZRI software, ArcGIS 9.1 was applied for the preparation
and analysis of resistivity maps. After relating the spatial and resistivity data, the mapping of the field
data was performed by using the Inverse Distance Weightage Method. The GIS maps were developed for
various depths: 0-50m. 50-100m, 100- 150m, 150-200m, 200-250m, and 250-300m.The developed maps
are shown in Figures 5.2 to 6. 7.
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Figure 5.2: Resistivity Counter Map for  0-50 meters depth
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Figure 5. 3: Resistvity counters for 50-100 Meters Depth
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Figure 5.4: Resistivity Counters for 100-150 meters
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Figure 5.5: Resistivity Counters for 150-200 meters
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Figure 5.6: Resistivity Counter for 200-250 meters Depth
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Figure 5.7: Resistivity Contour for 250-300 Meters Depth
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Figure 5.8: Chargeability Contours 0-50 Meters Depth
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Figure 5.9: Chargeability Contours 200-250 Meters  Depth
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Figure 5.10: Chargeability Contours 250-300 Meters Depth
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Figure 5.11: Typical Seismic Section of the Project Area
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Figure 5.12: Depth of Alluvium in Thal Doab
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6.1`Background

The quantitative evaluation of aquifer means the estimation f total water content and Specific
Yield of alluvium fill in the unconfined aquifer. The Specific Yield estimation can be made either by
pumping test by plotting drained water against the untrained volume of the aquifer or simply by the
porosity of aquifer (Heath, Ralph C., 1983,).

6.2 Evaluation of Groundwater Reserve

GIS can better handle thematic mapping and spatial analysis of attributes. GIS based resistivity
maps of the area are given in Chapter 5 in Figures 5.2 to 5. 7. The groundwater quality maps derived
from these resistivity maps as prepared at different depths by ArcGIS based on four water quality zones
as given in Table 6.1 are shown in Figure 6.1 to 6.12. Area under each water quality zone was calculated
by the ArcGIS software to estimate volume of the alluvium. Total water content in alluvium was
estimated by simple multiplication of porosity and alluvium volume for different depths.

Table 6.1: Groundwater Quality Zones in Thal Doab Based on Electrical Conductivity

Zone No Groundwater Quality

Electrical Conductivity  (dS/m) Total Dissolved Salts(ppm)

1 1.5 > 960

2 1.6-2.5 961-1600

3 2.6-4.0 1601-2500

4 4.0 < 2500<

As already discussed that alluvium can yield only a part of the stored water which is called
Specific Yield and remaining water is retained by the aquifer that is termed as Specific Retention. The
Thal Aquifer is mixture of fine to medium sand, clay, loam and Kankers. The porosity of such a
geological formation is about 0.40 (Schwartz and Zhaung, 2004, Todd 1959). Specific Yield can either be
assessed by the texture of the formation or it can be derived from aquifer test. USGS report of 40 aquifer
tests in Thal Doab (Bennet, etal 1967) indicates wide range of Specific Yield i.e. from 0.18 to 0.5. The
average value of specific yield was taken as 0.12 for estimation of groundwater reserve of Doab Aquifer.
The estimated active storage calculated by using water quality zonation maps (Figures 6.1 to 6.10) with
average specific yield of 0.12 is given in Tables 6.5 to Table 6.6. The groundwater reserve was calculated
to the depth of 400 m as beyond this depth the bedrock dominate over areal extent in Thal Doab.

Chapter 6
Quantitative Groundwater Evaluation
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Figure 6.1: Groundwater Quality Zonation Map for 0-50 Meters Depth
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Figure 6.2: Groundwater Quality Zonation Map for 50-100 Meters Depth
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Figure 6.3: Groundwater Quality Zonation Map for 100-150 Meters Depth
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Figure; 6.4 Groundwater Quality Zonation Map for 150-200 Meters Depth
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Figure; 6.5: Groundwater Quality Zonation Map for 200-250 Meters Depth
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Figure 6.6: Groundwater Quality Zonation Map for 250-300 Meters Depth
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Figure 6.7: Groundwater Quality Zonation Map; 300-400 Meters Depth
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Figure 6.8: Groundwater Quality Zonation Map  for 400-500 Meters Depth
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Figure 6.9: Groundwater Quality Zonation Map for 500-600 Meters Depth
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Figure 6.10: Groundwater Quality Zonation Map for 600-700 Meters Depth
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Figure 6.11: Groundwater Quality Zonation Map for 700-800 Meters Depth
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Figure 6.12: Groundwater Quality Zonation Map; 800-850 Meters Depth
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Table 6.2 Evaluation of Groundwater Quality Zones: 0-50 Meters Depth

Sr# Water
Quality

Zones of
EC(dS/m)

Area Under
Zones (Km²)

% of Total
Area

Total Volume
of Alluvium

(BCM

Total Volume
of Water

Content (BCM)

Active
Storage(BCM)

1 < 1.5 21350.13 63.65 982.11 392.84 117.85

2 1.5 2.5 4692.82 13.99 215.87 86.35 25.90

3 2.5- 4 3102.49 9.25 142.71 57.09 17.13

4 > 4 4400.17 13.12 202.41 80.96 24.29

Total 33545.61 100.00 1543.10 617.24 185.17

Table 6.3: Evaluation of Groundwater Quality Zones:50-100 Meters Depth

Sr# Water
Quality

Zones of
EC(dS/m)

Area Under
Zones (Km²)

% of Total
Area

Total
Volume of
Alluvium
(BCM)

Total Volume
of Water

Content (BCM)

Active
Storage(BCM)

1 < 1.5 18514.10 55.19 925.71 370.28 111.08

2 1.5-2.5 5017.39 14.96 250.87 100.35 30.10

3 2.5 < 4 3763.51 11.22 188.18 75.27 22.58

4 > 4 6250.60 18.63 312.53 125.01 37.50

Total 33545.61 100.00 1677.28 670.91 201.27

Table 6.4: Evaluation of Groundwater Quality Zones: 100-150 Meters Depth

Sr# Water
Quality

Zones of
EC(dS/m)

Area Under
Zones
(Km²)

% of Total
Area

Total
Volume of
Alluvium
(BCM)

Total Volume
of Water

Content (BCM)

Active
Storage
(BCM)

1 < 1.5 17667.27 52.67 883.36 353.35 106.00

2 1.5- 2.5 4740.27 14.13 237.01 94.81 28.44

3 2.5- 4 3869.35 11.53 193.47 77.39 23.22

4 > 4 7268.72 21.67 363.44 145.37 43.61

Total 33545.61 100.00 1677.28 670.91 201.27
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Table 6.5: Evaluation of Groundwater Quality Zones: 150-200 Meters Depth

Sr# Water
Quality

Zones of
EC(dS/m)

Area Under
Zones (Km²)

% of Total
Area

Total Volume
of Alluvium

(BCM)

Total Volume
of Water

Content (BCM)

Active
Storage(BCM)

1 < 1.5 17372.36 51.79 868.62 347.45 104.23

2 1.5- 2.5 4024.94 12.00 201.25 80.50 24.15

3 2.5-4 3770.67 11.24 188.53 75.41 22.62

4 > 4 8377.63 24.97 418.88 167.55 50.27

Total 33545.60 100.00 1677.28 670.91 201.27

Table 6.6: Evaluation of Groundwater Quality Zones:200-250 Meters Depth

Sr# Water
Quality

Zones of
EC(dS/m)

Area Under
Zones
(Km²)

% of
Total
Area

Total Volume of
Alluvium (BCM

Total Volume of
Water

Content(BCM)

Active
Storage(BCM)

1 < 1.5 17039.38 50.79 851.97 340.79 102.24

2 1.5-2.5 4107.01 12.24 205.35 82.14 24.64

3 < 4 3911.70 11.66 195.58 78.23 23.47

4 > 4 8487.52 25.30 424.38 169.75 50.93

Total 33545.61 100.00 1677.28 670.91 201.27

Table 6.7: Evaluation of Groundwater Quality Zones: 250-300 Meters Depth

Sr# Water
Quality

Zones of
EC(dS/m)

Area Under
Zones
(Km²)

% of Total
Area

Total Volume
of Alluvium

(BCM

Total Volume
of Water

Content (BCM)

Active
Storage(BCM)

1 < 1.5 16648.99 49.63 832.45 332.98 99.89

2 1.5- 2.5 4216.67 12.57 210.83 84.33 25.30

3 2.5-4 3982.82 11.87 199.14 79.66 23.90

4 > 4 8697.11 25.93 434.86 173.94 52.18

Total 33545.60 100.00 1677.28 670.91 201.27
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6.3 Existing Groundwater Reserves

The bedrock configuration as given in Figure 5.16 indicates that main aquifer is upto the
maximum depth of 400m. After this depth the bedrock extent acquires at regional scale, therefore
groundwater estimation was taken upto the depth of 400m. It is estimated that area under freshwater of
EC less than 1.5dS/m is about 16331Km2 whereas the area under marginal quality groundwater which is
usable for irrigation (EC of range; 1.6-2.5 dS/m) is about 5601km2. Therefore the total area under usable
water for irrigation, industrial and drinking purposes adds upto about 21933 km 2.

The total volume of water in alluvium with EC less than 1.5 dS/m is about 2138 BCM whereas
the volume of water in alluvium with EC range; 1.6-2.5 is about 528 BCM.  In this way total usable water
for irrigation, drinking and industrial use comes about; 2666 BCM.

The active aquifer storage for water less than 1.5 dS/ is about 800 BCM whereas the storage for
water of EC range; 1.5-2.5 dS/m is about 159 BCM. The total useable water which can be pumped from
Thal Aquifers for drinking, irrigation and industrial use is about 958 BCM. However the active storage is
only assessment of the total reserve. In fact the groundwater potential means Safe Yield which is
dependent on annual recharge. The parameter would be derived from numerical simulation. The output of
Thal aquifer simulation is explained in Chapter 9.
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7.1 Background

The study area is starting point of great Indus Plain bounded by hills in north and west. In north
the consolidated rocks are of sedimentary origin and less common metamorphic and igneous. The
sedimentary rocks (Paleozoic- Tertiary) include carbonate rocks, sandstone claystones and conglomerates.
The entire adjacent boundary in north is dominated by Salt Range Formation which hosts the World’s
second biggest rock salt deposit which is being mined since the time of Alexander the Great. Other three
sides of the study area are bounded by the perennial rivers. (Kazmi and Jan 1977).

