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1. Area of Investigation (T. HrMMELSBACH, E. VEULLIET) 

1.1. General Description of the Test Site 

1.1.1. History 

Since the late fifties in the valley of the Schwarzenbach in the Southern Black 
Forest (FRG) a re ervoir lake is planned by the SCHLUCHSEEWERKE AG 
(Freiburg) which should be connected to a network of other reservoir lakes by 
pumping Stations and which was supposed eo contribute meeting the peak energy 
requirements of the German and European interconnected network. This lake 
LINDAU is expected to cover an area of abour 320 ha having a scorage capacity 
of 70 hm3. The dam site is planned at the narrowing of the valley close to the location 
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Fig. 1.1: Location map of the planned reservoir lake Lindau. The general striking of the ore dike 
Hermann is shown as dashed line. 
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"Schwarze Säge" 5 km in the SE of Todtmoos. At the planned dam site, the 
SCHLUCHSEEWERKE AG investigated an area of nearly 1 km2 size with the 
aim to prove the watertightness of the reservoir area and particularly of the dam 
foundation. Of special interest there is the ore dike "Hermann" which crosses the 
dam site, due to cavernosities and the accompanying 20 m wide fracture zone 
(Fig. 1.1). 

To determine the permeability of this dike zone a comprehensive investigation 
program with a great number of different hydraulic tests (pumping tests, tracer tests, 
seepage tests etc.) was carried out during the sixties and seventies. As a result of these 
investigations the company decided in the late seventies to seal the dike with about 
1,000 tons of cement injections. By the successful sealing of the ore dike, which could 
be proved by drain and tracer experiments (G. ACKERMANN, 1982) the ore dike 
Hermann was separated into two hydraulic different parts. The southern part of 
the ore vein shows hydraulic heads of up to 60 m, referring to the level of the so 
called parallel tunnel, while the northern part of the ore vein shows only heads up 
to 25 m (T. HIMMELSBACH, 1991 ). By this results the watertightness of the proposed 
dam site could be proved. 

1.1.2. Instrumentation 

In the course of the underground examinations in the area of the planned reservoir 
lake, more than 200 vertical, horizontal and inclined boreholes were drilled from 
the surface by the SCHLUCHSEEWERKE AG during several campaigns lasting 
from 1955-1980 (Series "E" and "S'', tab. 1.1). The drillings of the Series "E" were 
located along 17 profiles, being nearly W-E orientated and perpendicular to the 
striking of the ore dike (Fig. 1.1). The 135 drillings of the Series "S", placed on the 
whole area of the planned reservoir lake, forma dense observation network. Some 
boreholes reach a depth of up to 250 m. 

Tab. 1.1: Boreholes in the test area. The Series "E "and "S" are drilled from the surface. The Series 
"B-C/C-D" and "BL" are drilled from the observation tunnel Lindau. 

Series Date Quantity Type Used today 

"E)' 1955 horizontal: 1 0 
ERZGANG to 82 inclined: 28 4 
Total: 5,874 m 1978 vertical: 53 6 

"S" 1956 horizontal: 0 0 
(SCHW ARZENBÄCHLE) to 135 inclined: 6 4 
Total: 5,544 m 1980 vertical: 129 14 

"B-C/C-D" horizontal: 2 0 
(BOHRNISCHE V, VI) 1977 17 inclined: 14 0 
Total: 700 m vertical: 1 0 

"BL" horizontal: 11 4 
(LIND AUSTOLLEN) 1976 21 inclined: 10 2 
Total: 392 m vertical: 0 0 

1955 
Total: 12,510 m to 255 34 

1980 
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Tw supplememary shafts (ÖSTU I / II) and a 460 m long ob. ervation tunnel 
with a diameter of 3 m (observation tunnel Lindau) were excavated to detect the 
striking of the ore dike and to contwl the efficiency of its sealing by the cement 
injection (Fig. 1.1). 

In the oblique pit a shaft was sunk up to 72 m depth, with two driUing nitches 
lying on different levels. The drilling nitches allowed multiple drilling, wich a total 
of 17 borehole (Fig. 1.2). 

From r11e parallel pit of the observation tunnel 21 boreholes were itdditionaly 
drilled into the ore dike. In 25 years more than 12,000 m of drill core were cut, 
analysed and documented by the SCl-iLUCHSEEWERKE AG. 

About 30 boreholes, several springs and e pecially the observarion tunnel have 
been used by ehe AGJ ince 1987 to investigate ehe hydraulic conductivity of high 
permeable fault and fracture zones under in -situ conditions (Fig. 1.3). These 
investigation were part of the interdisciplinary research programm of the ATH 
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Fig. 1.2: Cross section through the ore dike in the area of the planned dam axis showing the 
arrangement of the cement injections. 1 ore dike Hermann, 2 oblique pit, 3 shaft with 
injection nitches, 4 core drillings, !-IV cementations zones. 
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(International Association of Tracer Hydrology) to investigate the subsurface 
discharge and storage dynamic in a fissured aquif er system. 

