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ABSTRACT
Pakistan’s irrigation system is more than a century old. Due to the increasing population and consequent intensifying agriculture,
dependence on groundwater is successively increasing. The underground reservoir that was recharged during the ﬁrst half of the
twentieth century by the newly built irrigation system with low cropping intensities is now being overexploited. Groundwater
quality is variable, both vertically and horizontally, with the exception of areas adjacent to rivers, where it is fresh. This paper
describes groundwater quality in the Lower Bari Doab Canal (LBDC) irrigation system based on 47 years of historic water quality
data (TDS, SAR and RSC). Areas are delineated in the form of zones and depths. The tail end of the command is facing severe
groundwater depletion, whereas in certain parts, groundwater quality deterioration with the passage of time has also been detected.
Possible reasons and mechanisms of saline intrusion within the aquifer are described. Lateral saline intrusion is not a major issue
due to very slow groundwater movement. But in areas with saline groundwater lying below the upper layer of irrigation
leaked fresh water, mobilization of deeper saline water is taking place as a result of pumping by farmers. In addition, results of
the solute transport model and MODPATH runs were evaluated in support of water quality analysis and groundwater ﬂow rates.
Copyright © 2013 John Wiley & Sons, Ltd.
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RÉSUMÉ
Le système d’irrigation du Pakistan est plus que centenaire. En raison de la croissance démographique et par conséquent
l’intensiﬁcation de l’agriculture, la dépendance des eaux souterraines est grandissante. Le réservoir souterrain qui a été rechargé
pendant la 1re moitié du 20e siècle par le système d’irrigation nouvellement construit, avec de faibles intensités de culture, est
désormais surexploité. La qualité des eaux souterraines est variable, à la fois verticalement et horizontalement, à l’exception des
zones adjacentes aux cours d’eau, où elle est douce. Le document décrit la qualité des eaux souterraines dans le système inférieur
du canal d’irrigation de Bari Doab (LBDC) basée sur 47 années de données historiques de qualité des eaux (TDS, SAR et LRC). Le
système est délimité en zones d’équiprofondeur de la nappe. La queue de la commande doit faire face à l’épuisement sévère des
eaux souterraines, alors que dans certaines régions, la détérioration de la qualité des eaux souterraines a également été détectée.
Les raisons possibles et les mécanismes de l’intrusion saline dans l’aquifère sont décrits. L’intrusion latérale d’eau salée n’est
pas un problème majeur en raison du mouvement des eaux souterraines très lent. Mais dans les régions où l’eau souterraine saline
est surmontée d’une couche d’eau douce provenant des fuites des systèmes d’irrigation, la mobilisation de l’eau saline profonde est
observée à la suite de pompage par les agriculteurs. En outre, les modèles de transport des solutés et le modèle MODPATH ont été
évalués par l’analyse de la qualité de l’eau et des débits d’eau souterraine. Copyright © 2013 John Wiley & Sons, Ltd.
mots clés: intrusion d’eau salée; qualité des eaux souterraines; utilisation conjuguée; exploitation minière d’un aquifère; TDS; MODPATH
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INTRODUCTION
Pakistan is an agrarian country where irrigation is used on
75% of agricultural land, mainly in the Indus Basin. Like in
many other developing countries in South Asia, agriculture
in Pakistan is heavily dependent on groundwater irrigation
for sustainability of current crop production levels. Because
canal irrigation systems do not provide farmers with
adequate water or enough control over irrigation deliveries,
a majority of farmers have turned to groundwater as a sole
or supplemental source of irrigation. Sale and purchase of
groundwater through informal water markets offer other
farmers the opportunity to use groundwater, particularly
those who do not own a private tubewell. ’The factors
affecting private tubewell development and the emergence
of groundwater markets are complex and interlinked’
(PIES, 2001), including physical, economic and social
factors. The growth in the number of private tubewells has
increased total water availability for crop production and
has also provided on-demand control over irrigation
supplies at farm level. This increased supplement to canal
water is considered to be at stake due to overdevelopment
and quality deterioration in some of the irrigated areas of
the Indus Basin; in particular, the Punjab Province is facing
unprecedented groundwater depletion rates. The same has
been pointed out for the lower part of Bari Doab by Basharat
and Ali (2012). Shah (2006) mentioned this as a key challenge
by saying ’Sustaining the massive welfare gains, groundwater
development has created without ruining the resource is a
key water challenge facing the world today.’

