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SUMMARY 

Four pilot scavenger well sites formed the basis of studies designed to test the practicality 
of using such wells to recover fresh water from relatively thin lenses above saline water within 
the sandy alluvial aquifer which underlies parts of southern Pakistan. Surface geophysical 
techniques were successful in defining lens size and geometry and were used as aids to the 
selection of the pilot sites. Subsequently, reconnaissance geophysical surveying was carried out 
to delineate areas suitable for the large scale installation of scavenger wells. The sites were 
subject to detailed field investigations. The monitoring of piezometry and water quality at each 
site during a variety of pumping programmes showed that the pilot wells were highly successful 
at recovering significant quantities of fresh water. 

1. BACKGROUND 

Within the major alluvial aquifer of the Lower Indus Basin in southern Pakistan much of 
the groundwater is saline, but it is overlain by discontinuous lenses of fresh water. The 
Scavenger Well Studies and Pilot Project was commissioned in 1987 as part of the larger Left 
Bank Outfall Drain Project to investigate the practicality of using scavenger wells for drainage 
and to provide additional fresh water for irrigation in areas where the lenses are too thin to be 
exploited by conventional extraction techniques. Scavenger wells allow the recovery of fresh 
water using an upper pump while a lower pump extracts saline water; simultaneous pumping 
prevents mixing of the two water types. 

Four pilot well sites were selected for the Studies with the aid of surface geophysical 
methods. The siting criteria were to provide: a range of lens thicknesses, from about 20 to 
45 m, within sandy sequences devoid of thick silty or clay-rich layers; reasonable access and 
space; facilities for the disposal of saline waters; and the opportunity for fresh water use. 
Geophysical surveys were also used to delineate areas having potential for scavenger well 
development within the Pilot Project Area of Nawabshah and Sanghar Districts (Figure 1). 

Intensive field investigations at the pilot sites were carried out and the sites were then 
subject to long-term monitoring to assess their performance. Detailed computer simulations of 
lens and scavenger well behaviour and the development of realistic well design and operational 
criteria, which formed important components of the Studies, are discussed in accompanying 
papers [3 ,4]. 

The aquifer system within the Pilot Project Area, as indicated by previous exploration and 
new data obtained from the Studies, consists of an upper, highly permeable sandy unit between 
55 and 75 m thick and a lower, more stratified and often well cemented unit, the top of which 
forms the effective aquifer base. The aquifer comprises fine to medium grained micaceous 
sands, but clays, concretion-rich horizons and some cemented zones occur, particularly below 
about 40 m; also, a thin clay rich aquitard, usually a few metres thick but in places more than 
30 m, occurs near the surface and this may result in saline water being perched above the fresh 
water lens. 
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2. GEOPHYSICAL SURVEYING 

Electrical conductivity (EC) is the geophysical parameter most sensitive to changes in 
water quality, although the influence of clays must also be considered in alluvial sequences. 
Therefore, time-domain electromagnetic (TBM) and conventional electrical resistivity 
soundings (VES) techniques were used in trial surveys. The former is particularly effective in 
more conductive, saline environments (see eg. [1]). A coincident loop (typically 30-50 m 
square) mode was adopted for the TEM work; VBS data were collected on an ABBM terrameter 
using the Schlumberger electrode configuration. 

The techniques were used at the four potential scavenger well sites proposed in 1986. The 
origin of the lenses had been uncertain, but the initial geophysical results indicated that the 
lenses are closely associated with the major irrigation canals, from which long-term seepage 
has occurred. Of the four potential sites only PSW2 and PSW3 were found to be suitable; the 
techniques were used to relocate the remaining two (PSW1A and PSW4C). 

A number of locations were available where the nature of the alluvial sequence and the 
vertical distribution of water quality within it were known from logging undertaken as part of 
previous drilling programmes. These were used to check the reliability of the geophysical data 
and to establish guidelines for interpretation elsewhere. The results indicated that the methods 
were capable of locating and defining the extent of the lenses in general terms although some 
ambiguities remained, particularly in relating interpreted intermediate resistivities to water 
quality. 

