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Abstract 

The consequences of pumping from aquifers which have 

saline water at depth are difficult to predict. In some locations 

upconing of saline water occurs from considerable depths while in 

apparently similar areas a well can penetrate to within lOrn of the 

saline interface without contamination occuring. These differences 

are caused primarily by layering within the aquifer. A complete 

analysis of upconing requires the study of two phase flow with 

complex conditions at the interface and solutions are difficult to 

obtain. In this paper a numerical analysis based on the flow of a 

single liquid is used to investigate the effects of layering. The 

results indicate that the presence of a layer of low hydraulic 

conductivity beneath the well has a considerable effect on the rate 

of upconing. 

Introduction 

Saline water is present at depth in many aquifers. The 

saline water may have originated in a saline environment during the 

formation of the aquifer or it may be due to the long residence time 

of the water in the aquifer. Whatever the origin of the water, 

there is a risk that pumped boreholes, which do not penetrate to the 

saline water, will draw saline water upwards and into the borehole 

causing a deterioration in the quality of the abstracted water. 

Despite the many practical examples of saline upconing, the 
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mechanism describing its occurrence is not well understood. 

Most attempts at explaining upconing have been based on 

some form of the Ghyben-Herzburg theory (McWhorter and Sunada, 

1977). This theory is based primarily on the density differences 

between fresh and saline water and does not take account of the 

nature of the aquifer through which the flow occurs. There are a 

number of features which are ignored by the Ghyben-Herzberg theory. 

Perhaps the most important are the layered nature of many aquifers 

and the time variant response; both of these features have a 

significant effect on the occurrence of upconing. Certain 

modifications have been made to the Ghyben-Herzburg approach in an 

attempt to represent anisotropic behaviour and time variant effects 

but all suffer from the disadvantage that they do not accurately 

represent the conditions within the aquifer. Another approach is to 

consider the full equations of fresh and saline flow in the aquifer 

with complex conditions on the interface. However, to obtain 

solutions for the upconing problem using this approach requires the 

introduction of various approximations and idealisations. 

This paper proposes an alternative approach, namely that 

a good understanding of the movement of saline water towards a 

pumped well can be gained by studying the flow patterns of a single 

liquid with the variable hydraulic conductivities and boundary 

conditions of the aquifer represented in detail. From velocity 

vectors it is possible to trace the path of particles of water and 

therefore the movement of an interface can be followed. Since the 

saline water is denser than fresh water, the movement of an 

interface between fresh and saline water is likely to be slower than 

the movement of an equivalent line separating regions of fresh and 

saline water. 

Examples of Upconing 

The Lower Mersey Aquifer (Ireland and Brassington, 1981) 
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Ln Western England is an extensive sandstone deposit in which saline 

water occurs at depth. An important feature of this aquifer is the 
presence of horizontal layers with a hydraulic conductivity contrast 

of more than 1000 to 1. The aquifer was formed in a saline 

environment but subsequently fresh water has flushed out the saline 

water to depths exceeding 200m. Extensive abstraction has occurred 

from this aquifer for more than a century. 

A number of boreholes have been drilled until they 

penetrated the saline interface. Later, these boreholes were 

backfilled so that they penetrated to WLthin ten or twenty metres of 

the saline interface. Certain of these boreholes have continued to 

provide a reliable yie'ld of good quality water over long time 

periods without drawing in saline water. 
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Figure 1: Groundwater conditions at Croft borehole 

A detailed study of a particular borehole site provided 

further information about the nature of upconing. At Croft a steady 

deterioration was noted in the quality of the water abstracted from 

a 200m deep borehole with the salinity of the pumped water reaching 
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600 mg/1. Geophysical logging of the pumped borehole suggested that 

the saline water entered near the base of the borehole. Two 

exploratory boreholes were drilled, one 40m and the other 300m from 

the pumped borehole. From the drilling returns and the analysis of 

pore water extracted from cores, it was_ possible to identify the 

positions of the saline interface at a depth of 230m and 260m below 

ground level at distances of 40m and 300m from the pumped borehole, 

Figure 1. Consequently, the interface took roughly the shape shown 

in Figure 1. The salinity of the water below the saline interface 

was approximately 30,000 mg/1 which suggests that 600/30,000 or 2% 

of the pumped water was contributed by saline water. 