Increasing groundwater use
The Indus Basin Irrigation System (IBIS) was designed for an
annual cropping intensity of about 75% with the intention of
spreading irrigation water over as large an area as possible,
in order to expand settlement opportunities (Jurriens and
Mollinga, 1996). Now, the increasing demand for food, due
to the ever-increasing population, has caused annual cropping
intensities to rise from 150 to 180% in different canal
commands. This has been possible only with an increasing
contribution of groundwater to meet additional water requirements. Large-scale groundwater irrigation, demonstrated
under Salinity Control and Reclamation Projects (SCARPs)
in the 1960s, led to a proliferation of private tubewells
with a capacity of about one cusec (cfs) or less built by
farmers in the 1970s, 1980s and onward. Cropping intensity
was 103, 111 and 122% during 1960, 1972 and 1980, respectively (Ahmad, 1995). The same now is operating at about
170% and even higher in some areas. Hence, groundwater
mining, due to higher abstraction rates, as compared to the
corresponding recharge, is well reported in the literature
(NESPAK/SGI, 1991; Steenbergen Van and Olienmans,
1997; Basharat and Tariq, 2013).
Copyright © 2013 John Wiley & Sons, Ltd.

511

Groundwater quality deterioration
Groundwater is a valuable resource in the province of Punjab
due to its fresh quality in about 70% of the area. It provides at
least an equivalent quantity of water to agriculture as is supplied
from canal water. Groundwater mining, a term often deﬁned as
long-term groundwater level decline caused by sustained
groundwater pumping, is a key issue associated with groundwater use. Many areas of the IBIS, particularly the Punjab
province, are experiencing groundwater mining. Associated
with this mining is the degradation of groundwater quality,
however, in only some of the areas. Groundwater quality
degradation can be from external pollutants to the aquifer or
from within the aquifer by saltwater intrusion. The intrusion
can be lateral or vertical depending upon the groundwater
quality variation and hydraulic gradient in both directions.
Groundwater mining has been a concern in Punjab for many
years, but increased demands on groundwater resources
have overstressed aquifers, especially in the Bari Doab, i.e.
the area between the Ravi and Sutlej rivers. Generally speaking, assessment of groundwater quality on a long-term basis
in IBIS is absent. The same has been studied in detail for
the LBDC irrigation system in Punjab, Pakistan.

LBDC irrigation system and the aquifer
The LBDC irrigation system covers a culture-able command
area (GCA) of 0.80 million hectares (Mha) and out of this,
commands gross command area (CCA) of 0.70 Mha. The main
canal with a design discharge of 278 m3 s1 off-takes from the
left bank of the Ravi River at the Balloki Barrage and ﬂows for
201 km, supplying water to its 65 off-taking channels, as shown
in Figure 1. The canal irrigation is managed through four
irrigation divisions, i.e. Balloki, Okara, Sahiwal and Khanewal.
Agriculture in the area is sustained through surface water
supplies from the Balloki Barrage and pumped groundwater
from the underlying unconﬁned aquifer. The canal water
supply is less costly, as well as the most important and dependable prime water source, both for crop water requirements and
groundwater recharge, with recent average annual (2001–2011)
deliveries of about 4900 million cubic metres (MCM) at the
canal head (Basharat, 2012a). However, the sustainability of
this increased food security is most importantly linked to the
sustainability of the groundwater reservoir.
The alluvial sediments that comprise the aquifer exhibit
considerable heterogeneity both laterally and vertically.
Despite this, the broad view is that the aquifer behaves
as a single contiguous, unconﬁned aquifer. Study of the
lithological logs of test holes (180–300 m deep) and test
tubewells (30–110 m deep) indicates that Bari Doab consists
of consolidated sand, silt and silty clay, with variable amounts
of kankers. Re-evaluation of the original data (WAPDA,
1980) and geological sections (Unites States Department of
Irrig. and Drain. 62: 510–523 (2013)
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Figure 1. LBDC canal irrigation network managed through four irrigation divisions. This ﬁgure is available in colour online at wileyonlinelibrary.com/journal/ird

the Interior, 1967) suggests that in the area between Balloki
and Okara, there are moderately persistent and alternate layers
of ﬁner materials (clay and silt) of about 15–30 m thickness,
without any continuity. The near-surface layer of clay/silt,
6–15 m thick, is also prominently evident. However, thick
layers (40 m of very ﬁne to medium sand) were also found
at deeper depths of the aquifer. Within the middle zone, as
represented by the cross section near Sahiwal, silt/clay layers
tend to be thinner and distributed unevenly, both vertically
and horizontally. The lower zone, as represented by the cross
section near Mian Channu (Chichawatni to Khanewal),
appears to be as described above, with a greater predominance
of sand, and rare clayey/silty materials. Except for a few local
lenses, a few feet-thick beds of rock-hard, compact clay are
rare in the area. Gravels of hard rock are not found within
the alluvium and coarse or very coarse sands are uncommon.

