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Abstract

The application of radioisotope tracer technique and probe
can result in the detection of groundwater flow direction,
flow velocity and vertical currents in one single well. The
tracer probe consists of the source injector and the compo-
nents related with direction detection, location and velocity
measurement. The nuclear detector employs a thermolumines-
cence detector (TLD) and a direct reading ionization chamber
(IC) for the detection of flow direction and also employs a
new method of photofluorography location for the determination
of the probe's northern or southern position in the well,
thereby greatly simplifying the design of the direction-de-
tecting probe. The velocity measuring section includes ground
receiving instruments and meters for conducting point or whole
-borehole measurement. It is also possible to carry out in-
terconnection tests and dispersion tests. With the applica-
tions to the ascertaining of the groundwater distribution in
the karst region as well as the execution of the dispersion
tests related with environmental protection and so on, it has
been confirmed that the radioisotope tracer instrument has a
broad scope of application and practicability.

1. Introduction

The traditional hydrological method for the determination
of groundwater flow direction involves the drilling of three
wells or more and the ascertaining of the groundwater table of
the aquifer layer exposed in these wells. The determination
of filtration velocity, storage capacity and so forth employs
the pumping test. However, the application of radioisotope
tracer technique and measuring probe makes it possible to de-
termine groundwater flow direction, filtration velocity or
vertical currents simultaneously in one single well. This
method practises economy in reducing the number of boreholes
as well as their diameters. Since Moser, Mairkofer and others
put forward this method in 1957 and 1963 respectively, with
the development of physical and nuclear detection techniques,
various types of probes used for single-well direction detec-
tion and velocity measurement have been brought out one after
another, to which much attention has been paid by the workers
engaged in hydrological and geophysical exploration from va-
rious countries.

We have successfully developed a new type probe for the de-
tection of groundwater flow direction through the use of ther-
moluminescence detector (TLD), direct reading ionization cham-
ber (IC) and photofluorography location method and worked out a
velocity-detecting probe of the combination type through the
use of Nal crystal. The tracer instrument is characterized by
novel and unique design, low cost as well as accurate and reli-
able detection of flow direction and location; its accuracy in
directing detection is better than +10%. The instrument can be
extensively used in such spheres as hydrology, geology, leakage
detection of the dam bases, groundwater exploitation, environ-
mental protection, agriculture, petroleum, etc.

2. Structure of the radioisotope tracer instrument

The groundwater tracer instrument is composed of probe,
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radioisotope source injector, ground meters and instruments,
cables, steel wire rope, stop watch, cassette, etc.

2.1. Probe section

The underground section consists of a) radioisotope source
injector, b) device for the detection of flow direction, c)
velocity-measuring probe and other components.
a) Radioisotope source injector

The structure of the radioisotope source injector, as shown
in Fig. 1, is made up of multiple plumbs (1), steel wire
rope (2), light moving cylinder (3), connecting clip (4),
rubber ball (5), tracer solution (6), base (7), etc. It
can be used separately as a radioisotope source injector
or connected with the direction-detecting device to form
the direction-detecting probe.

b) Device for the detection of flow direction
The device for the detection of flow direction, as shown
in Fig. 2, is composed of the following: 12 radioisotope
source injecting holes (1), TLD sets (totalling 6 sets, 5
pieces each set) (2), direct reading ionization chamber
(IC) (3), lead column (4) for installing TLD and IC, thin
wall (5) for screening low energyYray, 3 pieces of en-
larging paper No. 3 (6), locating perspex box (7), magne-
tic pointer (8), fluorescein (9) as the reference point
on the cassette face, probe casing (10), organic liquid
(11), fluorescein (12) on the northern pole of the magne-
tic pointer, the pivot (13) of the magnetic pointer, etc.

c) Velocity-measuring device
The velocity-measuring device, as shown in Fig. 3, com-
prises cable (1), prime amplifier (2), photomultiplier
(3), Nal crystal detector (4) and protective connector
(5). During the operation, it is necessary to work in
conjunction with the radioisotope source injector.
To install the items shown in Figs. 2 and 3 together en-

ables them to form a probe used for the simultaneous deter-
mination of both velocity and direction of flow as shown in
Fig. 4. The radioisotope source injector a) is used for the
spreading of radioisotope tracer.

