
introduction
Borehole dilution is a well-established method for
analysing groundwater velocity in hydrology and
the oil industry. It is a tracer technique performed
in a section of a well isolated by inflatable packers.
Tracer is injected into isolated test section from a
reservoir and subjected to continual mixing
in/out of borehole by a submerged/surface pump.
As groundwater gradually replaces the tracer solu-
tion in the well, a log normalised concentration-
versus-time curve is plotted and the magnitude of
the horizontal velocity of the groundwater flow
calculated. Testing vertically distinct sections of
the well, a picture of the vertical groundwater ve-
locity variation in the aquifer (near the well) can
be obtained. The measurement of lateral variabil-
ity of flow system depends on number and distri-
bution of monitoring wells. This method
endeavours to account for flow system distortions
through well screen. However, this accounting re-
quires a calibration test for each well. The ground-
water through-flow gradually removes tracer
introduced into well, to produce a time-concentra-
tion relationship from which groundwater veloc-
ity is computed.

Natural gradient tests (Devlin, 2002), point di-
lution tests (Labaky et al., 2007), tracer tests, single
well injection withdrawal tests (SWIWT; push-pull
tests; Freeze and Cherry, 1979; Drost et al., 1968)
and forced gradient tests (Lamontagne et al.,
2002) are carried out based on assumptions. The
most important of these are that:

• Solutes are injected as well mixed slugs
• Well mixing mechanism does not increase rate

at which tracer moves out of the well
• Injection time is short compared to the overall

time required to carry out the experiment
(Neretnieks, 2007; Lamontagne et al., 2002)

However, researchers who have carried out
these tests in the field attest that one of the major
problems in the use of these tests in hydrogeolog-
ical investigations is the field procedure which re-
quires a homogeneous mix of solute to be created
in tested well using pumps. The importance of ho-
mogeneity of solute in the test well can never be
overemphasised, and presents the greatest chal-
lenge to generating good data, irrespective of
which type of tracer or test method is being ap-
plied. In fractured rock aquifers, where tests are
carried out with the fracture in a continuous flow
field with the pump mixing method, it is exceed-
ingly difficult to completely eliminate the influ-
ence of pumping on the rate at which the tracer
moves into the fracture. This gives higher or lower
velocities than would otherwise have been
recorded.

Wolkersdorfer (2008) observed that many
tracer tests results are not reported in literature
because they were unsuccessful due to lack of suit-
able method to inject tracer into mine water at
predetermined depths or without contaminating
mine water above injection point.

Neretneiks (2007) noted that the notion of Tay-
lor dispersion is valid for the case when the traced
solution is collected and mixed at the ‘outlet’ of
the fracture, and that if there has not been time to
even-out the concentration between the stream-
lines, the ‘dispersion’ will not be seen when the
fluid is rapidly pulled back, as in a SWIW test.

Lamontagne et al. (2002), in their very instruc-
tive paper, came to one major conclusion: the po-
tential for the well-mixing mechanism (by pump
circulation) to increase rate at which tracer mixes
and moves out of the well is the main technical
difficulty associated with point dilution test de-
signs at present. They further concluded that fu-
ture research on point dilution tests should
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quantify this problem and seek to develop instru-
mentation that would limit this potential bias.

Devlin (2002) affirmed that the chief disadvan-
tage of the borehole dilution method by pump-
mixing is the need for mixing in the well; that
down-hole mixers have not proven reliable and
that recirculation of the tracer solution from the
well to the surface and back limits the depth at
which the measurements can be made. The diffi-
culties associated with calibration for an in-
ground well screen are also non-trivial, though
necessary for calculations for groundwater veloc-
ity from pump-mixing point dilution tests.

aim
After many failed tests and ambiguous results
from field tests, due to the above assumptions not
being met, we undertook to develop a new appa-
ratus and method aimed at:

• Mixing the solute inside the borehole homoge-
neously on injection

• Instantaneously introducing solute inside the
borehole (within seconds)

• Introducing the solute inside the borehole
without perturbations

field test site
The Campus Test Site at the University of the Free
State (UFS) is a test site for research covering an
area of approximately 180 x 192 m. To date 30 per-
cussion and 7 core-boreholes have been drilled.
The site has been used a number of research proj-
ects, e.g. on Karoo aquifers (Botha et al., 1998) and
on tracer tests in fractured aquifers (Van Wyk et
al., 2001; Van Tonder et al. (2000).