METHODOLOGY
Groundwater depth and quality analysis
Groundwater depth observation points monitored by the
SCARPS Monitoring Organization (SMO) and Directorate
of Land Reclamation (DLR) were marked in the GIS of
the LBDC command. The depths to groundwater table
values were converted to groundwater elevations using
actual survey data or shuttle radar topography mission
Copyright © 2013 John Wiley & Sons, Ltd.

(SRTM) elevation data with 90 m2 resolution (where an
actual survey was not available). The maps of depth to
groundwater and elevation contours were prepared using
Surfer software and converted to GIS format. The groundwater
quality data presented herein are based on chemical analysis of
the groundwater samples collected in 1961–1962, 2001–2002
and 2006–2007 by SMO of WAPDA. The water samples
had been collected within a depth of 300 cm during proﬁle
augering or deeper depths of the order of 50 m in the case
of tubewells and shallow depth hand pumps. The data were
classiﬁed on the basis of laboratory analysis for total
dissolved solids (TDS), sodium adsorption ratio (SAR)
and residual sodium carbonate (RSC). For the purposes
of classiﬁcation and ease of description, groundwater
quality has been expressed as useable, marginal and
hazardous for irrigation purposes, as determined by the
most adverse value of any of the afore-stated three
parameters, using the criteria given in Table I (Yunus,
1977). At the ﬁrst stage, the samples were classiﬁed as
hazardous if, according to any one of the three parameters,
they fall within the hazardous range, and then a similar
approach was adopted for marginal quality. The remaining
points were declared as fresh as they met all the three criteria
of TDS, SAR and RSC for fresh water. This was done in
ArcMap using quarry and analysis techniques. Groundwater
quality maps were developed for 1961–1962, 2001–2002
and 2006–2007 and different hydrologically similar units called
Irrig. and Drain. 62: 510–523 (2013)
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Table I. Irrigation water quality criteria for groundwater quality
mapping
Quality category

TDS (ppm)

SAR

RSC (meq/L)

Useable
Marginal
Hazardous

< 1000
1000–2000
> 2000

<10
10–18
>18

< 2.5
2.5–5.0
>5

as compared to the adjacent saline region. In order to have
an estimate of the extent of the phenomenon taking place
in the study area, groundwater travel times were calculated
using Darcy’s law (Equations 1 and 2) and porosity values
based on average lithology as depicted from 1961–1962
hydrogeological investigations in the area.
Hydraulic gradient ¼ i ¼

HSUs (keeping in mind the groundwater quality and command
boundaries of the distributaries) were identiﬁed in the LBDC
command. These zones were further analysed to identify
changes over time with respect to TDS, SAR and RSC.

Saline intrusion assessment
The saline intrusion phenomenon is more critical in coastal
areas due to the high salt content of sea water and increasing
groundwater pumping on the land side. Problems in inland
areas have received relatively little publicity, although they
are almost as numerous as coastal incidences of intrusion.
However, inland saline intrusion is less drastic, probably due
to the gradual variation in quality as compared to the relatively
sharp fresh–saline interface in coastal areas. Often, the
situation in inland areas also becomes critical whenever high
salinity groundwater is present at deeper depths and shallow
groundwater is being pumped at relatively larger rates as
compared to recharge; the same is the situation in some parts
of the LBDC irrigation system. The LBDC area was divided
into HSUs as saline or fresh, and variation in salt content
(TDS, SAR and RSC) over a period of 47 years was studied.
Actual rates of saline intrusion depend mainly on two
factors, i.e. hydraulic gradient and aquifer transmissivity.
The natural hydraulic gradient is mostly coincident with
the land surface gradient, but is often disturbed, particularly
enhanced by overpumping in the fresh groundwater region
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V¼

Δh
ΔL

Ki


(1)
(2)

where V is the groundwater travelling rate (m day‾1), K is
aquifer permeability (m day‾1), and n is the porosity of
the aquifer sediments.
In addition to assessment of the extent of saline intrusion by
studying variation in salt content with the passage of time and
hydraulic heads in the aquifer, a solute transport model run
for 50 years was carried out, using the available data of
salt content (TDS, ppm) of canal and groundwater. Variation
of groundwater salt content was monitored in the model at selected places. MODPATH was also run for particle tracking in
support of travel time calculations and solute transport modelling, in order to know the rate and extent of saline intrusion.

