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SUMMARY 

Groundwater quality stratification, with fresh water 'floating' on saline layer, is prevalent 
in most coastal aquifers as well as many inland regions, particularly in arid climates. Such 
fresh groundwater is often a valuable resource and its occurrence and development have been 
the subject of many studies. 

In the 1960s, studies of waterlogging and salinity, resulting from extensive irrigation in the 
Lower Indus Plains in Pakistan, identified vertical drainage by high capacity pumped wells as 
the optimum remedial measure to restore the irrigated land's fertility. The economics of such 
drainage are greatly improved if the pumped groundwater is fresh and can be used for 
supplementary irrigation. However, much of the area is underlain by saline aquifers, or by 
fresh groundwater lenses of variable geometry underlain by brine. Consequently the studies 
concentrated on fresh groundwater recovery by conventional skimming wells depending on the 
equilibrium up-coning of denser saline water under the bottom of the well, 'limited lifetime' 
wells which produce fresh water for a sufficiently long period to be economically viable before 
going saline, and scavenger wells which pump both the fresh and saline water but through 
separate outlets. Four pilot scavenger wells, sited in small fresh water lenses within the Lower 
Indus aquifer were tested and monitored in the late 1980s. These trials have shown the concept 
to be technically and economically feasible; moreover it is generally applicable to most quality 
stratified situations where each layer can be pumped separately within the constraints imposed 
by dispersion. 

1. BACKGROUND 

The occurrence of fresh groundwater 'floating' on saline water, is common on small 
islands, in coastal regions and in many inland areas, particularly in arid climates. Such fresh 
groundwater bodies or lenses are often important sources of potable or irrigation supplies; 
consequently their geometry, properties and methods of exploitation have been the subject of 
studies ever since the early development of scientific hydrogeology; such studies have 
continued into the present. 

At the turn of the last century, the work of Badon Ghyben [1] and Hertzberg [10] 
demonstrated the importance of density in the occurrence and development of fresh/saline 
groundwater systems; the Ghyben-Hertzberg principle, predicting the thickness of fresh water 
layers in coastal aquifers, is still sometimes used as a first approximation, but is now 
recognised as a gross oversimplification of the real situation; its greatest weakness is the 
assumption of wholly static conditions. Hubbert [11] developed equations for potential 
functions for each fluid (saline and fresh water) and used them for more realistic predictions 
of fresh groundwater body geometries. Further work on this subject by Cooper [6] and Henry 
[8, 9] refined the previous theories and introduced dispersion into the treatment of such 
problems. Further insights into the subject were provided by Bear eta! [2, 3]. Finally, great 
advances in understanding the problems of fresh/saline groundwater occurrence have been made 
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in the last 25 years, using numerical calculations by digital computers; there is a great 
proliferation of publications on this subject, such as by Shamir & Dagan [22], Volker & 
Rushton [23] and Kuiper [15]. 

Recovery of fresh groundwater from relatively thin fresh lenses overlying saline layers, 
proved to be a difficult problem. Initially both well penetrations and well discharges were kept 
to absolute minima on the basis of only a qualitative understanding of the problems involved. 
The breakthrough came from the oil industry, when that giant of the analytical treatment of 
porous media hydraulics, Muska!, developed approximate analytical and analogue model 
solutions for upconing of brine beneath oil wells [17, 18]. The groundwater industry was slow 
to recognise the applicability of Muskat's work to fresh/saline groundwater systems and it was 
not until the 1960s and 1970s that his methods began to be increasingly used for the analysis 
of fresh water skimming well problems. Wang [25] used a simplified approach, which just 
about invalidated her results. The work on skimming wells in Pakistan was done in the early 
to middle 1960s [12]. Bennett et a! [14] used the combination of electric analogue and 
Muskat's theory to estimate maximum skimming rates for partially penetrating wells. Sahi [19] 
summarised the studies of upconing based on the assumption of a sharp interface. The advances 
in digital computer development in the last 25 years have led to many publications on the 
numerical treatment of skimming problems such as Schmorak & Mercado [21], Chandler & 
McWhorter [5], Voss [24] and Kooiman et al [14], many of which discuss transitional interface 
and dispersion. 