A sizeable area of Thal Doab is under dense canal irrigation network which is important recharge
source to well tranmissivive alluvium aquifer, therefore lot of variations is can be expected in this area.
Extensive water quality sampling of aquifer with large spatial and vertical coverage was necessary to
understand the geochemical process and evaluate water quality for irrigation, drinking and industrial uses.
Total 56 exploratory wells of 450mm diameter were drilled at regular grid of 20 km x 20 km over the area
of 3.3 Mha by using Percussion Rigs to assess spatial variability of water quality. All these exploratory
wells were drilled to the constant depth of 90m for uniform vertical coverage. Water samples were
collected at regular vertical interval of 3 m staring from water table. In this way total 1860 water samples
were collected and analyzed for evaluation of groundwater quality in study area. Similarly the lithological
sampling was carried out at 3m depth for evaluation of the geological formation.

7.2 Water Samples Preservation and Laboratory Analysis

Collected water samples were analyzed for seven elements which make up nearly 95 percent of
all water solutes; calcium, magnesium, sodium , potassium, chloride, sulfate, and bicarbonate(Runnells,
1993; Herczeg and Edmunds, 1999). EC, TDS and pH of these samples were also measured in laboratory
at room temperature. SAR and RSC of each sample were calculated for assessment of criteria for use of
water for irrigation. Standard protocols (APHA, AWWA and WEF, D.E 1992) as enlisted in Table 7.1
were followed for sampling, preservation, transportation, field and laboratory testing of water samples for
calcium, magnesium, sodium, potassium, chloride, sulfate, and bicarbonate and pH.

Chapter 7
Groundwater Quality Evaluation
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Table 7.1: Methods Used for Water Samples Preservation and Analysis

Sr. # PARAMETERS ANALYTICAL METHOD

1. Bicarbonate 2320, Standard method (1992)

2. Calcium (mg/l) 3500-Ca-D, Standard Method (1992)

3. Chloride (mg/l)
Titration (Silver Nitrate),

Method 4500- B  Standard Method (1992)

4. Magnesium (mg/l) 2340-C, Standard Method (1992)

5. Ph 4500-B, Standard Method (1992)

6. Potassium (mg/l) 3500-B, Standard Method (1992)

7. Sodium (mg/l) 3500-B, Standard Method (1992)

8. Sulfate (mg/l)

SulfaVer4 (Hach-8051) by Spectrophotometer

Method-4500-B, Standard Method (1992) ,

9. TDS (mg/l) 2540C, Standard method (1992)

Along with monitoring samples, quality control samples such as samples for cross analysis and
field blank samples were also collected. A sample of blank, known standard and previously analyzed
sample were analyzed after every ten samples to check the reproducibility of methods for the analyzed
parameters and their results were found in the acceptable range of ± 5% deviation than the actual analysis.

7.3 Statistical Analysis of Water Quality Parameters

Summary statistics as generated in AquChem 5.1 is given in Table 7.2. The table indicates
minimum, maximum, mean, standard deviation, skewness and t-staistics. All parameters are positively
skeweed with low t-statistics. However, variance has outlier for Na, Cl, TDS, SO4 and EC, indicating
large variations as indicated in the table.

Table 7.2: Summary Statistics Report of 56 Exploratory Well in Thal Desert

Parameter Minimum Maximum Arithmetic Mean Standard deviation Skewness Variance t-statistics

Ca 0.40 18.00 2.63 2.88 0.0025 8.30 -1.67

Na 0.00 53.60 8.14 10.14 0.0025 102.90 -1.67

K 0.04 4.10 0.53 0.59 0.0025 0.35 -1.67

Mg 0.40 17.00 3.53 3.45 0.0026 11.92 -1.68

Cl 0.00 41.50 3.67 6.36 0.0025 40.40 -1.67

SO4 0.00 280.0 8.62 37.90 0.0025 1434 -1.67

HCO3 2.20 20.00 6.21 3.27 0.0025 10.70 -1.67

Conductivity 300.00 7500 1401.60 1456.50 0.0025 2.1E+06 -1.67

TDS 213.00 5361 993.90 1047.80 0.0026 1.1E+06 -1.68
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7.4 Spatial Variations in Groundwater Quality

Water samples from the top of aquifer were processed and plotted in ArcGIS for assessment of
spatial variation in water quality. Separate maps were prepared for cations, and anions, which are given as
Figures 7.3 to 7.10.  Plotted EC indicates low values in recharge zones along river Indus in Upper Thal
Doab because of recharge from Indus. The area along river Jhelum near the Salt Range is with highest salt
concentration. This is because of the low permeability due to presence of clay lenses in the formation
deposited by the Jhelum River. These clay lenses have retarded recharge from precipitation and the river.
The recharge in Lower Thal is from both; the Chenab and the Indus Rivers which bound this part of the
study area therefore groundwater in Lower Thal Doab is mostly fresh. However a small patch of saline
water exists because of clay interclaises near confluence of the two rivers.

Generally the cations and anions pattern in groundwater follows the trend of EC as it depends
upon concentration of total salts. In anions, the Na has large variation form i.e from 0.0 to 54 meq/l.
followed by Ca which varies from 0.40 to18 meq/l and then Mg with the variation from 0.4 to 17 meq/l.
In cations the SO4 has large variation i.e., 0.0 to 288 followed by the Cl with the variations from 0.0 to
51.5 meq/l and then bicarbonates which varies from 2.20 to 20 meq/l . SO4 are high in Upper Thal, just
below the Salt Range which contains huge gypsum (CaSO4·2H2O) and anhydrite (CaSO4) deposition.

7.5 Vertical Variations in Groundwater Quality

Electrical conductivity of water samples were plotted against depth in Aqua Chem for assessment
of vertical variation in water quality. Most of the wells fall in freshwater zone and indicate little variations
in EC especially along the Indus River as indicated in Figure 7. The EC of water in these wells generally
varies from 0.3 to 1.20 dS/m. Plot of the data indicates that 38 well are falling in freshwater and show
negligible changes in EC with depth. The variation in EC with depth in the remaining 18 wells has three
trends as mentioned below;

 7 wells indicate decrease in EC with the depth, (well no TH-5,TH-1, TH-19,  TH21, TH-25, TH-
32 TH-37)

 10 wells are indicate increase in EC with depth  (TH-9, TH-10, TH -12, TH-20, TH-21, TH-30
TH-41, TH-43, TH-39, TH-40) and

 3 wells are having low EC at top and bottom but high in middle part.(TH-2 and TH-26).
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Figure 7.1; Vertical Variation in Groundwater Quality in Thal Doab

7.6 Hydrogeochemical Facies and Water Typology

The concept of “hydrogeochemical facies” is the classification of waters according to the relative
proportions of major ions (Kehew 2001). Various graphical representations have been developed by
researcher to classify water according to percentage of cations and anions in water sample. Such criterion
for classification of hydrogeological facies by Z. Jamshidzade and S.A. Mirbagheri(2011) as based on
percentage of ions is given in Table 7.3. Most widely used graphical methods for determination of water
type and facies are Piper and Durov Diagrams. Piper and Durov Diagrams can better describe the type of
water and process such mixing/dissolution, reduction and inverse ion exchange in groundwater. The
outcome of application of Piper and Durov Diagram is discussed in following paragraphs

Table 7.3: Criteria for Classification of Hydrochemical Facies

Percentage of constituents

Cations Facies Ca+Mg Na+K HCO3+CO3 Cl+SO4

Calcium-Magnisum 90-100 0-10

Calcium  Sodium 50-90 10-50

Sodium –Calcium 10-50 50-90

Sodium – Potassium 0-10 90-10

Anions Facies

Bicarbonate 90-100 0-10

Bicarbonate–Chloride–
Sulfate

50-90 10-50

Chloride–Sulfate Bicarbonate 10-50 50-90

Chloride–sulfate 0-10 90-100
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7.5.1 Piper Diagram

The most commonly used graphical diagram which helps in classification of “water type” or
“hydrochemical facies”; and mixing between two types of waters is Piper Diagram whrerein the cations,
of each element expressed as percentages of total cations in milli equivalents per liter, are plotted as a
single point on the left triangle; while anions of each element, similarly expressed as percentages of total
anions, appear as a point to the right triangle. These two points are then projected into the central
diamond-shaped area parallel to the upper edges of the central area. This single point is thus uniquely
related to the total ionic distribution; a circle can be drawn at this point with its area proportional to the
total dissolved solids. The trilinear diagram conveniently reveals similarities and differences among
groundwater samples because those with similar qualities will tend to plot together as a groups. Further,
simple mixtures from two sources of waters can be identified. The water quality data of Thal Doab was
plotted in Piper Diagram by AquaChem to identify hydrogeochemical facies and mixing of groundwater

The output of Piper Diagram shown in Figure 7.2 indicates that prominent hydrogeological facies
in  Thal  Doab Aquifer are; CaHCO3 type followed by NaCl type whereas the mixing of water forms
hydrogeological fcies like; Ca Na HCO3 and Ca Mg Cl, Ca, Mg, and HCO3 type.
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Tables 7.4: Hydrogeochemical Facies as Worked out by Piper Diagram in Thal Doab