This implies that, 

- most of the boreholes were equipped with mechanical or sensitive electronical 
water-level recorders for a continuous registration of groundwater levet With 
this instrumentation even small fluctuat.ions cao be registrated, so that the change 
of groundwater level referring to precipitation couJd be recorded, 

- the discharge and the physical parameters (temperature and conductiviry) uf four 
artesian wells (Series"S") and six springs were measured once per week. Supple­
mentary watersamples were taken from the artesian wells and the springs for 
hydrochemical and isotopical investigations, 

- a special test area with 16 porous ceramic suction cups was installed for the 
investigation of the mean residence time in the unsaturated zone by using the 
natural isotopes 3H and 180. The suction cups were installed in two soil profiles 
in four different depths up to 2 m (approximately 0.50, 1.00, 1.50 and 2.00), 

- a rectangular lysimeter having an catchment area of approximately 2.25 m2, was 
built for the investigation of the seepage rate, 

- additionaly a recording pluviograph and five rain gauges were installed in the 
test area for the registration of the amount and the frequency of precipitation 
and for isotopical input measurement, 

- and four measuring weirs (V-notch and rectangular weirs) were built for the 
investigation of the relation between precipitation and surface related runoff in 
the little catchment area Etziboden. 

2. Hydrogeology (T. HIMMELSBACH, H. HöTZL) 

2.1. Hydrogeological Units 

2.1.1. Albtal Granite 

The te t ite Lindau is situated in the Southern Black Forest at the north-ea tern 
part of the Albta l granite pluton. This pluton has a total areal outcrop of nearly 
125 km . The plu on is urrouoded by gneisic amexites at its eastern and western 
border, by paragneises along the southern border and by rhe chluchsee-granite 
aod by polrmetamorphic gneises at its northero border (R. METZ & G. RElN, 1958). 
The Albta granite itself is cbaraterized by a porphyrobla tic structure with !arge 
feld par in a granodioritic matrix (R. EMM ERMANN, 1968). 

In general the Albtal granite hows a rather widestanding orthogonally joiming. 
In hydrogeologic tenns this causes a very low average hydraulic permeability. ln 
ehe tunnel galleries of the test site chis permeabiJicy is responsable for a gcnerally 
low percolation rate producing some drop water through ehe rock waUs of the gaUery. 
Over distances lying in the range of ten of meters tbe bottom of tl1e Lindau tunnel 
is completely dry. However, in the immediate vicinity of zones affected by intense 
fracrnring due to tectonic shear and normal faulting as well as along the ore dike 
the Albtal. granite shows a discinct higher permeabilty, which produces a noticeable 
percolation rate thr ugh ehe tunnel walls. 
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At the ground surface the Albtal granite is weathered to a fine grained granitic 
grus which is the so called "Berglesand". The thickness of this grus varies generally 
between a few meters, but in some areas of the test site the Berglesand can reach a 
thickness up to 15 m and more. Thus, at the higher part of the test site with its flatter 
slope only at a few locations the Albtal granite pierces through this cover of granitic 
grus. In the lower part, with the young dissected Schwarzenbach valley, unweathered 
granites are wider distributed. 

2.1.2. Ore Dike Hermann 

In the area of the test site Lindau rhe granite pluton is penetrared b[ the ore djke 
Hennann. lt belong to rhe numerou late vari cian hydrothenna dikes in the 
Southem Black Forest. The mineralization of all these hydro thermal dike generally 
happened during three phases, but in the ore dike Hermann only two f ehern can 
be observed (R. METZ, 1980). They indude the following mineralization: 

Pha e 1: q uartz I, 
fluorire, 
galena, 
pyrite, 
baryte. 

Phase 2: quartz II, 
pseudomorphism of quarz to 
fluorite and baryte of phase 1. 

Phase 3: quartz III. 

The matrix of the ore lade i dominared by quarz land baryre. The fluorite wa 
mainly di olved by de cendent aqueous olutions due ro percolation processe after 
phase 1. The resulting solucion cavities are partly refilled by ubsequent cri tallization 
of quarz II as a pseudom rphism to fluorite but still a relatively high cavernousiry 
exi t in parts of the ore dike; this can be observed in many of the drilled cores of 
the test site. In the test ite Lindau the ore dike He1mann show a generally 
northbound striking, lying in the range of 5° N (Fig. 2.1). lt angle of dip is very 
steep, varying between 75° E and 85° E depending on the general depth. Near rhe 
surface the angle of dip i more gentle and Ees in rhe range of 75° E. However, with 
increasing depthit increases as well and the ore l.ode become more and more uprighr 
orientated. The thickness of the ore lode varies between 0.3 m and 3 m within 
horizontal as weil as within vertical distances which are less than a few tens of meters. 
The average rhicknes of rhe vein, however lie very close to 1 m. 