RESULTS AND DISCUSSIONS
Aquifer response to irrigation and groundwater development in the LBDC
The changes in groundwater level over the last century, in response to irrigation system inception (without groundwater irrigation) and then from the 1960s onward, groundwater pumping
by farmers to supplement short irrigation supplies, are shown in
Figure 2. In the natural environment that existed before the

Figure 2. Groundwater hydrographs over 100yr showing reservoir ﬁlling and depletion in the LBDC (1961–1986 is a data gap). This ﬁgure is available in
colour online at wileyonlinelibrary.com/journal/ird
Copyright © 2013 John Wiley & Sons, Ltd.
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inception of perennial canal irrigation, the groundwater hydraulic system was in a state of dynamic equilibrium, i.e. there was
no long-term rise or decline of the groundwater table. However,
the groundwater adjacent to the rivers was at a higher level as
compared to that in the middle of the Doabs, due to river
seepage. However, after the inception of the irrigation system,
the recharge pattern totally changed; more or less, it became
uniform in the lateral direction from the rivers. The groundwater levels in the aquifer had risen much with the passage of time
in response to spreading of irrigation supplies starting in 1912
with a relatively low cropping intensity of about 67%.
Peak crop water demand is about 8 mm day1 at the farm
head (30 years normal ETo by Pakistan Meteorological
Department, 2006), indicating a net peak ﬂow requirement of
about 1 litre per second per hectare (lps ha1). The canal ﬂow
of 0.23 lps ha1 (3.3 cfs per 1000 acres) at the watercourse
head, for a present cropping intensity of about 160%, cannot
meet peak demand, leading to complementary tubewell
irrigation which started in the 1960s and gradually intensiﬁed
with the passage of time.
There has been an exponential growth of tubewells within
the last four decades in the LBDC irrigation system. The

reported number of tubewells in 1994–1995 was about 20
000, rising to 48 100 in 2005 (NESPAK, 2005). This phenomenal increase in the number of tubewells has also been the
prime driver in increasing cropping intensity. Basharat
(2012b) has estimated annual groundwater pumping to the tune
of 3950 MCM in the LBDC command. Nine per cent of
the LBDC command area that was termed waterlogged in
1979–1980, on the basis of depth to groundwater table
(DTW), i.e. up to 3 m, had vanished (NESPAK-NDC-AHT,
1995). It means the underground reservoir that was recharged
by the newly built irrigation system with low cropping intensities is now being overexploited due to increased cropping intensity. The average rate of groundwater rise was 23.5 cm yr1 for
these six observation wells. The period from 1987 to 2008
indicates a depletion rate of 31.4 cm yr1, i.e. an even faster
depletion than its aforementioned rise (Figure 2).

Groundwater depth and elevation
The depth to groundwater table increases continuously
towards the tail of the command as shown in the DTW map
for June 2008 (Figure 3A). There is a steep groundwater

Figure 3. Depth to groundwater (A), and elevation (B), during June 2008. This ﬁgure is available in colour online at wileyonlinelibrary.com/journal/ird
Copyright © 2013 John Wiley & Sons, Ltd.
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gradient (1 in 3060, as shown in Figure 3B) as compared to
the natural ground slope (1 in 3715) in the downstream
direction of the LBDC irrigation system. Basharat (2012b)
analysed groundwater depletion and its variation over the irrigation command. On average, for the Sahiwal and Khanewal
divisions of the LBDC command, the rate of groundwater
depletion was 0.36 m yr1 for the period from 1987 to 2008.
The volume of groundwater depleted in these two irrigation
divisions (GCA 0.599 Mha) for the above period, using 25%
speciﬁc yield, was 11 300 MCM (9.17 MAF), whereas groundwater levels are stable in both the Balloki and Okara divisions
without any notable depletion.
According to Basharat and Tariq (2013), spatial climate
variability within the irrigation system in the Indus Basin has
created differential variations in rainfall and as a result, in
irrigation water demand. For the LBDC irrigation system, they
concluded that annual normal rainfall decreases towards the tail
(212 mm) as compared to the head (472 mm). Increasing
groundwater depletion rate towards the tail end of the command
was attributed to decreasing recharge to groundwater in the
downstream direction of the LBDC system, as a result of
decreasing rainfall in this direction. The current situation of
groundwater depletion in tail reaches of the LBDC (Khanewal
division) indicates that water demand exceeds supply. This
deﬁcit is currently being met by overexploitation/mining of
groundwater resources, resulting mainly in unprecedented
dropping of groundwater levels. The situation is almost similar
in the Sahiwal division but less severe due to the groundwater
table depth being comparatively shallower by about 5 m, as
compared to the Khanewal division.

