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ABSTRACT 
The growing number of investigations involving the tracing of subterranean 

water has led to the improvement of old methods of water tracing, such as the 
use of dyes and salts, and to the introduction of new methods, such as radio­
active tracers, neutron activation analysis , and dyed lycopodium spores. Experi­
ments comparing various methods of subterranean water tracing were conducted 
in the Buchkogel area near Graz, Austria, using Rhodamine B dye, ammonium 
bromide, radioactive iodine, and dyed lycopodium spores, du·rif1g 196 3. 

Results of the experiments showed that lycopodium spores travel faster than 
other tracers . Bromine and Rhodamine B travel at approximately the same rates, 
whereas radioactive iodine moved more slowly than other tracers. 

While each of the tracers proved successful, each has certain limitations. If 
the area of investigation is large, radioactive isotopes method is virtually ruled 
out because of the large number of personnel required, but the method should 
prove useful where the water is thought to flow through fine elastic sediments. 
Lycopodium spores would seem to be most useful for large areas, where several 
colors of dyed spores may be used to trace flow from several swallow holes si­
multaneously. However, the method is restricted to areas where flow is thought 
to be through open conduits. Rhodamine B has proven utility, but it is adsorbed 
by clays . A combined use of spores and Rhodamine B is of great utility. The 
neutron activation analysis method allows a fair estimate to be made of the water 
in the underground system, a feature that is not possible with other methods , 
but the amount of ammonium bromide required is appreciably larger than the 
amount of spores or dye. 

INTRODUCTION 

Investigations into the distribution, flow 
direction, and flow rate of underground water 
have become increasingly important in the 
solution of problems of water supply, water 
power, and mining and tunneling. The grow­
ing number of such investigations has led 
to the improvement of old methods of water 
tracing and the introduction of new ones. 

The older methods of water tracing that 
are still used include the addition of salts 
and dyes. The usual salt employed is NaCl 

'and the resulting increase in CJ- in the water 

is determined by titration or electrical con­
ductivity. In some instances the water be­
ing investigated has a high or variable CI­
content due to patural (e.g., brackish water 
or saltwater springs) or artificial (e.g., waste 
water) causes . In such cases LiCI or ( NH4 ) 2 
SO 4 have been used and determinations 
made for ions other than CI-. The numerous 
dyes which have been tested include eosine, 
fuchsin, Congo red, safranine, auramine, and 
uranine. Of these, the fluorescein salt uranine 
has proved to be the best. In extremely sour 
water (e.g., in brown coli). mines), acid fuch­
sin is used . 
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Soon after the discovery of radioactivity, 
radioactive material and radiation-recording 
equipment was applied to the problem of 
tracing underground waterways. Such in­
vestigative procedures using radioactive 
isotopes have been steadily improved. In the 
beginning, maximum permissible dosages of 
radiation were greatly exceeded because the 
dangers of radiation were not yet known. 

Only recently has a method involving later 
activation (neutron activation analysis) beenap· 
plied. The tracer, which is ammonium bro­
mide ( HN •Br) in our case, is activated after 
collecting the samples. This has obvious ad­
vantages in that neither the half-life nor the 
radiation danger must be taken into account. 
For these reasons, this procedure and its fu­
ture improvements deserve special attention. 
T he method was developed by T. Papadimi· 
tropoulos and is treated In detail in this 
paper. 

During the last few years, dyed lycopodium 
spores (Lycopodium davatum) have been used 
with success in limestone and dolomite rocks 
(karst regions) where the subterranean water 
follows widened joints and clefts. This method 
is attractive becau·se observation is simple and 
it is possible to conduct several tracing ex­
periments simultaneously. 

The tracing of bacteria h~s been used to 
solve special problems. This method requires 
much preparation and careful consideration'. 