Facies Wells No Nos of Samples

CaHCO3 type TH-55,TH-39,TH-46,TH-43, TH-
54,TH-6,TH-7,TH-48, TH-18, TH-31

10

NaCl type TH-13. TH-16, TH-34, TH-40,TH-
19,TH-24,TH-28, TH-29, TH-11, TH-
2, TH-32,TH-3, TH-22, TH-15

14

Mixed Ca Na HCO3
Type

TH-56, Th-42,TH-18, TH-12, TH-21,
TH-22, TH-16

7

Mixed Ca Mg Cl
Type

Th-49, TH-47, TH-1, Th-25, TH-35,
TH-2, TH-22, TH-29

8

Ca Cl type TH-17, TH-20, TH-46, TH-23, TH-14 6

Na HCO3 Type NILL

Total 45

7.5.2 Durov Diagram

In Piper Diagram some information are lost during transformation form triangular to diamond-
shaped part of the diagram. Mg and Ca are combined and chloride and sulfate are also combined. Though,
this information is available from the cation and anion triangles, Durov Diagram (1948) provide more
information on the hydrochemical facies by helping to identify the water types. The advantage of this
diagram is that it can display some possible geochemical processes that could help in understanding
quality of groundwater and its evolution. In Durov Diagram it is possible to depict pH and EC in addition
to cations and anions. The Durov Diagram for the major cations and anions is plotted by using
AquaChem software in Figure 7.3. The description of water quality by marked fields yield that most of
the water is along ion- exchange line in Zone 3 and along mixing /dissolution line. Few wells fall along
reverse ion exchange and endpoint of aquifer (discharge zone). Durov Diagram indicates that Thal Doab
is hydrogeologically active due to extensive pumping for irrigation, rapid replenishment because of
transmissive alluvium and source of recharge in the form of IBIS and direct precipitation. On pH plot the
concentration of well above 7.2 indicates alkaline water which is often preferred for human consumption.
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Figure 7.3: Durov Diagram showing Groundwater Typology in Thal Doab
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Figure 7.4: Electrical conductivity of Groundwater



87

Figure 7.5: Sodium Concentration in Groundwater
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Figure 7.6: Calcium Concentration in Groundwater
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Figure 7.7: Magnesium Concentration in Groundwater
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Figure 7.8: Potassium Concentration in Groundwater of Thal Doab
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Figure 7.9: Chlorides Concentration in Groundwater
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Figure 7.10: Sulfates Concentration in Groundwater
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7.6 Water Quality Assessment for Irrigation

The assessment of the water for irrigation is complex subject due to interaction of soil-water-
crop- climate during plant growth. The salt tolerant crop can give production by using 10 fold water
salinity than normal agriculture based on soil and better management practices. Soluble salts are present
in all natural waters and their concentration and composition determine the suitability for irrigation. The
amount of salts in water may be small but may be quite significant to affect yield of crops. Suitability of
water for irrigation which will be discussed here is simply based on salinity, sodicity and toxicity.

The soil salinity problem occurs when soluble salts from water accumulate in the root zone to the
extent that to injure crops. Salt accumulation increases the osmotic pressure which reduces water intake
by plant. Plants roots take in water but absorb very little salts from the soil solution. Moreover water but
no salt is lost through evaporation from the soil surface, both these process result in accumulation of salts
in the soil water. If irrigation water is supplied so sparingly that leaching is insufficient or if drainage is
inadequate the soil becomes saline and growth is inhabited.

Another factor in evaluating irrigation water quality is sodicity (the potential for an excess
concentration of sodium) in the soil leading to a deterioration of soil structure. The accumulation of
sodium in soils results most often from the use of high SAR irrigation water or water with high level of
HCO3 and CO3 ions. When calcium and magnesium are the predominant, cations adsorbed on soil and ion
exchange occurs, the soil tends to have a granular structure. On the other hand the proportion of sodium
tends to defeculates soil, disperses the clay which may cause reduction of permeability when the amount
of adsorbed sodium is more than10 % of the total cations.

There is a long list of toxic element in water but Boron becomes harmful in natural water. Though
Boron is essential for plant growth but exceedingly toxic at concentration only slightly higher above
optimum level, i.e., >1 (FAO/UNESCO 1973). Luckily Boron is a seldom creates problem in Indus Basin,
therefore it is not analyzed in presents study. The criteria flowed by Provincial Irrigation Authority (PIA)
Punjab is given in Indus Basin are shown in Table 7.5

Table 7.5: Guideline for interpretations of Water Quality for Irrigation
Adopted by Irrigation Department in Punjab (Kahlown and Khan 2000)

Parameter Units Usability

Usable Marginal Hazardous

Salinity µS/cm <1500 1500-3000 >3000

Sodicity(SAR) - <10 10-18 >18

RSC Meq <2.5 2.5-5 >5

Toxicity(Boron) ppm <1 - -

The Figure 7.11 indicates that five wells fall in the Hazardous and 13 well are in marginal
groundwater quality. In this way 68 % wells are freshwater and usable under normal management
techniques. The groundwater in the area of 23 percent wells indicating marginal groundwater is being
successfully utilized by local population as the soil of the area is saline. Many farmers are using water of
EC more than 4000 µS/cm along river Jhelum. However the groundwater in 9 percent wells is not usable.
In this way Thal Doab is a huge source of groundwater will play important role in food security of the
country.
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Figure 7.11: Salinity Diagram for Irrigation Water Quality Assessment

7.9 Groundwater Evolution

It is postulated that all the groundwater in alluvial fill in Indus Plain was saline under the
depositional environments. The fresh groundwater as available in this area is due to recharge from
precipitation, rivers, streams and IBIS consisting of canals, distributaries, minors, watercourses and field
crops irrigation. The composition of water therefore is dependent upon various influencing factors
occurring in the atmosphere –soil-groundwater-rock complex and contact time of the water in rocks, as
well as the recharge source and its extent. The study area is at the starting point of Indus Plain which is
bounded by hills in north and west. In north the consolidated rocks are of sedimentary origin and less
common metamorphic and igneous.

The sources of chemical reactions those might have influenced the concentration of solutes in
Thal Doab are; (1) the dissolution of limestone (calcite, CaCO3) and dolomite (CaMg(CO3)2) for Ca, Mg,
and HCO3; (2) the dissolution of gypsum (CaSO4·2H2O) and anhydrite (CaSO4) for Ca and SO4; (3) the
dissolution of halite (NaCl) the Na and Cl in the Salt Range Formation. The possible source of ion
exchange in Lower Thal might be reactions on the surfaces of some clay minerals whereby sodium is
released to the water in exchange for calcium or magnesium. Sodium may also have been derived from
the dissolution of silicate minerals such as plagioclase feldspars from the study area. Potassium is
expected to have been derived from the dissolution of some silicate minerals such as clay minerals
(Bartolino, J.R., and Cole, J.C., eds., 2003).

The concentration of salts in groundwater is low in recharge areas and high in discharge area as s
in shown in Figure 7.4. In general the salt concentration is low in shallow horizons but high in deep
groundwater where recharge source is only precipitation. Along Indus River where geological formation
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is transimisssive and hydraulic gradient is favorable along left bank in Thal Doab the groundwater is
found to be fresh up to entire depth of 90 m. Away from the flood plains the salt concentration increased
with the depth. It is apparent from Figure 7.8 to 7.10 that EC and anions are low in recharge area and
increasing towards the discharge area in the aquifer. In general the increase in EC and anions dominance
evaluation sequence HCO3 SO4 Cl (suggested by Chebotarev 1955) holds loosely by reflecting
the change from oxidizing to reduction in Thal Doab. This sequence might hold completely for crystalline
or pure silicious sedimentary terrain. A cation evaluation sequence in the groundwater system is though
difficult to hold, however the zonation identified by the( Matthess 1982); Ca- Ca+Mg- Na holds good in
Thal Doab as the freshwater in recharge area has high concentration of Ca as indicted in Figures 7.4, 7.9
and 7.10.



96

References

1) Bartolino, J.R., and J.C Cole. 2003. Groundwater resources of the Middle Rio Grande Basin U.S.
Geological Survey Circular 1222  pp-91-92

2) Chebotarev, I. 1995. Metamorphism of natural waters in the crust of Weathering, Geochim,
Cosmochim, Acta 8, London, New York: 23-48,13-170, 198-221.

3) Durov, S. A. 1948. Natural waters and graphical representation of their Composition. Dokl. Akad.
Nauk. USSR 59, 87–90

4) FAO/UNESC.1973. Irrigation drainage and salinity an international source book, Paris,
UNESCO/HUTCHINSON Publishers, London, U. K. 51p

5) Kahlown M. A and A. D. Khan. 2002. Irrigation water quality manual, Pakistan Council of
Research in water Resources , Islamabad, Pakistan 61p

6) Kehew, A.E., 2001. Applied chemical hydrogeology: Upper Saddle River, N.J., Prentice Hall,
368 p.

7) WAPDA.1989. Hydrogeology map of Pakistan. Scale 1: 2000,000 first edition. 28p

8) Mattthess, G. 1992. Properties of groundwater. A Wiely -Interscience publication. New York,
Chichester, Briseban, Torranto, Singapore, 406p.

9) Piper, A.M., 1994. A graphical procedure in the geochemical interpretation of water analysis.
Am. Geophys Union Trans. v. 25: p. 914-928.

10) Runnells, D.D. 1993. Inorganic chemical processes and reactions: regional groundwater quality.
New York, Van Nostrand Reinhold, pp: 131–153.

11) Waterloo Hydrogeologic Inc. 2001. AquaChem software .ver.2010.1.83   Ontario, Canada.

12) Z. Jamshidzadeh and S.A. Mirbagheri. 2011. Evaluation of groundwater quantity and quality in
the Kashan Basin, Central Iran in Jr. Elsevier Desalinization, 270(2011): 23-30



97

8.1 Background

As method for analyzing isotopes and chlorofluorocarbons continue to develop, easily useful
information is being gained in groundwater system (Clark and Fritz 1997; Kenfdal and Macdoonel 1998;
Cook and Herczeg, 2000). Stable isotopes are fingerprint to reveal groundwater and source of dissolved
nitrate and other constituents. Radioactive isotopes and dissolved chlorofluorocarbons are (CFCs) are
used as clocks to determine the residence time for underground waters. These are particularly effective in
investigating water reserves below the earth’s surface (groundwater). Isotope hydrology provides insights
into water’s behavior and helps to build the foundations for rational utilization of this precious resource,

In the present study, isotope techniques were applied in a selected area of Indus Plain known as
Thal Doab for identification of origin of groundwater, study of recharge mechanism, interconnection
between surface water / groundwater and determination of residence time / age of groundwater. Two
hundred and eleven sampling stations spread over the entire study area (Mianwali, Khushab, Bhakar,
Layyah, Jhang and Muzaffargarh districts) were selected for collection of water samples. The sampling
points included rivers, canals, hand pumps and tube wells. The rivers and canals represent surface water
(recharge source) while the hand pumps (143) and tube wells (68) represent shallow and deep
groundwater respectively. The sampling station for shallow and deep groundwater is shown in Figure 8.1.
Important physico-chemical parameters like pH and EC were measured in-situ using portable pH and EC
meters. From each sampling point, separate samples for stable isotopes (2H, 18O) and radioactive isotope
(3H) were collected in pre-cleaned polyethylene bottles. The main concern during sampling, transport and
storage was to avoid isotope fractionation through evaporation or diffusive loss of water vapour, and/or
isotope exchange with the surroundings as well as with the bottle material. These effects were minimized
by using appropriate collection methods and sampling bottles. All the bottles were marked individually
with waterproof marker (project code, location, date, sample number, type) and the information was
cross-referenced with the field notebook

Chapter 8
Recharge Source and
Groundwater Dating
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Figure 8.1: Location of sampling stations for isotopes
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For determining the oxygen isotopic composition of water samples, CO2 equilibration method
was used (Epstein and Mayeda, 1953, Sajjad, 1989). This method involves equilibration of CO2 with
sample water and subsequent mass spectrometric determination of "R" - the ratio of 12C 16O18O/12C 16O2

obtained by suitable corrections from the masses 46 and 44 in CO2, which has isotopic ally equilibrated
with water sample. This is compared with isotopic ratio in CO2 equilibrated with internal standard at
identical temperature. The standard error of measurement is of the order of 0.1 ‰.

