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INTRODUCTION

This paper is a summary of the results of the investigations of ground-

water flow in various aquifers using tracers. Most of the investigations

and results are reported in the papers listed on page 1. However, the

studies of water movement in organic soils have not been mentioned at

all in these papers, and as regards the tracer experiments in karst,

only one of three investigations has been reported (5). The laboratory

experiments went on after publishing the paper in 1967 (2) and some

very interesting results appeared. Therefore, in order to point out the

scope of the studies of ground-water flow, the above-mentioned experi-

ments in organic soils and in karst as well as the results of the

laboratory experiments will shortly be presented.

THE PURPOSE OF THE INVESTIGATION
^————————______.^——_*——> i

The purpose of this investigation has been to study the ground-water !

flow in various aquifers with certain regain to the determination of '•

direction and velocity of flow. A primary task has also been to investi-

gate the flow pattern in relation to the geological environment. On

the whole the basis of this investigation has been the geological ;

aspects - and not the fluid-flow aspects - of ground-water flow. How-

ever, the methods of the investigation are not purely geological, ;
i

especially not the tracer technique which was ltarned from the specia-

lists of the use of radioisotopes. A great deal of experimental work ;

was done to test the suitability of some tracers for studying ground- ;

water movement- In these tests the mineralogical aspect was emphasized |

more than in most other reported tests of tracers. i

GENERAL ASPECTS

The general considerations about the use of tracers for ground-water

investigations were presented in (1, la). A survey of the dominating

types of tracers was also given. The investigations, reported in this

treatise, only deal with artificially injected tracers. Among these

the most suitable seems to be triated water (HTO) as it behaves essen-

tially the same as normal water. The main objection to HTO is that

tritium cannot easily be detected in the field. As a complement tracer

to tritium a gamma-emitting substance is likely to be chosen. Gamma-

activity can be measured directly in the field. Only a few gamma-

emitting tracers can be discerned as reliable tracers - with some



reservations. Two anions, iodide ion (Nal or KI containing I) and

bromide ion (NH.Br containing Br) have been tested and successfully

used in several short-term investigations. Two very stable metal

complexes, cobolt cyanide (K,Co(CN), containing Co or Co) and
51 J o

chromium-EDTA ( Cr-EDTA) have been penetratingly studied both in the

laboratory and in the field. These tracers have also been applied for

practical purposes with good results. C—EDTA and HTO were chosen as

the main tracers of the investigation reported here. They are normally

used together as a double tracer. The results are reported in the

papers listed above.

LABORATORY EXPERIMENTS

The main purpose of the laboratory experiments was to study the be-

haviour of Cr-EDTA in various kinds of minerals, rocks and soiIs,-

HTO was used as a reference substance. The methods and most of the

results of the laboratory experiments were reported in (2). The most

important results concerning various minerals are summarized in Table

1. It can be concluded from these and some other results (previously

reported, see 2) that

1. Cr-EDTA is a reliable tracer down to concentrations of 0.01-

0.0001 ppm in most of the common minerals.

2. Cr-EDTA is more or less influenced by iron-bearing minerals as

goethite, limonite, magnetite and some of the ferromagnesian

silicates (biotite, olivine, hornblende).

3. Cr-EDTA is highly deslayed in chlorite and moderately delayed in

kaolinite, illite and attapulgite.

4. Cr-EDTA moves considerably faster than tritium in montmorillonite

and bentonite but just a little faster in high-humified peat-.

Concerning the results of column tests with minerals, it must be

pointed out that the effect of the various minerals as regards ion

exchange and adsorption are considerably stronger under these circum-

stances than in nature. This is due to the fact that the reactivity

of quartz and silicate minerals is greatly increased by grinding,

especially dry grinding (Lidström 1968). On the other hand the contact-

time for ion exchange is normally longer in nature than in column

tests of this type.



In view of the above-mentioned conclusions, the following experiments

were carried out in soils, containing one or several of the substances

which influenced the behaviour of the chromium complex. In contra-

distinction to the previous tests chromium in stable form was used and

the detecting of chromium was made by atomic adsorption spectroscopy.