The concept of the scavenger or compound well seems to have been developed 
independently by different workers in different parts of the world in the 1960s. We are aware 
that it has been mentioned in some early work on the coastal aquifers in Libya. It was 
introduced into groundwater' development planning in Pakistan in the mid 1960s. In the United 
States the term 'scavenger well' is found in a publication by Long [16]. Also in 1965, one of 
the major figures of post-war groundwater hydrology, C E Jacob, took out a patent on the 
'Doublet Well', designed to recover the upper fluid (oil or fresh water), while merely 
recirculating the lower fluid (brine) and keeping the interface as a flow line, a concept 
essentially the same as the scavenger well (described by Wickersham [26]). 

The application of the scavenger concept to practical problems of fresh groundwater 
recovery is not well documented in the literature. Perhaps the most exhaustive treatment of 
this subject is by Zack [27], describing the work of the USGS on water supply in Puerto Rico. 
The Pakistan experience is fully described but mainly in technical reports of restricted 
circulation (particularly [7]). 

2, THE SCAVENGER WELL CONCEPT 

The scavenger well concept has been developed for the recovery of fresh groundwater 
occurring in thin layers overlying saline water without intervening aquicludes or aquitards. In 
cases where conventional skimming wells could abstract only uneconomically small amounts 
of fresh water, scavenger wells may provide a viable solution; essentially such well systems 
pump both the fresh and the saline groundwater but through separate outlets; by keeping the 
fresh/saline interface as a flow line, mixing is prevented and the fresh discharge can be used 
for domestic supply or irrigation, while the saline effluent is disposed to waste. The concept 
is demonstrated diagrammatically in Figure I. 

The principle of the s0avenger well relies on the fact that the streamline pattern around a 
discharging well develops quickly and remains virtually unchanged once it is established. Thus 
in a groundwater quality stratified situation, once the underlying saline water reaches the well 
screen and the flow system is fully developed, the geometry of the system tends to remain the 
same; that is, the amount of saline water reaching the well stays more or less constant and the 
fresh/saline interface approximates a stream line with no flow crossing it; consequently no 
mixing takes place except in the well itself. Figure 2 illustrate this principle. 
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Schematic Scavenger Well 

TO DISPOSAL TO IRRIGATION 

Figure 1 Schematic Scavenger Well 

Figure 2 The Scavenger Well Principle 
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In practice, a scavenger system may consist of a single well with two pumps set at different 
depths (as shown in Figure 1), or two separate wells with screens at different depths. In the 
former case, two standard pumps can be used or special pumping equipment can be 
manufactured with two systems of impellers on a single shaft discharging through separate 
rising mains (a prototype has been successfully tested in Pakistan). 

The feasibility and practicality of scavenger wells has by now been conclusively 
demonstrated. In fact it has been shown that in situations of groundwater quality stratification, 
it is possible to pump each layer separately within the constraints of mutual contamination by 
dispersion. 

3. THE PAKISTAN EXPERIENCE 

3.1 The Lower Indus Groundwater System 

The Lower Indus plains in the province of Sindh in Pakistan (Figure 3) are the location of 
one of the largest irrigation systems in the world; three diversion dams (Gudu, Sukkur and 
Kotri Barrages) on the River Indus and thousands of miles of irrigation canals allow the 
cultivation of some 6 million hectares of land, which without irrigation would be a desert. The 
plains are underlain by a huge alluvial complex, which over much of the region is dominated 
by sandy deposits, thus constituting an extensive aquifer system. This system extends 
northwards into Punjab, but becomes finer and more intensely stratified at the margins of the 
alluvial basin, particularly in the south, towards the present Indus delta. The basin is bordered 
by Tertiary limestone/marl/sandstone strata in the form of hills and mountains in the west and 
by the sand dunes of the Thar Desert in the east. 