apparatus
The trigger-tube apparatus
The trigger-tube was designed and built after lab-
oratory experimentation. It is made up of a 500
mm length of polyvinylchloride (PCV) piping with
a lid and trigger mechanism at one end and a
threaded coupling joint at the other. The trigger
mechanism consists of a lid, a larger retractor
spring, a trigger disc, a smaller retractor spring
and a circular rubber seal (Fig. 1). The circular rub-
ber seal is glued all round the lid to make the as-
sembly leak-proof. The lid, which is hinged at one
end of the tube, is opened by the larger retractor
spring attached to it. At the opposite end to the
hinge is the lock, which is L-shaped with a small
bearing at the tip. To close the lid, the cord (blue)
attached to the trigger disc is pulled, to align the
slit to the bearing, while the cord (yellow) attached
to the lid is pulled simultaneously, bringing the
lid’s lock bearing into the trigger discs through the
slit. Releasing the disc cord (blue) allows the small
retractor spring to rotate the trigger disc anti-

clockwise, locking the lid in place. The lid cord (yel-
low) is then released. This trigger-tube was tested
to pressures equivalent to down-hole pressures of
up to one hundred meters (100 m) below the
water table, it opened and closed smoothly. The
trigger-tube is coupled with segments of PVC
tubes of the same diameter to make up the trig-
ger-tube assembly. Fourteen PVC tubes of 2 m
lengths were used for the field tests to a depth of
28m.

Method
Solute (homogeneous mixing)
Determination of the test solute concentration is
calculated by taking into consideration the con-
centration of the borehole water (background EC),
the total volume of water in the borehole (the vol-
ume of water outside the trigger-tube and its con-
centration), the volume of the trigger-tube and
the solute concentration in the trigger-tube, using
the formulae below.

From laboratory experimentation, the concen-
trations for various trigger-tube sizes and EC val-
ues were calculated using the following:

(1)

(2)

(3)

(4)

Where: ECT = solute EC required for carrying

ttbbTT
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2π=
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2π=
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22 −= π
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Figure 1 Trigger-tube apparatus
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out test in the whole borehole (test EC), rb = radius
of borehole, rt = radius of trigger-tube, ECt = trig-
ger-tube EC (pre-mixed solute EC in trigger-tube),
Vt = trigger-tube volume (includes volume due to
thickness of tubes), ECb = borehole background EC,
VT = total borehole volume, Vb = borehole volume
outside trigger-tube, h = length of test segment.

Laboratory tests were carried out using trigger-
tubes of 30 mm, 63 mm, 100 mm, 110 mm and 120
mm in diameter, to determine the input solute
concentrations and required volumes of fluid for
any desired initial solute concentration. The cal-
culated values are given in Fig2.

EC meters
Two types of EC meter were used to measure
water levels and profile the borehole, and to meas-
ure EC and temperature:

• Solinst Temperature/Level/Conductivity (TLC)
meter

• A multi-parameter probe

Winch
A winch was used to lower/ raise the trigger-tube
assembly into/out-of the borehole. It was made up
of a solid tripod, pulley, gear and sprocket and a
stainless steel cable of 5 mm diameter.

Clamps
A set of 3 clamps is used to attach the trigger-tube
assembly to the borehole casing and to couple
and decouple the PVC tubes during insertion and
withdrawal from the borehole. It is very impor-
tant to clamp the trigger-tube assembly firmly to
the borehole casing, in order to counter the enor-
mous buoyancy forces that come into play; these
push upward when the tube assembly becomes
empty, once all the water has been pumped out of
the trigger-tube assembly before the introduction
of the solute. This may present a hazard if the trig-
ger-tube assembly is not firmly attached.

Test procedure
The procedure used to carry out the test using the
trigger-tube assembly was as follows (Fig3).

The multi-parameter EC probe is placed inside
test-well UO5, below the water table at required
test depth for investigation (21 m) (point dilution
test). The probe is activated to start taking read-
ings. At observation borehole UO7, another TLC
probe is lowered simultaneously to the fracture at
a depth of 21 m, and readings are taken at 1 min in-
tervals (passive test). The combined readings from
the 2 probes make up the natural gradient tracer
test.

Results and Discussion
Darcy velocity
The Darcy velocity q, for point dilution tests is
given by;

Van Wyk et al. (2001) (5)

Where: V = volume of fluid contained in the
test section, A = cross sectional area normal to the
direction of flow, C₀ = Tracer concentration at t =
0, C = tracer concentration at time = t, qα = ν
where   ν = apparent velocity inside well, α = bore-
hole distortion factor (between 0.5 and 4; = 2 for
an open well), t = time when the concentration is
equal to C.

In practice either the radial flow solution or the
parallel plate model is used to estimate the cross-
sectional area A (Novakowski et al., 1998): For the
radial flow model: 

A = πrwb (6)

Where: rW = well radius, b  = the length of the
tested section in the borehole.

For the parallel plate model:

)log(
0C

C
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V
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Figure 2 EC calculator for various trigger-tube
sizesT, T₂, T₃,T₄; Each input gives a resultant EC

mixture value in the borehole.
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Figure 3 Steps in carrying out the solute injection;
(a) Borehole with water, (b) Insertion of trigger
tube with valve open, (c) Trigger tube assembly

with valve closed and water pumped out. (d)
Solute filled into trigger tube assembly with valve

closed. (e) Trigger tube assembly with valve
opened, being withdrawn. ( f) Borehole now filled

with homogeneously premixed solute (trigger
tube withdrawn). Only the saturated section of

borehole is shown.
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A = πrw(2b) (7)

Where: 2b = equivalent aperture of the fracture
rock.