The concentration of chromium in the injected tracer solutions was 1

ppm in all tests. The results of some of these column tests (see Table

2) confirm the above-mentioned conclusions. The effect of iron-bearing

substances upon the behaviour of Cr-EDTA is strongly emphasized for

instance in the tests with bauxite and red-brown sandy till (a delay

of 48 % in both) and weathered syenite (a delay of 38 % ) . It is also

proved by the tests that tritium passes through such iron-bearing and

weathered soils without being adsorbed or delayed, but - on the other

hand - that tritium does not move as fast as Cr-EDTA through organic

soils (a delay of 16 % in raw humus). The delay of tritium in the

leached till was probably also caused by the content of humus in that

layer. However, Gjems (1967-) has found that montmorillonite is formed

ia the podzol layer of a podzol profile. This means that tritium might

have been delayed by the occurence of montmorillonite, too.

Concerning the practical use of the tracers the following can be

stated:

Most of the soils which have a considerable effect upon Cr-EDTA (and

in some caces upon tritium) generally occur superficially as n.sidual

soils, organic soils and layers in the soil horizon. For that reason,

the previous statement (1, la, 2)is still valid, namely that Cr-EDTA

is a reliable tracer for short and medium term ground-water investiga-

tions in most important types of aquifers. However, problems will

certainly arise when using Cr-EDTA and HTO as tracers in studying the

infiltration of water or the movement of soil water.

FIELD EXPERIMENTS

Sand and Gravel Aquifers

The investigations of ground-water flow using tracers started with

field experiments in sand and gravel aquifers. Altogether 9 field

experiments were made in three different test areas, two in the Nybro

esker and one in the Lindas esker,both the eskers located in the

south-east of Sweden. Cr-EDTA and HTO were used as a double tracer

in 6 multi-well tests of long duration and Cr-EDTA as a single tracer



in one pumping test. A short term test was made by means of I(in Mai)

as a tracer. Sulphorhodamine B was tested together with "the double

tracer" and 1 0 3Ru (in (NH4>2[Ru (H2O)C15]) together with HTO. Both the

dye and the radioactive ruthenium compound were rapidly adsorbed.

The field experiments and the results of these are reported in (3)

apart from the pumping test with tracers in 1969 (Carlsson and Knutsson

1970). The conclusion is that

1. Cr-EDTA and HTO are very suitable as tracers for investigations

of direction and velocity of ground-water flow in sand and gravel

deposits.

2. Ground water moves by gravitational flow through the non-capillary

pores of permeable soils as sand and gravel. The regional flow

system in such an aquifer can be calculated from a map with the

ground-water contours as the aquifer in the regional aspect is

considered to be a relatively homogeneous medium. However, in a,

moderate or small scale all natural aquifers are heterogeneous and

have a complicated flow system. Under these circumstances and with

a basic knowledge of the hydrogeology of the area in question fctie_

flow system is likely to be studied by means of tracers. Thereby it

is possible to determine the variations of the velocity of flow

within the area and the changes of the direction of flow. The velo-

city of flow is generally very low but it varies owing to the

variations in permeability and hydraulic gradient. The minimum

velocity in the field test area at Gårdsryd was 0.1 m/d and the

maximum velocity 1.2 m/d. At Gårdsryd three different directions

of flow were established during the first three years of tracer

experiment (Fig. 1). The changes of the direction were dependent

on the large fluctuations of the water levels - in the aquifer as

well as in the river - combined with differences of permeability

along the river. Some parts of the banks and the bottom of the river,

for instance around the filter tubes Nos 53-57 (Fig. 1), are imper-

meable which was established by a special tracer test (3, p. 26).

Other parts seem to be permeable, for instance around filter tube

No 60.

