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SUMMARY 

Simulation modelling formed one of the main components of the Scavenger Well Studies 
and Pilot Project, a sub-component of the Left Bank Outfall Drain (LBOD) Project in Sindh 
Province of Pakistan. Scavenger wells are single bore wells fitted with two pumps, one to 
abstract fresh water from a fresh water lens, the second to abstract saline water. The wells thus 
function as drainage wells but have the additional benefit of recovering fresh water from thin 
lenses. 

The objectives of the modelling studies were, firstly, to enhance the understanding of fresh 
Water lens behaviour under a variety of physical, hydrogeological and scavenger well operating 
conditions, and secondly to simulate the behaviour of scavenger wells at four pilot test sites. 
The findings from the models were used in the preparation of design and operation criteria for 
production scavenger wells, to be installed under the main LBOD Project. The models 
identified those parameters which most strongly affect the recovery of fresh water from thin 
fresh water lenses. 

Models were used to simulate conditions on both sub-regional and near well scale. 
Extensive sensitivity analysis and verification of model results against field observations led 
to the main conclusion that scavenger wells are viable under the prevailing hydrogeological 
conditions encountered in the project area. Their use satisfies the required drainage 
requirements of the LBOD project, and allows for recovery of fresh water for irrigation. 

1. BACKGROUND 

The occurrence of saline groundwater in the Lower Indus Valley in Pakistan is naturally 
widespread. The region is climatically a desert but a large scale irrigation system, based on 
the seasonal river flow retained by a series of barrages, has permitted the development of a 
nationally important, agricultural economy in the region. However, after many years of 
intensive perennial irrigation, the watertable has risen to a level where waterlogging and 
salinisation not only threatens the productivity of cropped areas, but also puts a constraint on 
the available fresh water resources. 

To counteract this, an extensive drainage scheme is being instigated. Several thousand 
tube wells are being installed to lower the watertable throughout the region, and the saline water 
will be discharged to the sea through the purpose-built, 400 km long Left Bank Outfall Drain. 

In certain areas, it has long been known that lenses of fresh water overlie the saline 
groundwater. It has been proposed to recover this fresh water for use in irrigation, which 
would defray some of the costs incurred in pumping the drainage effluent water to waste. 

The fresh water lenses are generally quite thin and, therefore, conventional skimming wells 
would soon fail due to upconing of saline water. When the interface between the two water 
types reaches the bottom of the well screen, the quality of the discharged water would 
deteriorate. 
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One possible method of avoiding this is to use scavenger wells, which may be either a 
single borehole fitted with two pumps at different depths or a doublet of boreholes very close 
together each with its own pump, again set at different depths. In either case, the upper pump 
discharges fresh water while the lower pump discharges saline water. The pumping rates are 
regulated to restrict the movement of the saline interface, and protect the quality of the fresh 
discharge while maximizing the quantity. The single well approach has the advantage of lower 
drilling costs whereas the doublet may give greater control and be appropriate for rehabilitation 
of existing irrigation wells that have turned saline. 

While the concept is straightforward, there is little practical experience of scavenger well 
operation and the possibility exists that the pumping would cause the two water types to mix. 
This would reduce the quantity and quality of water that could be recovered and might render 
the scheme economically unviable. A pilot scheme of four scavenger wells was therefore 
initiated to assess the practical performance of scavenger wells. 

2. MODELLING OBJECTIVES AND CHOICE OF MODELS 

In conjunction with the field experiments (Figure 1), computer simulation studies were 
carried out to determine the wells' sensitivity to variations in hydrogeological parameters and 
to assist in optimizing their design and management. The main objectives of the model studies 
were: 

to study the mechanism and the history of the fresh water lens build up at the irrigation 
canals; 

to evaluate fresh water lens behaviour on a sub-regional scale under scavenger well 
operating conditions, with special attention given to: 

distance of scavenger well from the canal; 
spacing between scavenger wells; 
well capacity; 
ratio of fresh to saline abstraction rate; 
drainage conditions away from the canal; 
drainable surplus; 
capillary losses from a shallow water table; 
geometry of the aquifer system; 
hydrogeological parameters. 