The loose sand aquifer of the Lower Indus system is normally more than 60 m thick: it is 
underlain by more highly stratified, consolidated and sometimes cemented clays/sands and 
gravels, which in some areas can be treated as a hydraulic base. The upper sands contain some 
interbedded clay and silt, but form an essen(ially unconfined and highly transmissive, though 
anisotropic, system. In absolute terms the range of horizontal permeability is from 15 to 
50 m/d, hydraulic anisotropy (the ratio of horizontal and vertical permeabilities) from 5 to 100 
and the storage coefficient from 3 to 20 percent; the last two of these parameters are highly 
sensitive to the amount and location of interbedded clay within the profiles. 

The whole system is saturated with water, often to within less than 1 m of ground surface. 
Groundwater quality distribution is consistent with the relatively recent superimposition of 
fresh groundwater from the present and historic courses of the Indus and from major irrigation 
canals on an older saline groundwater body, modified by a multiplicity of factors, including 
lateral groundwater movement, dispersion, diffusion and ion exchange with the soil. All this 
has resulted in complex quality patterns with the main fresh groundwater body more or less 
following the present course of the river and many fresh lenses of varying geometry: one 
general characteristic is that fresh groundwater, though of greatly variable thickness, is 
underlain by saline water everywhere. 

Irrigation has been practised in th~ Lower Indus plains for hundreds if not thousand of 
years, but was greatly extended and intensified in the last 60 years; without adequate 
subsurface drainage, this intensification inevitably resulted in the rise of the watertable close 
to the land surface and the development of soil salinity by evaporation. Studies undertaken in 
the 1960s (the Lower Indus Project or LIP), clearly established that vertical drainage by 
pumped tubewells was the optimum method of alleviating the situation; the benefits were 
particularly high if the pumped effluent (or any part of it) was of low mineralisation and could 
be used for supplementary irrigation. Consequently, the Project took great interest in fresh 
groundwater recovery from drainage wells and in the various methods of skimming. 
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3.2 Skimming 

Three different skimming concepts have been examined in relation to the Lower Indus 
groundwater basin in Pakistan: 

equilibrium skimming, where the upward potential due to the pumping of a partially 
penetrating well, is balanced by the gravity potential of the upconing of denser saline 
water; development designs were based on Muskat's [17] analytical treatment of the 
problem; 

'limited lifetime' concept, where the rise of saline water is not prevented but takes 
sufficiently long for the well. to have an economically viable life; once invaded by saline 
water the well is abandoned and a new one constructed nearby; designs are based mainly 
on analogue flow nets and numerical integration; 

'scavenger' or 'compound' well. 

Any one of these concepts may be applicable to a particular groundwater situation, 
depending on its geometry and properties. In the Lower Indus valley, where large capacity 
wells (discharges larger than 20 1/s) are required to implement the drainage requirements, 
conventional skimming and limited lifetime wells were found to be economically feasible, 
where the thickness of the fresh groundwater layer was more than 50 m. In cases of thinner 
fresh layers, scavenger wells were thought to offer a better solution. 

3.3 Development of the Scavenger Concept 

The development of the previously described scavenger well principle during the LIP 
studies was based on both analytical work and on field investigations. In view of the 
importance of flow line and potential patterns around partially penetrating wells, extensive 
pumping tests on such wells surrounded by piezometers of different depths were undertaken, 
including one test with more than 50 piezometers at a well whose depth was reduced three 
times, to obtain full flow nets for different fractional penetrations (described by Sayed [20]). 
The geometry of fully developed flow systems for a multiplicity of different conditions was 
studied by the electric analogue method. Finally, the concept was tested using a wedge shaped 
glass tank filled with sand; the saline and fresh water were simulated by coloured and clear 
water respectively. The model behaved in ·exactly the predicted manner. 