When studying flow patterns in detail tracer technique is indispens-

able. The experiment at Gårdsryd (3) shows that in this compara-

tively homogeneous sand and gravel aquifer the flow forms a pattern

which roughly corresponds to the theoretical flow pattern (Nelson



and Reisenauer: 1963). The more heterogeneous an aquifer is, the

more irregular and complicated the flow pattern. The extreme

example of this is the flow pattern formed in till soils (4).

Valuable information about differences in permeability (horizontal

and vertical) and about hydraulic dispersion also comes out of

tracer experiments. Owing to longitudinal dispersion the concentra-

tion curves are gradually flatter with increasing length of flow

(3). This means that the results of tracer tests at long distances

fcr in fine-grained heterogeneous aquifers) may be difficult to inter-

pret.

Till Soil»

The investigation that concerns ground-water flow in till soils were

carried out in the south-eastern Sweden. The patterns of ground-water

flow around wells and springs were studied by short-term pumping test

(4). The flow patterns are different in the two types of moraine terrain

of the investigated area - drumlin terrain and hummocky moraine. The

ground water in drumlin terrain flows either in distinct, large arteries

or in beds of sand and gravel. A diffuse type of flow through the

"hpmogeneous" till occurs both in drumlin terrain and in hummockv

moraine» in which - for the rest - the flow pattern is characterized

by many, small arteries.

Tracer experiments were made in order to follow the ground-water flow

in till. The behaviour of Cr-EDTA and HTO was studied in laboratory

tests (column tests). The field tests were carried out in three ways:

a) measurements in small test areas with a series of filter tubes.

b) measurements in a single well.

c) measurements from the surface of the ground.

The result of the experiments in till are reported in (4). The con-

clusion is that the complicated flow patterns in arteries and beds in

till soils can be established by means of the radioactive tracer used.

Determinations of the velocity of flow are to be calculated on the

measurements of tritium as Cr-EDTA is delayed in sandy till.

Organic Soils

Investigations of water movement in organic soils were carried out in

three different localities. The first is situated at the bank of a

small river, St Sigfridsån, near the town of Nybro, in south-eastern



Sweden. The river is surrounded by gyttja (an organic sediment) over-

lying glaciofluvial gravel. The main purpose of this experiment was to

find out whether the ground water of the gravel aquifer was isolated

or not from the polluted surface water of the river. As the ground-

water level was very high when the experiment had to be started, the

tracer solution of Cr-EDTA was injected into the gyttja as well as

into the underlying gravel. The water ir vement in the dense gyttja was

detected from the surface of the ground. The velocity of flow was first

influenced by the injection and then by pumping on the other side of

the river. So the velocity was 0.2 to 0.3 m/d during the first week,

but then gradually became lower. After two weeks the tracer front

totally stopped, that is to say, Cr-EDTÂ was gradually and at last

totally adsorbed.

The other two localities are situated in domed (^raised) peat bogs,

one in the parish of Algutsboda, south-eastern Sweden, the other in

the neighbourhood of Lerum, about 20 km ENE of the city of Gothenburg.

The investigated bog in Algutsboda, Torstamåla fly, is developed in a

rather flat terrain, dominated by sandy till (4). The mean annual

precipitation in this region is about 600 mm, and this means that the

bog is situated near the eastern limit for developing open bog plains.

The lagg fen of the bog is drained by a brook, which suddenly disappears

into a system of sink-holes in the peat ground. The discharge of the

brook varies from almost dry to about 100 1/sec, at which the brook

overflows. Four experiments were made in order to trace the subterranean

course of the brook. The first two attempts using Sulphorhodamine B

end Cr-EDTA as well as HT0 as the respective tracers at a discharge

of about 30 1/sec were not successful as the tagged water was not to
82

be found again. In the third attempt using Br (in NH.Br) and HTO as

tracers, significant activity was detected by means of scintillation

counters on the surface of the peat about 200 m SW of the sink-holes.

A detailed inspection of this area showed the occurence of many small

hollows with opwelling water. The hydraulic communication between the

sink-holes and these "springs" was established at a discharge of about
8245 1/sec by means of Br and HTO tracers. An acute pulse of radioactive

water passed the uppermost springs 85 min after the injection. No

activity was to be detected in the spring area 45 min later.