The Albtal granite ha been alterated hydrothennally on borh ide of rhe ore 
dike Hermann. This in total about 10 m wide zone was affected by younger tectonic 
shear processes causingfracturation and faulting parallel to the dike. Within the dike 
itself there exists a fault and fracture zone which strikes parallel to tbe dike. Tbis 
deformations are presumed tobe respo11 ible f r the srrongly varying tbickness of 
the ore dike (A. RENK, 1980). The ore dike forms the major hydraulic element in 
rhe area of the test site. lts permeability is cbaracterized by tbe econdary solution 
cavities as well as by the parallel striking faules andfractures. The latter are mainly 
re ponsable f r ehe high hyd.raulic conductivity of this zone being some magnitudes 
higher than chat of ehe rather wi.destanding jointed unalcerated Albcal granite. 
Hydraulically the ore dike Hermann can be characterized a a double porosity 
medium (s. also chap. 5.). 

166 



2.1.3. Porphyry Dikes 

The Albtal granite as well as its polymetamorphic frame are penetrated by generally 
NW-SE striking porphyry and rhyolithic dikes (Fig. 2.1). The porphyry dikes are 
not associated with a definite granitic pluton but forma separate magmatic phase. 

, "27 ••Z8 
Legend: 
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Fig. 2.1: Geological map of the test site Lindau (without the thin quatemary loose rockmasses). 
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The dikes intruded between late Upper and early Lower Permian times at the end 
of the Variscian Orogenisis (H. Sem.EICHER, 1984 ). In the area of the test it Lindau 
the porphyry dikes reach a thickne s up to 100 rn but project only at a few locarions 
through the granitic detrims as weathered relicts. Atlea t three porphyry dikes were 
detected by the oumerous drillings of the planned darn site. Others, however, 
presumed by geophysical investigations, are still surrounded by uncertainities. 
Generally the angle of dip of rhese dike lie in the range of 75° NE. At tbe lateral 
margins of the porphyric dikes rhyolith fringes, in the sense of selvages, can be 
frequently observed . Beside these there also exisrs ju t rhyolitic dike which are not 
in any contact witb a porphyry dike. These "isolared" rhyolithic dikes are assumed 
ro follow major fault zones in rh Albtal granite and irs polymetamorphic frarne. 
The angle of dip seems ro be the sarne a derected for the porpbyry dikes. Alchough 
rhe e rhyolithic dikes reach only a thickness lying in the range of a few meters 
up to 10 rn they can be followed over tbe same distances as the porphyry-dikes 
(Fig. 2.1). 

Botb, the porphyry dikes a weil as tbe rhyolithic dike , are incen ly fractured 
in the vicinity of their contact to adjacent rockmas es formed eich r by the Albtal 
granite or by it polymetamorphjc frame. This inten e fracruri11g is subparallel eo 
the striking of the dikes and i respon ible for the al.ignment f rnany spring within 
rhe area of the te t site. The porphyry dike , as well as their adjacent rhyofoic dikes, 
form therefote a hyd1·au lic element which is, however, of ubsequent importance 
in compari on w.ith the ore dike. 

2.1.4. Loose Rockmasses 

The hard rocks of the test site Lindau are dire dy outcropping only at a few 
location , especially at the steep hill slopes. The cover of loose rockma se.s con ist 
of granitic grus and glacial deposits. nly at a few locations this cover does reach 
a thickness up to 25 m and more. The average thickness, however, lies in the range 
between 5 111 and 10 ro . Although the saturated zone of the test site i mainly restricted 
to the hard rocks the groundwater tablc lies at ome 1 cation within this cover of 
granitic grus and base moraine. Such locations are generally found at marshy 
depressions lying at tbe northern and the southern part of the re t site. 

2.2. Fault and Fracture Zones 

2.2.1. Tectonic Setting 

The area of the test site Lindau is aff ected by the following tectonic systems 
(Fig. 2.1): 

- N-S directions are corresponding to th! gencral striking of the ore dike Hermann 
and other hydrothermal dikes in the outhern Black Fore t. The banded 
cristallization of quartz II may be interpreted from the fault and fracture zone 
of the ore dike was affected for a long time by an extensional stre s regime. 
However, the observation of fractured fluorites and the occurrence of vein breccia 
indicate that the ore dike was also subsequently affected by compressional shear 
processes causing sinistral faults within th ore dike (A. RE K, 1980). 

