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Abstract

Isotopic and geochemical techniques were applied to assess the groundwater replenishment mechanism, pollution
levels and pollution sources in the city of Lahore, the second largest city of Pakistan where water supply has been
based on the abstraction of groundwater. Isotopic and chemical data indicates that groundwater has major
contribution from the river water up to the center of the city while at remaining locations it seems base-flow
recharged by rains of distant area or mixed recharge from river and rains. In case of shallow groundwater,
different local sources like irrigation canals, sewerage drains, local rain and maybe the leaking main supply lines
also contribute. High tritium values of deep groundwater fed by river show its quick movement up to 8-10 Km.
Deep groundwater in the adjacent area towards the center of the city, although fed by the river shows residence
time of about 45 years. Recharge to shallow aquifer is generally quick as most of the sampling locations have
high tritium values. Chemical data shows that groundwater is mainly of sodium bicarbonate and calcium
bicarbonate type. The infiltrating river water is of calcium bicarbonate type which changes to sodium bicarbonate
type at few kilometers away from the river due to cation exchange and calcite precipitation processes. Water
quality was assessed for drinking purpose and it was noted that concentrations of several parameters exceed the
norms of good quality drinking water in case of shallow groundwater. This study clearly indicated an increasing
trend of groundwater nitrate concentrations. 815N values of high nitrate waters reveal the localized pollution from
sewerage drains. Bacterial contamination of groundwater especially at locations near the drains also proves the
penetration of urban recharge from sewerage drains.

1. INTRODUCTION

Good quality potable water is a fundamental requirement for human health and survival. Fast
growth of population, poor town planning and industrialization are causing problems in supplying
public services, water being one of the most affected. It is becoming difficult for local authorities
dealing with water supply to cope with the increasing demands. Lahore is the second largest city of
Pakistan covering an area of about 1000 square kilometers [1]. Its population is increasing at a rapid
rate of 3.7 percent per year. In 1901 the population of Lahore was 0.203 million which by 1990
increased to about 4.232 in the Municipal Area (excluding some localities like GOR, Railways,
Model Town, colonies in the suburbs etc). At present its population is more than 5.1 million [2].
Water supply of Lahore City has been based on the abstraction of groundwater. Fast growth of
population, progressive migration of people to the area and establishment of numerous industries has
resulted in rapid increase in water demand. The number of wells and hence, the groundwater
abstraction has been increasing in accordance with the growth of population and socio-economic
uplift of urban dwellers. On the other hand, urbanization and industrialization has reduced the
recharge, as significant proportion of the land has become impermeable. With the increasing number
of tubewells, the groundwater, which used to exist at about 4.5 m started declining rapidly. A decline
of 15.5 meters in water table during 1960 to 1991 was noticed in Lahore City [3]. At present, the
water table in the central area of the city has deepened to 28 m from the surface level [4]. Due to the
continued decline in water table, the groundwater is going out of easy reach for exploitation and the
cost of pumping is continuously rising.

Quality of surface water and groundwater is under threat due to contamination by pollutants
from sewerage systems, municipal solid wastes, unplanned disposal of untreated industrial effluents
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and agricultural activities. Untreated industrial and domestic effluents are disposed off into
watercourses flowing through or in the vicinity of large population centers. The habitants living along
the drains get their drinking water supply from shallow pumps installed near the drains. The aquifer
surrounding a drain may be recharged and influenced by the sewage drain effluent having all types of
pollutants in it. Nitrate is a major groundwater pollutant, which leaches down to aquifer since it is not
absorbed by soil matrix due to negative charge. Industries produce huge amounts of wastes containing
variety of chemicals and heavy metals. These huge quantities of untreated wastes are thrown into
sewerage system, open drains, open fields and water ponds, which may lead to surface as well as
groundwater pollution. All these activities are a potential threat for groundwater resources. The
existence of saline groundwater [5] in the nearby areas of Raiwind and Kasur in the south of Lahore is
a potential threat to the aquifer under the city. There is a danger of deterioration of the aquifer water
quality if the saline water finds a path to reach the city area. The flushing out of this saline water, if
once entered, would then be nearly impossible. It is therefore, imperative to assess the groundwater
replenishment mechanism, pollution levels and pollution sources for sustainable
development/exploitation and conservation of these resources not only for present use but also for
future uses.

2. HYDROGEOLOGY

Lahore area is underlain by unconsolidated alluvial deposits of quaternary age. The aquifer is
composed of unconsolidated alluvial complex formed by the contemporaneous filling of a subsiding
trough - a foredeep adjacent to the rising Himalayan ranges. Contemporaneous filling and subsidence
have given rise to an extensive sedimentary complex of more than 400 meters thickness. The
sediments have been deposited by the present and ancestral tributaries of the Indus River during
Pleistocene-Recent periods. In accordance with its mode of deposition by large streams in constantly
shifting channels, the alluvial complex is heterogeneous and individual strata have little lateral or
vertical continuity. However, in spite of their heterogeneity, the alluvial sediments constitute a large
aquifer, which on regional basis behaves as a homogeneous aquifer [6]. The individual lenses of silt
and clay do not impede the flow of groundwater, considering long-term pumping.