Work on the practical application of the scavenger concept followed, with regard to well 
diameters, penetrations, discharges of fresh and saline water, and different pump arrangements. 
Amongst the options considered were single and two well scavenger sytems; for the former, 
two separate pumps are considered as well as a special unit with two sets of impellers on a 
single shaft and two outlets (Figure 4). The systems were evaluated both as specifically 
designed for scavenging and as remedial measures for limited lifetime wells which have gone 
saline. Alternative schemes for the disposal of the saline effluent were reviewed; this proved 
to be a major problem as there were no surface drains in most of the region. Nevertheless, the 
use of scavenger wells was recommended in planning reports (for example [13]) but was taken 
no further until the 1980s. 

In the meantime, several of the drainage and groundwater development projects, 
recommended in the LIP master plan [12], were implemented and some thousands of high 
capacity wells, mainly pumping fresh groundwater, were constructed. The conventional 
skimming and limited lifetime concepts were incorporated in their designs when appropriate. 

One of the projects recommended by the master plan, involved provision of drainage for 
a large saline groundwater area, within the Sukkur Barrage irrigation command (Figure 3) by 
means of deep wells, and a drainage network to export the saline discharge to the sea. This 
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Left Bank Outfall Drain (LBOD) Project was started in 1985 with the construction of the main 
spinal drain and installation of wellfields. The Project Area included some fresh groundwater 
lenses, mainly related to major irrigation canals. The lenses appeared to be suitable for 
exploitation by scavenger wells; consequently the Scavenger WellS tudies and Pilot Project was 
commissioned in 1987 to allow detailed designs to be prepared for such wells. The Studies 
included intensive investigations of aquifer properties and groundwater quality distribution but 
the pivotal item was the construction and testing of four scavenger well systems, surrounded 
by arrays of piezometers. The range of physical conditions at the pilot sites is summarised in 
Table 1 and the design and performance of the four systems is shown in Table 2; three were 
of the single bore two pump type and one (PSW 3) consisted of two separate boreholes. 

Site PSWlA PSW2 PSW3 PSW4C 

Watertable level (m BGL} 0.61 - 1.52 0.76- 2.44 0,07 - 0.91 0.30 - 1.52 

Thickness of semi confining 10.0 5.5 8.5 7.5 
layer (m) 

Depth to top of 64 >65 63 65 
sandstone/conglomerate (m BGL} 

Depth to top, of fresh/saline 35.1 25.9 39.0 45.7 
transition (m BGL} 

Transition zone thickness (m) 4.5 8.0 5.5 3.5 

Fresh water EC (~-tS/cm at 25•c) 750 900 1 000 1 000 

Saline water EC (~-tS/cm at 25•c) 46 000 53 000 56 000 52 000 

Average horizontal permeability 21.3 32.2 18.9 15.6 
over screened interval of well* 
(m/d} 

Anisotropy ratio* 12 19 9 8 

Early time storage coefficient 0.0019 0.0027 - 0.0020 
(fraction) 

Specific yield (fraction) 0.079 0.022 - 0.068 

TABLE 1 - Aquifer Characteristics of the Pilot Well Sites 

Note as determined from BGS packer testing; may be somewhat low 

Source: Project Investigations, 1987/89 

After extensive initial testing, the four systems were operated regularly either continuously 
(usually about 30 days at a time) or cyclically (12 hours on and 12 hours off) and closely 
monitored; the results obtained over a period of about six months are summarised in Table 3. 
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Item/SUe PSWlA PSW2 PSW3 PSW4C 
(Fresh/saline) 

Bottom of screen (m BGL) 36.3 32.6 30.2/36.3 39.7 

Length of screen (m) 21.6 18.9 18.5/6.1 24.6 

Static water level (m BGL) 0.91 1.16 O.o? 0.64 

Step Test (100 minutes Q'(l/s) s. (m) Q(l/s) s, (m) Q' (lis) s, (m) Q(l/s) s. (m) 
each step) 17.4 1.575 18.9 1.455 12.5 1.750 26.4 1.820 

19.6 1.760 29.6 2.560 22.6 3.170 34.3 2.435 
21.4 1.880 43.9 3.510 28.3 3.945 44.5 3.155 
23.4 2.020 59.2 2.960 32.3 4.640 50.3 3.525 
24.2 2.070 
25.6 2.180 
26.8 2.270 