- NNW-SSE directions are corresponding to gently dipping slickensides (160° /10° S) 
which can be observed at some outcrops lying along the little river Schwarzenbach 
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in the central part of the test site. A lateral movement there along these elements 
may be responsible for the observed displacement of porphyrydikes in the range 
of some tens of meters. 

- ENE-WSW directions are corresponding to faults which were detected during 
the excavation of the observation tunnel Lindau. Their steep angle of dip lying 
in the range of 70° N as well as the lack of any slickensides indicate their normal 
fault character. 

- NW-SE directions are corresponding to the general striking of the porphyry 
and rhyolithic dikes. The occurrence of flucan having a thickness up to some 
centimeters indicates neotectonic movements along these faults which may have 
a character of lateral displacemenrs. 

- WNW-ESE directions are corre ponding to fault zones having the character of 
oblique lateral faults. In some drilli.ngs of the test site they were detected as crushing 
zones having an exten ion of few decimeters. If such crushing zones intersect 
the ore dike, itS mineralization becomes reduced to some veinlets having a thickness 
of only a few centimeters. 

The tectonic displacements of the porphyry dikes within the area of the test site 
is thought to be restricted to sinistral and dextral lateral faults as well as to steep 
normal faults. After the intrnsion of the late Variscian post- and syntectonic granites 
of the Southern Black Forest the complex pattern of late Carboniferous-Permian 
E-W to NE-SW directed extension (F. WICKERT & G. EISBACHER, 1988) caused 
the intrusion of the porphyry and rhyolithjc dikes. Thi extension was probably 
related to a continued differential displacement along NNW- SE u·ending left lateral 
strike-slip faults which are responsible for the lateral displacement of theforphyry 
dikes within the area of the test site. Tbe genesis of the hydrotherma ore dike 
Hermann may also be related to this magmatic phase and the general exten ional 
patterns. 

Due to the continued clockwise rotation of the stress field to the recent direction 
being approximately 160° a a result of the Alpine Orogenisis (K. G EHLEN et al., 
1986) the ore dike Hermann was affected by a left-lateral strike-slip faul.twhich cau ed 
min r lateral displacements along the striking of the ore dike lying in the range of 
afewup t 10 m (Fig. 2.1). Duringthe Neogenie uplift of theSouthern Black Fore t 
old Variscian E-W and ENE-WSW trendjng pattern became reactivated. The 
ENE-WSW trending patterns are related eo an assumed right-lateral trike-slip fault 
which may be responsible for additional la.teral displacement of the porphyry dike . 
E-W trending patterns, however, are assumed eo be relaeed to normal faules which 
are responsible for the general slope of the basement towards the Rhine valley in 
the South. 

2.2.2. Hydraulic Effect of Fault and Fracture Zones 

Major fau lt and fracture zo.ne dis ecting hard rocks can dra in the adjacent 
rod· mas es due to their high er permeability. Such a drainage effect lead to a trough 
of hydraulic bead depression wbich can be observed in the viciniey of ehe fault and 
fracture zone. The flow patterns within this trough of bydraulic head depressi.on 
are directed toward the fault zone and ics exten ion. E pecially iJl the vici.n ity of 
the ore dike Hermann, which is the most ffective hydrogeological element at the 
test site, the zone of the general depre sion of groundwater table shows teep 
hydraulic gradients towards the ore dike and its fault and fracture zone. lt lateral 
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width varies due to hydr geological as well as due to hydrological conditions. It 
has an average extension on both sides of the ore lode lying in the range of 
approximately 50 m. 

The whole groundwater affected by this drainage zone flows towards the ore 
dike and ubsequently rowards the next base level where the dike is exfiltrating 
diffu ely into nam ral water cour es. 

In omparison to the very low average permeabifüy of the hard r cks (kr = 
10-9 m/s-10-11 m/ ) rhe fault and fraccure zones have a permeability which is some 
magnimde higher (k1=10-6 m/s-10-5 m/s). The subsurface flow j therefore mainly 
re tricted ro rhe fault and fracture zone . Accordingly, the mean resideoce time of 
the mobile water in such a fault and fracture zone has tobe much smaller than in 
other parts of tl1e fis ured aquifer which is affected only by the widestanding joinring 
of tbe Albral granite. 

The ground water level recorded at uch fault and fracture zone follow trong 
precipitation wirh a gen de and delayed increase having an amplirude in the range 
of ome meter . In area of rhe test site affected by the normal widestanding joiming, 
however, the grouudwater level reacts v ry rapidly to precipitation. Within a delay 
being in ehe range of one to two days the groundwater level increases rapidly wirh 
an amplirude up ro 10 m. 