The investigated peat bog near Lerum is rather small and not so much

domed as most of the peat bogs in the humid western part of Sweden.

It is situated near a steep and high slope of a height with a thin

soil cover of mostly washed, sandy till. À small brook flows down from

the slope and then some metres out over the bog, where it disappears

into a sink-hole in the peat ground. The discharge of the brook is

normally only some litres per sec but seems to be multiplied during

heavy rains and snow melting.

82

The tracer experiment was performed at a normal discharge using Br

as a single tracer. The radioactive water was followed by measuring on

the surface of the peat. The initial phase of the flow was rapid and

30 min after the injection into the sink-hole the tracer front was

detected about 11 m away (Fig. 2). After that the movement of the front

was slower and sometimes nearly stopped. The "isoactivity" maps show ,

that there seems to be a subterranean magazine in which the radioactive

water was mixed with inactive water (Fig. 2). Some hours later the

tracer front moved more rapidly again, and 77 hours after the injection

the front reached 35 m away from the sink-hole (Fig. 2), The experiment

had to be finished at this place as "direct" measurements were impossible.

Summar2_and_çonçlusions

It may be concluded that the possibilities of using tracers to study

water flow in organic soils are dependent on the type of flow. Generally

the water moves very slowly through the low-permeable organic soils,

such as peat and gyttja. Tracers may scarcely be used owing to the high

ion exchange capacity of organic soils and the vary low velocity of

water flow. As mentioned above the laboratory experiments showed that

tritium is more influenced by organic substances than Cr-EDTA.

Sometimes quite another type of flow occurs, namely in subterranean

channels in peat. This type of drainage is very similar to that in

karst (5). The water flows either direct, from sink-hole to spring in

a narrow channel, or "indirect", after mixing in a subterranean magazine.

Investigations of direction and velocity of that type of flow in peat

can be made with several types of tracers. Short-lived gamma-emitting
82

isotopes as Br are the most suitable. Siörs (1950) states that this

type of drainage is a characteristic feature of peat bogs in areas

with fairly high humidity as in south-western Sweden. During field

work and excursions I have observed subterranean drainage of several



peat bogs in south-western Sweden, and of wide peatlands in the western

part of Scotland. As mentioned above, one locality was found so far to

the east as in Âlgutsboda. The most favourable conditions for developing

subterranean channels in peat seem to exist in areas with high humidity,

where large mire complexes, consisting of highly domed bogs and peat-

lands even on the slopes, can be eroded by running water. But the con-

ditions in and around the two investigated bogs show that subterranean

channels also can be formed under other circumstances. The surface

drainage of the bog in Âlgutsboda was changed, and the ground-water

level was lowered, when a part of the margin of the bog was cultivated.

This may have caused the erosion of subterranean channels. As regards

the bog near Lerum, the topographical location just at the foot of a

large height is very favourable to erosion by running water - such as

the existing small brook.

Kars t

To trace ground-water flow in karst, investigations were carried out

in three different test areas, two of them in the Caledonian mountain

range in northern Sweden and the third on the island of Gotland. In

addition, the Author took part in a tracer experiment near the city

of Graz, Austria (Batsche, et al 1967).

The most comprehensive investigation was that of the karst area at

Björkliden, in the western part of the Torneträsk valley, north of the

Arctic Circle. The rerults of this study were reported in (5). The

other test area in the mountains was the "Bjurälven karst" in the

ncrth-western part of the County of Jämtland, on the Norwegian border.

The Bjurälven karst is known as the best developed karst area in

Sweden (see Nordell, 1952).

The bedrock of the Bjurälven valley consists in the central part of

a 100 to 200 m broad band of well-stratified, pure limestone (CaC03 •

98.9 % ) . It is surrounded by narrow bands of graywackes and various

kinds of phyllites. The rocks lie in a syncline with its fold axis in

N 50 E (G. Nilsson 1964). The soils in the valley are dominated by

sand deposits, which are formed as dissected plateaux.