As expected, the TEM technique gave the most accurate values for the depth to saline water 
but it was less effective in defining resistivity variations within the overlying material. The 
TEM data also showed that resistivities increased with depth from 0.5-1.5 ohm.m to 1.5-
4 ohm.m at the base of the upper unit, providing evidence of a reduction in porosity across this 
boundary. · 

Both TEM and VES data suffered from the usual problems of equivalence and suppression 
(Koefoed, [2]) in interpreting layer thicknesses and resistivities; the best models were derived 
when both techniques were used together. Subsequent drilling at the pilot sites indicated that 
accuracies of 5-10% could be achieved in predicting depths to saline water and thicknesses of 
the upper aquitard. Larger errors were attributed to the presence of strong lateral variations. 

It was considered uneconomic to use both TBM and VBS methods routinely for 
reconnaissance surveying. On technical grounds alone the TEM method would have been 
preferred but the VES technique was adopted because both the equipment and data 
interpretation procedures are simpler for non-specialist staff to use. By combining a knowledge 
of local conditions and the need for consistency between adjacent soundings, the form of the 
fresh water lenses could be mapped adequately using VES alone. 

Resistivity surveying was undertaken beside the major canals in the Project Area to define 
the lateral extent and geometry of the fresh water lenses for the planning of subsequent 
scavenger well development. Each individual survey consisted of a set of soundings along a 
profile set out at right angles to the canal alignment. Profile locations (Figure 1) were 
determined with reference to known points on the canal, with the centres of each sounding 
fixed by chain and compass. A sounding separation of 150 m was generally adequate, with the 
profile being extended at least 600 m from the canal edge until there was clear evidence that 
the lens margin had been reached. This could be deduced in the field by inspection of the data, 
assuming that significant lens development is represented by a fresh water thickness of at least 
20 m with a minimum resistivity greater than about 15 ohm.m. Current electrode separations 
were normally extended parallel to the canal and continued until apparent resistivities levelled 
out below 5 ohm.m or passed beyond a distinct minimum. The field curves for a typical profile 
and the interpreted cross-section are shown in Figure 2. 
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Reconnaissance surveys confirmed the general relation between the fresh water lenses and 
canal seepage, with both their thickness and resistivity decreasing with distance from the canal 
(Figure 2); lens thickness and width also tend to decrease from the head to tail of each canal. 
However, aquifer conditions and lens geometry are not always symmetrical about the canal 
(Figure 3) and significant differences can occur over distances of less than 500 m in places. 
Areas interpreted as having good potential for scavenger well development are indicated in 
Figure 1. 

Ten exploratory boreholes (PSW5 to 14, located on Figure 1) were drilled on geophysical 
sites chosen to test the interpretations of a variety of YES curves as obtained throughout the 
Project Area. During drilling continuous lithological samples were collected; the holes were 
then logged with gamma, electric, caliper and temperature/conductivity tools prior to water 
quality testing by collapsing the formation around a sampling tube at pre-determined depth 
intervals. A comparison between predicted and measured parameters is summarised in Table 1. 
The main findings were: 

a range of acceptable models can be derived for any one field curve and the presence 
of thin conductive layers in the lens may reduce the interpreted depth to saline water 
by up to 30%; however, careful modelling, with due consideration given to lens shape, 
the resistivity of the fresh water lens, the presence of the upper aquitard and the lower 
unit (into which the lens cannot penetrate), and the occurrence of anomalies, could 
normally predict depths to saline water to within 10 m. At five of the drilled sites 
interpreted depths were correct to within 5 m; 

although variations in lithology and water quality were such that as many as 30 layers 
could be distinguished from the borehole data, models with a maximum of seven 
layers provided an adequate representation; 