2.2.3. General Hydraulic Situation 

Due to tbe cemem injection to avoid subsurface runoff in the area of the planned 
dam axi the ore dike Hermann is hydraulically separated into two sections, which 
do not have any hydraulic imerchange. 

In the northern part of the test site rhe flow patterns within tbe ore dike how 
a northbound direction towards the location Schwarze Säge. Th little tream 
Schwarzenbach forms there the base level at i ts intersection wi rh rhe ore d ike. The 
outhern part of tbe rest site i characrerized, however, by generally oucl1bound 

flow patterns. The groundwater affected by the drainage zone of the ore dike flows 
towards tbe l cation Etz.iboden where the rivulet Höllbach forms the natural base 
level (Fig. 1.3 ). 

A ide the hydraulic iJ1f!uence of rhe drainage zone cau ed by the ore dike Hermann 
rhe subsurface flow patterns are as uroed tobe directed parallel the slope gradiem 
f the test site. The ubsurfa e runoff is related to numerou spring , which are aligned 

parallel ro the Schwarzenbach valley. These prings are mainly restricted to the 
occurrence of porphyry dikes. 

At the northern and southern part of the cest site the ore dike Hermann is covered 
by moraine deposirs. The groundwater level recorded at these locations lies very 
dose to rhe surface. Due to the lcss permeable moraine deposits, ehe groundwater 
in the ore dike can thus be considered iying under confined bydrauk conditions. 
E pecially the latter are respon ible for ehe occurrence of artesian groundwater at 
rhese parts of the test site causing an exfiltration of groundwater from the fi sured 
ore dike into its cover of loose rockmasses. 

The numerou prings occuring at the northern and sourhern marsh areas are 
related tO this hydraulic siniation. At both locations wells drilled into the ore dike 
met artesian groundwater, supplying dxinking water for a sawmill lying in the 
northern pari: of the test site and for a little community which is located in the 
ourhern part of the te t ite. 
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3. Hydrology 

3.1. Investigation of Catchment Areas (T. HrMMELSBACH, 
Ch. LEIBUNDGUT, T. MEYER) 

3.1.1. Hydrological Characterization of the Test Site 

A large part of the test site Lindau is drained by the N-S running Schwarzenbach 
which flows 5 km south of the test site inro the Ibacb. The Ibach i a tributary of 
the Alb and finally the Rhein near Albbruck which forms the ba e level for this part 
of the Southern Black Forest. The southern part of the te t site is drained by the 
upper Höllbach which flows near the community of Görwihl into the Alb. These 
two little rivers are supplied by numerous episodic and perennial springs having 
an average discharge of 0.1-3 11 s. The Ibach catchment encloses an area of 41. 9 km2• 

lt is one of 10 river basins in the Black Forest with fissured rock aquifers. The Ibach 
basin has been investigated in order to gain knowledge about the general hydrological 
behaviour. Furthermore, the basin has been selected to get an idea about the 
representativity of the small catchment "Etziboden" which is located at the southern 
part of the test site Lindau. 

The long-term characteristics of the runoff have been investigated for tbe period 
1955-1976. Only for that period enough clata are available. A general feature of the e 
investigations is a relatively homogeneous behaviour in the long-tenn runoff, 
although there is a quite broad variation of thc catchment parameters. Since 1966 
a small part of the runoff of the Ibach riv1~r has been diverted for hydro power use. 
However, a comparison of the time series before and after the introductioo of the 
divertion shows stable mean flow values. 

The test site Lindau, which is apart of the Ibach catchment is affected by a subnival 
climate which is typical for this hill country. During the wintermonths a snowcap 
up to 2 m may exist. The geographic location of the investigared area near to the 
Alps is noticeable because of the dry southern adiabatic winds ("Föhn") that often 
cau e a rapid melting of rhe snowcap within only a f w days. The average annual 
precipitation within the area of the test site amounts t approximately 1,800 mm 
but can fluctuate up to ± 500 mm depending on the specific hydrologicaJ course 
of the year. With the exception of single thunderstorms occurring during ummer 
the highest amount of precipitation is generally observed within the period between 
November until March. In compari on with the Höllbach catchment the long-term 
mean yearly precipieationin ehe I~ac~1 catchmenc amouoes_to 1,596 mm (s. tab. 3.1). 

The recharge of groundwater wirhm rhe area of the test s1te depends on the annual 
distribution of precipitation as weil a on ehe occurrenc of ehe snowmelt and the 
duration of the vegetation period. Therefore, during ehe winter and spring time ehe 
recharge of groundwater is fo llowed by a ubsequent increase of ehe pring discharge. 
During the summer months, however, the groundwater discharge is generally 
decreasing. The surface runoff supplied by the prin~s sh ws onJy h rt interruptions 
caused by heavy precipitation which i. re pon ible for udden changes of the 
di charge frequency curve. 