to study groundwater movement and solute transport in the vicinity of a scavenger well 
during pumping and recovery, which included sensitivity testing of the following 
parameters: 

aquifer geometry, including aquifer thickness and thickness of the semi-confining 
layer; 
aquifer permeability and anisotropy; 
dispersion, both longitudinal and transverse; 
well design, including length of casing and screen; 
pumping regime, including abstraction rates of fresh and saline pumps, and effects of 
intermittent pumping; 
depth to the interface prior to pumping, and the thickness of the transition zone 
between the fresh and saline water; 
water densities; 
recharge/discharge characteristics, including effects of drainable surplus and capillary 
losses from a shallow water table. 

to formulate scavenger well design criteria with regard to lens thickness and extent, well 
depth and pumping rates, fresh to saline discharge ratios and pumping regimes. 
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A further objective required the detailed simulation of lens behaviour under pumping 
conditions at the pilot scavenger well sites. The real aquifer system was simulated and the 
model calibrated against observed response at the test sites. 

The selected modelling approach was partially dictated by the progress in pilot well 
development and testing/monitoring. Delays in the field investigations forced the modellers 
to use an alternative approach to the one initially selected. Rather than placing the emphasis 
on simulation of observed field conditions, the models were extensively used for hypothesis 
testing and sensitivity analysis. 

The 'what if' approach that was adopted was, on the one hand, time consuming and 
required a large number of simulation runs, but, on the other hand, yielded invaluable insight 
into the behaviour of the fresh water lenses, both in the historical and the future development 
contexts and in a wide range of conditions. 

A full description of the modelling activities is given in [5]; this paper provides a summary 
of the work. 

Two types of model were selected for the simulation studies, one for fresh water lens 
behaviour on a sub-regional scale, and the other for detailed analysis of lens behaviour in the 
vicinity of a scavenger well. 

Two models, finite difference model CAM [2] and finite element model SIMFEM (based 
on [3]), were used for simulation of fresh water lens behaviour on a sub-regional scale. Both 
models assume that fresh water and saline water are immiscible fluids of differing density, 
separated by a sharp interface. Relatively thin transition zones were observed during the field 
investigations, and the adoption of a sharp interface approach was therefore justified. 

For simulation of conditions in the vicinity of the scavenger wells the sharp interface 
approximation is no longer valid. The effects of dispersion and vertical flow components 
affect the thickness of the transition zone between the fresh and saline water at the well screen, 
and therefore the fresh water recovery from the well. The model that was selected for 
simulation of near-well conditions is SUTRA [9]. developed by the United States Geological 
Survey and adapted to suit the requirements of this study. 

Both models were used to simulate the historic growth of fresh water lenses as a 
consequence of seepage from major irrigation canals. The parameter ranges used in the models 
are shown in Table 1. 

3. FRESH WATER LENS FORMATION 

The origin of the fresh water lenses was uncertain at the start of the study, and the major 
line of thought was that they are associated with historic courses of the River Indus. However, 
water chemistry indicated a quite recent origin and combined with estimates of canal losses, 
this suggested that lenses may have been formed as a consequence of seepage from the 
irrigation canals. The unlined canals were constructed some 60 years ago, and the canal water 
levels are normally above ground level, the water being retained by earth banks. 

The. mode of formation of the lenses has a significant impact on the long-term viability of 
the scavenger well system. If the lenses are the result of canal seepage, then the fresh water 
recovered by the wells represents a renewable resource; if not, the total quantity of fresh water 
available is finite and the scavenger wells' operation would be effectively a mining exercise. 

