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ABSTRACT 
 

In case of accidental release of radionuclides from a nuclear facility, groundwater 

is the most important pathway by which they can migrate to man and may cause 

health hazards to the general public. Therefore, it is essential to have accurate 

information about the groundwater flow velocity and direction to predict the fate of 

radioactivity released in the groundwater. For this purpose, groundwater filtration 

(Darcy) velocity at Chashma Nuclear Power Plant – II (CHASHNUPP Unit-2 or 

C-2) site was determined in three wells using single well point dilution technique. 

Filtration velocity was also converted to real (water) velocity using common value 

of effective porosity for fine to medium sand in the strata at C-2. Radioactive 

tracer Technetium-99m (half-life about 6 hours) was used. The measured 

groundwater filtration (Darcy) velocities are 16.2, 32.8 and 36.2 cm/day in the 

Well No. 1, 2 and 3 respectively; while the corresponding calculated real 

velocities are 29.45, 59.64 and 65.82 cm/day in these wells. The velocity in Well 

No. 1 is significantly less as compared to that in other wells due to presence of an 

irrigation channel next to Well No. 1 in the direction of groundwater flow. The 

seepage from this channel is an additional recharge source, which reduces the 

hydraulic gradient and as a result the groundwater flow velocity is relatively less. 

It is suggested that the measured maximum groundwater filtration velocity (36.2 

cm/day) can be considered for safety reports. The water table contours 

representing hydraulic heads in the selected area indicate groundwater flow 

direction from northeast to southwest. 
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MEASUREMENT OF GROUNDWATER FLOW VELOCITY AT 
CHASHNUPP UNIT-2 SITE USING RADIOTRACER TECHNIQUE 

 
 
1. BACKGROUND 

 
World over, the sites for nuclear power plants are evaluated for a variety of 

parameters such as seismological, geological, hydrological, etc. At present, 

CHUSNUPP Unit-1 (C-1), a nuclear power plant of 300 MWe capacity is in 

operation near Chashma since 1999 and another 300 MWe capacity plant, 

CHUSNUPP-2 (C-2) is now being constructed at the same site. C-2 is a 

pressurized water reactor type using light water as moderator and coolant and 

low enriched uranium fuel. The C-2 is situated on the left side of the river Indus 

near Kundian in District Mianwali. The plant site is located on the right bank of the 

Chashma-Jehlum Link Canal (CJLC) about 10 Km down stream from the 

Chashma Barrage. 

 

Although multiple safety measures are used to handle radioactive 

materials in a nuclear power plant yet they are subject to leakage due to any 

abnormal incident. These effluents contain various types of radionuclides. There 

are a number of pathways by which radionuclides released from a nuclear facility 

can migrate to man but the most important pathway is migration of radionuclides 

through groundwater (IAEA, 1985). In situations, where, the sites are located in 

relatively permeable materials such as sand, gravel, or fractured rocks, leachate 

migration of radionuclides may cause health hazards to the general public 

through contamination of the groundwater. 

 

A programme to check compliance with licensing controls is also required 

by regulatory authorities (IAEA, 1984). These authorities define the baseline or 

source term for the safety assessments that should be carried out for the 

specified site. It can also be used to confirm that the facility has been designed 

and operated in a satisfactory manner. This programme should also provide 

information to validate previous safety assessments. This will help promote 
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confidence in the continued safety of the site during the operational and post 

operation periods. Therefore, it is essential to have accurate information about 

the groundwater flow velocity and the direction. Hydro-geological investigations 

determine the probable flow rates (velocity) and direction of groundwater 

movement. The simplest indicator of flow direction is the topography yet the most 

direct method is piezometric measurement (Freeze and Cherry, 1979). The 

boreholes/wells of bigger diameter are used to measure groundwater flow 

velocity and piezometric levels. Later on the same wells can be used to collect 

groundwater samples to investigate any migration of radionuclides from the site. 

Care should be taken that such monitoring wells do not adversely affect the 

groundwater flow and they are on the flow paths of groundwater to indicate any 

migration of radionuclides (IAEA, 1985).  

 

The Isotope Application Division (IAD), PINSTECH and C-2 signed an 

agreement on 05-08-2005 for execution of project entitled: “Surface Water/ 

Groundwater Studies at and Around C-2 Site”. Study of groundwater dynamics 

(measurements groundwater flow velocity and direction) was one of the six 

components assigned by C-2 for this study. During the period 18-21 July 2006, 

radiotracer experiments were carried out in three boreholes to determine 

groundwater flow velocity using single well technique. Piezometric levels were 

measured to map water table contours and determination of groundwater flow 

direction. These wells will also facilitate the long-term monitoring to investigate 

any releases and migration of radionuclides via groundwater. This report 

summarizes techniques applied and the results obtained. 