3.1.2. Hydrology of Small Catchment Areas 

To realize a quantification of hydrological parameters as well as their different 
dependence due to precipitation a small catchment at the southern part of the test 
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site was investigated. Thjs small catchment, located at ehe area "Erziboden" wa 
defined according to n1orpbological aspect and js characterized by hill-ranges havi.ng 
an average altitude of 950 m a.s .l. and a difference in elevation up eo 110 m. lt enclose · 
an area of approximately l.35 km2 and 92% of this area is covered by fore t. The 
non-wooded areas are chara terized by swamp meadows which are caused by glacial 
moraines beneath the surface. The upper part of the Höllbach drains this small 
catchment and leaves this part of the test site through a narrow valley mouth at the 
location Stollenmatt (Fig. 3.1). 

A hydrological weir (MW 2) was located at the lowest elevation of the Etziboden 
catchment to control the entire surface related discharge. The weir was constructed 
in a narrow section of the Höllbach valley. According to the hydrogeological 
conditions it is assumed that the subsurface runoff is negligible at this location. The 
latter implies that the entire runoff of the Etziboden catchment can be recorded at 
this hydrologicaJ weir. lt enables a concinuous record of the discbarge ranging up 
eo 200 l/sec. ln add.iti on, the discharge of 10 ·prings occurring in this area was 
measured with the help of smaU T IOMSO weirs (MB 1- 5). The am0unt of 
precipitation was recorded once a week by using rain gauges of the typ HELL­
MANN. Fora continuou record of the precif itation, however, a pluviograph was 
used which was located at ehe central pan o ehe test site. The flucruation of ehe 
groundwater table was registrated at different wells (BSOE, B81E, B82E) which were 
equipped with automatic gauging devices (Fig. 3.1 ). 

81• 

TH OMSON w„r 

01„eu 
bl observaJion weil 

snow prolil 

Fig. 3.1: The small catchment area Etziboden. 
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All calculations of water balances depend on the factor evapotranspiration which 
is affected with some uncertainities because it is not available by direct measurement. 
To overcome these problems the equation of W. HAUDE (1955) describing the 
potential evapotranspiration by 

ETP = f · P14 (1 - ;~~) (mm/d), 

where 

ETP =potential evapotranspiration, 
f = proportionality factor, 
P 14 = degree of vaporsaturation at 2 pm 

= 4,525 X ] Q (7,4475 · t)/(234,67 + t) 

with t = air temperatur at 2 pm, 
F 14 =relative atmospheric humidity at 2 pm, 

was modified. L1stead of conventional factors (f) for different months, as used by 
w HAuo . (1955), newfactors suggested by H. ERNSTßERGER &V. SOK LLEK (1984) 
were involved. The advantage of this modification lies in ehe consideration of the 
special vegetation condition in woodland areas. In tab. 3.1 the factors used for ehe 
calculacions are listed in comparison wich normal HAUDE factors. 

Tab. 3.1: Comparison of specific factors from the HA UDE-equation (B. H ÖLTING, 1989) and factors 
suggested by H. ERNSTBERGER & V. SOKOLLEK (1984). 

Month 
Proportionality factor f 

HAUDE ERNSTBERGER & SOKOLLEK 

January 0.26 O.Ql 
February 0.26 0.10 
March 0.33 0.10 
April 0.39 0.23 
May 0.39 0.28 
June 0.37 0.30 
July 0.35 0.35 
August 0.33 0.28 
September 0.31 0.22 
October 0.26 0.10 
November 0.26 0.05 
December 0.26 O.Ql 

The modified factors, suggested by H. ERNSTBERGER & V. SOKOLLEK (1984 ), take 
into account only ehe amounc of transpii-aeion, but they don't consider any inter­
ception. Due to chi fact ehe intercepcion had to be evaluated independently. 
According to these modified parameters ie becomcs obvious ehat a significant 
transpiration, which may reach values up eo 30 mm/week, occur onJ( du ring the 
months from April until September. When calculaeing ehe annua amount of 
transpiration of ehe yea.r 1988, 1989 and 1990 und er ehe additional consideration 
of the pecific vegetation factors the amou nt of the hydrological input being available 
for ehe groundwaeer recharge is genera llly reduced in the range of 20 up to 30%. 
The annual changes of transpiration depend, however on the individual course of 
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temperature development of the specific year. Concerning the hydrological year 
1990 a tran piration of 412 mm wa calculated for the Etziboden catchment wbich 
corresponds to 24% of the total precipitation (1,745 mm) (Tab. 3.2). ln comparison 
eo that ehe l ng-term mean yearly evapotranspiration of the Ibacb cacchment 
calculated from the water balance amounts to 447 mm, which correspond to 28% 
of ehe total precipitation. 