The river Bjurälven is totally subterranean more than 2000 m (Fig. 3).

The dolines have a maximum depth of 35 m and a polje-shaped valley is

800 m long, 100 m wide, and 37 m in maximum depth. There are many
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sink-holes and springs, and some caves. The discharge of the river

varies very much. At flood discharge, during snow melting, the sink-holes

cannot swallow all water, and therefore a surface drainage system is

also found in the valley; primarily a gully full of well developed

pot-holes.

The tracer experiment was carried out at an estimated discharge of

about 4 m /sec (5.7.1962). A tracer solution of Cr-EDTA, HTO and

Rhodamine B was injected into the lowest sink-hole (Fig. 3). The initial

dilution was very high. Significant activities were detected 160 min

later in the upwelling water of a circular pool (probably a water-filled

doline) about 1600 m from that sink-hole (Fig. 3). However, the discharge

at the outlet from the pool was only about 1.7 m /sec, and this means

that the pool acts as a "safety valve" at flood discharge. The water

disappeared again into sink-holes only 70 m from the pool. The final

outflow of the subterranean part of the river Bjurälven was traced to

an area of dolines and springs about 300 to 400 m downstream of the

pool (Fig. 3). The total flow-time was 210 min from the injection point

to the outflow point. The bee-line distance is at least 2000 m. The

hydraulic gradient is not known but the difference in altitude between

the sink-hole and the lake Leipikvattnet &t a distance of 5000 m) is

80 m and the head is largest between the sink-hole and the final out-

flow point. Anyhow the velocity of flow was high,about 10 m/min, and

as the dilution in the subterranean course was low, probably no compara-

tively large water-magazines exist along the subterranean course of the

river Bjurälven. The instrumental resources were too small to allow a

quantitative evaluation of the radioactive measurements. The dye tracer

was not observed at all.

The_karst_area_at_Lummelunda

The third test area was the karst area at Lummelunda on the northwest

coast of the island of Gotland. The great Linnaeus had already observed

the caves at the mouth of the subterranean stream at Lummelunda. Since

then several investigations concerning the speleology and the karst

morphology of the Lummelunda area have been performed (e.g. Tell, 1961,

and Lundevall, 1965). Only one paper is of interest in connection with

karst hydrology (Gislén and Brinck 1948). In 1962 and 1963 three tracer

experiments were carried out in co-operation with Mr L Eriksson, then

at the Isotope Techniques Laboratory in Stockholm, now at the Sandviken

Iron and Steel Co. Ltd. In addition, Mr N. Andersson and Mr M. Gusting

then at the Chalmers University of Technology, prepared an examination
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paper on the hydrogeology of the Lummelunda area under the guidance of

the Author. Continuous measurements of precipitation, temperature and

discharge were made from 27.8 1962 to 27.8 1963.

The morphology of the Lummelunda area is characterized by a cliff in

the western part, just at the mouth of the subterranean stream, and

by a wide plateau above the cliff. The bedrock consists of well-strati-

fied limestones, unstratified reef-limestones and marlstones. The

sequence of strata generally dips gently to the south-east and strikes

north-east to south-west. The dominating set of joints strikes north

to south and the subdominating north-north-west to south-south-east.

The cave is developed mainly in hard-banked crinoidal limestones and

reefs of bryozoans and corals (Lundevall, 1965), and the direction of

the cave system is roughly the same as that of the dominating set of

joints.

The bedrock east of the cliff is mostly covered by a rather thin layer

of washed till.

The subterranean course of the Lummelunda stream begins at a series of

sink-holes in a drainage channel on the limestone plateau and ends

about 1100 m (bee-line distance) westwards at the cliff. The hydraulic

gradient is about 15 o/oo (Andersson and Gusting 1962). The discharge

upstream of the sink-holes varies very much from total dryness to about
3 3

6 m /sec. The sink-holes cannot swallow more than 5.0 to 5.5 m /sec.