Before deciding which method is to be 
used for the investigation of a specific area, 

sary to test the different methods under .the 
same ·conditions in a special experiment. · 

Sucl;i an ~xperirnent, combining the ap­
plication of salt, dye, and spores, was suc­
cessfully performed in 1956 by V. Maurin 
and J. Zotl in the Buchkogel area in the 
outskirts of Graz, Austria. The subterran­
ean drainage system in this area had been 
investigated previously by hydrogeologic map­
ping and experiments. A comparative experi­
ment was conducted in the same area in July 
of 1963 using Rhodamine B, radioactive iso­
topes (1 13 1 and Rb~ 6), ammonium bro­
mide, and lycopodium powder dyed various 
colors. This last experiment, which is the 
subject of this paper, had as its purposes 
the compa~ison of modern investigative meth­
ods and the aquisition of experience with 
some of the newer techniques. 

The experiment was subsidized by the 
Vereinigung fi.ir hydrogeologische Forschun­
gengen in . Gra:i and was organized by its 
representatives Dozent Dr. V. Maurin and 
Dozent Dr. J. Zotl. The foliowing acted as 
Cooperators: ' 

Dr. k . Buchtela, Atominstitut der Oster­
reichischen Hochschulen, Vienna. 

Dr . ]. Mairhofer, Bundesversuch- and For­
sc~ungsanstalt Arsenal, Vienna, in co­
operation with M. Borowczyk, civ. eng., 
and A. Zuber, civ. eng., Poland. . 

Dozent Dr. V. Maurin, .Institut fiir Min­
eralogie and Technische Geologie an 
der Technischen Hochschule, Graz . 

T. Papadirp.itropoulos, N uclear Research 
Center "Democritus," Athens. 

Dozent, Dr. ]. Zotl, Geographisches In­
stitut der Universitat, Graz, Graz. 

Altogether, a total of 23 persons took an 
active part in the work connected with the 
introductions of material and observations 
carried out during the six-day experiment. 

Grateful . acknowledgement is due our co-

. sev~ral factors must be considered. If the 
area iS ·large, the application of salt is almost 
ruled out. The transportation of large quan­
tities of salt to a sinkhole, which may be 
situated in a relatively inaccessible area, as 
well as the observation of a large number of 
springs, presents tremendous difficulties. The 
use of dye is difficult if the water being in­
vestigated is turbid, and the calculation of 
the amount needed is often difficult. T he con­
sidernble amount of necessary technicafequip- operators who performed the neutron acti-

t 1· "ts the ·de appl ·cation of radio- vation and analyses at the Nuclear Research 
men 1m1 w1 1 . Ce "D ·t " d · th A t · 
active isotopes.' Finally, the ·use of spores is nter emocn us . an 1'11 e us nan 
not possible when fine elastic particles.· are Nuclear Research Institute .. 

present in the water. In many of our tests, THE AREA INVESTIGATED ANO ITS DRAINAGE 
therefore, it was necessary to use several meth­
ods simultaneous ly. This raised the question 
of · how to compare data obtained by the 
various methods, and it was deemed neces-
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Graz, the capital of the ,Austrian provjnce 
of Styria, is situated in the. northern part of 
thi Pl~istocene terraces of the Graze.r · Feld. 
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The Buchkogel mountain range forms the 
western boundary of and lies about 300 meters 
( 1000 feet) above the open and relatively level 
Grazer Feld. This 9 kilometer (5.6 mile) 
long north-trending range (fig. 1) is con­
sidered to be an outlying range of the Alps. 
It is underlain by limestones and dolomites 
of Devonian age which dip moderately steep­
ly beneath the Tertiary sediments of the Sty­
rian Basin to the east. The rocks of the 
Buchkogel range are broken by several east­
west faults which have influenced the hydro­
logy. Karst topography is developed on both 
the limestones and dolomites. 

The Buchko gel range was completely buried 
during the early Tertiary. It was exhumed by 
regional uplift during the late Pliocene. The 
Tertiary clays, sands, and gravels east of the 
range are covered by Pleistocene gravels . In 
the area of Tertiary outcrop west of the range 
are several small streams which disappear in­
to sinkholes at the foot of the Buchkogel 
range , thus draining completely underground 
an area of 1.4 square kilometers (0.54 square 
mile). 