Certain startling results were obtained when subsequent 

measurements were taken in the observation boreholes. The saline 

interface positions appeared to have risen 160m and 30m respectively 

in the two boreholes. The phrase "appeared to have risen" is used 

because the measurements refer to the position of the interface in 

the open boreholes. No significant change could have occurred in 

the position of the saline within the aquifer since the salinity of 

the pumped water remained the same. Another important piece of 

information was that when the pump stopped, the interfaces in the 

observation boreholes returned to 230m and 260m below ground level. 

This erratic behaviour occurred in the observation wells 

because they respond to the laws of hydrostatics rather than to the 

laws of groundwater flow. According to the laws of hydrostatics, 

the position of an interface between fluids of different densities 

depends on an equilibrium of pressures. Pumping water from the 

borehole results in a fall in the water table and this is 

compensated by a larger rise in the interface between the saline and 

fresh water. The fall in water surface is greater close to the 

pumped borehole and therefore the rise in the interface is 

correspondingly higher here. This behaviour indicates that caution 

is necessary when using theories based on density differences. 
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Analysing Saline Upconing 

A number of methods have been introduced to predict 

saline upconing; most of these are based on the Ghyben-Herzburg 

principle which states that the interface rise is a multiple of the 

fall in the water table. Thus for fresh water of density pf = 1.000 

gm/cm3 and saline water of density p = 1,025 gm/cm3, a fall in 
s 

water table of s metres leads to a rise in the interface of: 

n 40s .......... (1) 

If, however, a situation is considered in which the fresh 

water density remains the same but the saline water is less dense 

with p
8 

= 1.0025 gm/cm3, the rise in the interface would be: 

n 400s 

This highlights the anomaly of formulae based on the difference in 

density. The methods of Muskat and Wyckoff (1935), Dagan and Bear 

(1968), Schmorak and Mercado, (1969) and McWhorter (1972) all 

contain, in some form, the ratio of the density of fresh water 

divided by the density difference. For example, the steady state 

equation of Dagan and Bear, illustrated by Figure 2, can be written 

as: 

n 
[1 + (r/d) 2] 2 ........ (2) 

where Q discharge rate 

r radial distance 

k hydraulic conductivity 

and d distance between the bottom of the 

well and the original position of the interface 
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Sclunorak and Mercado have modified the above expression for time 

variant upconing. 

water table 

I 
d I 

l_J~~z~r ~J-,--------------~-----
original interface 

Figure 2: Definition sketch for Equation 2. 

Equation 2 indicates that the magnitude of the upconing 

is proportional to the discharge rate and inversely proportional to 

the hydraulic conductivity of the aquifer and the distance between 

the bottom of the well and the saline interface; these appear to be 

reasonable assumptions. However the equation also indicates that 

the height of upconing is inversely proportional to the difference 

in density of the two fluids. This result is not consistent with 

field observations. 

Steady state numerical solutions to the upconing problem 

were obtained by Chandler and McWhorter 0975). These solutions 

represented the vertical components of flow and also included the 

effect of the vertical hydraulic conductivity being less than the 

horizontal value. Nevertheless, because the solutions are based on 

steady state conditions, the height of upconing is dominated by the 

density difference. Indeed there is little difference in the final 
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interface position between the numerical solutions and certain of 

the analytical solutions. 

One further point about these analytical solutions is 

that they tend to be very restrictive on the permissible abstraction 

rate. In effect they show that for very low abstraction rates an 

interface may form in a stable position beneath the well after a 

long time period. In practice abstraction rates are often higher 

than those permitted -by the Ghyben-Herzburg approach. 

As indicated in the Introduction, it is possible to 

analyse the upconing situation by formulating the problem of 

independent fresh and saline flow with complex conditions on the 

interface separating the two regions (de Josselin de Jong, 1981), 

Although solutions can be obtained for anisotropic aquifers with 

relatively straightforward boundary conditions, severe difficulties 

can be anticipated in attempting to simulate the movement of an 

interface in a multi-layered aquifer. 

The approach adopted in this paper is to concentrate on 

the complex flow conditions of a single liquid in the aquifer. 

Ignoring the effect of the density differences will certainly lead 

to errors but it is considered to be more important to include the 

effects of zones of lower hydraulic conductivity on the upward 

movement of the water. Another important difference in the present 

approach is that vertical flow drawn from the water table is 

represented. In the solutions described above, the water table is 

considered as a line of zero flow with all the pumped outflow 

originating from a distant lateral boundary. 

Formulation of Problem and Numerical Solution 

This section describes the formulation of an example 

which is representative of many upconing problems. Numerical values 

are included so that the orders of magnitudes of the terms are 
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apparent but it would be possible to obtain non-dimensional results. 

