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Abstract 

Analysis of data from the down the hole logging of electrical conduc

tivity and temperature during abstraction at two pump depth settings has 

been used to obtain important information concerning the distribution of 

salinity and rate of inflow of groundwater from fractured limestone 

starta penetrated by exploratory wells in Bahrain. 

The method made use of natural groundwater salinity stratification in a 

situation where classical pumping test analyses were insufficient to 

determine the location of the flow zones. The alternative approach of 

flow velocity logging was also difficult because of inaccuracies 

inherent in vertical velocity measurements and variation in borehole 

cross-sectional area. 

The technique used is thought to have wide application to fracture 

aquifer testing. In the absence of natural salinity variation, the 

method may be used with artificial brine feeds at known depths in the 

well. 

1 Introduction 

A method for determining the rate of flow and the salinity of water 

entering at any depth over the producing section of a pumped borehole 

was developed and used in hydrogeological investigations in Bahrain. The 
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technique involves setting the pump at the top of the borehole and 

logging for temperature and electrical conductivity, followed by pumping 

and logging with the pump set at the bottom of the borehole. 

The technique was applied to aquifer investigations in Bahrain where the 

Umm Er Radhuma (UER) limestone contains water with increasing salinity 

with depth. The upper UER contains water with total dissolved solids 

(TDS) in the range 10 - 20 g/1. The lower UER and the underlying Aruma 

contain water with a TDS range of 40 - 115 g/1. 

The regional geological and hydrogeological evolution has resulted in 

karst development within the UER formation, particularly along the north 

to south trending crest of the Bahrain anticline (Figure 1). Assessment 

of the aquifer potential to yield the required quantity and quality of 

brackish water to feed a reverse osmosis desalination plant was to be 

made using a multi-layered groundwater model. This model required 

detailed information concerning variability of the permeability of the 

strata and the salinity variation of formation water with depth. 

The technique provided useful and reliable information which compared 

favourably with that obtained using vertical flow measurements. 

A summary of the theoretical background to the method, its application 

in the field and interpretation of the results are described in this 

paper. 

2 Summary of the method 

The application of the method is relatively easy and it is suitable for 

uncased self supporting boreholes. Down the hole measurements of 

electrical conductivity and temperature are taken while water is 

abstracted from the borehole. Two stages are involved: 

During the first stage, the pump is set at the upper part of the 

well's saturated section and a constant discharge is maintained until 

a steady state condition is reached with constant values of both 

water levels and salinity of the pumped water. While abstraction 

continues, the down the hole measurements are taken by running tempe

rature and electrical conductivity logs. 

During the second stage, the pump is set at the bottom of the 
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borehole and the same procedure is repeated. The rate of abstraction 

must be the same as for the first stage. 

The interpretation of the measured data is based on a simple theory which 

was developed some years ago (van Dam). 

3 Theoretical background 

The flow mechanism in the borehole during the two stages is illustrated 

in Figure 2. 
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Figure 2 Illustration of method 

The following conditions are assumed to be satisfied: 

a) discharge during both stages is the same and at a constant rate 

b) friction losses within the borehole can be ignored 

c) the distribution of inflow of formation water into the borehole is 
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independent of the pump setting 

d) within the borehole, immediate and complete mixing of inflowing 

formation water and borehole water takes place 

e) the flow rate and the salinity of formation water entering the well 

at any level are constant with respect to time 

Assumptions b) and c) are approximately satisfied only if the discharge 

from the borehole is at a low rate. 

In Figure 2 the upward flow Q(z) at level z during the first stage is 

derived from the zone between the bottom of the borehole and level z. 

The downward flow Q'(z) during the second stage is derived from the zone 

above the level z. 