With the items shown in Figs. 1 and 3 installed together,
they comprise a monofunctional direction-detecting probe as
shown in Fig. 5. The probe, which includes the components for
source injection, direction detection and location, only em-
ploys a steel wire rope for connecting purposes, hence it is
very simple in operation, dispensable for ground meters and
instruments and unnecessary for the presence of operators in
the field during the measuring operation.

In these two combinations of probes is installed a kind of
righting device, which is composed of four springs, with 100
mm and 170 mm in diameter. Being provided with contractibili-
ty, it can ensure the probe to be always set in the central
position of the well and also prevent it from being jammed in
the well during the process of moving up and down.

2.2. Ground receiver

The ground receiver is used fo:: recording the variations
of the strength of the underground radioisotope in a well with
time. The Nal crystal probe will pass the received i ray
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through the photomultiplier and the prime amplifier and then
transmit the signals via the cable to the ground receiver, of
which the functions include the counting and display of in-
stantaneous scanning, the automatic calibration and the liguid
crystal display. Both the start and the conclusion of mea-
surement will initiate an audible time signal; there are also
audible signals initiated during the process of scanning,
which indicate the strength of the radioisotope in the well,
hence the convenience in the use for finding out the locations
and peak values of the injected radioisotope sourca- The stop
watch is used for recording time.

2.3. Thermoluminescence detector (TLD)

When the thermoluminescent phosphorescence is subject to
irradiation, part of the absorbed energy will be stored for a
long time under the normal temperatures and then released in
the form of luminescence in case of heating. Through the con-
version of photo-electricity, the electric signals will be re-
corded; and here the photon yield rate is directly proportional
to the magnitude of irradiation to which the element is sub-
ject. Therefore, TLD can be used for the detection of various
rays by means of measuring the number of photons.

The TLD which we have chosen for the purpose comprises the
special phosphorescence CaSO (Tm) loaded into a glass tube of
2 x 12 mm in diameter, which is characterized by high sensiti-
vity, low degree of dispersion (which is less than 3% with ac-
curate selection), wide range of the measurement of the irra-
diation (which is 0.1mR~300R), small attenuation (which is
less than 2% per month under the normal temperatures and in-
significant effect of temperature and humidity). The repeated
use for 100 times has caused no change in sensitivity. Owing
to the fact that the lower limit of the TLD measurement is
less than 0.1 mR, it can be applied to some special occasions,
e.g., in cases of extremely low or high velocity of ground-
water flow. The measuring sensitivity of TLD is higher than
that of IC; and the amount of tracer radioisotope used is also
relatively small. Its main drawback is the necessity of using
the TL tester for the purpose of reading and annealing.

The TL tester is used for measuring the irradiation mag-
nitude received by TLD. The tester consists of heater, ther-
mocouple, photomultiplier and the sections for control, tim-
ing, compensation and so on. The standard 14C source is used
to correct the high pressure.

2.4. IC detector

The structure of IC is shown in Fig. 6. It is composed
of quartz-fibre electroscope (1), ionization chamber (2), ob-
ject glass and scale (3), ocular glass (4), charging set (5),
etc.

Prior to the operation, IC will be charged by the charg-
ing set to a certain level of voltage. As for the electroscope
which functions as an internal pole, because of the repulsive
force exerted by the like charges, the index line which is
directly proportional to the magnitude of the charge potential
with relation to the supporting frame will be opened at a cer-
tain angle. While observing from the scale via the optical
microscope comprising the object and ocular glasses, the index
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line should be exactly located on the zero position. In case
of weak leakage of electricity, when there is irradiation of
j ray and X ray, the air within the ionization chamber will
be ionized into positive and negative ion pairs which, under
the action of the field between the IC wall and the electros-
cope, will move towards the two poles and neutralize the
charges of the electroscope so as to lower the potential of
the electroscope; and at this moment, the index line moves in
the direction of the full scale. The quantity of the ions
thus formed is directly proportional to the irradiation mag-
nitude, and consequently, we can ascertain the irradiation
magnitude from the variations of the readings of the electros-
cope. And IC can be used to measure the values of flow direc-
tion at the test field.