 
 
2. METHODOLOGY 
 

2.1 Groundwater Flow Velocity 
 

 To measure the groundwater filtration (Darcy) velocity, single well point 

dilution technique was applied (Halevy, 1967; Drost and Klotz, 1985). A fully 

penetrating well with a gravel pack is generally required for this purpose. The 

presence of a well distorts the flow lines in the aquifer. If a small pulse of 

radioactive tracer (technetium-99m, having half-life only about 6 hours) is injected 
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and homogenized in an isolated section of the well, the tracer gets diluted due to 

the movement of water through the filter tube. The horizontal flow is the main 

cause of tracer dilution under field conditions. The rate of dilution of the tracer is 

monitored with a detector, which is usually a scintillation detector placed in the 

measuring volume. From the temporal response of the detector and the extent of 

distortion of the groundwater flow field caused by the presence of the well, the 

filtration velocity is calculated.  

  

 The concentration of the tracer injected in the measurement volume 

decreases exponentially with time. The filtration velocity ‘vf’ of groundwater (Eq. 

2) has been derived from simple differential equation (Eq. 1):  
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 where:  

Q  = Discharge through the isolated section of the well. 

V  = measurement volume =  

 F = cross-section of measurement volume perpendicular to the direction of 
undisturbed groundwater flow. 

C0 = tracer concentration at time t = 0 when an exponential decrease of 

tracer concentration starts. 

C  =  tracer concentration at time t. 

α = convergence factor for the lines of flow intercepted by the borehole 

and is the ratio of asymptotic width of tracer cloud to the inner diameter 

of the well screen. 

 

 For a well screen of inner radius ‘R1’ and height of measurement volume 

‘h’, putting the values of V = πR1
2h and F = 2R1h, the Eq. 2 can be written as: 
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( ) ( )CCtRv f 01 ln2απ=               (5) 
 
       

    The value of α depends on the construction of the borehole and the nature 

of the porous medium and may be calculated by using the following equation: 
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Where R1, R2 are internal and external radii of filter tube, and R3 is the boring 

radius as shown in Fig. 1.  

 

For measurement of filtration velocity, a comprehensive system 

comprising a Rheometer probe, control unit, data logger, computer and a 

recorder were used. Schematic diagram of the system has been shown in Fig. 2. 

Real velocity or water velocity (vr) can be calculated using the following equation 

(Freeze and Cherry, 1979). 

 
eff

f
r p

v
v =         (9) 

where peff is the effective porosity of strata. 

 

2.2 Groundwater Flow Direction 
 

In a simple case, the groundwater flow direction is from higher hydraulic 

head towards lower hydraulic head. The hydraulic head (h) is simply the fluid 

potential at any point in a porous medium, which is sum of the static head 

(elevation), pressure head and velocity head. Velocity head is neglected as the 

velocity of groundwater in porous medium is very low (Freeze and Cherry, 1979).  

The basic device for the measurement of hydraulic head is a tube or pipe in 

which the elevation of a water level can be determined. In the laboratory the tube 

is a manometer; in the field the pipe is called a piezometer. The intake of water is 

usually through a section of slotted pipe or a commercially available filter. In 
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either case the intake must be designed to allow the inflow of water but not of the 

sand grains or clay particles that make up the geologic formation. Hydraulic 

gradient is determined from the hydraulic heads and distance between the 

piezometers. If the change in head is ∆h = h2 - h1 within a small distance ∆l, the 

hydraulic gradient (I) can be defined in differential form as: 

  dl
dhI −=         (10) 

       
At least three piezometers/wells forming a triangle are required to 

determine direction of groundwater flow. Leveling is run to determine portal 

elevation. Hydraulic heads (water table) are measured in the piezometers and 

converted against a fixed reference. Water table contours are drawn. 

Groundwater flow direction is always perpendicular to the contours. 

 

 

3. DESIGN AND CONSTRUCTION OF EXPERIMENTAL WELLS 
 

 Three experimental wells, about 30 m deep, were constructed along the 

road behind the C-2 site. For this purpose boreholes of 25 cm dia. were drilled by 

hand percussion method. Hydraulic conductivity of the soil was estimated which 

was used to design the filter tube and select the gravel for shrouding (Klotz, 

1978). Selection of the gravel size and design of the filter tube were made 

according to the following important condition for single well point dilution 

technique (Halevy, 1967). 