Groundwater quality
Groundwater quality for the three surveys (1961–1962,
2001–2002 and 2006–2007) in the LBDC command area
is compared in Figure 4, in terms of percentage samples
falling under useable, marginal and hazardous classiﬁcation.
Figure 5 shows point locations of these source water samples
along with their quality, i.e. fresh, marginal or hazardous. It is
observed that the percentage of observations with hazardous

%age of observations

60
50
40

Total number of observations in each survey
1030
345

314

Useable
Marginal
Hazardous

30
20
10
0
1961-62

2001-02
Period of observation

2006-07

Figure 4. Temporal comparison of groundwater quality in the LBDC command.
This ﬁgure is available in colour online at wileyonlinelibrary.com/journal/ird
Copyright © 2013 John Wiley & Sons, Ltd.
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groundwater quality has decreased with the passage of time.
On the other hand, marginal quality percentages samples have
increased, but no trend can be deduced about fresh quality
samples. The results are similar to those concluded by Beg
and Lone (1992) in their study of the SCARP-1 project area,
that there were many wells for which groundwater quality
had improved, but water quality had deteriorated for an even
larger number of wells. The possible reasons are:
• mixing of fresh and saline groundwater has been taking
place in the past since inception of irrigation, causing
an increase in marginal quality groundwater;
• deep percolation of fresh irrigation water is causing dilution of underlying marginal and hazardous groundwater
due to groundwater ﬂow, caused by natural hydraulic
gradients in the downstream direction. Groundwater
pumping by tubewells further induces these gradients,
causing local but mostly vertical turbulence, enhancing mixing of fresh and saline resources.
Very keen observations about the locations of useable, marginal and hazardous samples in the surveys of 1961–1962,
2001–2002 and 2006–2007 (Figure 5) do not show any lateral
shift of saline groundwater. However, limitations of the data
and interpretation of results are that the samples were from
the open-hole section of the borehole and represent a
composite of water from one or more water-producing zones
of varying water quality, particularly in areas where the
groundwater quality varies with depth. Relative contributions
of water from different depth zones vary considerably
throughout the study area, due to the varying depth of the
screened interval of varying capacity pumping wells.

Distribution of fresh and brackish groundwater
As discussed earlier, concentrations of chemical constituents
in the LBDC aquifer vary, both vertically and horizontally.
Groundwater quality data of 2001–2002 (Figure 5b) was
interpolated (based on TDS) to get a spatial view of the
spread of varying quality groundwater. The area distribution of the total LBDC command falling in various water
quality classes is given in Table II and shown in Figure 6.
Half of the LBDC command (49.4%) falls under useable
quality, and most of this lies towards the Ravi River. Also,
the highly saline area lies to the left of the LBDC command
in the head reach. Based on the results of deep groundwater
quality investigations of 1961–1962 (test locations shown
in Figure 5d), Greenman et al. (1967) concluded that the
distribution of saline and fresh groundwater zones in
Bari Doab is a result of past and present hydrological,
climatic and topographic factors. Among these, the present
and former positions of stream channels, representing
sources of recharge, the high bluffs of the bar uplands in
Irrig. and Drain. 62: 510–523 (2013)
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Figure 5. Groundwater quality as observed on: (a) 1961–1962, (b) 2001–2002, (c) 2006–2007, (d) test hole locations (1961–1962). Division of LBDC command area
into HSUs for long-term water quality assessment is also shown and labelled in part (a). This ﬁgure is available in colour online at wileyonlinelibrary.com/journal/ird

Table II. Distribution of groundwater quality (2001–2002)
TDS (ppm)

Area (ha)

0–1000
1000–2000
2000–3000
3000–5000
5000–10 000

393
347
43
10
2

000
000
400
500
240

% area
49.4
43.6
5.5
1.3
0.3

the upper part of the Bari Doab, and differences in the permeability within the alluvial aquifer are the most important.
Copyright © 2013 John Wiley & Sons, Ltd.

The deep groundwater quality data of 1961–1962
revealed that a strip of about 10 km width between Pattoki
and Chunian, starting from Raiwind and ending at about
the middle of Okara and Sahiwal, has highly saline
groundwater. The water samples ranged up to 10 000 ppm,
up to a maximum depth sampled around 200 m as shown
in Figure 7 (borehole locations BR-8, BR-122, BR-21,
BR-123 and BR-124, Figure 5d). This high-salinity groundwater is a result of the lack of any tributary channels of Ravi
River in this strip, due to high bluffs of 10–15 m as compared to its surroundings. Hussain and Hamid (1964) have
Irrig. and Drain. 62: 510–523 (2013)
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Figure 6. Spatial distribution of groundwater quality (TDS) as sampled from pumping sources (2001–2002). This ﬁgure is available in colour online at
wileyonlinelibrary.com/journal/ird

Figure 7. Groundwater salinity proﬁle for the strip from Raiwind to the middle of Okara and Sahiwal. This ﬁgure is available in colour online at
wileyonlinelibrary.com/journal/ird

similarly explained that saline groundwater in Bari Daob is
found principally beneath the high-lying portion of the bar upland, in the upper part of the Doab, where bluffs are 11–15 m
above the level of the rivers and thus mark the limit of river meander and fresh water recharge from that source in historic
Copyright © 2013 John Wiley & Sons, Ltd.

times. A particularly extensive zone of fresh groundwater
downstream of Sahiwal to south of Multan is apparently related
to a former channel of the Ravi River. Another saline zone of
a smaller extent is located upstream of the town of Jhanian
(Figure 5b). Keeping in mind the sufﬁcient groundwater
Irrig. and Drain. 62: 510–523 (2013)
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hydraulic gradient (Figure 3B) and distribution of saline
groundwater (Figures 5 and 6), one can apprehend that there
are areas with an ongoing risk of lateral, as well as vertical, saline intrusion, due to differential hydraulic gradients.