In the project area, the alluvial complex consists, principally, of grey to greyish brown, fine to
medium sand, silt and clay. The chief constituent minerals are quartz, muscovite, biotite and chlorite,
in association with a small percentage of heavy minerals. Quartz, being resistant to the abrasive action
of water, is the major constituent of sand and determines its coarseness and assortment. Sieve analysis
data of a large number of drill cuttings from various parts of the area have shown that the sands,
commonly, are fairly to well assorted. The sand grains generally are sub-angular to sub-rounded. Beds
of gravel and very coarse sand are uncommon within the Project area. Pebbles of siltstone or
mudstone are embedded in silty or clayey sand at many places. Concretions of secondary origin
locally known as 'kankar' may be found in association with fine sediments. Clay and silt formations
occur as discontinuous layers with limited lateral extent and thickness generally less than 5 meters,
however, their thickness may vary between 1 to 20 meters [1].

In spite of heterogenic nature of alluvial complex, groundwater occurs under water table
conditions. The aquifer is highly transmissive with co-efficient of permeability ranging from 37.2 to
73.4 m/d (760 to 1,500 Imp.Gpd/ft2). On the basis of aquifer tests performed in the vicinity of project
area, the value of specific yield has been estimated as ranging from 0.1 to 0.25. However, values
determined through Nuclear Moisture Probe in various parts of Punjab plain show higher values
applicable for long-term pumpage [1].

3. WATER SUPPLY SYSTEM

The source of water supply for Lahore is only groundwater. Groundwater is abstracted
through 300 large capacity tubewells installed at various locations in the Lahore Municipal Area.
There are four main well centers, three near the Bund Road (Old Ravi Well Center, National Ravi
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Park Well Center, Bhogiwal Well Center), and the fourth located at Bund Road to the North of
Shalimar Garden. The remaining wells are located throughout the city area, and all wells pump
directly to the system, thus eliminating the need for a reservoir. Some more tubewells are being
installed to meet maximum day demand. In addition, numerous private owned shallow pumps also
exist.

The water obtained from deep boreholes is fortunately of good quality. It does not require
primary treatment. However, often secondary treatment i.e. chlorination is provided especially in the
rainy season. The water produced through these tubewells is fed into Main Grid with pipes having
diameters from 40 to 80 cm. The Main Grid feeds water to distribution system with pipes which have
diameters ranging from 7.5 to 30 cm. The distribution system supplies the water to citizens through
house connections. Presently no elevated reservoir is in use except the one million-gallon overhead
reservoir at Langey Mandi. The reservoirs are used in new developing schemes where water demand
is less and reservoir is filled once to meet the day demand [7].

4. CLIMATE

Climate of area is characterized by seasonal changes in temperature and precipitation. The
precipitation has a marked seasonal fluctuation. About 70 percent of the average annual rainfall occur
in the period from June to September (monsoon). Average annual rainfall for the last 50 years is 615
mm with a long-term average of 575 mm. During summer (June to August), the day temperature is
generally more than 40°C, while the maximum temperature during winter (December to February) is
generally between 15 and 25°C. The hottest day may reach 50°C while the minimum summer
recording may be as low as 21°C. January is the coldest month, when mean minimum temperature is

5. SAMPLE COLLECTION AND ANALYSES

The study area comprises the city of Lahore and the adjoining areas. Locations of the
sampling points are shown in Fig. 1. For sample collection, existing municipal tubewells (deep wells
having screen normally from 80 m to 200 m), private shallow pumps up to 50 m depth, the river Ravi,
irrigation canals in the city originating from the river Chenab and sewerage drains were selected. In
the first sampling carried out in February 1998, 44 samples were collected in which most of the
samples were from tubewells. The samples were analyzed for 2H, 3H, 18O, I3C and major chemical
ions. Keeping in view the results of first sampling, more sampling points were added for the second
sampling which was carried out in July 1998. In this sampling many shallow wells were included and
samples were also collected for 15N analysis. Third, fourth, fifth and sixth samplings were carried out
in October 1998, February 1999, May 1999 and December 1999/January 2000 by adding new
sampling stations and quitting unnecessary ones. Physico-chemical parameters like electrical
conductivity (EC), pH and temperature were measured in the field.