drilling at PSW5 and PSW12 indicated that the upper limit to the resistivity of the 
fresh water aquifer is about 100 ohm.m. The minimum EC measured on groundwater 
samples during testing was 360 ~-tS/cm (equivalent to a resistivity of 28 ohm.m); this 
suggests bulk porosity values of up to 40-45% assuming a 'clean' formation; 

defining 'fresh', 'brackish' and 'saline' as the EC ranges of 0-<3 000 ~-tS/cm, 3 000-
10 000 ~-tS/cm and >10 000 ~-tS/cm respectively, then the 64 inch normal electric logs 
provided corresponding formation resistivities of >5 ohm.m, 2-5 ohm.m and 
<2 ohm.m. These values are less than would be expected in a clean sand, however, 
YES models should not usually assign resistivities >2 ohm.m for the saline part of the 
upper unit. Additionally, assuming that the acceptable EC limit for irrigation water 
is 2 300 ~-tS/cm, then the corresponding layer resistivity may be less than the limit of 
15 ohm.m set as a guide for evaluating field data; 

it is difficult to assign limits to the resistivities of silty or clay-rich layers, and so 
exploratory drilling is advisable in areas where the main fresh water aquifer has a 
resistivity of <30 ohm.m and the depth to saline water is relatively shallow (20-40 m). 
For example, two soundings at PSW11 were interpreted as showing a fresh water layer 
of about 30 ohm.m between a 9 m thick near-surface clay and saline water at a depth 
of 40 m. The borehole penetrated 27.4 m of clay and below this the EC was measured 
as 2 400 ~-tS/cm; 

anomalies in the field curves often appear to reflect real inhomogeneities in 
subsurface conditions; examples include the existence of relatively thin or concretion 
rich bands at depths of about 43 m in PSW8, of complex variations in water quality 
below the base of the lens in PSW7, and of anomalous water quality in PSW10 (where 
a thick brackish layer was found); 
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PSW5 PSW6 PSW7 PSW8 PSW9 PSWlO PSWll 

Thickness of upper 
aquitard (m) 

Predicted 7.0 or 7.7 5.4 or 6.2 5.7- 7.0 1.0 6.5 ** 9.0 or 9.5 
Measured 7.0 9.9 8.8 1.5 18.9 21.3 27.4*** 

Presence of low 
resistivity layer in fresh 
water lens 

Predicted Yes Yes Yes Yes Yes No No 
Measured Yes Yes Yes Yes Yes No Yes 

Resistivity of main fresh 
water layer (ohm-m) 

Predicted 72.0 or40.0 55.0 or45.0 35.0 or40.0 42.0 60.0 10.0 27.0or31.0 
Measured 89.5(av) - 23.0 (av) 37.5 11.0 13-6 35-11 

Depth to base of 
upper unit (m) 

Predicted - 60.0 73.3-90.0 71.0 65.0 66.9 -
Measured 66.5 71.9? 67.5 70.5 70.8 66.1 64.0 

Depth to saline water(m) 
Predicted 46.0or65.0 35.0or45.0 25.3-30.0 71.0 36.0 62.0** 38.5or44.5 
Measured 48.0 43.0 31.0 71.0? 44.5* 27.8 41.6 

TABLE 1 -Geophysical Interpretations and Drilling ~esults at the Exploratory Boreholes (PSW5 to PSW14) 
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the transverse resistance (ie. the sum of the products of resistivity and thickness of the 
individual layers above the saline water) provides the most reliable indication of site 
suitability. Values > 1 500 ohm.m2 indicate good conditions for scavenger wells while the 
range 600-1 500 ohm.m 2 warrants further investigation. 

3. FIELD INVESTIGATIONS AT THE PILOT SCAVENGER WELL SITES 

Detailed field investigations at each of the four pilot scavenger well sites were required in order 
to obtain information on aquifer properties and geometry and other data specifically relevant to 
scavenger well design, construction and operation. 