2.5. Locating device

The photofluorography method is employed for locating pur-
poses. The locating cassette made up of perspex cassette is
mounted at the bottom of the probe. Inside the cassette is
fitted a magnetic pointer, of which the north pole end and the
reference point on the face of the locating cassette are coated
with fluorescein. The cassette is filled with organic liquid
so as to overcome the gravity and frictional force during the
rotation of the magnetic pointer and improve the locating pre-
cision. In case of the well slope not exceeding 10°, no error
will occur by and large in the locating operation. Prior to
the measurement, the photographic paper is to be closely fitted
on the face of the perspex cassette; and long exposure of the
photographic paper to the fluorescein (more than one hour) will
produce a latent image. After the completion of the measure-
mentm the photographic paper is to be taken out timely from the
probe; and after the developing and fixing treatment of the
photographic paper, the location of the probe in the well can
then be determined. With the flow directions detected by means
of TLD and IC marked on the locating photographic paper, it is
possible to determine the actual directions of groundwater flow.

3. Operating principles

3.1. Principles of flow direction measurement with single-
well tracer method

With radioisotope tracer injected into a well, it will be
quickly mixed up with water in it. The groundwater in the
aquifer layer enters the well either directly or via the fil-
tration tubes and then flows out from another side of the well
wall. The radioisotope in the well moves together with the
groundwater flow and is carried out of the well porosities si-
multaneously to enter the aquifer layer. As a result, -the ra-
dioisotope in the well begins gradually to exhibit asymmetric
distribution; its concentration along the direction of water
supplementation is the lowest, while that along the direction
of water movement is the highest. We have chosen the type of
radioisotope which is capable of spontaneous decaying so as to
produce? rays as the tracer. And we have set 6 groups of TLD
and 6 ionization chambers alternatively on the 12 positions of
the measuring probe, the included angle of the adjoining IC
and TLD being 30°. The lead column is placed in the central
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position surrounded by the detector groups so as to screen off
the i rays coming from the other directions. The casting of
the probe is as thick as 1 mm so as to shield away the low-
energy r rays. After the completion of the measurement, the
ICs and TLDs are to be taken out for direct reading of the IC
values and reading of the TLD values on the TL instrument.
Then it is possible to draw the flow direction diagram or to
obtain the flow directions through the calculation of the cen-
tre of gravity and the direction of the vector, the error be-
ing less than +10".

3.2. Principles of flow velocity measurement with single-
well dilution method

In case of nonexistence of vertical currents in a well,
the variations of the tracer concentration in the well water
with filtration tubes can satisfy the dilution theorem; and
the variations of the filtration velocity Vf versus the con-
centration in the well can satisfy the following relation:

n (rf - rl) Cn
vf -—hr^—ln~r~ (1)

where C_ denotes the initial concentration; C the concentra-
tion at the time t; t the measuring time; r, the radius of
the well; r» the radius of probe; and oi the correction coef-
ficient. The curve relationship of

-lnC2 d rA
versus t should be a straight line, of which the slope repre-
sents the filtration velocity Vf .

We can also make use of the accumulated values of irradia-
tion EX., obtained by TLD or IC for the calculation of the un-
derground filtration velocity, the deduction of the formula
being as follows:

It is supposed that the radioisotope injected into a cer-
tain section of the well is homogeneously dispersed and va-
rious detector groups are located in the central position of
this section of water column. Therefore, the irradiation mag-
nitude of the radioisotope at various points within the water
column with relation to the detectors can be expressed by the
following differential expression:

dX = r -^ dt (2)
r

where dJr=CdV; C=CQe~
KlV0t; Cn= ^ - .

on the column coordinates,

dV = 27[ pdpdz

Disregarding the effects of the screening of water and the
decaying constant, the total amount of irradiation can be ex-
pressed by the following differential expression.
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dx = °, LJ_ e^lVdt (3)
2hXr^ (/» +Z^)

where K represents the constant of the irradiatio^ magnitude;
Jrr theractivity of the source dispersion 3.7 x 10 Bq (mCi);
K. the dilution factor; h the half height of the water column
in the well section; and VQ the flow velocity in the well.
With integration of the expression (3), one obtains the fol-
lowing:

x J^IO (nl jW_ + 2r tg-i _§_, (l-e-
KlVcT) (4)

Vchrl " h

— K V tIn case of very big value of Vct, e 1 c —-0; and Vf=Vc/ol.
The calculating formula of Vf can be simplified as follows:

KJrn r^+h2 -, h
V, = 5 ^-2- (hi 1 +2r tg X-^-) (5)h r N H r £ xi h x

1 n 1=1 x

where K is the undertermined coefficient; and n denotes the
number of detectors.