The samples were analyzed for 2H, 3H, 18O, 13C, 15N and major chemical ions. Stable isotopes
2H and 18O were measured relative to VSMOW. The 818O of water was measured by the CO2

equilibration method [8]. Water samples were reduced to hydrogen gas by zinc shots for 82H
measurement [9]. 813C was analyzed against PDB by reacting water samples directly with phosphoric
acid to convert inorganic carbon into CO2 and subsequent measurement on mass spectrometer [10].
Tritium concentrations were measured with the help of liquid scintillation spectrometers (Packard)
after electrolytic enrichment. For analysis of 14C, inorganic carbon was precipitated as BaCO3 in the
field [11] and direct CO2 absorption method in conjunction with liquid scintillation counting was used
[12]. Chemical analyses were performed using standard analytical methods like atomic absorption
spectrophotometry, UV-Visible spectrophotometry, Ion selective electrodes etc. [13].
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Fig.l. Map showing the study area & sampling locations

6. RESULTS AND DISCUSSION

6.1. Depth to water table

Depth to water table gives basic information required for groundwater studies. During the
past 25 years, various studies were carried out to determine the ultimate potential of groundwater and
possible decline of water table in response to groundwater withdrawal. In order to update the
information on depth to water table, Water and Sanitation Agency (WASA) conducts surveys at
selected and representative locations on monthly basis. The water table contour map has been
prepared for the year 1998, which is shown in Fig. 2. The map indicates that an irregular shaped
depression in water table is being created. The maximum depression is noted in the center of the city
at Mozang site. At this locality, the water table was 189 m above mean sea level (a.m.s.l.) in 1989,
which was lowered to 185 m a.m.s.l. in 1998. It shows that 4 m decline in water table has occurred
within 9 years. The depth to water table maps prepared by National Engineering Services of Pakistan
(NESPAK) for various periods indicate that excessive groundwater abstractions have formed a
cup-shaped depression in the central part of the city which is gradually expanding towards south [1].
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The larger numbers of high capacity wells were introduced after 1973, accelerating the rate of
lowering of water table. The average static water level calculated on sub-divisional basis has lowered
up to 5.63 meters during the period from 1991 to 1999 [4]. The average decline of water table
calculated from the data of all the wells in various subdivisions of Lahore for this period is given in
Table 1. The aquifer dynamics is expected to change more rapidly as 42 new tubewells were installed
in 1998-99.

Fig.2. Contours (m) of water level observations in November 1998
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TABLE 1. AVERAGE LOWERING OF WATER TABLE IN VARIOUS SUBDIVISIONS OF
LAHORE

Sub Division

Isalmpura
I Samanabad

Ichra

Gulberg
Misri Shah
Baghbanpura

City
Ravi road
Shimla Hill

Reduction in W.T. from
1991 to 1999 (m)

2.43 m
3.84 m
3.60 m

4.98 m
1.40 m
5.63 m

3.77 m
4.89 m
3.82 m

Sub Division

Mughalpura
Mustafabad
Allama Iqbal
Town
Garden town
Data Naggar
Mozang

Shahdara
Anarkali
M.E.S. Tubewell

Reduction in W.T.
from 1991 to 1999 (m)

4.87 m
3.49 m
4.21 m

1.21m
0.74 m
3.47 m

0.32 m
2.50 m
2.98 m

6.2. Hydrochemical evolution

EC of tubewells varies between 294 to 1694 uS/cm while that of shallow wells lies between
279 to 4270 uS/cm. The range of EC for shallow wells is about 2.5 times higher as compared to that
of tube wells. Fig. 3 and Fig. 4 show the distributions of EC in shallow and deep wells. EC of shallow
wells shows approximately normal distribution while that of deep wells exhibits gamma distribution.
It means that chemical quality of shallow and deep groundwater is originating from different sources
and by different processes. During the field sampling, it has been observed a number of times that
values of a tubewell and a hand pump only 50 meters apart show big difference in the EC values, the
hand pump having higher EC.
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Fig. 3. Frequency histogram of shallow groundwater.
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The spatial variation of EC in deep groundwater (tubewells) shows approximately a consistent
behavior. The EC values of tubewells lying on the riverside are low. The tubewells 129, 132, 135,
136, 122 located in the central part of the city have comparatively higher values. The tubewells (Nos.
31, 139, 52, 77, 144) surrounding the Lahore Canal show slightly higher EC as compared to the
tubewells lying towards the River Ravi. The tubewells of the cantonment area also show higher EC
values. On the other hand, shallow wells have no spatial trends and are found together in low and high
EC values in the whole study area except a few wells located near the River Ravi. Therefore one can
get general view that the deep groundwater is getting more mineralized starting from river towards the
center of the city and cantonment area. From the EC results, one can also say that there is no efficient
interaction between shallow and deep aquifer in the area.