At each site, an initial observation borehole, drilled to depths of between 60 and 70 m so as to 
fully penetrate the upper unit, was used to verify the geophysical results, to provide data upon which 
individual scavenger well designs could be based, and to sample formation water and determine 
permeabilities by means of a downhole packer system. On completion of the tests, these holes were 
converted to multiple piezometers with four or five isolated screen positions. The tests are described 
in detail in an accompanying paper [5). In summary, vertical permeabilities (kv) were estimated from 
sand contents to give a variation in anisotropy ratio (kh/k.) of between 2 and 53; calculated horizontal 
permeabilities (kh) ranged between 2.1 and 126.4 m/d with most lying between 15 and 30 m/d; and 
the transition between fresh and saline water was defined to within about 3.5 m, the EC of the fresh 
water being upward of 750 [!S/cm and that of the saline water reaching 55 000 [!S/cm. Analysis of 
the water samples showed that the saline water was derived from the dissolution of evaporatic salt 
and not sea water as first postulated; that the fresh water was relatively young and would be generally 
suitable for irrigation without mixing; and that the' highly saline groundwater pumped by the lower 
pumps of scavenger wells would be strongly corrosive. 

Subsequently, the four pilot scavenger wells were designed and constructed (Table 2). Three of 
these were of the single bore type, with the fresh water pump set within the upper 18 inch diameter 
pump housing and the saline water pump set near the base of the eccentric 8 inch GRP screen below. 
The fourth well (PSW3) was a dual bore with the pumps housed in separate bores positioned 2 m 
apart. A range of alternative designs in terms of screen position relative to the transition zone were 
built and depths to the base of each screen were varied, being a minimum of 32.6 m at PSW2 where 
a recovery ratio (defined as the ratio of fresh to total water discharged from the well) of 30% was 
expected for a total discharge of 28 1/s to a maximum of 39.7 m at PSW4C (expected recovery of 
70% from 56 1/s). 

A number of different types of observation boreholes and piezometers were constructed; their 
function was to allow monitoring of pressure differentials and water quality variations at different 
depths and distances from the main well. Anomalous pressure and salinity data were obtained from 
some of the observation boreholes, particularly those with relatively long screens, because these set 
up vertical conduits through which water could move and then mix. A vertical array of electrodes 
installed in an uncased hole which is then backfilled avoids this problem; the measurement of 
subsurface resistance between adjacent electrodes allows the movement of saline water during 
pumping to be identified because the magnitude of the resistance is affected by groundwater salinity. 
Tvlo vertical electrode arrays were installed at PSWlA and resistivities were determined using the 
ABEM terrameter. 

Conventional step and constant rate pumping tests were carried out at each site, as summarised 
in Table 2. The permeabilities calculated from these tests were substantially higher than those from 
the packer tests and are influenced by the recharge boundary effects of the seeping canals. 
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WELL DESIGN PSW1A 

Base of screen (m BGL) 36.3 

Length of screen (m) 21.6 

Depth of base of eccentric reducer (m BGL) 14.7 

AQUIFER DETAILS 

Range in static water level (m BGL) 0.61-1.52 

Thickness of upper nquitard (m) 10.0 

Depth to top of lower unit (m BGL) 64 

Depth to top of transition zone (m BGL) 35.1 

Thickness of transition zone (m) 4.5 

Fresh water EC (j.ts/cm at 25'C) 750 

Saline water EC (j.tS/cm at 25'C) 46 000 

Packer Tests 

Average kH* (m/d) 21.3 

Average anisotropy ratio* 12.2 

Step Tests (100 mins each step) 

Number of steps 7** 

Range in discharges (1/s) 17.4-26.8 

Total incremental drawdown, final step (m) 2.27 

Initial Constant Rate Tests 

Discharge (1/s) 34.0 

Duration (h) 720 

Drawdown at 96 h (m) 3.58 

Specific capacity at 96 h (m'/d/m) 822 

Transmissivity (m2/d) 922 

k" (m/d) over screened lengths 42.7 

Storativity 1.89x1o-' 