8.2 Isotopes in Recharge Sources

The possible sources of recharge of the aquifer in Thal Doab are rain, rivers (Indus, Jhelum,
Chenab) and irrigation canals passing through the area which originate from the rivers.

8.2.1 Rain

Rain samples were collected at Chashma. The δ18O values of local rainfall range from -7.2 to
+6.8‰ with weighted average of -3.8‰ while δ2H values range from -45.7 to +29.7‰ with weighted
average of -22.3‰. If only such events are considered when rainfall is more than 5mm a, weighted
averages of δ18O and δ2H come out to be -4.3‰ and -23.6‰ respectively. The data shows that the rainfall
isotopic composition is primarily affected by rainfall amount, which is a well known feature of this part of
the world (Araguas et al., 1998). Isotopic values are plotted in Figure 8.2. Regression of the isotopic data
gives the Local Meteoric Water Line (LMWL) as represented by the following equation:

δ2H = 7.4 δ18O + 6.4                                          (r2 = 0.943)

Figure 8.2: Plot of stable isotope composition of rain at Chashma

Hussain et al. (1990) have studied the isotopic index of rainfall at Sargodha (a station located
very close to the present study area) during 1984 -`1988. The weighted average values of δ18O and δ2H of
rainfall over the period of four years were found to be -4.5‰ and -22‰ respectively.

8.2.2 Surface Water (Rivers/Canals)

Ahmad et al (1996) have carried out long term monitoring of the isotopic composition of all
major rivers of Pakistan at various stations including different barrages/headworks located in the present
study area (Indus River at Chashma & Taunsa, Jhelum River at Rasul, and Chenab River at Trimmun).
According to their findings, δ18O and δ2H concentrations of Indus River at Chasma vary from -12.1 to -
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8.0‰ (average = -10.1‰) and -77.8 to -54.7‰ (average = -67.8‰) respectively. These isotopic values at
further downstream station, Taunsa Barragg, range from -13.5 to -8.6‰. (average = -11.5‰) and -82.9 to
-53.6‰ (average = -73.8‰) respectively. River Chenab at Trimmu Headworks has δ18O and δ2H
concentrations as -13.0 to -6.6‰ and -79.6 to -33.8‰ respectively. Average values of these isotopes are -
9.1‰ and -57.7‰ respectively. At Rasul Barrage, the river Jhemum has δ18O ranging from -7.8 to -5.9‰
(average = -6.8‰) and δ2H ranging from -44.7 to -32.5‰ (average = -38.9‰). (Ahmad 2000) found δ18O
and δ2H values of this river at Rasul during the period October 1983 to October  1988 as -9.6 to -6.5‰
(average = -7.9‰) and -64 to -37‰ (average = -49.0‰) respectively. Indus and Chenab Rivers have
more negative values than Jhelum River. These extremely negative values reveal the high content of
glacier / snowmelt water, which is typical for high altitude rivers.

During this study, samples were collected from Indus River at Kalabagh(Sample No. 9) and
Jhelum River near Khushab (Sample No. 109). Table 7.1 shows that δ18O and δ2H contents of Sample No.
9 are -9.5‰ and -67‰  and  those of  Sample No. 109  are -8.3‰ and -54‰. Tritium concentrations of
these samples are 10.8 and 12.3 TU respectively. Canal samples (major canals) were also collected from
some stations (Sample No. 7, 26, 246, 257, 276). Their isotopic (18O, 2H, 3H) composition is similar to the
parent river.

The data clearly show that the isotopic signatures of the rivers and the rain are quite different.

8.3 Isotopes in Groundwater

The 18O compositions of shallow and deep groundwaters range from -12.2 to -2.2‰ (with an
average of -8.4‰) and -11.8 to -4.8‰ (with an average of -8.7‰) respectively, and the δ2H compositions
range from -87.4 to -17.6‰ (with an average of 60.4‰) and -84.2 to
-34.3‰ (with an average of -65.6‰) respectively. Interestingly, the average 18O and δ2H compositions
of shallow and deep groundwaters are close to each other and to the surface water but entirely different
(highly negative) than the weighted average rainfall values (-4.2‰ and -24.6‰). Tritium concentrations
of shallow and deep groundwater range from 0 to 15.4 TU and 0 to 21.2 TU respectively.

8.4 Groundwater Recharge Mechanism

Information about the origin/sources of recharge of any aquifer is of fundamental importance for
its safe exploitation. Thus, the problem of origin and distribution of groundwater becomes a matter of
defining the time, place and amount of replenishment, and distinguishing lateral / vertical differences in
groundwater movement from points of recharge to points of discharge. Input to the aquifer of the project
area may occur as infiltration of rain, infiltration from river system or by sub-surface inflows. Isotopic
characteristics of recharge sources and groundwater were employed for determination of groundwater
recharge mechanism.

8.4.1 Frequency Distribution of 18O

Histograms of the frequency distribution of 18O of shallow and deep groundwater are shown in
Figure 8.3 and 8.4 respectively. Figure 8.3 reveals that maximum frequency lies in the classes showing
the isotopic index of surface water (-7 to -10‰). Another small population (much smaller than the first
one) with modal class at -3‰ (close to the rain index) is also shown. The frequency distribution pattern
indicates that most of the shallow groundwater samples have major contribution from the surface water.
Number of samples showing rain influence on groundwater recharge are very few. Frequency distribution
of deep groundwater (Figure 8.4 ) is skewed towards the highly negative values representing the isotopic
indices of rivers and canals flowing in the study area. Maximum frequency occurs close to the
composition of the rivers with modal class at -10‰. In this case too, most of the samples reflect the
higher fraction derived from the surface waters.
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Figure 8.3: Frequency histogram of 18O values of shallow groundwater

Figure 8.4: Frequency histogram of 18O values of deep groundwater

8.4.2 Spatial variation of 18O

Spatial distribution of 18O of shallow and deep groundwater is shown in Figure 8.5 and 8.6. In
general, groundwater in Thal Doab can be divided into three main categories depending upon their
isotopic composition viz. Category-1 with enriched isotopic values (18O > -5.5‰), Category-2 with
intermediate isotopic values (-7.5 to -5.5‰) and the Category-3 with depleted isotope values (18O < -
7.5‰).

Geographical distribution of these categories in shallow groundwater is depicted in Figure 8.3.
Category-1 waters are found in a narrow zone in the upper eastern part of the Doab between Grot,
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District. Khushab and Hyderabad Thal, Disricts. Bhakar (Sample # 53, 61, 65, 71, 73, 75, 78, 80, 86, 95,
220, 225, 326). Their isotopic composition reflects that shallow groundwater in this zone is recharged by
the rain and there is no contribution of river water at these stations. As we move vertically and laterally
distance increases from the rain fed area, isotropic values go on depleting suggesting the decreasing role
of rain and increasing role of surface waters in groundwater recharge. Shallow groundwater at sampling
points surrounding the rain-fed area show intermediate isotopic values (Category-2 waters) suggesting
mixing of varying fractions of rain water and river water. At sampling points immediately below the rain-
fed area, shallow groundwater has 18O composition in between -5.5 and -6.5‰. These values reveal that
rain is the dominant source of recharge at these locations and contribution of surface water is very low. In
the area shown in light green color in Figure. 8.7 (Mixed recharge zone), groundwater isotopic
composition is relatively depleted (between -6.5 and -7.5‰) reflecting higher contribution of surface
water as compared to the rain. All the sampling points located along the Indus River right from the start of
the Doab to the very end show highly negative 18O values (< -9‰), which signify that these sites are fed
by isotopically depleted river / canal water. Most of the points located along the Chenab River have 18O
from -9 to -8‰ reflecting the major input from this river.

Geographical distribution of various categories of deep groundwater is depicted in Figure 8.8.
Unfortunately, deep groundwater samples from the upper part of the study area were not available
because tubewells were either not existing at all or were not in operation during the field sampling period.
Two sites near Hyderabad Thal in District. Bhakar were sampled (Sample No. 221 and 224) which
showed 18O values -4.8‰ and -5‰ indicating that deep groundwater in this area falls in Category-1 like
the shallow groundwater. As in shallow groundwater, the area surrounding the rain-fed locations has
intermediate isotopic composition (Category-2) reflecting the mixed recharge from both sources. Three
samples (# 319-321) taken from the points immediately below the rain recharged locations have 18O
values -6.1, -6.3 and -6.4‰ meaning that rain is the dominant contributor as compared to surface water.
Contribution of surface water is more at other locations in mixed recharge   zone.  All the points located
along the Chenab River and Indus River (depleted isotopic values) indicates major contribution from the
river/canal system (Category-3).