In order to differentiate the chemical type of groundwater, Piper and Durov Trilinear
diagrams are known to be used. In the present study, a new diagram called Multi-Rectangular
Diagram (MRD) depending upon its geometry [14] has been used. In this scheme, the milli-equivalent
per liter (meq/1) percentages of all the cations and anions are calculated separately from each chemical
analysis. Then from each chemical analysis, the cation and anion with highest percentage is selected
and is plotted on the respective rectangle of the MRD. The measured carbonate and potassium
contents in the water samples are not significant, therefore, carbonate has been lumped with
bicarbonate and K has been lumped with Na. The identified categories of groundwater with the help
of MRD (Fig. 5) are mainly sodium bicarbonate and calcium bicarbonate. Some samples are
recognized as other types of groundwater such as magnesium bicarbonate and sodium chloride. Only
one sample is of calcium chloride type.

Calcium bicarbonate type of waters are found in the north west of the study area adjacent to
river Ravi. In the south east of the study area, sodium bicarbonate water is dominant in both shallow
and deep groundwater. Again along the Raiwind Road, groundwater is of sodium bicarbonate type.
Groundwater near the river is of calcium bicarbonate type indicating the dominance of river recharge
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at these locations. Lahore canal does not seem to be recharging the underlying aquifer efficiently as
the groundwater near the canal is of sodium bicarbonate type while the canal water is of calcium
bicarbonate type.

The water of canals and the river Ravi flowing in the area are of calcium bicarbonate type.
One of the processes through which sodium in the groundwater system increases is the exchange
process with calcium. Among analyzed cations from the groundwater in the area, an interesting
behavior is observed between Ca and Na (meq/1 %). Fig. 6 for shallow and Fig. 7 for deep
groundwater show a strong inverse correlation between the percentages of Ca and Na. It is general
observation that where the fresh surface waters are of calcium bicarbonate type, after getting
recharged to the subsurface, these are evolved to sodium bicarbonate type of waters during their
movement away from the recharge areas.
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6.3. Assessment of groundwater quality

Groundwater is the most important source of drinking water supply in Lahore. Its chemical
quality is therefore an important factor to be considered as the quality of drinking water significantly
affects the human health. High concentrations of several constituents have significant health hazards.
Quality of groundwater was evaluated by comparing with WHO drinking water standards [15].

Results of chemical analyses of shallow groundwater samples collected from different
locations indicate that EC of shallow groundwater varies from 279 to 4270 jaS/cm. Parameters like
Na, Mg, K and Ca exhibit ranges of 12 - 944, 3 - 137, 1 - 60 and 3-190 mg/1 respectively. Carbonate
and bicarbonate concentrations vary from 0 to 78 and 134 to 958 mg/1 respectively. Chloride and
sulfate values in the shallow aquifer lie in the ranges of 9 to 617 mg/1 and 11 to 841 mg/1 respectively.
Selected samples were analyzed for NO3 and the values of this important parameter were found from
10 to 188 mg/1. In case of deep groundwater, variation of EC is less as compared to that of shallow.
EC values of deep groundwater samples encountered at different locations in the study area range
from 284 to 1694 |U.S/cm. Concentrations of Na, Mg, K and Ca vary over the ranges of 5 to 304, 1 to
50, 0.8 to 18.3 and 2 tol32 mg/1. Chloride values are in the range of 10 - 165 mg/1 while sulfate values
vary from 10 to 228 mg/1. Carbonate and bicarbonate show values from 0 to 30 and 127 to 414 mg/1
respectively.

Comparison of chemical constituents of groundwater in the study area with WHO Standards
shows that concentrations of several parameters are significantly higher than the permissible levels at
many locations especially in case of shallow groundwater. Sodium concentration of shallow water at
36 surveyed locations (40 %) is higher than the WHO limit of 200 mg/1. K values of about 25 % and
Ca values of 18 % shallow samples are more than permissible limits. Magnesium content of very few
samples (only 11 %) exceeds the norms of good quality drinking water. In case of sulfate, shallow
water at 31 locations (about 35 %) has concentrations more than the permissible level. Violations of
permissible level of chloride are negligible (about 5 % only). Few samples also have very high
bicarbonate concentration. NO3 concentrations of 60 shallow water samples were determined. Out of
these, 20 % samples (n = 12) were found to have nitrate more than the WHO limit of 45 mg/1. Fe
concentrations of shallow water samples (n = 40) range from 0 to 18.9 mg/1. The WHO limit for this
parameter is 0.3 mg/1. Comparison of the observed values with the WHO limit indicates that Fe
concentration of 21 samples is above the limit.

Deep groundwater has generally low dissolved chemical load indicating good quality. Only at
few locations, concentrations of some parameters are above the permissible levels. Na, which was
found to be common contaminant in shallow water, crossed the limit only in 2 samples. Similar is the
situation with respect to Mg, K, Ca and SO4 where observed violations are negligible. Deep
groundwater meets the WHO standards for NO3 and Cl at all the surveyed locations.