The models were run to test the hypothesis that fresh water lenses were formed through 
canal seepage since the completion of Sukkur Barrage and its distribution system. In addition, 
the sensitivity of lens development to major hydrogeological parameters and geometric 
characteristics of the aquifer system was tested. The following main conclusions were arrived 
at: 
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The mechanism for fresh water lens build-up in the irrigation canal region exists, and given 
the prevailing aquifer and canal characteristics, lenses of significant extent and thickness 
can be formed. 

The rate of lens build-up and its ultimate size depend on a number of parameters 
(Figure 2), most importantly: 

topography; 
canal command; 
relationship between capillary flux and depth to water table in the canal region; 
canal seepage rate. 

The canal seepage rate largely dictates the extent of lens build-up and is itself dependent 
upon the permeabilities of the formation around the canal perimeter and the canal 
command. To simulate lenses as found during the geophysical studies [4), the vertical 
permeability of the semi-confining layer had to be in the order of 0.1 to 1.0 m/d for a 
thickness of 10 m. Reduced thickness increases the canal seepage and therefore the rate 
of lens growth. 

The rate of fresh water lens build-up is non-linear. It is very high during the first year, 
dropping to a constant for the remainder of the period with 75% of the final lens volume 
being attained in 40% of the time. The fresh water lenses are presently in approximate 
equilibrium, with canal seepage balanced against net evaporative losses from the shallow 
water table in areas adjacent to the canals. 

The lenses will further expand if regional drainage is implemented. The expansion is 
caused mainly by the lowering of piezometric levels in the saline water body. 

Simulation with model SUTRA indicated that low values of transverse dispersivity (less 
than 0.1 m) were required to simulate the observed thickness of the transition zone between the 
fresh and saline water bodies (3 to 5 m at the pilot well sites). 

4. SUB-REGIONAL MODELLING 

Areal modelling was carried out to determine the probable response of the lens to scavenger 
well operation on a sub-regional scale and to optimise the siting of the well within the lens. 
The schematic set up of the model and associated parameters is shown in Figure 3. 

In addition to the basic requirement of producing useful fresh water while fulfilling the 
primary drainage role, now that it had been established that canal seepage could be responsible 
for the existence of the lens, it was important to site the wells so that they would not induce 
significant extra seepage. 

Preliminary studies were carried out using CAM with a fairly coarse grid, and this was 
subsequently refined using SIMFEM with a finer grid in the vicinity of the well. The CAM 
model simulated the entire catchment of a single scavenger well: the well was on the centre line 
of the strip and the edges were the mid-lines between adjacent wells and were therefore no-flow 
boundaries. SIMFEM simulated only half the catchment as symmetry indicates there is no flow 
across the centre line. 



T.R. Shearer and J. van Wonderen 

Geophysical investigations 
Construction of 
four pilot scavenger wells 
Packer testing 

Pump tests 
Scavenger well operation , ' 

Regional modal 

SUTRA modal - regional mode 

SUTRA modal - near wall simulation 

Identification of extent of fresh water lenses 
Experimental wells 

Determination of aquifer permeability 
and anisotropy 
Determination of aquifer properties 
Observation of system response to wall operation 

Evaluation of historic lens growth; 
Evaluation of future lens behaviour 
Derivation of design criteria 

Evaluation of historic lens growth and 
development of transition zona 
Assessment of scavenger wall behaviour 
under a variety of conditions; 
Derivation of design criteria 

Figure 1 Scavenger Well Study Components 
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Figure 2 Lens Formation 
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Parameter Simulated Range 

Aquifer 
- Horizontal permeability 15 to 40 m/d 
- Anisotropy 0 to 40 
- Porosity 0.2 to 0.4 
- Longitudinal dispersivity 1 to 30m 
- Transverse dispersivity 0.01 to 3m 
- Thickness 40 to 65 m 

Semi-confining layer 
- Horizon tal permeability 2 m/d 
- Vertical permeability 0.05 to 1 m/d 
- Porosity 0.3 
- Specific yield 0.04 to 0.06 
- Thickness 5 to 20m 