The 18O values in shallow and deep groundwater show similar geographic distribution pattern
proving that they are interconnected and influenced by the same recharge mechanism.
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Figure 8.5: Spatial distribution of 18O in shallow groundwater
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Figure 8.6: Spatial distribution of 18O in deep groundwater
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Figure 8.7: Spatial Distribution of various Categories of Deep Groundwater
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Figure 8.8: Spatial Distribution of various Categories of Deep Groundwater
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8.4.3 18O and 2H Relationship

18O and 2H relationship of all groundwater samples in comparison with LMWL is plotted in
Figure. 8.8. Almost all the river points lie on the LMWL, which reflects the substantial amounts of
rainfall in the river discharge in Thal Doab as well as the minor evaporation effects for the rivers. Most of
the groundwater samples are plotted more or less along and/or slightly below the LMWL, which provides
compelling evidence that all groundwater is derived from river water and rainfall with a minor localized
evaporation effect.

Figure 8.9: 18O vs. 2H plot of shallow and deep groundwater

The -plot of shallow groundwater samples is shown in Figure.8.9 according to which there is a
wide range of isotopic values due to variable isotopic composition of the recharge sources at different
times, varying contribution of the recharge sources and some effect of the evaporation on the recharging
waters. Most points are scattered around LMWL and are located close to the river points confirming the
aquifer replenishment mainly from the rivers. The points fall between the river index and rain index
reflect mixing of river and rain recharge. Some samples of this type (mixed recharge) reflect evaporation
effect. Samples having enriched values fall close to the rain point suggesting the rain recharge at these
stations. Many samples with 18O > rain value are distributed below the LMWL along the line AB having
slope much less than the LMWL showing significant evaporation effect (IAEA, 1983).

Figure 8.10: 18O vs. 2H plot of shallow groundwater
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18O and 2H plot of deep groundwater (Figure;8.11) reveals similar trend as shown by the shallow
groundwater. Samples having depleted isotopic values are distributed along the LMWL close to the points
representing the rivers and canals. Hence, these locations seem to have major contribution from the
surface water. Samples falling in between the river and the rain indices indicate the contribution towards
groundwater replenishment from both sources at these locations. Deep groundwater samples with
intermediate isotopic composition (18O: -7.5 to -5.5‰) mostly plot below LMWL due to mixing of
evaporated rain water. Sample No. 221 and 224 having highly enriched isotopic composition (rain
recharged) plot much below the LMWL suggesting the significant evaporation of the infiltrating water
before replenishing the aquifer.

Figure 8.11: 18O vs. 2H vs plot of deep groundwater

8.5 Groundwater Residence Time

Tritium values of rivers range from 10 to 12. TU which could be considered as the present day
tritium content in precipitation in the study area. Tritium values in groundwater range from 0 to 21.2 TU.
Tritium activity is found in most of the analyzed samples, which indicates that aquifers are nourished by
fresh recharge over most of the Doab. In general, groundwater can be divided into following main
categories depending upon the tritium values.

a) 0 to 2 TU

Areas having tritium content in the range of 0 to 2 TU were recharged before 1950s when
thermonuclear tests were made in the northern hemisphere releasing a large quantity of tritium into the
atmosphere. This is old water having residence time of more than 60 years (Ahmad, 2000).

b) to 4 TU

Tritium content of 2 to 4 TU suggests that that less modern tritiated water has infiltrated at these
locations and hence the average residence time of groundwater at these locations is likely to have been
longer (about 50 years).

c) 4 to 8 TU

Groundwater having tritium in the range of 4 to 8 TU is relatively young and contains significant
fraction of post-1960s water. Areas with groundwater having tritium in this range are related to modern
recharge.
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d) > 8 TU

Areas where groundwater tritium values are more than 8 TU are associated with recent recharge
and groundwater is recent in origin. Residence time of such waters is only few years.

Geographical distribution of above mentioned four categories of water are depicted in Figure.
8.12

and 8.13. These figures show that sampling locations along the river Indus and in the confluence
area generally contain modern to recent groundwater indicating quick recharge. Groundwater in upper
middle part of the Doab (Thal Deseret) has no or very little tritium. The reason might be the long travel
time from a distant area or very slow movement in the unsaturated zone resulting in the loss of tritium
activity due to radioactive decay before recharging the aquifer. Hence, groundwater in this zone is old
(residence time more than 50 years).
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Figure 8.12: Shallow Groundwater Dating



111



112

Figure 8.13: Deep Groundwater Dating
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9.1 Background

Planning for long term development of groundwater reservoir and sustainable yield often focused
the concept of safe yield and mining. Many definitions of safe yield are available in literature. Any useful
concept of the safe yield requires that quantitative values of yield be established within frame work of a
principal of continuity, precise definition of the extent to which side effects or undesirable will be
tolerated. Accordingly the safe yield of the any aquifer is not a single fixed rate of withdrawal but is
variable rate that depends upon many complexly interrelated factors of which the hydrological condition
may be one of many.

The concept of safe yield is now being replaced by the optimal yield and mining. Now the
concept of optimal yield is being introduced which means the optimal plan for use of groundwater supply.
It is realization of maximum economic objectives; the groundwater development, subject to physical,
chemical, legal and other constraints on the use of aquifer.(Water Resources Council 1973).

Response of groundwater system to pumping stress depends upon aquifer parameters (storativity,
transmissitivity) hydrological and geological boundaries and positioning and withdrawal development in
the groundwater system. In groundwater hydrology the expression bound conditions refer to lithological,
geochemical and hydrologic conditions at the boundaries of the aquifer. These bounding conditions
commonly are primary factors influencing the functioning of aquifer unit and its response to pumping
(Heijde. P.V, etal 1986).

The flow of groundwater and change in water table can be analyzed mathematically by partial
differential equations when appropriate information on hydrological and geological conditions is
available. These equations and the concepts are well accepted by hydrologists and engineers dealing with
flow in porous media. The classic approach describes the dynamic of groundwater system to solve the
flow equations for the appropriate initial and hydrological conditions of the system. The computer models
provide solution of equations for very complex field problems and thereby means for simulating and
response of complicated systems.

9.2 Groundwater Models and their Applications

Model is a representation of real systems. In general, models are conceptual descriptions or
approximations that describe physical systems using mathematical equations—they are not exact
descriptions of physical systems or processes. The applicability or usefulness of a model depends on how
closely the mathematical equations approximate the physical system being modeled. In order to evaluate
the applicability or usefulness of a model, it is necessary to have a thorough understanding of the physical
system and of the assumptions embedded in the derivation of the mathematical equations (Mandle J.
Richard 2002). Groundwater models describe groundwater flow and transport processes using
mathematical equations that are based on certain simplifying assumptions. These assumptions typically
involve the direction of flow, geometry of the aquifer, the heterogeneity or anisotropy of sediments or
bedrock within the aquifer, the contaminant transport mechanisms and chemical reactions. Because of the
simplifying assumptions embedded in the mathematical equations and the many uncertainties in the
values of data required by the model, a model must be viewed as an approximation and not an exact

Chapter 9
Aquifer Management

(Regional Groundwater Modeling)
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duplication of field conditions. Groundwater models, however, even as approximations are a useful
investigation tool that groundwater hydrologists may use for a number of applications. Among these are: ·

 Evaluation of regional groundwater resources.

 Prediction of the effect of future groundwater withdrawals on groundwater levels.

 Prediction of the possible fate and migration of contaminants for risk evaluation.

 Tracking the possible migration pathway of groundwater contamination.

 Evaluation of design of hydraulic containment and pump-and-treat systems.

 Design of groundwater monitoring networks.

 Wellhead protection area delineation.

It is important to understand general aspects of both groundwater flow and fate transport models
to ensure that application or evaluation of these models may be performed correctly.

9.3 Groundwater Modeling Mechanism

The simulation of groundwater flow requires a thorough understanding of the hydrogeologic
characteristics of the site. The hydrogeologic investigation should include a complete characterization of
the following (Mandle J. Richard 2002)

I. Subsurface extent and thickness of aquifers and confining units (hydrogeologic framework).

II. Hydrologic boundaries (also referred to as boundary conditions), which control the rate and
direction of movement of groundwater.

III. Hydraulic properties of the aquifers and confining units.

IV. A description of the horizontal and vertical distribution of hydraulic head throughout the modeled
area for beginning (initial conditions), equilibrium (steady-state conditions) and transitional
conditions when hydraulic head may vary with time (transient conditions).

V. Distribution and magnitude of groundwater recharge, pumping or injection of groundwater,

VI. Leakage to or from surface-water bodies, etc. (sources or sinks, also referred to as stresses).

VII. These stresses may be constant (unvarying with time) or may change with time (transient).

The outputs from the model simulations are the hydraulic heads and groundwater flow rates
which are in equilibrium with the hydrogeologic conditions (hydrogeologic framework, hydrologic
boundaries, initial and transient conditions, hydraulic properties, and sources or sinks) defined for the
modeled area.

The advent of high speed and large capacity computers has increased capability of mathematical
models or solutions of flow equation for many complex groundwater systems

9.4 Model Description and Flow Equation

The model code used in this study was originally written by McDonald and Harbaugh (1984) and
simulates groundwater flow in three dimensions. The movement of groundwater of constant density
through a porous medium can be described by the partial differential equation

( ) ( ) ( ) (1)
h h h h

Kxx Kyy Kzz W Ss
x x y y z z t
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, ,x y and z are Cartesian Coordinates aligned along the major axes of hydraulic conductivity
, , .Kxx Kyy and Kzz Hydraulic conductivities are dimensioned in

1LT 
;

h is hydraulic head, in L;

W is a volumetric flux per unit volume and represents sources and sinks, in
1T 
;

Ss is the specific storage of the porous material, in
1L

; and

L and T represent dimensions in length and time, respectively.

Equation 1 describes ground water flow under non-equilibrium conditions in a saturated
heterogeneous and anisotropic porous medium. The model is represented as a three-dimensional matrix of
discrete nodes or grid cells; for each cell, a finite-difference equation is formulated that constitutes an
approximation of equation 1. These approximations are assembled into a set of simultaneous finite-
difference equations that are solved by using the strongly implicit procedure.

9.5 Thal Aquifer Flow Modeling

The flow model was developed with following objects

 Aquifer simulation (evaluation of aquifer behavior);

 Evaluating recharge, discharge and aquifer storage processes (water resources assessment);

 Quantifying the sustainable yield (economically and environmentally sound allocation policies);

 Predicting impacts of alternative hydrological or development scenarios (to assist decision-
making);

These objectives were achieved through three stage modeling approach; model development, calibration
and prediction. The detailed discussion is given in following paragraphs.