Initially, some poorly drained and very heavily populated localities in the city were selected
for determination of biological quality of sub-surface water. During this campaign, 17 shallow and 17
deep groundwater samples were analyzed for Total Coliform bacteria. Out of these 34 samples, 91 %
samples (n = 31) were found contaminated with Total Coliform bacteria. Is noteworthy that all the
shallow groundwater samples appeared contaminated without any exception. Out of these 31 samples
tested positive, 36 % samples (n = 11, shallow = 6, deep = 5) had bacterial activity more than the
maximum limit. In case of Fecal Coliform, 82 % samples (n = 28) were tested positive. Out of these,
44 % (n = 15) were shallow and 38 % (n = 13) were deep water samples.

6.4. Groundwater pollution

In a previous study conducted by NESPAK [1], chemical quality (EC and TDS) of 88
groundwater samples collected from shallow zone in various parts of the city was monitored.
According to the results, TDS of 14 samples (16 %) were less than 500 ppm, 56 samples (63 %) were
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in the range of 501 to 1000 ppm, 15 samples (17 %) were in the range of 1001 - 1500 ppm and only 3
samples (about 4 %) were more than 1500 ppm. In the present study significant increase in TDS of
shallow water was noticed as compared to the above-mentioned study. Data collected during this
study reveals that number of samples having low TDS i.e. less than 500 or 501 to 1000 ppm has
decreased which are presently 12 % and 40 % respectively while the number of samples in higher
ranges i.e. 1001 to 1500 and more than 1500 ppm has increased. Percentage samples falling in these
two ranges are now 37 % and 11 %.

Results of nitrate analysis of shallow and deep groundwater indicate that concentrations vary
from 10 to 188 and 9 to 41 mg/1 respectively. Frequency histogram of nitrate is shown in Fig. 8. The
outstanding feature revealed by the data is the increasing trend of nitrate concentrations both in
shallow as well as deep groundwater. Nitrates which were generally only a few ppm have increased at
almost all the surveyed locations and have even crossed the WHO limit of 45 mg/1 in case of shallow
groundwater at several locations. Deep groundwater was found to contain less nitrate as compared to
shallow ones. High nitrate waters exist as isolated pockets e.g. shallow groundwater sample number
71 has NO3 as high as 188 mg/1 (several times more than WHO limit) whereas other samples taken
from the surrounding points do not show any sign of nitrate pollution. Similarly shallow water at
station number 64 shows nitrate concentration of 176 mg/1 whereas at all the nearby stations nitrate
concentrations are low. Results of tritium analysis indicate that high nitrate waters have high tritium
values. Presence of nitrate contamination at shallow depths, irregular distribution pattern and high
tritium content of contaminated waters suggests that nitrate is derived from presently active surface
source. In order to confirm the source of the observed nitrates in groundwater, samples having nitrate
more than 45 mg/1 were analyzed for S!5N (NO5).
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All these samples show enriched 615N values ranging from +10.3 to +25.1 %o. SI5N more
enriched than +10 %o are consistent with human N-waste converted by nitrification via ammonia to
nitrate and enriched by partial volatilization [16, 17]. So the high nitrate with enriched 815N represents
the localized pollution from sewerage drains.

During the fifth sampling campaign, six points lying near the drain along Ferozepur Road
were selected to evaluate the impact of sewerage drain on the groundwater. The samples collected
from tube wells (2 Nos.) and handpumps (4 Nos.) located at different locations (Station Nos. 62, 63,
64, 69, 71 and 73) along the drain were collected and analyzed for fecal coliform and total coliform
bacteria. Results of these analyses indicate that all these samples have very high bacterial activity
(faecal coliform as well as total coliform).

These evidences are a clear indication of penetration of urban recharge into shallow and deep
groundwater zones from the sewerage drains.

6.5. Recharge mechanism

The possible sources of recharge of the aquifer are the river Ravi, irrigation canals passing
through the area which originate from the river Chenab, and rains. Isotopic data of rivers are already
available [18] and their sampling is continued. 818O and 82H of River Ravi range from -11 to -6 %o
and -86 to -40%o with the mean values of -8.9%o and -61%o respectively. All the irrigation canals
flowing through the study area originate from the River Chenab. Their S18O ranges from -13 to -7.9%o
with mean of -10.8%o and 82H ranges from -86.3 to -56.2%o with average value of-71.8 %o. Sajjad et
al. determined the 818O and 82H indices (mean values) of river Chenab as -10 and -61%o with high
variability [19]. 818O and S2H indices for rain of the nearby area i.e. -5.5%o and -32%o have been used
[19].