Canal 
- Canal command 2.5 to 4.5 m agl 
- Half width 5 to 20m 

Groundwater 
- Depth to water table 1 to 3m 
- Fresh water density 1000 kg/m3 

Saline water density 1016 to 1032 kg/m3 

Fresh water salinity 500 mg/1 
- Saline water salinity 20000 to 40000 mg/1 
- Depth to mid-point of transition zone 20 to 50 m 
- Thickness of transition zone 2 to 6 m 

Scavenger well 
- Top of screen 5 to 25m 

Screen length 18 to 31m 
- Discharge rate 28.3 to 56.6 1/s 

TABLE 1 Simulated Parameter Ranges 

The models differed slightly in concept. During the time CAM was in use, the scavenger 
well was intended to replace a mid-command saline drainage well. Later, for SIMFEM, the 
scavenger well took the role of an interceptor between the canal and an independent drainage 
well. This difference was reflected in the treatment of the boundary opposite the canal. For 
CAM, a constant head boundary was incorporated, whereas for SIMFEM it was a controlled 
flow boundary with flow equal to the drainable surplus of the model region - this being the 
design yield of the drainage mid-command scheme. The scavenger well was intended to 
abstract only the volume of canal see~age. 

SIMFEM was used for most of the subsequent analysis but CAM had indicated that the 
water table gradient away from the canal remained low and that the scavenger well developed 
a virtually radial flow around it. This conclusion was incorporated in the near-well simulation. 

Over 100 simulation runs were completed with SIMFEM from which it was concluded that: 

A substantial expansion of the fresh water lens takes place over a 15 year period (the 
design lifetime of a scavenger well) - Figure 4. Consequently potential fresh water 
recovery will increase with time. 
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Figure 3 Sub-Regional Simulation 
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Section Through Well Lens Development Over Time 
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Figure 4 Lens Expansion under Scavenger Well Operation 
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An increase in canal seepage occurs under all modelled scavenger well operation conditions 
(an increase of between 12% and 29%). The increase is highly sensitive to the distance of 
the well from the canal. However, mid-command drainage wells, seepage wells and 
interceptor drains also produce a similar effect. The difference between drainage options 
in terms of influence on canal seepage is therefore not significant. 

Fresh water recovery was found to be dependent upon several parameters, including aquifer 
thickness, initial depth to interface, transition zone thickness, distance of well from the 
canal, aquifer porosity and time, with well capacity only showing a weak dependence. The 
dependency could be expressed by the empirically derived equation: 

Q.l Q,= 0,01 *(a • AQTHI +b)* DINT- 0.5 • DZ / LS 

where: 

for 1.0 cusec well : a = -0.032 ; b = 3.8 
for 1.5 cusec well : a = -0.038 ; b = 4.0 
for 2.0 cusec well : a = -0.031 ; b = 3.5 

Q. 
Q, 
AQTHI 
DINT 
DZ 
LS 

- fresh water abstracted from the upper pump (m3/d) 
- total abstraction from the well (m3/d) 
- effective thickness of the aquifer (m) 
- depth to interface from top of aquifer (m) 
- thickness of transition zone (m) 
- screen length (m) 

(1) 

Figure 5 demonstrates graphically the relationship expressed by equation (1). One of the 
basic assumptions of sub-regional model SIMFEM was that groundwater flow in the fresh and 
saline water bodies is not constrained by vertical resistance within the aquifer layer. It may 
be deduced from the figure that the recovery closely approximates the ratio of fresh water lens 
thickness and effective aquifer thickness, if a zero thickness of the transition zone is used. The 
effects of aquifer anisotropy on fresh water recovery were tested with SUTRA. 

5. NEAR WELL SIMULATION 

The complex pressure, density and water quality changes expected in the vicinity of an 
operating scavenger well were modelled using SUTRA. The objective was again to assess the 
sensitivity of the response of scavenger well operation to variations in aquifer parameters and 
well design. The model was primarily developed to evaluate design and operation criteria by 
simulating scavenger well operation for a much smaller time period. Both initial model 
simulation and field testing indicated that approximate steady state salinity conditions were 
reached after some 30 days after start of pumping. The period of 60 days was selected for most 
simulation runs. 