9.6 Model Development

Model development is initial phase of the modeling process and consists of conceptualization
(discritization of space, boundary and initial conditions, set of data of model parameters; permeability,
storativity); set of data of the stresses (pumping) and data for calibration (heads)( Franke, O.L., Reilly,
T.E., and Bennett, G.D., (1987)

9.6.1 Conceptualization

A conceptual groundwater model is simplified representation of the essential features of a
physical hydrogeological system and its hydrological behavior to adequate degree of details (Middlemis,
2000). It is a pictorial representation of groundwater flow system frequently in the form of Block
Diagram or cross section (Anderson and Woesioner, 1992). In scientific terms, a conceptual model is a
hypothesis which is formulated on the basis of the available data, experience and the professional
judgment of the modeler. (Wels, C, 2012), Thal Doab conceptual model is given in Figure 9.1 and
discussed in following section;
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Figure 9.1; Conceptual Model of Thal Doab

The Thal Doab is about 447 kilometers long with the varying width from 150 to 20 km with the
average of 110 km elongated in north south direction. Looking into available data and purpose of
modeling, the model grid of 2.5 km x 2.5 km with an area of 6.25 Km2 was used in simulation. In this way
the finite difference grid consisted of 60 columns and 179 rows were designed for simulation. Out of total
10740, the active cells were 4032, which consist of area between natural boundaries; Indus River in the
west and Jhelum and Chenab Rivers in the east and all cells were of the same area.

9.6.1 Numerical computer code selection

Visual MODFLOW v.3.0 premium by Waterloo Hydrogeologic.Inc was selected for
simulation of groundwater flow in Thal Doab. Visual MODFLOW is the most complete and user
friendly modeling environment for practical applications in three-dimensional groundwater flow and
contaminant transport simulation. This fully-integrated package combines powerful analytical tools
with a logical menu structure. The user friendly graphical tools allow to:

 Quickly dimension the model domain and select units

 Conveniently assign model properties and boundary conditions

 Run model simulations for flow and contaminant transport

 Calibrate the model using manual or automated techniques

 Optimize pumping and remediation well rates and locations, and

 Visualize the results using 2D or 3D graphics.
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The model input parameters and results can be visualized in 2D (cross-section and plan view) or
3D at any time during the development of the model or the displaying of the results. For complete three-
dimensional groundwater flow and contaminant transport modeling, Visual MODFLOW is the best
software package available.

9.6.2 Boundary Conditions

Setting of Physical and hydraulic boundaries in modeling was based on surface features like
topography, land form, streams and geological material and pumping depth. The detailed discussion is
given in the following part of the text.

a) Physical boundaries

Thal Doab constitutes a large continuous alluvium aquifer with land surface as its upper
horizontal boundary. It is a triangular shaped area which is bounded by Salt Range hills in north whereas
in east, west and south the area is bounded by perennial rivers. The length of doab is 447 Km and average
width of 110 km forming total area of 3280 km2 Vertical boundaries were based on pumping depth rather
than geology. Geological formation here is alluvium consisting of very fine to medium sand slit and clay
interclaises. The clay inteclaises are irregular in pattern and no boundary can be formulated on the basis
of lithology. The depth of aquifer varies from 220 m to 850 m which is shallow in north and deep in
central part. The model was based on three vertical boundaries. The first layer consists of aquifer part
which extends from ground surface to 50 meters depth. Almost entire pumping in the Thal Doab was
from this part of aquifer which needed real concentration.  The second layer is set from 51 – 201 meters
depth. The maximum depth of pumping in near future could be expected from this part of the aquifer. The
third layer extends right up to the bed rock and its thickness varied from place to place based on
topography and depth of bed rock.

b) Hydraulic Boundaries

The base of triangular area in north flanked by the Salt Range Mountains was taken as non flow
boundary.  River boundary was set on the western, eastern and southern sides of the area. The data of
river stage and width was collected from Federal Flood Commission (FFC). The FFC have modeled all
major streams and rivers for stage-discharge relationship at different gauging point. The surface recharge
was calculated as combined effects of percolation through precipitation, seepage form irrigation canals,
water courses and return flow of pumping. The evaptranspiration in irrigated area was covered in
precipitation and other components which were supposed to be constant during simulation period and was
ignored in non- irrigated areas.

9.6.3 Model Parameters

The model code requires permeability and storativivty for flow modeling. Data of 40 pumping
tests conducted by the USGS in late sixties was processed and seven zones were identified on the basis of
aquifer characteristics.  Single value of each hydraulic parameter was assigned by taking simple average
of all tests falling in particular zone. The developed hydraulic zones are shown in Figure. 9.3
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Figure 9.2: Model Discritization with River Boundaries



120

Figure 9.3; Eight Conductivity Zones in Modeling Area

9.7 Model Input

Field visits were conducted for acquiring groundwater pumping data. Total number of tubewells,
pumping hours and designs of the wells was maintained in a spread sheet. Past data on pumping was
collected from Provincial Agriculture Department which prepares the annual inventories of the well in
each district. Some data was also obtained from publications of the Punjab Government; “Punjab
Development Statistics’, for various simulation periods. The other input data used in model was 1km
GTOPO 30 USGS Digital Elevation Model, river bed topography, surface recharge through precipitation,
canals and water courses and heads data which was collected from International Water Logging and
Salinity Institute (IWARI) of WAPDA.
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9.8 Calibration

After proper characterization of the field condition, the model calibration was achieved manually.
The models input parameters were changed to match field conditions within some acceptable criteria. The
process typically involved calibrating to steady-state and transient conditions. No change in storage and
heads were observed during steady-state simulations. Transient simulations were calibrated for different
pumping rates during different time periods which caused change in storage as well as hydraulic heads.
The model was calibrated through comparisons between model-simulated conditions and field conditions
for data: hydraulic head data, groundwater-flow direction, Hydraulic-head gradient, water balance which
is thought to be minimum requirement (ASTM), in case of flow modeling

9.9 Calibration Period

Steady state or pre-development simulation was calibrated for the year 1984 and transient
simulations were calibrated for four stress periods;; 1985 to 1991, 1992 to 1996, 1997 to 2004 and 2005
to 2009. The Hydraulic heads data of years 1984, 1991, 1994, 2004 and 2009 was used for calibration of
theses stresses

9.10 Simulation Output

Statistics of steady state calibration is given in Figure 9.4. At predevelopment time in 1984 the
data of hydraulic heads for calibration was limited and was mainly for Lower Thal, therefore only 13
observations well could be made available for steady state calibration of heads.  A gap on graph is
apparent indicating the lack of observation points. The Statistics Report for Steady State is discussed
under sub- heading 9.10.1;

Figure 9.4 calculated Vs Observed Heads for Steady State period (1984)
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9.10.1 Statistical Analysis of Hydraulic Heads During Steady State Simulation

 Model Name : final Thal model

 Parameter: Head [m]

 Time: Steady state

 Num. of Data Points : 13 later on increased by 19

 Max. Residual: 3.789 (m) at KA-457/C

 Min. Residual: -0.153 (m) at KA-519/A

 Residual Mean : 1.538 (m)

 Abs. Residual Mean : 1.949 (m)

 Standard Error of the Estimate : 0.499 (m)

 Root Mean Squared : 2.315 (m)

 Normalized RMS : 3.073 ( % )

 Correlation Coefficient : 0.997

9.10.2 Predevelopment (Steady State) Mass Balance

Predevelopment Mass balance simulated at the end of 1984 is as below;

a) Inflow

Surface recharge; 8.5 Billion Cubic Meter (BCM)

Rivers leakage; 99.53

Total inflow; 111BCM

b) Outflow

Flow to rivers; 99. BCM and evaptranspiration (supposed to be constant for simulation period)

c) Discrepancy; 2.71E+09 which is 2.45 percent, which is acceptable for regional modeling (
MODFLOW 2000)

d) Calibration of storage properties; model was run for one year under transient condition for
calibration of the storage proprieties.
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Figure 9.5 Graphical Representation of Simulated
Mass Balance during steady state

9.11 Simulated Groundwater Flow System in Thal Doab Aquifer

The groundwater flow is governed by topography and hydrology which is generally described at
three levels; Regional, Intermediate (sub-regional) and local. Thal Doab is elongated triangular plain area
(North–South) with base in north which is flanked by mountains (Salt Range). Though the area is plain,
still it has a lot of variations in topography. The maximum elevation in extreme north is 343 m and
minimum of 95 m in south. The relief in area, therefore, is 248 km. Total length of the area is 447 km.
The slope therefore is 0.55 m/ km which varied at local and sub-regional level.

9.11.1 Local Flow Paths.

Local groundwater flow regimes are characterized by relatively shallow flow paths that extended
only from recharge to adjacent discharging areas.

Mainly six local flow systems were derived from simulated flow lines. As the area is generally
plain, therefore river- aquifer interaction played important role in governing the local flow systems. The
three local flow paths as indicated by arrows in Figure 9.6 were located along river Indus and two along
river Jhelum and one at the confluence of  Chenab and Indus River in south .

9.11.2 Intermediate (Sub-Regional) Flow Paths

For description of intermediate or sub-regional flow, the Thal area was divided into three sub-
regions; Upper Thal, Lower Thal and Middle Thal

a) Upper Thal

The Upper Thal consists of area under Mianwali Khushab and Bakkhar Districts.  The flow
direction in eastern part of Upper Thal is toward west and south- west away, from River Jhelum toward
Indus River. The flow on western side of Upper Thal was found toward west and groundwater was
leaking into the Indus River.
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b) Middle Thal

The Middle Thal consists of parts of Layyha, Muzaffargarh and Jhang District. The flow in this
part of the model area was found southward .The groundwater leaks out into the both rivers in lower
reaches.

c) Lower Thal’

The Lower Thal forms a narrow strip of area between river Indus and Chenab. The groundwater
flow at entering point of this zone split into two parts. In eastern half the groundwater flow was found
towards Jhelum River whereas the western half drained into Indus Rive. Both these rivers meet at the
ends of Thal Doab and become a single river which continues its travel towards sea as mighty Indus.