Natural flow velocity
The natural flow velocity is given by:

V = x/t (8)

Where: x = distance of observation well UO7
from test well UO5, t = is the time taken for the
tracer to travel from test well to observation well.

V=qα (9)

Where: q is the Darcy velocity which is equal to
V when α =1 (parallel plate model for fracture has
porosity as 1 at the fracture).

The results for a point dilution test on borehole
UO5 and a natural gradient test on borehole
UO5/UO7 showed that the solute was mixed to
the desired EC within a minute of withdrawal of
the trigger tube assembly from the borehole. The
data from the TLC probe in the passive natural gra-
dient test were plotted on an x-y scatter diagram
(Fig4); this shows the arrival of the peak pulse of
EC 82 min after the release of the tracer (solute) in
UO5. Using Eq. (8), a natural flow velocity of
123 m/d was determined. The data from the multi-
parameter probe for the point dilution test in
borehole UO5 was analysed using Eq. (5) in excel
SOLVER, from which effective porosity 0.033
(3.3%); Darcy velocity 4.06 m/d and seepage veloc-
ity 122.89 m/d were calculated. From these results,
the natural flow velocity calculated from the nat-

ural gradient test (123 m/d) and the seepage veloc-
ity of calculated from the point dilution test
(122.89 m/d) were found to be equal, which shows
that the trigger-tube test results are accurate.  In
comparison, results  obtained for the same frac-
ture at 21 m, from tests carried out by Van Tonder
et al. (2000) using the effective porosity but differ-
ent values for Pump-mixing mechanism, give the
same value (0.03) for seepage velocity and Darcy
velocity using radial convergence tests and injec-
tion withdrawal tests.

Comparing the results from tests carried out
on the UFS campus test site using the trigger-tube
to those gathered over a number of years by other
researchers using the pump-mixing mechanism,
it is evident that the total time for set-up and in-
troduction of tracer is shorter when using the trig-
ger-tube than when using the other methods.
When using the trigger-tube the smoothness of
the plotted data is better (Fig. 5). The calculated
seepage velocity and natural velocity are equal
when using the trigger-tube but not when using
other methods.

At the test site, groundwater velocities in the
larger fractures are high (hundreds of meters per
day) and overall time taken for test is relatively
short (tens of minutes). When using the method
of pumping and mixing at the surface (Lamon-
tagne et al., 2002), the injection time is long com-
pared to the overall time needed for the
experiments. Thus it is difficult to get good data
and accurate results from the pump-mixing
method.

conclusion
• From the results of the field tests it was con-

cluded that the trigger-tube apparatus and test
method for the mixing of solutes for injection
tests in wells was successful in satisfying the 3
most important assumptions on which the
point dilution test, single well injection with-
drawal test, natural gradient test and forced
gradient test are based, namely:

• Solutes were injected as well mixed slugs
• Introduction of solute by the trigger-tube does

not increase the rate at which the tracer moves
out of the well

• The injection time is short compared to the
overall length of time required to carry out the
whole experiment

Thus, a very useful apparatus and method for
carrying out field tests that involve the injection
of homogeneously mixed tracers/solutes in tests
wells has been developed, which is user-friendly,
cost-effective and accurate.

Use of the trigger-tuber apparatus has the fol-
lowing advantages over use of the pump-mixing
mechanism:
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• No perturbation of well since there is no pump-
ing in the well

• A specialised pump (peristaltic, etc.) is not re-
quired

• Isolation of test section or use of packers is not
necessary

• No recirculation of borehole water which can
affect the rate of tracer entry into the test well

• Better control of solute concentration (prede-
termined)

• No mechanism for mixing of solute down hole
since the solute is more homogenously pre-
mixed

• The whole length of the borehole can be tested
at once

• This test method uses few instruments and as
such is quicker to set up and carry out

• The solute is released at once (instantaneously)
• Simple equipment to transport and handle
• Economical, as the trigger-tube is inexpensive

to construct
• Accurate data acquisition

Disadvantages of the trigger-tube apparatus
are as follows: The pipes for the trigger-tube as-
sembly are bulky to carry for very deep boreholes.
Also, there is a hazard during the transition be-
tween emptying the trigger-tube and filling it
with a tracer if the tube assembly is not securely
attached; the empty tube becomes buoyant with
a tremendous lifting force.
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Figure 5 Results of tracer tests from: Trigger tube (c) pump mixing methods (a) Van Wyk (1998) & (b)
Van der Merwe (2008). Note the linear data points in (c) and oscillating data points in (a & b) due to the

effect of  pumping mixing.
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