The amount of interception was estiJnated by a comparison between precipitation 
rate in wooded areas and thosc measur d in open space arca . Du ring rhe winter 
1990/91 a snowprofi le c nsisring of 21 sampling locations wa investigated which 
had a length of about 1 1 min N-S direction acro s the catchment area. The results 
showed a significant differenc for tbe watercontent of the snowcap in wooded area 
compared to the snowcap in non-wooded area lying in the range of up eo 44%. 
A comparison berween liquid precipitation rates, usingrain gauges located atwooded 
area to those from open space areas yielded differences lying ii1 the range of 10 up 
to 25%. Detailed inve tigacion referring to the basic hydrologicaJ equation 

where 

P = precipitation, 
D = discharge, 

P = D + E + (R + C), 

E = (transpirarion + interception), 
R = rcserve, 
C = consumption 

yielded for the hydrological year 1990 an interception of approximately 510 mm 
which corre ponds to 29% of the total precipitation (Tab. 3.2). 

In fig. 3.2 the general development of urface related discharge within the 
Etziboden catchment is comparcd to the easonal precipitation rate for a 1.5 year 
la tmg period. It is obvious rbat single precipitation event duriog the summer months 
have only a minor influence on tbe cominuous decrease of the di cbarge rate 
according to the increasing influence of evaporranspiration. The development of 
the surface discbarge du ring r.he summer seerns tobe controlled only by the storage 
capacity of the joint aquifer. 

To illustrate the hon time related interaction between precipitarion, surface 
di charge and fluctuation of the groundwater level all these parameters are shown 
for a hort period lasting only 2.5 days. For better distinction these hydrological 
parameters were recorded within time steps of only one hour. Already, within four 
to seven h urs ince the precipitation evcnt began an increase in the discharge rate 
could be ob erved at ehe measuringweir MW 2 (Fig. 3.3). The groundwate.r level 
which wa recorded at the boreholes B80E and ß82E, however, increased 
ubsequencly within a time delay of approximately 27 hours. During ehe precipitation 

nearly any surfacerelated direct runoff could be observed. Thus, it is a umed that 
the precipitation infiltrated directly into the glacial moraines beneath ground surface. 
However, due to the delay in the respon e of the groundwater Jevel in tbe joint aquifer, 
the precipitation influenced in a direct way only tbe discharge rate of hallow prings 
at rhis location. Accordingly, the shallow springs located in this area drain mainly 
the moraine depo its. The assumed direct infilrration path as weil as the observed 
subsequent increase in the discharge rate at the springs must therefore be restricted 
to interflow processes occurr.ing withiu the glacial moraine and the upper part of 
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Fig. 3.2: Comparison between precipitation, evapotranspiration, discharge and groundwater level 
(November 1", 1989 to March 3J", 1991). 
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the granitic grus. I t is as umed, rhat these interflow processes may reduce the amoum 
of precipitation c.::ontributing to the groundwater recharge of rhe fissured aquifor 
lying i_n the range of 5-10% . 

In tab. 3.2 the calculated waterbahmce 0f the Etziboden catchment is presented 
for the hydrological year 1991. Although ehe available daea base encloses only one 
hydrological year conceming the runoff mcasured at the hydrological weirs, ehe 
resule give a firs t impression about ehe hydrological water cycle. 

During the hydrological year 19.90 a tota l runoff of 761 mm could be measured 
at the hydrological weir MW 2. The hydrological input available for groundwater 
recharge was calculated to 823 mm. The difference between the measured total 
discharge (761 mm) and the calculated hydrologjcal input (823 mm) is assumed to 
be related to ehe groundwater storage due to an increased groundwater level. At 
ehe end of the hydrological year 1990 ehe groundwater level, recorded at the wells 
BSOE and B82E, was 2.1 m higher as at the beginning of the investigations. 

By analyzing the discharge curve of the hydrological weir (MW 2) the runoff 
componems were separated. lt is assumed that the long-term subsurface runoff 
amounts 300 mm which refers to 17% of ehe total precipitation. The surface runoff 
wbich also i11cludes the observed interflow was calculated to 369 m 111 and refers to 
21 % of the tatal p_recipitation. In accordance with field observations a short-term 
subsurface runoff of approximaecly 5% was assumed because ehe drainage of tbe 
marsh areas generally shows a delay of a few days due to precipitation. The 
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groundwater recharge of the Etziboden catchment, valid for the hydrological year 
1990, was calculated to 454 mm which refers to 26% of the total precipitation. lt 
includes the long-term subsurface runoff, the short-term subsurface runoff as weil 
as the storage due to an increased groundwater level (Tab. 3.2). 