9.11.3 Regional Groundwater Flow Path;

The Thal Aquifer is recharged by many components; river outflow, precipitation, canal network
and return flow of pumping. However the regional flow paths are mainly governed by the topography and
river boundaries. The regional flow emerges from piedmonts of the Salt Range flowed along the rivers
and finally terminates at the confluence of Indus and Chenab rivers in extreme south at Mithan Kot in
southern Punjab.
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Figure 9.6: Simulated Flow System
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a b

c d

e f
Figure 9.7: Surface water – groundwater interaction(aquifer – river interaction)
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9.12 Simulated Hydraulic Heads

Hydraulic heads are the main output of the groundwater flow model as it is indicator of change in
reserve in aquifer. Monitoring and management of aquifer is dependent upon this indicator. Variations in
hydraulic heads may differ at local and regional level depending upon groundwater abstraction, recharge
and aquifer properties. Therefore simulated heads are discussed sub regional and regional levels.

9.12.1 Regional Trend in Simulated Hydraulic Heads

Though the groundwater monitoring in area started during late 1960s, however the consistent
long term data was not available for use in modeling. Data of only 19 observation wells were available for
calibration in 1984. The calculated heads at these observations as plotted in Figure 9.10 clearly indicated
that results can be discussed by dividing the Thal area into three zones along the regional groundwater
flow direction. Out of 15 observations wells, eight wells depicted appreciable, whereas the remaining 8
wells indicated minor variations in the heads with time. The calculated heads, observed heads and their
difference is given in Table 9.1. The table indicates that maximum difference in calculated and observed
and is -11.3 meters and 10.9 m for observation wells VI-B2/A in Upper Thal and at KA-502/A in Lower
Thal respectively these are single observations during prediction simulation for 2025. The minimum
difference between observed and calculated is -0.1 meter at observation well KA-519/A in Lower Thal.
The average difference in measured and calculated heads for all Thal during all stress is found to be 0.23
m. The average of observed and calculated heads as plotted in Figure 8.6 indicates that average variation
in calculated hydraulic heads is -1.25 m whereas the average change in observed hydraulic heads is +1.07
m.

9.12.2 Sub Regional / Zonal Hydraulic Heads

The hydraulic heads as plotted in Figure 8.5 clearly divide the aquifer into three zones; Upper Thal,
Lower Thal and Middle Thal and discussed in following paragraphs;

a) Simulated Hydraulic Heads in Upper Thal

In the Upper Thal the average of heads ranges between 180-200 m. The average simulated heads
in this zone varies from 192.54 m to 196 m with the mean of 194.46 m during the simulated period. In
this way there is net fall of 3.79 m within 41 years with 19 fold increase in pumping. The upper part of
aquifer will need extra care in exploitation aquifer after the year 2020

b) Simulated Hydraulic Heads in Middle Thal

The simulated hydraulic heads in Middle Thal lie in the range of 145- 175 meters with band
width of 30 m. The average of all observation for the all stresses have  maximum head value of 163.08 m
at  pre-development to the minimum of 160.17 m during  2025 with the difference of 3.10 m during 41
years of simulation. Again the aquifer exploitation will need care after the year 2020.

c) Simulated Hydraulic Heads in Lower Thal

The simulated heads in lower Thal vary from minimum value of 105 meters to the maximum of
130 meters with the average of 118.25 meters. The pre-development average heads in lower Thal was
118.50 which reduced to 117.18 in 2025 with the fall of 1.32 m in 41 years of pumping which is required
for safe yield of the aquifer.
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Figure 9.8: Average Caculated  Heads in Thal Doab

Figure 9.9: Average Calculated Heads from Pre-development to 2025

Figure 9.10 simulated Hydraulic Heads in from Pre-developed to Prediction 2025
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Table 9.1; Comparison between Observed Heads during Transient Simulations

Well/Point
Name

Simulated stress Periods

1991 1996 12004 1015 12025

Obs. Calc.
Cal-

Obs
Obs. Calc.

Calc.-
Obs.

Obs. Calc.
Calc.-
Obs.

Obs. Calc.
Calc.-
Obs.

Obs.
Calc.-
Obs

Calc.-
Obs.

A-17/1
204.
2

203.
2

-1.07
203.
2

204.
1

0.9
204.
9

202.
7

-2.2
204.
6

202.
7

-1.9
204.
6

202.8 -1.9

A-20/A
198.
3

201.
7

3.48
198.
4

200.
4

2.0
197.
1

197.
7

0.6
197.
1

197.
6

0.5
197.
1

202.2 5.1

VA-6/A
180.
0

184.
0

3.94
180.
3

184.
7

4.4
179.
2

182.
3

3.1
179.
5

177.
8

-1.6
179.
5

178.1 -1.3

KA-519/A
123.
6

121.
2

-2.35
123.
2

121.
1

-2.0
123.
9

121.
2

-2.7
124.
3

123.
0

-1.3
124.
3

124.5 0.2

RP-345/A
124.
4

122.
2

-2.15
123.
5

122.
4

-1.1
122.
7

122.
1

-0.6
122.
6

122.
2

-0.4
122.
6

122.1 -0.5

X1-4/B
122.
8

125.
9

3.13
121.
9

126.
4

4.5
121.
8

125.
9

4.1
120.
8

127.
5

6.7
120.
8

126.6 5.8

RP-205/A
130.
4

131.
8

1.36
130.
7

132.
0

1.3
129.
7

131.
6

1.8
129.
9

131.
7

1.8
129.
9

131.5 1.6

X-3/A
137.
3

138.
9

1.67
137.
9

139.
8

1.9
137.
7

139.
2

1.5
137.
3

140.
9

3.6
137.
3

139.7 2.5

VI-B2/A
160.
7

166.
5

5.73
160.
5

166.
4

5.8
161.
0

163.
2

2.2
160.
1

154.
3

-5.7
160.
0

149.1 -10.9

A-8/A
174.
0

170.
4

-3.62
174.
0

171.
3

-2.7
174.
2

169.
6

-4.6
173.
5

165.
4

-8.1
173.
5

169.7 -3.8

X1-3A/A
163.
6

168.
7

5.15
163.
7

169.
2

5.5
163.
9

168.
2

4.3
164.
4

167.
1

2.7
164.
4

166.4 1.9

RP-41/A
161.
7

160.
0

-1.66
161.
3

160.
9

-0.4
161.
8

160.
3

-1.5
163.
6

161.
4

-2.2
163.
6

165.7 2.1

RP-2A/A
158.
0

152.
7

-5.29
159.
5

153.
8

-5.7
158.
7

153.
6

-5.1
158.
3

155.
3

-3.0
158.
3

160.9 2.7

RP-16/A
156.
0

157.
8

1.80
166.
1

158.
1

-8.0
154.
9

157.
4

2.5
155.
9

157.
5

1.6
155.
9

157.9 2.1

KA- 491/A
116.
1

112.
9

-3.12
117.
4

118.
1

0.7
117.
2

116.
4

-0.8
116.
1

113.
1

-2.9
116.
1

110.4 -5.7

KA-502/A
119.
4

113.
2

-6.23
119.
0

116.
3

-2.7
118.
7

113.
7

-5.0
118.
6

109.
8

-8.9
118.
6

107.4 -11.3

KA-457/C
104.
9

106.
7

1.80
104.
6

109.
5

4.8
103.
9

108.
9

5.0
103.
0

108.
0

5.0
103.
0

106.9 3.9

Average
149.
1

149.
3

0.2
149.
7

150.
3

0.5
148.
9

149.
1

0.2
148.
8

148.
0

-0.8
148.
8

148.3 -0.4

9.13 Simulated Mass Balance

The simulated mass balance is consolidated input and output of the model. Mass balance
components simulated for groundwater flow model are; storage, recharge, river leakage, and pumping
expressed in BCM. The finite difference computer code calibrated in Thal aquifer is designed to give
cumulative output for the all stress periods. For analysis proposes the cumulative output was processed
for annual simulated mass balance. The commutative mass is given in Table 9.2 and average annual mass
balance is given in Figure 9.12. The table indicates that pumping is increase from 2.39 BCM to17.44
BCM in 2009 during transient simulation for 18 years. The recharge is enhanced from 2.11 BCM to 24
BCM during 1991 to 2009. The increase in recharge is due to increase in return flow from irrigation
through increased pumping of groundwater. The groundwater pumping has also induced the recharge
from irrigation network as a result there was no appreciable decline in hydraulic heads. Rive leakage in
and out varies widely with the discharge / stage. The minimum river leakage to aquifer varies from 7.20
BCM to maximum of 25.89 BCM whereas the minimum leakage to river was found to be 7.45 and
maximum of 27.98 BCM
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Table 9.2; Average Annual Simulated Mass Balance

Component(BCM) 1991 1996 2004 2009 2015 2025

Storage
in 0.71 0.22 1.89 0.63 0.99 0.29

out 0.18 0.20 0.17 0.42 0.39 0.15

Pumping 2.39 4.56 11.80 17.44 29.69 49.10

River
in 7.20 8.85 25.89 8.24 11.09 13.68

out 7.45 9.37 27.98 15.20 12.13 13.68

Recharge 2.11 5.06 11.83 24.19 30.14 48.95

Total
in 10.02 14.13 39.61 33.06 42.22 62.93

out 10.02 14.13 39.95 33.06 42.22 62.94

Figure 9.11: Model Output; Inflows and Outflows (total stress-wise)

Figure 9.12: Model Output (Average Annual)
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9.14 Surface water -Groundwater Interaction (River Leakage)

The simulation yielded a very interesting surface water- groundwater in Thal Doab area. The
model output indicates that rivers leakage behavior is different in different reaches of the rivers. The
Table 9.2 Indicates that average annual river leakage has increased with different rates depending upon
pumping, surface recharge and river discharge (stage). The average annual river leakage in and out is
depicted in Figure 9.13. Another important phenomenon in Indus Plain is increase of surface infiltration
from irrigation network due to induced recharge because of tension created by pumping of the aquifer.
This is also proved by the physical evidences that increased pumping in previous 20 years has hardly
made any appreciable change in water table in most of the areas of Thal Doab.