Specific Yield 0.079 

TABLE 2- Pilot Scavenger Well Design and Test Results 
* over screened interval of pilot well 
* • 60 mins each step 

Source: Pilot Project calculations 1989 
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PSW2 PSW3 PSW4C 
' (FRESH/ 

SALINE) 

32.6 30.2/36.3 39.7 

18.9 18.5/6.1 24.6 

13.7 15.1 

0.76-2.44 0.07-0.91 0.30-1.52 

5.5 8.5 7.5 

>65 63 65 

25.9 39.0 45.7 

8.0 5.5 3.5 

900 1 000 1 000 

53 000 56 000 52 000 

32.2 18.9 15.6 

19.5 9 8 

4 4 4 

18.9-59.2 12.5-32.3 26.4-50.3 

3.96 4.64 3.53 

26.9 57.5 

116.7 626.3 

2.10 4.80 

1106 1035 

1341 1568 

71.0 - 63.7 

2.7x1o-' 2.0lxlo-' 

0.022 0.068 
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4. MONITORING 

Monitoring of the pilot wells over a twelve month period was carried out primarily to study the 
response of the saline interface (defined as the mid-point of the transition zone) to dual pumping and 
to observe the optimum recovery ratios and discharge rates for different conditions at each site. Also, 
operational and maintenance requirements for scavenger wells, including the operational differences 
between single and double bore wells and the efficacy of using a common lineshaft pumping system 
(developed by Weir Pumps UK) rather than a two pump system, were to be examined. The monitoring 
programme provided data for computer model calibration and complemented the model studies. 

Initially, constant rate tests were carried out for between 50 and 60 days. The total discharge and 
pumping ratios were set to obtain fresh water of suitable quality for irrigation, this being dependent 
upon the lens thickness. Thus, at PSW2 a total discharge of 28 1/s with a recovery ratio of 32% was 
set due to the relative thinness of the lens, whereas as PSW4C with the deepest interface a total 
discharge of about 50 1/s at a ratio of 65% was set. 

The response of the interface was similar at all sites. A typical example, from PSW4C, is shown 
in Figure 4; while water quality from the upper pump remained below 1 100 JlS/cm throughout, the 
quality from the lower pump was characterised by a rapid deterioration over the first 10 to 15 days, 
followed by a period during which the EC of the water remained relatively constant at about 25 000 
J.LS/cm. These observations correspond to an initial rapid upwards expansion of the transition zone, 
the top of which thereafter remains stationary with the zone gradually thinning as the saline water 
below rises. Figure 4 also shows the results of earlier testing using a single pump; following an initial 
rapid deterioration, the quality continued to deteriorate steadily, the EC reaching 11 000 JlS{cm after 
about 50 days. 

The degree of interface movement varied between sites. Table 3 details the apparent rise in the 
interface under different operating conditions and this appears to be only weakly dependent on the 
total discharge. Simulation modelling [3] indicates that aquifer properties, in particular the anisotropy 
ratio, are the factors which control the amount of interface movement. 

The piezometers and observation wells in the vicinity of the scavenger wells showed that 
appreciable movement of the interface was limited to within 50 to 75 m of the well. 

At sites PSWlA, PSW2 and PSW4C further constant rate tests were performed at higher 
discharges (Table 3). In all cases this did not result in any appreciable movement of the interface. 
The results from the resistivity monitoring points at PSWlA, taken when the total discharge was 
increased from 34 to 42 1/s, best illustrates this (Figure 5). There was a minor rise of the bottom of 
the transition zone which increased marginally with distance from the well. However, the overall 
movement was found to be negligible. 

Once the steady state condition was achieved, the recovery ratio was varied while keeping the 
total discharge constant. The quality from the fresh pump deteriorated as the ratio was increased 
because this caused the divide inside the well between the flows to the lower and upper pumps to be 
lowered. Once the divide reached the transition zone the quality of water from the upper pump started 
to deteriorate rapidly. A typical example is shown in Figure 6. Reasonable (optimum) recovery ratios 
for the four pilot wells were derived from these tests (Table 4). 