As many approximate conditions are employed in the calcu-
lation, the velocity calculated with the aid of the expression
(5) is only the semi-definite quantity.

3.3 Determination of vertical currents

The measurement of vertical currents has great signifi-
cance in the dividing of the seepage areas and the nature of
stratum. In most cases, the occurrence of vertical currents
indicates the existence of two or even more permeable layers
which have independent supplementation of groundwater and are
separated by impermeable layer. These vertical currents flow
either upward or downward. Their distribution of vertical
velocity as well as their variations with relation to time
each year will provide useful data for the ascertaining of
the properties of aquifer layers. The measurement of the va-
riations of the vertical velocities versus the depths will
indicate the location of a permeable belt, into or from which
groundwater flows. In the well sections which are correspond-
ing to the impermeable layers, the velocities of groundwater
flow do not vary with the depths.

The determination of vertical currents employs the peak-
to-peak velocity method or the accumulation method (1) (2).
The vertical velocity can be derived through the detection
of the time in which for the tracer peak to pass through the
two points in a well; for instance, it is possible to obtain
the distribution diagram of vertical velocities by way of mea-
suring the tracer peak at a multiple of points in the well.
The measurement can be conducted with two measuring probes
connected in series with the spacing being 1—2 m apart. Ow-
ing to the immovability of the probes in the well, the resul-
tant measurement will be even more accurate and reliable.

It is possible to calculate the groundwater filtration
velocity Vf (l) in accordance with the amount of flow A Q
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which moves into and out of the length of the filtration tube
Ah.

V = A Q (6)
vf £ h b K '

where b denotes the width of the groundwater flow in the sour-
ces of the aquifer layer; with the vertical velocity V being
much greater than V,, the value of b is taken to be 211 r, .

4. Field test

Actual application of the radioisotope tracer technique
and the tracer instrument which we have developed has been
made to more than ten engineering projects in the country
and obtained satisfactory results. The main scope of appli-
cation covers the following:

4.1. Detection of leakage for dam bases

China has more than 80,000 storage reservoirs, among which
above 200 reservoirs of the large-scale type have the storage
capacities of exceeding 100 million cu. m. These reservoirs
play an important role in China's agricultural production and
national economy. Of these large-scale reservoirs, about tens
of reservoirs are faced with the serious problems of leakage
for their dams, hence the impossibility of giving play to their
benefits in accordance with the design standard. For the pur-
poses of 'diagnosing' the causes for the defects of these risky
reservoirs so as to suit the remedy to the case and find solu-
tions to the problems, it is imperative to ascertain the velo-
cities and directions of the seepage flows within the big dams.

Nanjing Academy of Water Conservancy Sciences has made ap-
plications of the instrument under discussion, and since March
1987 has carried out the measurement of internal flow direc-
tions in deep holes at the Yangmaowan Reservoir in Qianxian
County, Shanxi Province, and at the Nanchuan Reservoir in Hubei
Province. The big dam of the Yangmaowan Reservoir is situated
in a limestone area. The dam bases had serious leakage problem
and the right shoulder of the dam once experienced damage due
to tubular surges. Up to now a kind of latent danger of see-
page disruption still exists. .Groundwater is hidden more than
100 m below the ground. The tracer instrument was used for de-
termination of groundwater flow directions within ten holes in
limestone of the dam area, thus obtaining complete data. The
big dam of the Nanchuan Reservoir in Hubei Province is located
on a group of fractures parallel to the dam axis, which are
characterized by broken rocks and well-developed karsts. The
right and left dam shoulders as well as the dam bases had se-
rious problems of leakage. The most worrying problem was the
detour seepages around the dam shoulders on the both banks,
which had been supposed to concentrate towards the direction
of the big dam so as to threaten the safety of the dam. Then
the tracer instrument was used to detect the groundwater flow
directions within several boreholes at the positions of the
left dam shoulder; and mutual verification with the measuring
results obtained from the multiple-bore-hole tracer method was
also made, thereby acquiring conformable data with which to
make the definite judgment that the detour seepages around the
left dam shoulder will not concentrate towards the big dam.
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The above conclusion and judgment had important values of
reference in the design of danger removal and dam consolida-
tion. Moreover, we have also made actual measurement for the
southern auxiliary dam of the Haizi Reservoir in Beijing and
found out the seepage passages.