Therefore, at flood discharge some water is drained in a superfical

stream bed to the sea. Such a situation occurs very seldom. The normal

discharge in summertime is only 15 to 25 1/sec. During extremely dry

seasons, as in 1959, as well as in hard winters, the discharge goes

down to zero. The discharge at the mouth of the cave does not vary so

much as that upstream of the sink-holes. Even when the channel upstream

of the sink-holes is dry there is a discharge of about 5 1/sec. at the

mouth.

The first tracer experiment was a preparatory test of a methodological
82

character. A tracer solution of Br and Rhodamine B was poured into

the stream, 80 m inside the mouth of the cave. The flow-time to the

mouth was 120 min. The hydraulic gradient was very small, 0.025 o/oo

(Andersson and Gusting 1962).

The main experiment in 1962 was carried out at a discharge of 25 1/sec.

A tracer solution of Cr-EDTA (290 mCi), HTO (2,5 Ci) and Rhodamine B
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(95 g) was injected into the largest sink-hole in use. A scintillation

counter with recorder was placed some metres upstream of the injection

point of the first test. Water samples were continuously taken at the

same point and in a well located 500 m to the south. The tracer front

was detected after 2 d 21 h in the well, 1050 m WSH of the sink-hole

and after 3 d in the cave, 1100 m W of the sink-hole. As the cave system

continues to the south, and the dominating set of joints has the came

orientation, it can be assumed that the radioactive water passed the

well (located straight to the south of the cave) on ito way to the cave.

Another possibility is that there exist more than one subterranean

water course in the area between the sink-hole and the cave. Anyhow,

the subterranean distance of the water course seems to be much longer

than the bee-line distance. The dilution of the tracers was also much

larger than assumed. Thus the Cr-activities of uhe water samples

became too low for the laboratory measurements, but were large enough

for the field measurements thanks to the good measuring geometry in the

large volume of water in the cave (cp. 1, la, Table 1). The tritium

activities were, however, very suitable for laboratory measurements

(the initial tritium activity was 10 times that of Cr). The dye tracer

was nor. at all observed.

As the initial dilution was very small - in contradistinction to that

in the river Bjurälven - the large dilution of the tracers must imply

that the tagged water was mixed with a large volume water in subterranean

magazines, and/or in a complicated system of many small channels. The

minimum volume that took part in the mixing was calculated by I. Eriksson

from the information on the discharge and the mean transport time
3

(determined from the activity curve), and was found to be 8900 m .

The third experiment was performed in the spring of 1963 by I. Eriksson.

Its purpose was to follow the water flow at flood discharge. The maximum

flood discharge occured more than a week before the experiment could

start, but the discharge of the outflow from the cave was as high as

3.9 m /sec during the experiment- Cr-EDTA was used as a single tracer,

and the solution was carefully injected into the same sink-hole as in

the previous test. A scintillation counter with recorder was placed at

the mouth of the cave. Water samples were taken at this point, at the

well mentioned before, at the injection point and at another point

downstream in the channel. The tracer front reached the mouth of the

cave as early as after 1 h 30 min (Fig. 4). Two peaks of activity were

observed and all activity disappeared within 12 h. The minimum volume
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that took part in the mixing was computed at 54.000 m , that is 6 times

the volume at the test in 1962. The interpretation of the two peaks may

be either that there exist two different water courses (see the theore-

tical dash-line curves in Fig. 4) or that only a part of the tracer

solution was injected into the "right" sink-hole and the rest flowed

downstream to another. Bearing in mind the large suction power that

mostly occurs in sink-holes of this capacity, the first alternative of

the interpretation seems most probable. The result of the test in 1962

may be interpreted in the same way (see p. 12).

Summary__a,.id_ conclus ions

The tracer experiments in karst show that

1. Tracer methods are very suitable for studying karst hydrology. It

is possible to use several types of tracers (1, la) but the radio-

active tracers are most favourable as the results of the measurements

can easily be interpreted - qualitatively as well as quantitatively.

The velocity of flow in the underground streams is mostly so high
82that short-lived isotopes as Br are to be preferred.