As indicated previously, the problem represents a single liquid in a 

complex aquifer; by determining the velocities it is possible to 

obtain an approximation to the rate of upconing. 
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Figure 3: Conditions on the boundaries and in the well 
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Details of the problem are as follows, 

information is contained in Figure 3, 

further 

(i) The aquifer has a saturated depth of 200m. For the first 

example a uniform hydraulic conductivity of 1.5 m/d is 

taken but in later examples, layers of different hydraulic 

conductivity are included. 

(ii) The well is partially penetrating extending from 40m to 

lOOm below the water table. The well radius is 0,3m and 

the discharge is 2000 m3/d; no well losses are included. 

(iii) The base of the aquifer is impermeable. 
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Civ) The upper boundary is taken as the water table. Provided 

that the aquifer is not over-exploited the water table 

will remain in a relatively constant position with seasonal 

fluctuations which are small compared to the depth of the aquifer. 

Consequently the water table is represented as a constant head from 

which water can be drawn. 

(v) Two possible conditions are represented on the outer 

lateral boundary; they include the extremes that are 

likely to occur in practice. 

(a) The flow across the boundary is zero. This could occur 

either due to the presence of surroundi~g wells or 

because of a decrease in hydraulic conductivity. 

(b) The groundwater head remains fixed. The presence of a 

recharge boundary such as the sea, or an increase in 

hydraulic conductivity both approximate to the fixed 

head boundary condition. 

For this example the outer boundary is at a radial distance of 2.0km 

from the well; provided that the distance to the outer boundary is 

at least five times the saturated depth of the aquifer, it has only 

a small effect on the final results. 

The problem as formulated above does not contain any time 

variant terms. However, in most problems concerning a production 

well conditions do not change significantly with time. 

Consequently, the above formulation refers to any time during which 

the well is pumping and the movement of an interface can be traced 

by considering the velocity vectors. 

Numerical solutions are obtained using a finite 

difference technique with a vertical mesh spacing of lOrn and a 

logarithmic radial mesh spacing with six mesh intervals for each 
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tenfold increase in radius (Rushton and Redshaw, 1979). The finite 

difference equations are solved 

direction implicit technique. 

using an iterative alternating 

From the numerical solutions, 

groundwater heads are obtained at each of the mesh positions; from 

these results component velocities can be calculated. 

Results 

Several problems are examined. Initial results refer to 

the situation described above; subsequent results demonstrate the 

effect of zones of lower hydraulic conductivity both beneath and 

above the we 11. 
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Figure 4: Upward vertical flow beneath the well for uniform 

hydraulic conductivity. (a) Actual velocity 

(b) Reciprocal of actual velocity 

5 

From the groundwater heads determined in the numerical 

solution, much information can be gained about the flow pattern. 

Consider first the vertical velocities beneath the well which are 

plotted in Figure 4(a). These are actual velocities which are 
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calculated from the Darcy velocities divided by a porosity of 0.2. 

If it is assumed that the initial position of the 

interface is SOm below the bottom of the well, that is SOm above the 

base of the aquifer, the time taken for the interface to move 

upwards to reach the well can be estimated by constructing a second 

graph of (velocity)-1 against the depth below water table, Figure 

4(b). The horizontal ordinate now represents the time taken for the 

interface to rise one metre and therefore the area under the curve 

which is shaded in the figure, corresponds to the total time taken 

for the interface to rise the SOm to the bottom of the well. For 

the parameters chosen in this example the calculated time is 147 

days. Due to the greater density of the saline water the actual 

time is likely to be slightly longer. 

Vertical velocities at 10m intervals beneath the well are 

presented in Table 1. Column 4 lists the inverse of the actual 

velocity. The sum of the first five values multiplied by the 

vertical interval of 10m equals 147 days which is the time for the 

interface to move SOm to the bottom of the well. The final column 

of Table 1 lists the time taken for the interface to rise for 

different depths. Therefore, an interface which was initially 

positioned at 20m below the bottom of the well would take 12 days to 

reach the well whereas an interface at 90m below the well would take 

1067 days or nearly three years to reach the well. 

According to Equation 2 a discharge of 590 m3/d leads to 

an upconing of SOm. In this example the discharge is 2000 m3/d and 

therefore it is not surprising that a rapid upward movement occurs. 

However, the presence of zones of lower hydraulic conductivity 

beneath the well can significantly affect the interface movement. 