Cyclic testing to monitor the movement of the interface under the expected daily operational 
regime of 14 hours pumping followed by 10 hours recovery was carried out at PSWlA, PSW2 and 
PSW4C. Relatively poor quality water was discharged from the upper pump during the first 5 to 10 
days if cyclic pumping followed a long period of recovery, because during recovery the transistion 
zone widens. The quality approached that for continuous pumping thereafter. 
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Monitoring of the performance of the dual bore well (PSW3) showed similar water quality 
variations and interface movements during pumping to those of the single bore wells. However, the 
dual bore system, although it could be useful as a remedial measure in the case of a standard fresh 
water well going saline, has disadvantages in terms of construction costs and difficulties in designing 
and positioning the well screens. A common lineshaft pump installed at PSW4C was operated 
cyclically for 60 days; results were similar to those for the two pump system, see [ 4]. 

Site Test Type Total Ratio of Electrical conductivity Initial Rise in 
discharge fresh to lens inter-
rate (1/s) saline Fresh Saline thickness face 

discharge discharge discharge (m) (m) 

(f!S/cm) (f!S/cm) 

PSWlA Constant rate 34 50/50 150 26 000 30.3 5.5 
Constant rate 42 50/50 800 26 000 30.0 5.8 
Constant rate 47 56/44 1 000 30 000 30.0 5.8 
Cyclic 42 58/42 950 30 550 30.3 5.5 

PSW2 Constant rate 28 32/68 950 36 000 23.9 5.9 
Constant rate 35 38/62 1 400 39 000 23.9 5.9 
Cyclic 34 36/64 1 250 38 000 23.9 5.9 

PSW3 Constant rate 42 60/40 1 000 31 000 30.0 9.00 

PSW4C Constant rate 50 65/35 950 27 000 35.1 12.5 
Constant rate 55 60/40 950 25 000 34.3 13.3 
Cyclic 48 71/29 1 100 35 000 34.2 13.4 

TABLE 3 • Summary of Monitoring Results 

Site Thickness Depth to top Depth screen Design Optimum Expected 
of Upper of transition base (m BGL) discharge rate recovery ratio EC from 
Unit (m) zone (m BGL) (1/s) (%) fresh pump 

(f!S/cm) 

PSWlA 64 35.1 36.3 42 60 1 000 
PSW2 >65 25.9 32.6 28 35 1 200 
PSW3 63 39.0 36.3 42 70 1 000 
PSW4C 65 45.7 39.7 57 75 1 100 

TABLE 4 ·Optimum Recovery Ratios at the Pilot Scavenger Well Sites 

Sources: Project measurements and calculations, 1988/89 

The results of the detailed testing programme confirmed the findings of the computer model 
studies and subsequent scavenger well design equations, as discussed in more detail in [3,4]. 

5. CONCLUSIONS 

The drilling, testing and monitoring of four pilot scavenger wells and associated geophysical 
surveying have shown that: 

scavenger wells are highly successful at recovering significant quantities of fresh water 
from lenses above saline water within the permeable sandy alluvial aquifer underlying parts 
of southern Pakistan. At the pilot sites the lenses varied in thickness from 25.9 to 45.7 m; 
corresponding design discharges were 28 and 57 1/s for recovery ratios of 35 and 75% 
respectively; 



S. Beeson et al. 

single bore weJls are cheaper and easier to construct than dual bore weJls; the latter could 
be useful in remedying a standard fresh water weJI going saline; 
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the interpretation of geophysical soundings was successful at defining the subsurface and 
delineating areas for scavenger well development; initial calibration of the geophysical data 
was necessary, based on known subsurface conditions; 

vertical electrode arrays were the most effective means of monitoring the movement of the 
saline interface during scavenger weJI pumping. These arrays are recommended for 
widespread use where the monitoring of vertical variations in EC is required. 
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