It was long assumed that the water which 
disappeared west of the range probably emerg­
ed at the Briindl spring at the east foot of 
the range. This spring rises 71 meters be­
low the lowest swallow hole and 800 meters 
distant. 

Furthermore, a chemical examination of 
all of the springs on the east, south, and 
southwest sides of the Buchkogel range in­
dicated that the water which goes under­
ground in the swallow holes emerges at the 
Briindl spring. This· was confirmed by a 
salt-tracing experiment conducted May 12-
14, 1956 (Maurin and Zotl, 1959, p. 16 and 
following) . · 

Because the hydrogeology was so well 
known, the area was chosen for further ex­
periments. After improving the practicability 
of spore tracing by dyeing the sp_ores, a com­
bined experiment using salt, dye, and spores 
was undertaken on June 22-28 irt order to 
compare these methods (Maurin and Zotl, 
1959, p. 21 and following) . The success of 
this experiment encouraged us to undertake 
another comparative experiment in the same 
area. This paper describes the results of this 
last experiment, which was carried out during 
July 1963. 
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The injection of labeled material (Rho­
damine B, ammonium bromide, dyed Lyco­
podium spores, and· radioactive isotopes )took 
place July 1, 1963, from 1400 h to 1800 h. 

Due to several weeks of dry weather pre­
ceeding the introduction of labeled material, 
the small streams west of the Buchkogel 
range were nearly dry, and the rate of in­
flow into the swallow hole (fig. 1, point 443) 
was only 0.58 liter/sec. The discharge of 
the Brund! spring was also quite low: 7.5 
liters/ sec at the beginning of the experiment. 
Following a rainfall that started at 1400 h 
on July 2, the srping discharge rose to 14.9 
liters/sec at 1900 h. This additional flow 
was derived mainly from the vicinity of the 
spring. By 2200 h the discharge had de­
cliJ::\ed to 11.4 liters/sec. Inflltration from the 
hi~er parts of the range and the Teritary 

I • area to the west was not apparent until July 
3, when the discharge rose to 15 liters/sec 
at 0200 h . During July 3, the discharge of 
the spring declined to 8.4 liters/sec and re­
mained at about this value throughout the 
remainder of the observation period (fig. 1 7 ). 

The water temperature at the Briindl spring 
varied only from 9.8° to 10.o·c during the 
period of the experiment, in spite of the con­
siderable variations in discharge . 

THE SPORE METHOD 

The spores of Lycopodium clavatum have been 
successfully used in hydrologic experiments 
in several Alpine karst regions (Zotl, 1961 ). 
Lycopodium spores have a diameter of about 
35 µ and tend to remain suspended in mov­
ing water. They are thus able to pass through 
siphons which trap floating particles. The 
_spores are caught at a resurgence with a plank­
ton net (fig. 2 ). Because the net is in po­
sition continuously, it is sufficient to collect 
only one sample per day to determine' the 
quantity of spores. One person is thus able 
to inspect a number of resurgences. An exact 
description of the method will be found in 
Maurin and Zotl ( 19 5 9 ). 

Spores cannot be used in areas of sand 
and gravel because they tend to be filtered 
out. In extensive limestone and dolomite 
areas, however, this method has proved suc­
cessful. 

The experiment reported here served sever­
al purposes. In addition to providing data 
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Figure 2. 
Plankton net in the Brtindl Spring , showing 
the wooden frame used to support the net. 
D, wire mesh covering the front opening to 
exclude coarse material; G, glass funnel 

attached to net; Sch, rubber tubing; 
Q, pinch clamp. 

for comparison with other methods, a -new 
color of dye was introduced and nets of 
different sizes and fabrics were tested. 

Two kilograms of Lycopodium powder dyed 
brown (the new color) were injected on July 
1, 1963 from 1545 to 1555 h, and three 
kilograms of powder dyed blue (a color we 
have been using from the beginning) were 
injected from 1600 to 1610 h into the swallow­
hole near Felieferhof (fig. 1, point 443). As 
is the habit in precise experiments the plank­
ton nets were installed at the same time. 
Samples were taken hourly from July 1, 1963 
at 1800 h to July 6 at 15 5 0 h . 