6.5.1. Spatial variation of $8O

As the water supply wells pump the deep groundwater from the depth of 80m to 200m and
private hand pumps/shallow motor pumps tap upper groundwater up to 50m, so the data of deep and
shallow aquifers are treated separately. Considering the spatial distribution of 818O in deep water (Fig.
9), the areas having 81SO <-8.0%o show significant contribution of the river. Such areas lie along the
river and extend towards the Lahore Branch Canal. The area away from the river having 818O > -7 %o
clearly shows base-flow mainly recharged by the rains. A narrow belt in the center having 818O from -
8.0 to -7.0%o indicates mixing of rain and river waters. The original 8i8O and S2H indices of the base-
flow have been estimated using the sampling points (Nos. 40, 52, 55, 74 and 139) having tritium
concentration zero TU. Mean S18O and 82H values of these stations come out to be -6.4%o and -
41.7%o. The local rain index of 818O for the study area is about -5.5 %0, which is a bit more enriched
than that of base-flow mainly recharged at relatively higher altitude. Sajjad et al. (1991) also found
the similar values of base-flow in the North-East area of Lahore [19]. Spatial distribution of 8I8O in
shallow aquifer (Fig. 10) shows similar trend as in the deep aquifer but the extent of river dominated
and rain recharged areas towards the center of the city is relatively less. In this case, large area in the
center have mixed type of water. Lateral penetration of the river water in the shallow zone is low.
May be, due to high hydraulic gradient towards the center of the cone of depression in the central part
of the city, the vertical component of river water flow is dominant. It justifies the less contribution of
river water in shallow aquifer than that in deep aquifer in the central part. In the southern part,
locations in the cluster having 8I8O from -8.0 to -7.0%o and enriched than -7.0%o represent
groundwater mainly recharged by rains with varying contribution of local sources like irrigation
channels and drains etc. There are few locations in the eastern part which are also away from Lahore
canal and have SI8O values from -8 to -9%o showing high contribution of canal water. These points
being near BRBD Canal, which is flowing away from the study area, show its large contribution in the
recharge.
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6.5.2. Frequency distribution of $SO

Frequency histogram of S'SO of deep water (Fig. 11) shows two populations. One population
with model class of about -6.5 %o, which is almost base-flow coming from long distances. The class
with higher 5'&O shows little contribution of local rains. The other population is from -9 to -7 %o with
model class at -7.5 %o showing significant contribution of river water. Because of significant
difference in 5;SO values of groundwater sources, the following two component mixing equation
roughly gives the fraction ' f of river water.

p-

Where 5UOM, 5' O3.F and 8'"OR are 5 0 values of mixed groundwater, base-flow and river water
respectively. Using the above equation, about half of the sampling locations show 30 to 40%
contribution of river water. In Fig. 12, frequency histogram of 8!SO of shallow water, also indicates
two populations. One population is with model class at -7.0 %o, while the second population, which is
much smaller than the first one, has modal class at -8.5 %o. This distribution indicates that the
groundwater samples having major contribution from the river are much less in number as compared
to those recharged by other sources. The river influenced locations have greater fraction of its water
as compared to deep ones. Separation of the second population from the first one means that there is
no significant mixing of river water at the locations falling in the second population. Considering the
average value of 5!SO of tubewells feeding the Main Supply Grid (i.e. -7.49 %o) and average 51SO of
drains (i.e. -7.47 %o), these two sources seem to be one of the possible end components for mixing.
Contribution in the recharge by the sewerage drains is also possible as they are mostly unlined. It
seems that the shallow groundwater around the drains has high EC, high nitrate and coliform bacteria
due to recharge from drainage system. NESPAK also pointed out that 6 to 8 % losses due to leakage
from the Main Grid System and losses of 10 % of the total discharge from the sewerage drains
contribute to recharge of groundwater [1].
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is,Fig. 11. Frequency histogram of 5 O of deep groundwater.
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Fig. 12. Frequency histogram o/SlsO of shallow groundwater.

6.5.3. Frequency distribution ofS>JC

Frequency histograms of S'^COK; for shallow groundwater (Fig. 13) and deep groundwater
(Fig. 14) give information about the penetration of urban recharge. <5'"C of sewerage water is from -13
to -1 \%o, while the distributions of shallow and deep groundwater have S^C ranges from -9 to -3%o
and -8 to -3%o with the modal classes at -7 %o and -5%o. Although the ranges do not differ very much
but the modal class of the shallow water is depleted by 2%o than the deep ground water, which brings
this population closer to the 8UC index of sewerage water. Also the distributions of shallow water is
negatively skewed towards 8°C index of sewerage water, whereas skewness of the deep-water
distributions is positive showing the dominance of carbonate mineral dissolution. These evidences
confirm the contamination of shallow aquifer by the sewerage drains.

o 3

Drain

Shallow Water

-14 -13 -12 -11 -10 -9 -8 -7 -6 -5 -4 -3 -2 -1

Fig. 13. Histogram of 5 *C of shallow groundwater & drains.
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5'3C (%o)

Fig. 14. Histogram of 5hC of deep groundwater & drains.

Depleted S'̂ C values of DIC similar to that of shallow water (i.e. —9 to -8 %o) or even more depleted
can also be evolved in both the open systems where the water is in equilibrium with soil COi
originating from C3 type vegetation (SljC = -23.5 %o) and having sufficient partial pressure (~10'2:>)
(Clark et al., 199S). This possibility is ruled out, as there is no or very little vegetation in the city area.
Hence the sewerage drains contribute in the recharge.