Constant Rate Test 
Discharge (lis) 34.0 26.9 57.5 
Duration (h) 720 116.7 626.3 
Final drawdown (m) 3.42 2.10 4.80 

Specific drawdown (m/1/s) 0.101 O.D78 0.083 

Specific capacity (1/s/m) 9.942 12.809 11.970 

Unit specific capacity 0.461 0.678 0.487 
(1/s/m per metre length of 
screen) 

Transmissivity (m2/d) 922 1 341 I 568 

TABLE 2 ·Well and Aquifer Characteristics of the Pilot Scavenger Wells 

Notes * 60 minutes each step, + step test performed on fresh borehole 

Site Test type Total Ratio of Electrical conductivity Initial lens Rise In 
discharge fresh to thlckneu Interface 
rate (1/s) saline Fresh Saline (m) (m) 

discharge discharge discharge 

(~S/cm) (~S/cm) 

PSWIA Constant rate 34 50/50 750 26 000 30.3 s.s 
Constant rate 42 50/50 800 26 000 30.0 5.8 
Constant rate 47 56/44 I 000 30 000 30.0 5.8 
Cyclic 42 58/42 950 30 550 30.3 s.s 

PSW2 Constant rate 28 32/68 950 36 000 22.9 5.9 
Constant rate 35 38/62 I 400 39 000 23.9 5.9 
Cyclic 34 36/64 I 250 28 000 23.9 5.9 

PSW3 Constant rate 42 60/40 I 000 31 000 30.0 9.0 

PSW4C Constant rate so 65/35 950 27 000 35.0 12.5 
Constant rate 55 60/40 950 25 000 34.3 13.3 
Cyclic 48 71/29 I 100 35 000 34.1 13.4 

TABLE 3 - Summary of Monitoring Results 

Sources: Project measurements and calcuations, 1989 and Project measurements, 1988/89 
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At first conventional pumping plant was used, in the form of submersible electric turbines 
for both fresh groundwater and for saline water. Later a prototype of the single shaft/two 
outlets pump, developed by Weir Pumps Ltd, was installed in one of the pilot wells (PSW4C) 
in 1988 and has been operated successfully ever since. Figure 4 shows both pumping 
arrangements. 

The results obtained from the four pilot scavenger systems were used to calibrate computer 
models, which were the basis of the design of 400 such systems, about to be included in the 
LBOD Project. Construction is scheduled to start late in 1992. 

4. CONCLUSIONS 

Fresh groundwater 'floating' on strongly saline water is often an important resource, which 
has received much attention from hydrogeologists ever since the turn of the century. Such 
conditions occur in parts of the Lower Indus irrigation area in Pakistan; during the studies of 
soil salinity and waterlogging caused by the prolonged irrigation, it was established that the 
optimum remedial measure was vertical drainage by pumped wells and that any recovery of 
fresh groundwater for use for supplementary irrigation improved the economics of such 
drainage. Various methods of such recovery were considered, including scavenger wells. 

The studies and pilot projects in Pakistan have developed and tested the scavenger well 
concept, showing it to be technically feasible and practicable. This confirmed work done 
elsewhere, while allowing optimum designs to be prepared for the conditions of the Lower 
Indus region. In fact, the Pakistan experience has shown that in any situation of groundwater 
stratification, it is possible to pump each layer separately within the constraints imposed by 
dispersion; this would defeat attempts to recover uncontaminated water from a very thin layer 
(say, less than 5 m). A particular application would be the exploitation of the 'bubble' of fresh 
water underlying many tropical islands. Nevertheless, apart from recovery of fresh 
groundwater overlying saline, the scavenger concept may also have an application to pollution 
control (such as, for example, the much publicised nitrate occurrence in the upper layers of 
aquifers in the UK); any such upper groundwater with undesirable characteristics, could be 
pumped through a separate outlet for some use which can tolerate the inferior quality, while 
the rest of the discharge is used for potable supplies. 
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