Using the assumptions listed, the following relationship between the 

upward and downward flow in the well at level z (Q(z) and Q'(z)) 

applies: 

Q(z) + Q'(z) QO (1) 

A similar relationship exists for the salt load of the discharge, or: 

S(z) + S'(z) so (2) 

Considering a small section ~z of the borehole at level z, the inflow of 

formation water (q(z) and (q'(z)) over this section ~z will be equal to 

the change in upward or downward flow over this section, or: 

q(z) * ~z Q(z) 

q'(z) * L'>Z Q' (z) 

If ~z approaches to zero, equations (3a) change to: 

ldQ(z)l 
q(z) 1-----1 

q ' ( z) 

I dz I 

ldQ'(Z)I 
1------1 
I dz I 
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Further given the third assumption, it follows that: 

q(z) q I (z) (3c) 

Similar equations apply to the inflow of salt as dissolved solids (s(z) 

and s 1 (z)) from the formation into the borehole, or: 

Ids< z) I 
s(z) 1-----1 

I dz I 
(4a) 

ldS 1 (z)l 
s 1 (z) 1------1 

I dz I 

s(z) s 1 (z) (4b) 

The concentration of dissolved solids (c(z)) in the water derived from 

the formation at level z is given by: 

s(z) 
c(z) 

q(z) 

The concentration c(z) as function of z can be derived from the 

concentrations of dissolved solids of the borehole water at level z 

(C(z) and C1 (z)) as follows: 

(5) 

The concentrations of dissolved solids in the borehole at level z are 

described by: 

S(z) 
C(z) 

Q(z) 
(6) 

S 1 (z) 
C 1 (z) 

Ql ( z) 

Substituting eq (6) in eqs. (1) and (2) gives: 

CO - C 1 (z) 
Q(z) * QO (7) 

C(z) - C1 (z) 
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CO - C'(z) 
S(z) * C(z) * QO (Sa) 

C(z) - C'(z) 

or 

S(z) Q(z) * C(z) (8b) 

with 

so 
co (9) 

QO 

The concentration of dissolved solids in the borehole is determined from 

the down the hole measurements of electrical conductivity and tempera

ture and the known relationship between concentration of total dissolved 

solids and the electrical conductivity and temperature. 

The computational procedure can be summarised as follows: 

compute C(z) and C'(z) from the measured electrical conductivity and 

temperature 

calculate Q(z) and S(z) using equations (7), (8) and (9) 

compute q(z) and s(z) using equations (3) and(4) 

finally calculate c(z) using equation (5) 

Equations (7) and (8) are not valid if C(z) = C'(z). In such a case it 

follows from equations (1) and (2) that C(z) = C'(z) = CO. This 

condition will occur if the distribution of total dissolved solids and 

temperature in the formation is uniform, in which case the method is not 

applicable. If the condition C(z) = C'(z) occurs in any part of the 

borehole, ie the salinity profiles obtained with pump settings at the 

top and the bottom cross over at some point, the following equations 

apply. 

If C(z) C'(z) it follows from eq. (6) that: 

S(z) Q(z) * C(z) 

(10) 

S'(z) Q'(z) * C'(z) 

Differentiation gives: 
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ldS(z)l 
1-----1 
I dz I 

IdS 1 
( z) I 

1------1 
I dz I 

ldQ(z)l ldC(z)l 
1-----1 * C(z) + 1-----1 * Q(z) 
I dz I I dz I 

ldQ 1 (z)l ldC 1 (z)l 
1------1 * C'(z) + 1------1 * Q1 (z) 
I dz I I dz I 

Using eqs. (3b) and (4b) gives: 

ldC(z)l 
s(z) q(z) * C(z) + Q(z) * 1-----1 

s 1 (z) 

I dz I 

ldC 1 (z)l 
q 1 (z) * C1 (z) + Q1 (z) * 1------1 

I dz I 

Since s(z) = s 1 (z), q(z) q 1 (z) and C(z) C1 (z) it follows that: 

I dC(z) I 
Q(z) * 1-----1 

I dz I 

ldC 1 (z)l 
Q1 (z) * 1------1 

I dz I 

Using eq. (1) gives: 

4 

I dC I ( z) I ( I dC ( z) I I dC I ( z) I) 
Q(z) QO * 1------1 I 1-----1 + 1------1 

I dz I I dz I I dz I 

Application of the method 

( 11) 

(12) 

(13) 

( 14) 

The techniques described above were applied to boreholes in Bahrain. The 

results from well BT 14U, the location of which is illustrated in Figure 

1, are reviewed here as typical. 

This borehole was drilled as part of the Umm Er Radhuma Study (Bahrain 

Assignment) executed for the Kingdom of Saudi Arabia. The well was 

completed in May 1979 to a depth of 243 m through The Rus and UER 

aquifers. The top 77 m of the well were cased with 13.75 inch casing and 

the section from 77 to 240 m was drilled at 12.25 inch diameter and left 

unscreened (Figure 3). 