4.2. Applicaiton in karst regions

The distributions and activities of groundwater in a karst
region are very complicated. The detection of groundwater and
the appraisal of water resources in such a region are a job
which the workers engaged in hydrological and geophysical ex-
plorations have found to be very difficult; and they involve
extremely high cost in the researches. We have applied the
radioisotope tracer method and the tracer instrument to the
detection of groundwater flow direction, flow velocity, ver-
tical currents and their distributions in the rock porosities,
which is beyond reach of the traditional methods of hydrolo-
gical and geophysical explorations. We have conducted actual
measurements in the rock porosities in such places as Guang-
yuan in Sichuan, Yanzhou in Shandong, Nanjing, Yunnan, etc.
The following deals with the case study of the groundwater
test field in Zaozhuang for the demonstration of its applica-
tion.

The Zaozhuang Test Region was established in a limestone
area of the Ordovician period, covering an expanse of approxi-
mately 100 square km or more. The entire test region assumes
the shape of the rectangle of broad width from east to west
and narrow length from north to south: and it is surrounded by
either highlands or mountains and has low-lying terrains in
the central and southern parts with the surface runoff flowing
out of the test field from the south. The central part of the
test region has big structures of igneous rocks, which separate
the test region into two subregions, i.e., the east subregion
and the west subregion. The main aquifer layers in the test
region differ in size as 2.5—10 m, 30—75 m and 130 160 m;
and in the aquifers the crevassed karst caves are well deve-
loped. With relation to more than 20 wells in the test re-
gion, we conducted measurements of filtration velocities, flow
directions and vertical currents on three different occasions
in both rainy and dry seasons and ascertained the directions
and velocities of the groundwater movement in both shallow and
deep layers as well as its regularities of movement in dif-
ferent seasons. We have found that, in rainy seasons, most
of the wells have vertical currents of 10—20 m/day, flowing
from the shallow layers to supplement the deep ones; and in
dry seasons, the water table drops in a marked way, being as
much as more than 20 m in the peripheral zone of the test re-
gion, and groundwater flows at a very low velocity. It has
been preliminarily ascertained through the tests that the
groundwater in the shallow layers within the boundary of the
test region flows toward the interior part and concentrates
at the centre of the test region and then flows out of it from
the southern part of the region, being basically the same as
the direction of the surface runoff. The flow direction of
the groundwater in the deep layers indicates that the wall
structure of igneous rock lying here is of the impervious na-
ture. In the rainy seasons, the groundwater in ths deep la-
yers of the western boundary flows toward the outside of the
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test region; and in the dry seasons, it flows toward the in-
terior part of the test region, thus demonstrating the inter-
connection of the deep-layer groundwater at the dividing
ridge of the western boundary. The measuring results also
indicate that the southern-central part of the region is also
a major passage for the deep layer groundwater to flow out of
the test region.

4.3. Velocity measurement and dispersion test with dilution
method

The aquifer layer containing granular media such as the
underflow in the alluvial layer of the Quaternary period is
a condition which satisfies the tenability of the Darcy's Law.
Once the value of d is accurately calculated, then it is pos-
sible to use the point dilution method and the whole-well tra-
cer injection method to accurately determine such parameters
as permeability, flow direction and so on. In the studies of
the pollution treatment, usually it is quite indispensable to
assess the hazards which groundwater has already caused or is
tending to cause and to make a predicted evaluation of the
environment so as to control and understand the movement and
dispersion of groundwater. With the measurement of flow ve-
locity and direction as well as the dispersion test conducted
through the radioisotope tracer dilution method, it is pos-
sible to determine these parameters on the site without the
need of samples, being superior to the sampling method in terms
of accuracy, reliability and savinqs of test expenses.