2. The seasonal fluctuations in discharge, velocity of flow and mixing

volume are very considerable in most karst areas. This means that

isolated tracer tests may give misleading results. Therefore tracer

tests concerning karst hydrology are to be planned and carried out

based upon hydrometeorological and hydrological observations of

long duration.

3. The location of the subterranean water courses is primarily connected

with the dominating sets of joints in the bedrock and secondly with

the bedding planes.

4. The subterranean drainage system seems mostly to be composed of

narrow channels and small magazines in the hard limestones which

dominate in the Caledonian mountain range but of wider channels and

larger magazines in the looser limestones on the island of Gotland.
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Tablfc 1

Results of the column tests with various minerals

Mineral
10 % mineral powder mixed with 90 % quartz sand

Graphite
Quartz (sand)
Magnetite
Goethite

• Limonite (only 5 %)
Calcite
Dolomite
Microcline
Albite
Bytownite
Muscovite
Biotite
Olivine
Augite
Hornblende
Chlorite
Kaolinite No 14
Illite No 36

Montmorillonite No 19

Bentonite

Attapulgite

(High-humified pest

Cone, of Cr
in ppm

0.001
0.0001
0.1
0.01
0.1
0.0001
0.001
0.001
0.001
0.001
0.01
0.01
0.001
0.001
0.001
0.01
0.01
0.01

0.01

0.1

0.1

0.1

Delay of 5 Cr-EDTA in
rel. to T at half-
heights (%)

21
1
6
40
9
3
2
0
2
0
0
2
3
3
7
47
J
11

51Cr-EDTA moved 23 %
faster than T
51Cr-EDTA moved 40 %
faster than T

«il 9
JiCr-EDTA moved 1 %
faster than T

Mar.

in 7i. 11 fy

94
98
100
94
94
97
100
100
99
100
100
92
95
98
96
90
96
94

95

92

89

96

recovery of Cr-EDTA
time spent after
injection (h)

24
18
32
54
32
16
18
26
33
20
17
22
27
23
26
53
44
74

56

50

52

28

Max.

in 7
All So

99
100
100
100
98
IGu
97
100
98
100
100
99
99
98
100
100
100
87

100

95

100

100

recovery of T
time spent after
injection (h)

20
18
26
18
20
16
18
20
22
20
17
21
27
23
26
25
37
74

54

70

50

22)



Table 2

Results of the column tests with some special types of soils

Soil

j Clayey residual soils
i (10 % mixed with 90 % quartz sand)

! Bauxite (iron-bearing, hydrated Al-cxides)

: L§£SIÏ£i (hydrated Al- and Fe-oxides)

2eI£å-I2ååa (iron-bearing)

Weathered granite (with quartz and feldspars
dominating quantitatively in the clay fraction
but montmorillonite dominating as clay mineral)

i Un-sorted, mostly sandy debris of..*
(column filled with...)

Gneiss (alkaline; very rusty)

! Qranife (partly kaolinized)

' Olivine-diabase (rusty)

Syenite (primarily with augite and Na-hcrn-
blende, now very rusty)

Soils of a padzol profile
(column filled with...)

Raw-humus (very acid)

Grey^white sandv till (strongly leached, with
some humus)

Red-brown sandy till (rusty, with some humus)

Hard^sandv till (unaltered)

Cone, of Cr
in ppm

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

Delay of Cr-EDTA in
rel. to T at half-
heights (%)

48

13

8

U

11

13

7

38

Cr-EDTA moved 16 Z
faster than T

Cr-EDTA moved 5 Z
faster than T

48

25

Max.

in %

97

100

87

98

96

92

91

87

100

100

88

95

recovery of Cr-EDTA
time spent after
injection (h)

52

44

45

28

30

27

31

51

30

34

50

43

Max.

in Z

100

100

99

99

100

100

100

99

100

98

100

98

recovery of T
time spent after
injection (h)

22

24

40

23

26

24

24

'0

45

44

25

35 1



FIELD TEST AREA AT GARDSRYP, SE SWEDEN
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