The first spores appeared in the sample 
collected at 0100 h on July 3, and the first 
peak was reached in the sample collected 
at 0700 h on July 3 (this sample, which 
was collected from the standard net, con­
tained 124 brown and 202 blue spores for 
a total of 326). The quantity of spores in 
the samples then dropped suddenly and the 
samples collected on July 3 at 1100, 1300, 
and from 15 00 to 1 700 h contained no 
spores at. all. 

Another wave of spores began at 1800 h 
and reached a second peak on July 3 from 

Figure 3 . 
Scene at the swallow hole showing the barrel used to dilute the ammonium 
bromide and the funnel for introducing spores. Entrance to Felieferhof cave in 

background, through which stream flows for a short distance . 
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Figure 4. 
Rad iation detectors and measuring box at Brundl Spring. 

2000 h (52 hours after injection) to 2200 
h (2000 h: 75 brown, 106 blue, 181 total; 
2100 h: 65 brown, 98 blue, 163 total: 220 
h: 96 brown, 190 blue, 286 total). The nwn­
ber of spores then decreased fairly rapidly 
to 0400 h on July 4 , and only occasional 
later samples contained a few spores. After 
1900 h on July .5 all samples were free of 
spores. 

A total of 440 brown and 696 blue spores 
were collected at Bri.indl spring. The ratio 
of the two colors was in approximate accor­
dance with the 2: 3 ratio of the amoi.Jnts in­
jected. 

THE DYE METHOD 

In earlier comparison experiments we had 
used the dye Uranine AP cone. (made by E. 
Merck in Darmstadt, Germany) together with 
other labeled material. Rhodamine B, a dye 
which had been used several times in other 
countries, was used in the present experi­
ment. One and one-half kilograms of dye 
was diluted in an 80 liter barrel of water 
and introduced into the swallow hole south­
east of Felieferhof (fig. 1, point 44 3) from 
1450 to 15 10 hon J uly 1, 1963. The amount 
used, which was rather lar.ge J'or this small 
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karst system, was about the same as the 
amount of Uranine which was used in the 
19.56 experiment. This offered further pos­
sibilities for comparison. 

Samples were collected from the Briindl 
spring beginning at 1800 h on July 1. The 
first trace of dye was in the sample collected 
at 0900 h on July 3, 42 hours after intro­
duction. The dye was detected in this sample 
by means of an ultra-violet lamp and the 
concentration was about 1 o.-9. Two hours 
later, at 1100 h, a slight coloration could 
be detected with the naked eye, and an in­
tense red color had developed in the water 
by 1300 h. The peak of the coloration (con­
centration about 1 o.-6) was in the sample col­
lected at 1200 h on July 4, 69 hours after 
introduction (see fig. 1 7). The dye concen­
tration then decreased s lowly to 1200 h on 
July 7 and slight traces were apparent until 
July 14. After July 7 only two samples were 
collected daily. 

About the same peak concentration was 
reached as in the 1956 experiment with 
Uranine. A striking difference between the 
two experiments was that the Rhodam.ine 
was adsorbed on ·and colored organic ma­
terial and clays. This was well illustrated by 
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No. of sample 

66 

38 
39 
•O 

" 42 
4Ja ... 
4Sa 
46a 
47a 
48a 
•9• 
SOil 
51• 
Sia 
SJ a 
5•• 
SJa 
56a 
S7• 
saa 
S9• 
60a 
61a 
61• 
63• 
64• 
6Sa 
66a 
67• 
6Sa 
69a 
70. 
71• 
72• 
7Ja 
74a 
7la 
76& 
77• 
76& 
79a 
8Qa 
Sia 
82a 
83• 
8 4a 
8Sa 
86a 
17• 
aaa 
19• 
90a 
91• 
91• 
9Ja 
94& 
9la 
96& 
97• 
98a 
99& 