The well was first pumped from the top using an electric submersible 
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pump. The use of high pumping rates was found to cause unacceptable 

friction losses within the borehole. Pumping rates were therefore 

selected to be as low as possible, but high enough to achieve a constant 

electrical conductivity profile within a reasonable time period. 

During the first stage, the pump intake was set within the blank upper 

well casing at 39.9 m below the wellhead. Pumping started at 0815 hours 

on 6th October 1982. The initial water level in the well was 27.02 m 

below casing top. By 8th October 1982 the temperature and conductivity 

of the abstracted water had stabilised at 29°C and 24 700 ~S/cm at 25 C. 

The pumping rate was 24 1/s and drawdown was 2.76 m. Following 

completion of the down the hole measurements, pumping stopped for a 24 

hour recovery period. 

For the second stage, the pump was reset with the intake at a level of 

236 m below the wellhead. The pump was started at 1530 hours on 9th 

October and the flow rate adjusted to 24 1/s. By 12th October the 

temperature and conductivity of the abstracted water had once agian 

stabilised and the second set of down the hole measurements was 

completed at 1030 hours, after which the pump was shut down. 

At high salinities, conductivity measurements using logging tools are 

extremely sensitive to instrument error and contact resistance. To 

minimise these possible sources of error, the equipment was calibrated 

using potassium chloride standards. A relationship between theoretical 

and observed electrical conductivity was established. Good agreement was 

found to exist for values of electrical conductivity of less than 

20 000 ~S/cm. The error became increasingly positive at higher levels. 

The instrument readings were corrected at the computational stage. 

In addition, results obtained were protected against systematic errors 

by a programme of strict cleanliness in the field. Particular attention 

was paid to the preparation of the conductivity probe prior to use and 

checks against standards were made both before and after logging. 

5 Interpretation of results 

The relationship between electrical conductivity and total dissolved 
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solids (TDS) for high salinity water as encountered in the UER aquifer 

is shown in Figure 4. 

Electrical conductivity measurements were converted into TDS values 

using empirical relationships as follows: 

For electrical conductivity (EC) values below 30 000 ~S/cm: 

TDS 0. 72 * EC (15) 

For values above 30 000 ~S/cm: 

TDS EC - 8 400 

where 

EC = electrical conductivity (~S/cm) 

TDS = total dissolved solids (mg/1) 

(16) 
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Figure 3 Borehole details 
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Figure 4 Relationship between 

EC and TDS 

Temperature correction was also based on empirical relationships derived 

from measurements in the field and in the laboratory. The best 
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relationship was given by: 

EC(25) 

where 

EC(T) 

EC(25) 

EC(T) 

(1 + 0.014(T - 25)) 

electrical conductivity (~S/cm) at temperature T (°C) 

electrical conductivity at 25 °C 

(17) 

The results were corrected for instrument error and temperature and then 

converted into TDS values using the relationships given in equations 

(15) to (17). These values were used to calculate Q(z), Q'(z), q(z) and 

c(z) as shown in section 3. The results of the test analysis and the 

quantitative interpretation are illustrated in Figure 5. 

It can be seen that most of the yield from this borehole originates from 

two fissure zones at about 158 m and 185 m. Although conventional flow 

and caliper logs indicated the existence of inflow to the borehole 

through fissures, they did not allow such precise definition of their 

location and the inflow rates. 

6 Conclusions 

The example clearly shows that the technique described above can yield 

useful information about the distribution of flow zones and the 

variation in groundwater salinity with depth. It was succesfully applied 

to groundwater explotation in Bahrain, where the combination of fissured 

aquifers with significant salinity variations with depth allowed for the 

determination of the location of major flow zones. 

The two level pumping method provided more precise quantitative 

information on the extent, location and relative contribution of the 

inflow zones to the borehole than a conventional suite of caliper, flow 

velocity and conductivity logs, or packer testing. In Bahrain, use of 

this method demonstrated conclusively that the bulk of groundwater flow 

in the UER aquifer is concentrated in a few discrete large fissures and 

not through a relatively thick karst zone. 

The technique can only be applied to boreholes of sufficiently large 
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diameter to enable the pump to be set at the bottom of the producing 

section. Unlike flow velocity logs, interpretation is independent of 

borehole diameter and it is believed that the use of the method can be 

extended to screened boreholes. 
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