The model represents a single well in the centre of an extensive lens remote from any 
leaking canals. The flow to the well was therefore assumed to be radial and so a cylindrical 
volume around the well, extending to a distance of 100m from the centre line of the well, was 
simulated. This assumption was validated by the sub-regional model simulation results. 

The model grid (Figure 6) represented a vertical section of aquifer with the well at one 
edge. At the outer boundary of the model a constant pressure and salinity distribution were 
specified. 
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Initial work involved the development of a standard run to l)Ssess the sensitivity of 
individual parameters. The values of the standard parameters are shown in Table 2 and 
Figure 7. For the standard run, the saline interface was initially below the well screen, so that 
at the start of pumping all the discharge water was fresh. As pumping progressed, the interface 
at the well rose quickly to the bottom of the screen and the transition zone broadened, Figure 8, 
but then the rate of rise reduced and the interface narrowed again. The position stabilised 
within the lower section of the screen. 

Parameter Parameter value 

Grid Layout 16 columns, 26 layers 
Radius lOOm 
Thickness of aquifer 55 m 
Number of time steps 30 
Length of time steps 2 days 
Thickness of semi confining layer Sm 
Depth of aquifer base 63 m 
Depth of initial watertable 1.9 m 
Depth of initial saline interface 45 m 
Porosity 0.3 
Longitudinal dispersivity Sm 
Transverse dispersivity 0.02 m 
Horizontal permeability 18.7 m/d 
Vertical permeability 0.9 m/d 
Fresh water salinity 550 mg/1 
Saline water salinity 29250 mg/1 
Well screen position 15.1 to 39.7 m 
Abstraction rate 4155 m3/d 
Recharge 1.45 mm/d 

Table 2 Parameters for Standard Ron 

The proportion of recoverable fresh water was taken to be the amount of water that could 
be separated with a salinity less than 5% of the original saline water value. In the standard run 
this was 82% of the total discharge. The separation would be achieved by adjusting the upper 
and lower pump ratios. 

The simulations established that the ratio of recoverable fresh water was not sensitive to 
many of the hydrogeological parameters tested. These included: 

aquifer porosity; 
horizontal permeability (provided that the anisotropy ratio remained constant); 
fluid density; 
initial water level; 
initial interface width; 
total pumping rate. 

More than SO simulation runs were made to test the effects of parameter variation on near 
well behaviour. Approximate steady state conditions were reached after about 30 to 40 days 
from start of pumping. The main results of the runs are summarised in Figure 9. In addition, 
the following main conclusions could be drawn: 

There is a linear response between the initial depth to the interface and fresh water 
recovery. 
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number of modelled layers minor, resolution of dispersion zone 

improved with more layers 

initial depth of Interface linear response between Interface depth 

and fresh water recovery ratio 

Initial thickness of dispersion zone no effect 

Increase in transverse disperslvity increased thickness of transition zone; 

reduction in recovery ratio 

horizontal permeability no effect 
(keeping same anisotropy ratio) 

anisotropy ratio marked non-linear effect on recovery ratio; 

steep cone for low, flat cone for high values 

Increase/decrease In aquifer thickness little effect for given anisotropy ratio of 20 

porosity no effect 

position of well screen linear relationship between recovery ratio 

and depth to midpoint of screen; 

no effect for isotropic conditions 

variable screen length with fixed mid-point no effect on recovery ratio; 

effects position of the interface 

pumping rate no effect 

increased screen length linear reduction of recovery ratio 

(top of screen fixed, constant against total pumping rate 

abstraction rate per unit length of screen) 

cyclic pumping little effect If started after a period of 

constant discharge; 

initial reduction after period of shutdown, 

but rapid adjustment to normal conditions 

Figure 9 Main Conclusions From Near Well Simulation 
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The initial thickness of the transition zone has no effect on the final position and thickness 
of this zone. 