!()Oil 
101• 
!Ola 
IOJa 
104• 
IOS• 
106• 
107a 
108• 
109a 
llOa 
111• 
Illa 
Illa 

Time after injec­
tion in hours 

4l.S 
c2.S 
43.S 
44.S 
•S.5 
47. -
48.-
49.· 
SO.· 
SI.­
SI.· 
SJ.· 
S4. ­
SS. · 
S6.· 
S7. -
58. -
59. -
60.-
61.-
61.-
63.-
64.· 
6S.-
66.-
67. -
68.-
69.-
70.-
11.· 
72.-
73.-
74.-
75.-
16.-
11.-
78.· 
79.­
SO.· 
81.-
12.­
SJ.· .... 
&S.-
86.-
81.· 
88.-
89.-
80.-
91.· 
91.-
9J .-
94.-
95.-
96.· 
97. · 
98.-
99.-

100. · 
IOI.­
IOI.­
IOJ.· 
104. ­
IOS.-
106.· 
107.-
108.-
109. · 
110. -
111 .-
111.­
llJ .. 
114.-
115.-
116.· 
117.-

TABLE 1 

Concentration 
x10-5 gr/ cc 

O.o60 
0.068 
0.097 
0 .149 
O. IOS 
O.J60 
0.420 
0490 

0.620 
0.650 
0.150 
1.000 
1.0SO 
o.uo 
0.890 
1.270 
l .JJO 
1.120 
I.I SO 
l.•60 
1.440 
1.SIO 
1.570 
1.680 
1,7l0 
1.690 
l.7JO 
1.720 
I 700 
1.670 
1.690 
1.6SO 
1.700 
1.630 
1.670 
l.SJO 
l.S70 
l.SIO 
l.SOO 
l.320 
1.J60 
IZ70 
1.l60 
I. ISO 
1.IJO 
1.ISO 
1.llO 
1.070 
1.060 
0.110 
0.'40 
1.020 
1.000 
D.670 
0.640 
0 .709 
0.697 
0 .691 
0.606 
0.606 
O.SIJ 
O.S4J 
0.472 
0 .439 
0.405 
O.J97 
O.Jl9 
0.J29 
0.11• 
0.235 
0 231 
OllO 
0.120 
OWi 
OlOS 
0200 

Concentration x time 
x 10·6 gr/ ccxh 

2,49 
J.7• 
'4,22 
6.63 
9.J.J 

16.92 
20.16 
24.01 
J l.00 
" .I S 
39.00 
53.00 
56. 70 
45.10 
49.44 
72.J9 
77.14 
66-08 
69.00 
89.()6 

19.28 
95.13 

100.48 
109. lO 
113.S2 
llJ.2J 
117.64 
11S68 
119.00 
118.S7 
121.68 
120.45 
125.80 
121.25 
126.91 
117.81 
111.46 
119.29 
120.00 
106.92 
111.52 
IOS.41 
105.84 
97.75 
97-18 

100.0S 
9&.56 
9S. 23 
97. IO 
80.08 
77.28 
94.86 
94.00 
6J.6S 
6 1. .. 
68.77 
68.JO 
68.41 
60.80 
61.21 
59.47 
55.93 
41.Q9 
46.09 
42.93 
41.48 
38.77 
JS.86 
J0.14 
16.0& 
IS 8 7 
24.86 
25.ol 
23.92 
23.71 
lJ.40 
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Measurements of flow rates with different 
tracers are not directly comparable. In the 
investigations which have been conducted so 
far, the travel time of spores has been the 
shortest. The travel times for bromine and 
Rhodamine B have been nearly the same, 
both with respect to their first appearance 
and their peak concentrations . Slowest of all 
has been the l-1 31. Even taking the later in-

troduction time (about two hours) into ac­
count, there is a delay of approximately 12 
hours (relative to the bromine and Rhoda­
mine B peaks). These differences are especial­
ly striking when it is noted that the first 
peak of spores occurred 33 hours after in­
troduction while the 1-131 peak did not oc­
cur until 79 hours after introduction. 
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