We once performed measurements of flow velocity and direc-
tion as well as dispersion tests by means of the dilution me-
thod in such places as the Haihe River in Tianjin, the Fenhe
River at Gujiao in Taiyuan, the Factory No. 404 in Gansu, the
Yellow River Dyke in Dong'e County, Shandong Province and so
forth, all the measurements and tests being carried out in the
underflow layers. The aquifer layers are composed of fine
sand, coarse sand and gravel with the filtration velocity rang-
ing from 0.1 to 3 m/day and the value of K from 1.6—96 m/day.
Given below is an account of the dispersion tests performed in
the underflow layers at the river valley of the Gujiao mining
area in Taiyuan.

The rocks in the underflow layers at the river valley were
formed on the basis of diluvial, alluviation and accumulation
of modern river valleys. The underflow layers are composed of
gravel, pebble and sand ranging from medium to coarse sizes
with an inclusion of disconnected loamy sand or clay soil of
0.6—2 m in thickness. The substratum belongs tothe argil-
laceous rock of the lower Shihhotze Formation (P ) as well
as sandy and grey types of argillaceous rock. The thickness
of the underflow layer in this area falls in the range of 14
— 2 3 m; and the unit phreatic discharge of water in the range
of 0.866—9.32 L/sec.m. The permeability coefficient is 40.62
—96.68 m/day; and the water table is imbedded 2.7—3.5 m below
the ground. The operation started with the detection of the
groundwater flow direction and velocity in the main borehole
(300 mm in diameter), and then followed by the decision on the
locations of the six receiving boreholes (200 mm in diameter),
which were scattered around the two arcs 9.5 and 19 m away from
the main borehole respectively. The included angle between the
receiving well in the main flow direction and the two adjoin-
ing boreholes is 15°. We injected the tracer source ^ l

323



ing boreholes is 15°. We injected the tracer source I and
employed the whole-well tracer injection method. A probe was
used in the receiving well for making receptions. Through the
characteristic curves of the concentration variations detected
from the receiving well, it is possible toderive the longi-
tudinal dispersion coefficient D = 7.5 x 10 m2/day after find-
ing a solution to the dispersion equation of the two dimen-
sions .

5. Conclusion

With the onward development of physics, a lot of new te-
chnological methods will gradually infiltrate into and be ap-
plied to various spheres of other sciences; and applied phy-
sics has already been emphasized by physicians. Radioisotope
dilution method used for the detection of flow velocity and
direction, the tracer measuring borehole and the dispersion
test is a kind of new technique developed over recent years;
and it has been successfully applied to many spheres such as
hydrology, water conservancy, environmental protection, min-
ing, petroleum, etc. Great emphasis has been laid on it be-
cause its application to detection or measurement can practise
economy in the reduction of the number of boreholes as well
as the saving of manpower and material resources.

The development and improvement of the radioisotope tracer
instrument has laid a foundation for the promotion and popu-
larization of the application of this advanced technique. Ow-
ing to the innovation and transformation made in the design
and manufacture of probes, the tracer instruments with a comp-
lete range of functions and reasonable price have already been
brought into being. The tracer probes of the combination type
can carry out simultaneous detection of flow direction and ve-
locity of deep-layer groundwater. The tracer instruments of
the dual-probe type and the multiple-probe type will greatly
improve the measuring speed and accuracy.

The use of radioactive substance has always been set under
strict control. Under such special conditions, the danger
caused by the tracer isotope used for borehole measurement is
negligible. As the dosage of the tracer isotope generally
ranges from 0.1 to 2 mCi, it has short half life period and
low toxic factor, hence the impossibility of causing harmful
radiation hazards to the operators as well as causing pollu-
tion to the environment.
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Fig. 1 Radioisotope source injector Fig. 2 Flow direction detecting device

Fig. 3 Flow velocity detecting device
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Fig. 4 Flow velocity and direction Fi<3- 5 Flow direction detecting probe
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Fig. 6 IC detector
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