 

K1 > K2 > K3 

 

Where K1, K2 & K3 are hydraulic conductivities of filter tube, gravel and porous 

medium (soil). These parameters are not needed to be measured very 

accurately. Hydraulic conductivity of the soil (K3) was determined using D10 & D60 

of soil samples. In the present case, K3 was estimated to be 0.001 cm/s. K1 and 

K2 were assigned to fulfill the above said condition. D50 of gravel was calculated 

using the following relation (Klotz, 1978). 
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(D50)2 = K2 / C2            (11) 

 

where C2 = 0.4 (constant), D50 in mm and K2 in cm/s. Well graded gravel of Attock 

Quarries having grain size <16 Mesh No. (equivalent to D50 = 0.6 mm) was used 

for shrouding. In order to obtain the required K1, slit size and open area of the 

filter tube was adjusted. Figure 3 shows the design of the wells. Detail of the 

design parameters is as follows. 

 

 Filter tube: 
 

 Material:      PVC D-class 

  Filter diameter:     10 cm 

  Length of a slit:     5 cm 

  Width of a slit:      0.5 mm 

  No. of slits per circle:    63 

  Blind distance between two circles:  4 cm 

  Hydraulic conductivity (K1):    0.41 cm/s 

 

 Gravel shroud: 
 
  D50 of gravel:      0.6 mm 

  Hydraulic conductivity (K2):    0.144 cm/s  

   
The value of α for the wells was calculated as 2.75 using Equations 6, 7 & 

8 (Klotz, 1978).  

 
4. EXPERIMENTAL 

 

4.1 Measurement of Filtration Velocity (vf)  
 

Filtration velocity was measured in three wells using ‘Single-Well Point 

Dilution Technique’ in July 2007. Design specifications of these special well are 

given in Section 3. For measurement of filtration velocity, a comprehensive 

system comprising a Rheometer probe, control unit, data logger, computer and a 

recorder were used. Schematic diagram of the system has been shown in Fig. 2. 
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The probe is equipped with tracer injection system, homogenization system and a 

radiation detection system. Radioactive tracer (99mTc) having a short half-life of 6 

hours was injected in the isolated volume and its dilution due to discharge of 

water through this section was monitored for every second.  Using parameters of 

the experimental wells and field data, vf was calculated. 

 
4.2 Flow Direction  

 

In the present study, since the above-mentioned three boreholes/wells are 

almost in a line therefore an additional borehole (Observatory Well No. 1) 

towards CJLC (Fig. 4) was included to form a triangle of piezometers. Leveling 

was run and portal elevations of these boreholes were determined. Hydraulic 

heads (water table) were measured in the piezometers and converted against a 

fixed reference. Water table contours were drawn.  

 
5. RESULTS AND DISCUSSION 
 

From the field results of tracer tests carried out in all the three wells, 

ln(Co/C) was determined and plotted against time ‘t’. The plots for Well 1, Well 2 

and Well 3 are shown in Figures 5, 6 and 7, respectively. Slope (2αvf/πR1) of the 

best-fit lines (dilution lines) having groundwater flow velocity term, which is 

represented by Eq. No. 4 was determined. Groundwater filtration velocities were 

calculated using the parameters of wells (i.e. α and R1). The strata at the site 

generally consist of fine to medium sand. Using average effective porosity 0.55 

for strata at CHASNUPP Site (NESPAK, 1992) in Eq. 9, the filtration velocities 

were also converted to real velocities. Both types of the velocities are given in 

Table 1. 

Table 1. Groundwater flow velocities (filtration and real velocities) at C-2 site 

Borehole/Well Filtration (Darcy) Velocity Real (water) Velocity 

Well No. 1 16.2 cm/day 29.45 cm/day 

Well No. 2 32.8 cm/day 59.64 cm/day 

Well No. 3 36.2 cm/day 65.82 cm/day 
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Groundwater flow velocity can vary depending on local conditions like 

variation in hydraulic conductivity of strata and hydraulic gradient due to variable 

distances from recharge and discharge points. The velocity in Well No. 1 is 

significantly less as compared to that in other two wells. It seems due to presence 

of an irrigation channel next to Well No. 1 in the groundwater flow direction. The 

seepage from this channel is an additional recharge source, which reduces the 

hydraulic gradient and as a result the groundwater flow velocity is relatively less. 