The numerical technique allows many different 

combinations of layer geometry and permeability to be examined. 

Three particular examples demonstrate the importance of layering. 
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Case 1: A layer of low permeability, 10m thick, LS introduced at a 

distance of 20m below the bottom of the well. The hydraulic 

conductivity is 1/lOOth of the uniform value in Case la and 

1/lOOOth of the uniform value in Case lb. 

Case 2: A layer with a thickness of 10m and hydraulic conductivity 

of 1/lOOOth the uniform value is introduced at a depth of 

20m below the water table. 

Case 3: A combination of Cases lb and 2 is examined. 

TABLE 1: Vertical movement in the uniform aquifer case 

Depth below 
water table 

(m) 

100 

110 

120 

130 

140 

150 

160 

170 

180 

190 

200 

Darcy 
Velocity 

(m/d) 

1.7 34 

0.196 

0.0818 

0.0466 

0.0294 

0.0195 

0.0131 

0.00838 

0.0047 0 

0.00156 

Actual 
Velocity 

(m/d) 

8.67 

0.98 

0.41 

0.233 

0.147 

0.098 

0.065 

0.042 

0.023 

0.0078 

(Actual 
Velocity)-! 

0.153 

1.02 

2.45 

4.29 

6 .81 

10.24 

15.31 

25.87 

42.55 

128.2 

Time of 
interface rise 

(day) 

0 

1.53 

12 

36 

79 

147 

249 

402 

641 

1067 

2349 

The importance of the presence of a low permeability 

layer below the well is clearly illustrated in Figure 5. The 

variation in velocity with depth below the water table and the 

reciprocal of the vertical velocity are shown in the same format as 

Figure 4 which relates to the uniform case. The velocity graph 

appears similar, with relatively high values close to the well base 

438 



and smaller upward rates at depth. But considerable differences 

become evident on the reciprocal diagram where the scale ~s 

increased fortyfold to contain the relevant data points. For a 

saline interface at a distance of 50m below the well, the time taken 

to enter the well increases from 147 days in the uniform aquifer to 

some 38 years. 
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Figure 5: Upward vertical flow for layered structure Case lb 

(a) Actual velocity (b) Reciprocal of actual velocity 

The variation ~n the time of rise of the saline 

interface is shown for all the examples in Table 2. Where a low 

permeability layer is present beneath the well, the upward rise of 

the interface is markedly reduced. In contrast, a similar layer 

occurring above the well actually reduces the time taken for saline 

water to reach the well. For an interface initially at a depth of 

50m below the well base, the time reduces from 147 days to 119 days 

- about 20%. The effect is somewhat larger for an interface 90m 

below the well; a 25% reduction is found leading to saline 

contamination after about 2 years. 

From the velocity distribution at the elevation of the 
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saline interface, the upward flow of saline water can be estimated. 

In the uniform aquifer this amounts to 250 m3/d but the rate falls 

TABLE 2: Variation of upconing rate for layered aquifers 

Depth Below Time of Rise of Interface (days) 
Water Table 
(m) Uniform Case la Case lb Case 2 Case 3 

100 0 0 0 0 0 

110 1.53 1.22 1.22 1.09 1.16 

120 12 18.6 19.3 10.3 18.0 

130 36 408 3530 30.9 1740 

140 79 900 7930 65.8 5770 

150 147 1605 14100 119 8370 

160 249 2585 22600 196 11730 

170 402 3970 34600 309 16240 

180 641 6050 52400 482 22730 

190 1067 9660 83200 785 33700 

200 2349 20730 177 600 17 20 67000 

to 60 and 10 m3/d in Cases la and lb, respectively. The resulting 

mixed water quality would change from around 4000 mg/1 in the 

uniform aquifer to 150 mg/1 with the lower permeability layer 

present. 

Conclusions 

An analysis of upconing based on the velocity 

distribution in a single fluid demonstrates the importance of a 

layered structure within the aquifer. Horizontal layers of low 

hydraulic conductivity will markedly reduce the rate at which ·saline 

water is drawn towards the well if they are present below the base 

of the pumped borehole. If they occur between the top of the well 

screen and the water table in unconfined aquifers, then they will 

contribute to increased rates of upconing. 
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Although the approach involves approximations to the 

complexities of fresh-saline flow, the results provide an insight 

into the behaviour found in the field where wells which exceed the 

abstraction rate predicted by many formulae continue to do so 

without apparent problems. 
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