6.5.4.

In the first and second samplings, water samples were mostly collected from WASA
tubewells tapping deep aquifer (screen: 80m to 200m) along with some private shallow pumps
obtaining water from 25 m to 50 m. These shallow pumps do not represent necessarily the phreatic
aquifer. Fig. 15 delineates the plot of 8"SO vs. 82H for second sampling. All the points are scattered
around LMWL between the river index and rain index. It confirms that the aquifer is recharged both
by rains and the river. Some of the points being below the LMWL show considerable evaporation
effect. In the third and onward samplings a lot of hand pumps, which tap phreatic aquifer were
included. All the three plots of 5XO Vs 82H (Fig. 16 to Fig. 18) pertaining to these samplings (No. 3
to 5) show the evaporation in the shallow aquifer. Departure of the points from the LMWL is not
much, which does not show extensive evaporation. Such slopes may be obtained due to mixing of
evaporated soil water with the infiltrating rain profile [10]. Moreover, the variation in the range of
isotopic values reflects the seasonal variation in the input which also indicate that the shallow water
has sufficient recharge from local sources. S!SO of 4th sampling ranges up to -6%o while that of 5 a

sampling it goes up to -5%o. It shows that contribution of local rain that might be evaporated,
increased in the groundwater sampled in the 5tn sampling. This evaporation effect is also confirmed by
the plot of S'SO vs. Cl (Fig. 19). Except a small group and few other points, there is a positive
correlation between CI and 8'SO.
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Fig. 17. Plot of518O and2H (4th sampling).
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Fig. 18. Plot of518O and2H(5th sampling).

6.5.5. Ca - Na relationship

Calcium and sodium are two important chemical ions which provide useful information on
groundwater recharge and movement when plotted taking the concentrations of these ions in meq/L
percentages out of total cations [14]. Generally, calcium bicarbonate and magnesium bicarbonate type
of waters indicates fresh recharge or the recharged water has not moved a long distance from the
source area. During the movement of groundwater, the dissolved calcium exchanges with sodium
present in the minerals of soil matrix. As a result, sodium gets dominant over other cations when
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water covers a long distance from the source area which gives rise to an inverse relationship between
calcium and sodium. In the present study, Ca/Na relationship has also been used to confirm the
recharge area.

Relationships of Ca/Na for deep and shallow groundwater plotted in Fig. 6 and Fig. 7 confirm
negative correlation. Three groups of groundwater based on 88O have been represented by different
symbols. In case of deep water, data points of the river/canals lie at lower end with high Ca and low
Na. Groundwater samples with 88O depleted than -8%o, indicating major contribution from river
system, make a trend which starts from river points and indicates increase of Na with decrease of Ca.
This trend confirms the recharge from river system. The groundwaters having S8O more enriched than
-7%o (mainly recharged by rainwater), lie in the upper part (high Na and low Ca) and slope of trend
becomes slightly high. This type of water evolves after traveling longer distance. It seems the base
flow mainly recharged by distant rains. The data pertaining to the middle group (mixed type of water)
is scattered showing different contributions of both the sources.

Shallow groundwater (Fig. 7) also shows similar trend to that of deep water but the data
points are much more scattered, especially the samples with high 88O. It means that shallow
groundwater is not recharged in a regular manner like deep groundwater and various local sources are
also contributing.

6.6. Groundwater dating

Tritium of groundwater has been used to distinguish old ("pre-bomb waters") and young
water (recharged after the start of nuclear bomb tests i.e. after 1953) and to determine the age of
young water. Basically the dating models are based on two extreme considerations dealing with the
behaviour of groundwater flow [20].

> Each episode of recharge is stratified upon the previous one and the whole flow is moving
without any mixing between the respective contributions. This is the so-called piston flow
model (PFM).

> Each episode of recharge mixes instantaneously and completely as a continuous and constant
flow within the reservoir which discharges an aliquot of the same flow with a tracer
concentration corresponding to that of the reservoir. It is called completely mixed reservoir
model or exponential model (EM).

It is generally admitted that PFM does not apply to groundwater flow as hydrodynamic
dispersion and mixing below the water table tend to attenuate variations in tritium input function. EM
also describes the extreme case of mixing. Actual tracer behaviour in hydrological system is between
these two extreme cases, so, combination of both the extreme cases have been applied to relate input
and output data using Multis Model [21], The mean input data of tritium in precipitation of Northern
Hemisphere has been used for this purpose [22].