Saline intrusion analysis and its extent
There exists sufﬁcient groundwater gradient (Figure 3B),
particularly in the downstream direction of the LBDC
irrigation system and presence of saline water zones in the
head end i.e. upstream of Shergarh to the middle of Okara
and Sahiwal (however, gradually decreasing in salinity),
thus a potential threat of salt movement is there. The area,
is therefore, vulnerable to saline intrusion or up-coning,
depending upon distribution of salts horizontally, as well as
vertically, along with depth and extraction rates of irrigation
tubewells. Keeping in mind the groundwater quality map developed for 2001–2002, the LBDC command was divided
into 13 HSUs as fresh or saline zones (Figure 5 and Table III). Changes in water quality parameters (TDS, SAR
and RSC) with time in these surveys were examined regarding maximum and average values as given in Table III.
Figure 8 compares the maximum, average and minimum
TDS values, along with the number of samples for the three
surveys. According to the results, it is seen that groundwater
being pumped in the Shergarh area has become more saline
with the passage of time, possibly due to the presence of
high-salinity groundwater at deeper depths and in the
upstream direction (BR_21 and BR_8, BR_122, respectively,
Figure 7). Due to the prevalence of a differential hydraulic
head, mostly due to the difference in natural surface elevation,
there is a possibility that highly saline groundwater at deeper
depths in the upstream region ﬂows to the downstream region.
However, there are no such signs of groundwater quality
deterioration in the Okara and Gamber HSUs. Thus the
prominent difference with respect to groundwater quality
deterioration is the absence of very high-salinity groundwater
at shallow depths in these two HSUs (BR_123 and BR_124,
Figure 7) as compared to the Shergarh HSU. However, TDS
and SAR have both increased with the passage of time in
Jhanian_L HSU, being in the downstream direction of the
more saline Jahanian_M HSU. This could either be due to
lateral or vertical movement, or both. But nothing can be
further concluded with conﬁdence, due to the absence of any
deep borehole data of 1961–62 in Jhanian_L HSU. Thus, a
possible reason for groundwater quality deterioration in the
Shergarh area can be that the increasing demand to supplement
short irrigation supplies has forced farmers to install wells
and pump groundwater even in more saline areas which
previously were not tapped due to high salt content.
Assessing the quality of groundwater is important to ensure
the sustainable and safe use of these resources. But describing
overall water quality changes over time is difﬁcult due to the
Copyright © 2013 John Wiley & Sons, Ltd.

spatial variability of monitoring locations in these surveys
and multiple contaminants, and the wide range of processes
involved in mixing of fresh and saline waters. From the previous discussions it is concluded that the water quality situation is deteriorating with passage of time in areas which
have high-salinity groundwater underlying, due to the combined effect of groundwater mining and saline up-coning,
and dispersion transport. Areas downstream of these highsalinity zones are also vulnerable to lateral salt movement
and dispersion transport. Results of travel time calculations,
using Darcy’s law and aquifer hydraulic parameters, for two
locations near the towns of Sahiwal and Jhanian with the
highest hydraulic gradient are given in Table IV. According
to the results, groundwater travels a distance of about 0.54–
1.36 km during a 100-yr time span for the two locations. It
is, therefore, concluded that the saline intrusion phenomenon
had been very slow, due to slow-moving rates of groundwater.
However, there is a remarkable identiﬁcation of mixing of
saline and fresh groundwater within local limits.
Basharat (2012a) carried out solute transport modelling and
groundwater ﬂow tracking with a MODPATH run.
Hydrographs of salt concentrations at three different locations
shown in Figure 9, for pairs of neighbouring cells, were monitored during simulation, each for layers 2 and 3. The
neighbouring cells were 2500, 1800 and 2000 m apart, for the
three locations falling in HSU_2, HSU_3 and HSU_8, respectively. Only TDS concentration hydrographs in layer 3 for these
locations are shown in Figure 10. Perusal of the hydrographs
shows that there is a decrease in salt concentration for most of
the cells, except that in HSU_2 Okara downstream, in which
there is an increase in salt content from about 2100 to 2800
ppm. This increasing trend is probably from the high salt content in layer 4 and not from the adjoining cell on the upstream
side, because here in these upstream cells, concentration is also
decreasing. So, there is no pattern such that the downstream
cells have increasing salt content as a result of upstream salt
content. From the behaviour of salt concentration here as a
result of the model simulation and that on the basis of longterm changes in salt concentration from the observed data over
47 years (1961–1962 to 2006–2007) as explained earlier
and given in Table III, it is concluded that dilution of saline
water is taking place as a result of the local mixing of fresh
and saline water. Deep percolation of recharge from the
surface is also causing dilution of underlying marginal
and hazardous groundwater. This phenomenon is caused
by natural hydraulic gradients in the downstream direction
and local turbulence caused by tubewell suction. So, the
phenomenon is mostly occurring at a local scale, and at
the same time up-coning of salts due to the vertical variation
in groundwater quality is also playing a role.
From the analysis, it is concluded that any major shift of
saline groundwater to fresh groundwater is absent in the
area, which is also supported by the slow movement of
Irrig. and Drain. 62: 510–523 (2013)
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8_Jahanian_M