Transverse dispersivity greatly affected the steady state salinity profile. High values 
resulted in a higher degree of mixing. 

Interface movement is strongly influenced by the anisotropy ratio. Isotropic horizontal and 
vertical permeability resulted in a higher and wider interface and a lower recovery ratio 
than for anisotropic conditions. The response is non-linear; a similar change effects the 
recovery ratio for a change in anisotropy ratio from 2 to 4 as for 20 to 40. 

The model showed that the effective aquifer thickness was limited to a maximum of about 
70 m. An increase in aquifer thickness showed only very limited changes in fresh water 
lens response to pumping. 

The operation of scavenger wells will be on a cyclic basis, with pumps operating during 
day time hours. The implications of cyclic pumping on fresh water recovery were tested 
with the model, which showed that effects are minimal. The model findings were 
confirmed by pumping trials [ 4]. 

The near well model was subsequently calibrated against pumping tests carried-out at some 
of the pilot scavenger wells [4]. The model has proved accurate in replicating the short-term 
performance of the well, both in terms of simulated salinity and piezometry. Calibration 
established that the effective values of transverse dispersivity are low. 

6. INTEGRATION OF SUB-REGIONAL AND NEAR WELL SIMULATION RESULTS 

There are two major differences in the assumptions underlying the sub-regional and near 
well models. Firstly, in the sub-regional model there is no resistance to vertical flow, 
equivalent to an anisotropy ratio of zero (that is vertical permeability tending to infinity), while 
the near well model allows for vertical flow due to hydraulic and density gradients. Secondly, 
the sub-regional model assumes a the existence of a sharp interface, while the near well model 
simulates a gradual transition between fresh and saline water. 

Integration of the results of the two models was required to enable the formulation of 
design criteria. By plotting fresh water recovery ratio against the s~reen reference point (SRP), 
an approximate linear relationship was found for different anisotropy ratios. The screen 
reference point was defined from the following formula: 

SRP = WTOP + DINT * LS/AQTHI (2) 

where WTOP 
DINT 

LS 
AQTHI 

depth to the top of the well screen from the top of the aquifer (m) 
depth to the initial interface (defined as the mid-point of the transition 
zone) from the top of the aquifer (m) 
length of the well screen (m) 
effective aquifer thickness (m) 

An empirical formulation for fresh water recovery was derived as: 

Q,/Q, =(RATIO+ c * (DINT- SRP)- 0.5 * DZ/LS (3) 

where Q,/Q, optim urn fresh water recovery ratio 
RATIO O.Dl * (a • AQTHI + b) • DINT (see equation (1)) 
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c factor, derived empirically as: 

c = (1 - RATI0)/(67 * (Kh/K,)·0
·
42

) (4) 

anisotropy ratio 
thickness of transition zone at the well 

and other parameters as defined before 

7. CONCLUSIONS 

Although three separate models with different numerical formulations were used in the 
simulation studies, which, to some extent, focused on separate aspects of fresh water lens 
behaviour, they did provide a coherent picture of both the historic lens development and the 
aquifer response to scavenger well operation. The extensive sensitivity analyses showed that 
the response of the aquifer system is stable and consistent within the expected parameter 
ranges. This has enabled the derivation of a set of well design criteria, which will be used for 
the implementation of the large number of scavenger wells that will be incorporated in the main 
LBOD project [8]. 

The lens formation models showed that the lenses have most likely developed as a 
consequence of seepage from major irrigation canals. Combined with recent knowledge of 
water chemistry, this has changed the prevailing view of the origin of the lenses. This is 
significant because it indicates that the lenses are replenished, which affects the long-term 
viability of the scavenger wells. 

Overall the modelling indicates that the scavenger wells will be effective in recovering a 
significant quantity of fresh water from the lenses during the LBOD operation. It can be 
concluded that this type of well could be useful in other saline intrusion situations or during 
remedial operations against tinge-scale groundwater pollution. 
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