9.13.1 Indus River –Aquifer- Interaction;

The main player in hydrology of Upper Thal is Indus River. Different reaches of Indus staring
from upper to lower Thal and adjoining half of the aquifer forms four zones along western boundary of
the aquifer. The temporal and spatial variation of river leakage in these reaches is given in Figure 9.13
and discussed in following paragraph.

a) Upper Reach 1

This reach forms Zone -1, which is elevated western part of the aquifer. The groundwater flow in
major part of this reach is from east to west towards the Indus River. When development of aquifer
started at the end of 1984, the leakage to aquifer decreased exponentially and to river increased at the
same rate. Later on the leakage to river remained high than to the aquifer.  For extended pumping the flow
from aquifer to river increases whereas flow to aquifer indicated decreasing trend. This was due to
development of hydraulic gradient because of extensive pumping along river Indus.

b) Upper Reach 2

This part of aquifer forms Zone 2 and is at the wedged of Upper Thal. At initial stage of pumping,
the behavior of interaction is reverse to upper reach. Both outflow and inflow from aquifer decreased
exponentially during first stress (1984-1991). Flow from river to aquifer remained high. After 1991, the
leakage to river is continuously increasing whereas the leakage to aquifer is decreasing. Again this may
be due to development of hydraulic gradient due to pumping of aquifer in vicinity of Indus River.

c) Middle Reach

This reach is forming Zone 3. This zone is indicating different behavior form upper reaches. The
river leakage to aquifer is higher than the leakage to river. During calibration period (1984-2009) there is
hardly change in river leakage. However for prediction scenarios when pumping is increase, the river
leakage to aquifer is increasing as the density of pumping wells is increased in central zone and gradient
is reveres to upper reaches. At the same time the flow form aquifer to river is decreasing continuously.

d) Lower Reach

This reach is forming Zone 4 and comprises of discharging area of the Thal Doab.  There is
absolutely no inflow to aquifer in this part of the Doab. The flow is from aquifer to the Indus River in this
reach.
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9.13.2River Jhelum- Aquifer Interaction

a) Upper Reach Jhelum River

Aquifer interaction in upper reach of Jhelum River which bounds Zone 5 is similar to upper Indus
reach. The groundwater flow out to the Jhelum River is higher than the inflow to the aquifer. The similar
trends continue till the last predictive period whereas inflow to river is increased exponentially.

b) Lower Reach- Jhelum River;

This is lower reach of Jhelum River which terminates upstream of Trimmu Barrage in Jhang
District and forms zone 6. The river leakage into aquifer and outflow from aquifer into river are almost
equal upto the year 2009, thereafter the increased pumping has increased inflow to aquifer and decreased
outflow to river. This is due to development of hydraulic gradient due to extensive pumping in central
part of the Thal away from the river.

9.13.3Chenab River –Aquifer Interaction

a) Chenab River Upper Reach

The river Jhelum and Chenab meet at Trimmu and travel parallel to Indus as Chenab River. The
upper Reach of Chenab is parallel to the middle reach of Indus. The simulation along this reach is
performed as Zone 7. Figure 9.13 depicts that inflow to aquifer in this zone is higher than the out flow to
the river upto the years 2004. Thereafter the leakage to aquifer is decrease and leakage to river increases,
however still leakage to aquifer is higher than the leakage to river.

b) Chenab River Lower Reach

This reach is forms Zone 8 and extends to the confluence point of Chenab and Indus. Rivers in
south at vertex of Thal Doab Triangle. During early periods of the groundwater development the river
leakage into aquifer was higher than the outflow to river. Increased pumping after 2009 reversed the river
leakage and outflow to river increased during these stress periods.
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Figure 9.13; Simulated River Leakage in Thal Doab
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9.15 Predictive Scenarios

A model may be used to predict some future groundwater flow or contaminant transport
condition. The model may also be used to evaluate different remediation alternatives, such as hydraulic
containment, pump-and-treat or natural attenuation, and to assist with risk evaluation. In order to perform
these tasks, the model, whether it is a groundwater flow or solute transport model, must be reasonably
accurate, as demonstrated during the model calibration process. However, because even a well calibrated
model is based on insufficient data or oversimplifications, there are errors and uncertainties in a
groundwater-flow analysis or solute transport analysis that make any model prediction no better than an
approximation. For this reason, all model predictions should be expressed as a range of possible outcomes
which reflect the uncertainty in model parameter values. The range of uncertainty should be similar to
that used for the sensitivity analysis. The model predictions may be presented to illustrate the range of
possible outcomes resulting in model input data uncertainty (Fryberg, D.L., 1988).

Prediction is important outcome of any model which pertains to the aquifer management for
sustainable water supplies. After satisfactory calibration of model for four stress periods (1991, 1996,
2004, 2009), the predictive simulation was performed for years 2015 and 2025. The pumping at 2009 was
enhanced by 1.74 and 2.9 times of it by looking the previous increasing trend of groundwater
development. This is the upper possible limit of pumping which can be expected in Thal Doab if this area
developed at rapid rate. The pumping is increased from 22 BCM in 2009 to 30 BCM and about 49 BCM
in 2015 and 2025 respectively. The induced recharge has increased from 29 BCM in 2009 to 39 BCM and
63 BCM in 2015 and 2025. The decline in simulated heads in Upper Thal is found to be 1.5m in 2015,
1.88 m in Middle Thal and 0.89 m in lower Thal. The average decline in water table form 2004 is 1.53 in
Upper Thal 0.43 m in Middle and 1.29 m in Lower Thal. The output of predictive simulation for 2050
needs to be verified as it is long period and such predictions hardly represent reasonable accuracy.
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A Conclusions
The followings conclusions are derived from the study;

1. Geophysical exploration and GIS mapping revealed that about 54 percent area of Thal Doab
(1.8 Mha) is underlain by freshwater of EC less than 1.5 dS/m and 13.31 percent of area
(0.45 Mha) is underlain by marginal quality groundwater of EC 1.6 - 2.5 dS/m. The
remaining area of Thal Doab is underlain either by brackish or saline water.

2. The total volume of fresh groundwater of EC less than 1.5 dS/m contained in alluvium, is
about 2137 BCM and marginal quality groundwater of EC 1.6-2.5 dS/m, is about 528 BCM.
Therefore, total fresh and marginal quality groundwater contained in soils of Thal Doab upto
the depth of 300m is about 2666 BCM.

3. The active aquifer storage, under freshwater area of EC less than 1.5 dS/m is about 641 BCM
and active storage under marginal quality area having EC range of 1.6-2.5 dS/m is about 158
BCM. The bulk volume of water that can be drained form alluvium aquifer of Thal Doab for
irrigation and drinking is about 799 BCM.

4. Most prominent hydrogeological Facies in Thal Doab Aquifer are: CaHCo3 type water
followed by NaCl type and the mixing of water produces hydrogeological fcies like; Ca Na
HCo3 and Ca Mg Cl type. The Ca, Mg, and HCO3 are produced by dissolution of limestone
and dolomite whereas SO4 is from gypsum and anhydrite of Khewrite whereas he Na and Cl
are from dissolution of rock salt NaCl of Salt Range Formation. The groundwater of Thal
Doab is alkaline type with pH above 7 which is preferred for drinking purpose.

5. Isotopic data clearly indicates spatial variations of the isotopic composition of groundwater
in Thal Doab aquifers illustrating different recharge sources. All evidences based on
environmental isotopes converge to suggest that the recharge sources are;

a. Shallow groundwater in a small zone in the upper eastern part of the Thal Doab
between Grot, Distt. Khushab and Hyderabad Thal, is mainly recharged by rain.
As one move downwards towards south and southwest from this rain-fed area,
contribution of rain to groundwater recharge decreases while that of rivers/canals
increases. in the remaining areas (along the Indus and Jhelum / Chenab Rivers),
the groundwater is mainly recharged by the rivers either directly or through the
canals off taking from these rivers

b. Deep groundwater at most of the surveyed locations is recharged by the
rivers/canals. As in shallow groundwater, rain influence is limited. It appears to
be the main source of recharge in upper eastern part of the Doab. Both sources
(rain and surface waters) are contributing towards aquifer replenishment at
locations below the rain influenced area.

Chapter 10
Conclusions and Recommendations
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c. 18O values in shallow and deep groundwater show similar geographical
distribution pattern proving that they are interconnected and have similar recharge
mechanism.

d. Tritium activity is found in most of the analyzed samples, which indicates that
aquifers are nourished by fresh recharge over most of the Doab.

e. Shallow and deep groundwater has different age / residence time at various
locations. The river recharged areas generally contain young groundwater
indicating relatively quick recharge. Groundwater in Thal Desert is generally old
and residence time of groundwater at these locations is 50 years. or more.

6. Output of regional groundwater modeling of Thal Doab reveals that rivers are playing
important role in aquifer recharge. The predictive simulation for 2015 and 2025 through
increasing the pumping of year 2009 by 1.74 and 2.9 times indicated that Thal Doab needs
recharge of 30 BCM and 48 BCM recharge for maintaining equilibrium in the aquifer. It is
assessed that aquifer can attain 30 BCM recharge form rivers and irrigation network without
causing any major detrimental effect on groundwater regime. The output of predictive
simulation for 2025 needs to be verified as it is long period and such predictions hardly
represent reasonable accuracy.

7. The analysis of the simulation reveals that   proper monitoring and care will be required for
exploitation of aquifer for increased pumping in Upper Part of Thal Aquifer after 2020.

B Recommendations

Based on conclusion derived from the study, the following recommendations are forwarded for
sustainable management of the Thal Doab Aquifer

1. Existing Monitoring network of SCARP Monitoring Organization should extend evenly
to all Thal Doab with a regular grid for assessment of the effect of long term pumping
activity on groundwater regime.

2. A data base of groundwater level and quality is required for storage and retrieval of the
information for future management of groundwater in Thal Doab.

3. The aquifer needs to be exploited carefully after 2020 and a mechanism should be started
for groundwater regulation to manage Thal Aquifer.

4. Detailed groundwater modeling needs to be carried out by PCRWR to assess the saline
water intrusion in sensitive parts of the aquifer.

5. A technical workshop is required to develop consensus on technical parameters and
results.
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