8_Jahanian_U

7_Abdul Hakim 11

12

1_Balloki

HSU

2890
(786)
1656
(1186)
2970
(930)
5840
(1558)
2760
(788)
4790
(1824)
2760
(906)
4025
(953)
2980
(949)
1250
(525)
1900
(1016)
5528
(1790)
1784
(808)

No. of TDS
obs. (ppm)

2001–2002

28
(6.85)
19
(13.3)
25
(5.64)
68
(12.5)
30
(4.79)
38
(14.2)
29
(6.48)
20
(5.99)
26
(6.87)
21
(3.9)
24
(10.6)
33
(15.4)
35.3
(8.6)

8.83
(2.6)
7.35
(5.7)
24.5
(2.2)
10.2
(1.9)
18.9
(2.0)
21.8
(5.3)
18.9
(1.8)
15.4
(2.5)
10.1
(2.2)
8.5
(1.1)
10.8
(4.2)
18.3
(6.1)
11.6
(1.4)
25

77

52

47

161

141

79

108

37

91

135

13

18

2118
(845)
8282
(2262)
2662
(1052)
8621
(1800)
2061
(746)
8448
(1653)
2739
(1099)
3040
(1105)
2752
(993)
2848
(641)
2093
(951)
3264
(1296)
2419
(1089)

29.3
(6.2)
269.1
(20.7)
40.5
(5.5)
92.2
(14.1)
12.0
(4.1)
68
(15.5)
31.5
(9.6)
39.6
(7.6)
29.5
(6.3)
8.08
(3.04)
19.6
(6.8)
36
(12.3)
16.6
(5.3)

12.5
(1.9)
14.8
(6.1)
13.3
(2.0)
20.7
(2.5)
3.3
(0.5)
17.2
(4.2)
12.7
(2.6)
13.3
(1.2)
11.4
(1.2)
3.2
(0.7)
8.0
(2.2)
14.7
(5.2)
6.6
(0.7)
2

17

15

9

46

36

42

41

15

35

52

7

14

RSC No. of TDS
RSC No. of
SAR (meq/l) obs. (ppm) SAR (meq/l) obs.

1961–1962

2080
(1020)
12420
(4680)
1472
(722)
6365
(1415)
1280
(589)
4488
(1149)
2047
(918)
2827
(1102)
5585
(952)
1248
(645)
13082
(872)
2600
(1535)
3087
(2343)

17
(6.5)
54.8
(23.7)
9.7
(3.5)
45.5
(8.6)
7.9
(2.7)
32.7
(7.8)
37.8
(8.3)
26.6
(8.4)
24
(6.7)
11.6
(3.7)
13.4
(8.2)
29.4
(16.8)
14.3
(13.4)

TDS
(ppm) SAR

2006–2007

Useable

Average
present
condition
No change

Temporal
change

Useable

Marginal

Useable

Useable

1.9 (0.9)

Marginal

12.9 (5.9) Marginal

6.7 (3.1)

5.4 (0.6)

8.3 (1.6)

8.4 (1.2)

Bit improved

Improving

No change

Improving

TDS, SAR
increased

No change

No change

No change

No major
change
Useable to No change
Marginal
Useable
No change

14.9 (2.3) Useable

16.2 (2.1) Marginal

1.2 (0.2)

6.2 (0.9)

3.2 (0.35) Useable

6.6 (1.04) Hazardous Deteriorating

4.0 (1.1)

RSC
(meq/l)

Groundwater quality

9

9

9

6–8

6–9

6–9

6–12

9–15

6–12

9–15

6–15

9–12

3–6

8

3–8

3

1–2

1–5

1–4

3–4

2–3

4–5

0–2

1–2

0–1

0–1

Rise
Depletion
(1913–1960) (1960–2008)