During the study period, tritium in local precipitation was about 15 TU. Spatial distribution of
tritium in deep groundwater (Fig. 20) shows that most of the sampling stations in the central area have
tritium from 0 to 4 TU. For 4 TU in 1997, the best-fitted model (combination of EM and PFM) gives
the mean residence time (MRT) of 45 years showing 100% old water. It means that most of the deep
groundwater under Lahore was recharged before start of the nuclear bomb testing period (i.e. 1953).
Absence of tritium (0 to 1 TU) at many locations indicates even longer residence time. The area near
the river Ravi has high tritium values ranging from 5 to 31 TU. The same model determines MRT
from 13 to 25 years for the groundwater having tritium values from 15 to 31 with 95 to 83 %
contribution of young water. The tritium around 10 TU shows the lowest MRT (3.5 years). The
tritium values from 5 to 10 may result due to mixing of fresh water recharged from the river in the
base-flow having very low tritium.
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Spatial distribution of tritium in shallow groundwater (Fig. 21) does not show any regular
pattern. Few locations have low tritium (0 to 3 TU), which shows recharge older than 50 years. One
location having tritium 48 TU has MRT 36 years which means that the recharge took place mainly
during 1960s when the peak of tritium appeared due to nuclear explosions. Tritium at most of the
locations is 10 to 15 TU showing few years residence time.

6.7. Vulnerability of Aquifer to Pollution

As mentioned above the shallow aquifer under all the study area has major contribution of
local sources i.e., rains, river, irrigation canals, drains, etc. in different proportions. Only few
locations in the central area have tritium from 0 to 2 TU while all the other locations have high
tritium. This implies that recharge to shallow aquifer is generally quick. Tritium data suggest that
deep aquifer replenishment is quite slow. But this deep aquifer is being highly exploited through
several hundred tubewells. As a result of slow replenishment but high exploitation, water table is
declining rapidly. In this situation, contribution of shallow aquifer to deep aquifer will keep on
increasing. As already discussed, quality of shallow water under the city of Lahore has deteriorated
over the years and there are strong evidences that it will deteriorate further in the coming years, the
deep aquifer seems to be under threat of pollution. Although, the present municipal water supply
derived from deep aquifer is of good quality, but the future prospects are not bright due to
vulnerability of aquifer to pollution.

400 -

350 -

300 -

H 2 5 0 '
- 2 0 0 -

150 -

100 -

50 -

0 -
o

1

o o

1 r
°:°

1

o

o

o

o o
0 ° ° o

rt »e ° o o
d b ° % o * 8 <?°

Dea8> • ^ •
—I : ; — •• ;

-13.0 -12.0 -11.0 -10.0 -9.0 -8.0 -7.0 -6.0 -5.0

8180(%o)
-4.0

18,Fig. 19. Relationship of chloride (ppm) to 5 O.

129



EGEN

Lahore

Bund

•fi

Fig. 20. Spatial variation of Tritium in deep groundwater.

130



*•§•" 0 to 4 TU

Z_ 4to15TU

# 15 to 48 TU

Fig. 21 Spatial variation of tritium in shallow groundwater.

13!



7. CONCLUSIONS

From the data obtained, the following conclusions are drawn.
> Due to heavy abstraction of groundwater, the water table is declining rapidly and a cup-shaped

depression has been formed in the central part of the city.
> Stable isotopic data show that the deep groundwater in the area from the river Ravi up to the

center of the city has major contribution of river water while at the locations far from the river it
seems totally base-flow recharged by rains of distant area in the North-East. Groundwater
showing mixed recharge from river and rains is also encountered in the intermediate area.

> The shallow groundwater at the locations near the river is mainly recharged by the river water.
River influence is restricted to a smaller area as compared to that in case of deep zone. In the
other areas, different local sources like irrigation canals, sewerage drains, local rain and may be
the leaking main supply lines seem to be contributing.

> High tritium values of deep groundwater fed by river show its quick movement up to 8-10 Km.
Deep groundwater in the adjacent area towards the center of the city, although fed by the river,
having tritium concentration 0 to few TU shows residence time of about 45 years. Recharge to
shallow aquifer is generally quick as most of the sampling locations have high tritium values
except few locations in the central area (0 to 2 TU).

> The identified compositional types of shallow as well as deep groundwater are mainly calcium
bicarbonate at sampling points near the river Ravi and sodium bicarbonate going away from the
river in rest of the area indicating cation exchange process.

> Deep groundwater has generally low dissolved chemical load indicating good quality. Quality of
shallow water is poor at most of the locations except the areas near the river and irrigation canals.
Concentrations of different parameters are higher than WHO permissible levels for drinking water
at many locations.

> The study has clearly indicated the increasing trend of groundwater nitrate concentrations. NO3

concentrations have increased at almost all the surveyed locations and have even crossed the
WHO limit for drinking water at some places.

> High nitrates accompanied with highly enriched 15N values show that shallow aquifer is being
polluted by sewerage effluents.

^ Bacterial contamination of groundwater especially at locations near the drains also proves the
penetration of urban recharge from sewerage drains.
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