To be on the safe side, maximum groundwater filtration velocity and real velocity 

can be considered as 36.2 cm/day and 65.82 cm/day respectively for safety 

reports.  

 

For groundwater flow direction, contours representing hydraulic heads in 

the selected area (1.2 Km x 0.8 Km) are shown in the Figure 4. Hydraulic 

gradient indicates groundwater flow direction from northeast to southwest. 

 

Similar studies were also carried out for CHASNUPP-1 (C1) to determine 

groundwater flow velocity and direction using multi-well in 1990 (Hussain et al., 

1991) and single-well techniques in 1992-93 (Hussain et al., 1995). In the multi-

well radiotracer experiment the tracer did not reach any of the original monitoring 

wells because of irregular discharge in CJLC (closure at the start of experiment 

and full operation after two/three days). Actually the hydraulic gradient was 

towards the CJLC at the beginning, which was reversed after full discharge in the 

canal and was continuously increasing but groundwater regime could not be 

stabilized. Although, by drilling some boreholes along the tentative direction of 

groundwater, the flow velocity was estimated to 4.8 cm/day, which was not 

representative. The actual value would have been more if the canal had been 

operating and the groundwater regime had been stabilized. However, 

groundwater flow direction determined at flowing condition of the canal was 

towards southeast direction, which is same as determined for C-2 area.  

 

Later on acquiring proper equipment, groundwater flow velocities were 

determined using single well technique in five wells around the site (Hussain et 

al., 1995). Very wide ranges of groundwater flow velocities were determined in 

the three sets of experiments (6-186 cm/day, 11-158 cm/day and 13-182 
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cm/day). Main reason of such variations was the improper size (larger than 

designed) of gravel shroud and slit size of the filter pipe. A lot of sand had been 

entering the wells and causing problem in the measurements. Sometimes the 

problem was so severe that groundwater flow velocity could not be determined 

because a lot of sand had entered in the probe and covered the injection system. 

In case of C-2 studies, the experiments ran smoothly because of proper 

construction of the wells and as a result consistent groundwater flow velocities 

were determined. 

 

6. CONCLUSIONS 
 

Groundwater at C-2 site flows from northeast to southwest direction with 

maximum filtration velocity (Darcy velocity) of 36.2 cm/day and real velocity of 

65.82 cm/day.  

 
7. RADIATION PROTECTION 
 

 In any radioactive tracer experiment, two aspects i.e. protection of the staff 

and the general population are involved. In these experiments a very small 

quantity of the tracer was eluted from the leftover activity of 99mTc generator 

imported for medical centers. The generator had proper lead shielding so that it 

did not pose any radiation hazard during transportation. During the field 

experiments, radiation doses received by the workers were recorded by 

thermoluminescent dosimeters (TLDs) and Pocket dosimeters. TLD results for 

the reported investigation showed that the maximum dose to any individual was a 

very small fraction (0.05 mSv) of the maximum permissible dose (0.4 mSv per 

week) (IAEA, 1996).  

 

In order to ensure the safety of the general public, neither the experimental wells 

should be used for drinking water for few days after the radiotracer experiments 

nor they should be in the close vicinity of boreholes used for drinking purpose. 

The experimental wells are away from any hand pump/tubewell used for 

exploitation of groundwater for drinking or any other purpose. The radiotracer 

(99mTc) having very short half-life (6 hrs) is not harmful as it decays in one day 
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traveling very short distance (>1 m). Therefore, the radioactive isotope used as a 

tracer was not hazardous for public health.   

 
 
8. RECOMMENDATION 

 

Groundwater flow velocities and direction may change due to change in 

recharge and discharge of groundwater at the site. Therefore, it is recommended 

to repeat the tracer tests to measure groundwater flow velocities if there is any 

significant change in recharge and discharge conditions. 
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Fig. 1. Cross-section of the experimental well 
 
 
 
 
 
 
 
 

 
 

Fig. 2. Schematic of Rheometer Probe 
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Fig. 3. Design of well for radioactive tracer test
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Fig. 4.  Map showing location of experimental boreholes, water-table 

contours and groundwater flow direction at C-2 site 
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Fig. 5. Plot of ln(C/Co) vs. time showing dilution rate for Well No. 1 
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Fig. 6. Plot of ln(C/Co) vs. time showing dilution rate for Well No. 2 
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Fig. 7. Plot of ln(C/Co) vs. time showing dilution rate for Well No. 3 
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