Water level (m)

Table III. Groundwater quality and level changes in the LBDC command (for water quality: maximum value without brackets and average values within brackets)
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Figure 8. Comparison of groundwater quality (TDS, ppm) in HSUs of the LBDC command during 1961–1962, 2001–2002 and 2006–2007. This ﬁgure is
available in colour online at wileyonlinelibrary.com/journal/ird

Table IV. Groundwater travel time calculations for two sites in the LBDC command
Hydraulic head (m)
Area
South of Sahiwal
North-east of Jhanian

h1

h2

Horizontal
distance
(km)

157.5
115.0

152.5
107.5

10.5
10.9

K (m day1)

Porosity

Velocity
(km (100 yr)1)

10
20

0.32
0.37

0.54
1.36

Figure 9. Concentration monitoring locations during solute transport simulation. This ﬁgure is available in colour online at wileyonlinelibrary.com/journal/ird
Copyright © 2013 John Wiley & Sons, Ltd.
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Figure 10. Hydrographs of concentration (ppm) with time, in neighbouring cells legible. This ﬁgure is available in colour online at wileyonlinelibrary.com/journal/ird

groundwater in the aquifer as given in Table IV. The same
has been studied in detail by Basharat (2012a), using solute
transport modelling and particle tracking. A limitation of
the modelling of the saline intrusion phenomenon was
that the water sampled during groundwater quality sampling
surveys was the mix of ﬁltered depth of the pumping
well. So, this only allowed a coarse representation of aquifer

water quality in the solute transport model. To make sure that
groundwater movement is as slow as calculated in Table IV,
the MODPATH run was continued for a 50-yr transient
groundwater ﬂow simulation. MODFLOW simulation was
used in MODPATH to compute paths for imaginary particles of water moving through the simulated groundwater
ﬂow system at two different places, i.e. near the towns of

Figure 11. Particle traces (bordered within dotted boundaries in layer 3 (near Sahiwal town) and layer 2 (near Khanewal town) with MODPATH run for 50 yr
(distance travelled is 200–1000 m) legible. This ﬁgure is available in colour online at wileyonlinelibrary.com/journal/ird
Copyright © 2013 John Wiley & Sons, Ltd.
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Sahiwal and Khanewal. Movement of groundwater ﬂow as
tracked by MODPATH for these two sites is shown in
Figure 11, by continuous ﬂow lines. The ﬂow lines, as
represented in these two ﬁgures, have varying lengths at
different places due to the proximity differences to tubewell
pumping locations. The distance travelled by groundwater in
these two sites ranges from 200 to 1000 m (model grid size
being 500 m) over a 50-yr simulation period, thus supporting
the earlier conclusion of slow groundwater movement.

CONCLUSIONS AND RECOMMENDATIONS
In general, lateral saline intrusion itself in the LBDC is not a
very serious problem, but discharging water from the aquifer
more than its potential (particularly in saline areas) can have
an adverse impact on the quality of pumped groundwater.
Speciﬁc conclusions are:
• over the 47-yr time span, water quality improved in 3
out of the 13 HSUs, no change was observed in
8 HSUs, while it deteriorated in only 2 HSUs. Thus,
an encouraging result, in contrast to the normally belief
of deteriorating groundwater quality in the irrigated
environment of the IBIS;
• travel time calculations, solute transport simulation and
the MODPATH run have shown that there is not much
vulnerability to lateral saline intrusion, due to very slow
movement of groundwater. Where there is saline water
underneath, consumption of the upper thin freshwater
layer by pumping is causing gradual deterioration of
pumped groundwater quality to the extent of quality of
the underlying relatively saline groundwater;
• groundwater quality deterioration in the Shergarh area
is due to the presence of very local patches of saline
water (of the order of 5000 ppm and above at deeper
depths) and indiscriminate boring of wells by farmers,
without proper understanding and investigation
regarding the quality of groundwater;
• in such an environment where groundwater has increasing
salt content with depth, groundwater pumping should not
be allowed to increase more than recharge from the surface
over a cycle of few years; otherwise saltwater up-coning
may degrade the quality of pumped groundwater;
• minimizing well depths can be one of the most effective
and simplest methods of reducing threat of saltwater
up-coning. Keeping as much distance as possible
between the bottom of the well and the underlying salt
water could slow the upward vertical movement of salt
water. For this purpose, a detailed fresh groundwater
quality assessment with depth is recommended for
saline areas. This will guide farmers in the proper
designing of their wells regarding depth and discharge,
so as to avoid saline up-coning.
Copyright © 2013 John Wiley & Sons, Ltd.
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