Tab. 3.2: Test site Lindau: Water balance data of the Etziboden catchment for the year 1990. 
,. Groundwater rech arge= long-term subsurface runoff + short-term subsurface runoff 
+ groundwater storage. 

[mm] [%] 

Precipitation 1,745 100 
Transpiration 412 24 
Interception 510 29 
Groundwater storage 62 4 
Total measured runoff 761 43 

Surface runoff and interflow 369 21 
Long-term subsurface runoff 300 17 
Short-term subsurface runoff 92 5 

Groundwater recharge' 454 26 

In comparison to that the calculation of the long-term groundwater recharge by 
means of a modified version of a method proposed by K. KILLE (1979) shows a value 
of 351 mm for the Ibach catchment which corresponds to 22% of the long-term 
precipitation. Compared with the 454 mm (26%) of the small catchment Etziboden 
the difference is not significant. Within the 10 catchments investigated in the Southern 
Black Forest the values of the Ibach river (11.1 l!s · km2

) and the Höllbach 
(14,41/s · km2) are close to the mean value of 12.11/s · km2, ranging between 7.2-
16. 9 l/s · km2• Further investigations are needed in order to know wether the 
diff erences are due to different methods or due to special storage behaviour of the 
small Etziboden catchment. 

3.2. Environmental Isotopes (T. HIMMELSBACH, H. MOSER, V. RAJNER, 
D. RANK, W. STICHLER, P. TRIMBORN) 

3.2.1. Introduction 

The environmental isotopes 3H and 180 occur as constituents of the water mole­
cu les (3H 1H 16 , 1I 2

180). Their natural variations in the water cycle could be used 
as a rool for hydrological studie such as for identification of origin and for estimation 
of mean residence times in hydr logical systems (e.g. IAEA, 1983, H. MOSER & 
W. R..AU ERT, 1980). 

In ehe following, preliminary results of a hydrological study carried out at the 
te t ite Lindau are prcseuted. The seasonal variations of 3H- and 180-contents as 
well as the long-term trend of 3H -contents observed in precipitation are used for 
characterizing ehe inpur into rhe hydrological system of the test site Lindau. The 
di tribution of these i otopcs was studied by carrying out a comprehensive sampling 
and measuri.ng pr gramme. Hydraul ic models were used to evaluate the isotopic 
input and output function in tenns of characteristic hydraulic parameters such as 
flow velocity a11d mean residen e time of the water in different subsystems. 
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3.2.2. Sampling Programme 

For the sampling programme the facilities of the test site Lindau were used, which 
include precipitation stations, a lysimeter, suction cups in the unsaturated zone as 
well as shafts, boreholes and the observation tunnel to access groundwater in different 
depths (s. fig. 1.3 and chap. 5.2.). In general, series of samples have been taken over 
a period of three years. 

Table 3.3 l?ives a survey on the samples available for 3H- and 18 -analy e . The 
vertical subd1vision corre ponds eo tbe hydrological sub ystems of the hydrological 
cycle tobe investigated in the test field and cover a depthinterval from the surface 
to 150 m below surface. Each suction cup (Tab. 3.3) is connected to a 2 1 glass bottle 
evacuated to about 200 mbar; a water ample of about 0.5 l was coUected weekly. 

Tab. 3.3: Test site Lindau: Sampling programme for 3 H- and 180-analyses. 

System Sampling points Sampling period 

Precipitation: Hellmann rain gauge 10/ 1987-06/1991 
at the test site and 
weather station Todtmoos 

once per week 

Unsaturated zone: 4 profiles with 4 suction 01/1988-06/ 1991 
Glacial deposits cups at different depths once per week 
and granitic grus down to2 m 

Saturated zone: Boreholes B58S and B62S 01/1988-06/ 1991 
Granitic grus and (30 to 60 m below surface) once per week 
fissured granite Artesian wells B20E and B30E 1111987-06/1991 

(60 to 80 m below surface) every 6 to 8 weeks 

Fissured granite Boreholes and drains in the 11/1987-05/1991 
observation tunnel Lindau every 6 to 8 weeks 
(more than 80 m below surface); 
Outflow from drilling shaft 
(depth 150 m below surface) 

Granitic grus and Boreholes B42E, B69E, B80E one single campaign 
fissured granite and B76E; sampled in steps of 09/1991 

5 m depth intervals 

The boreholes B58S and B62S were drilled into the Albtal granite at a hill slope 
with an angle of 15° to the horizontal plane. The overburdenlies .in tbe range from 
30-60 m. Therefore, the samples represent water from the shallow and directly 
precipitation-influenced part of the fissured aquifer. The anesian wells B20E and 
B30E intersect the ore dike Hermann at depths from 60-80 m below surface, where 
minor influence from the surface water on the samples can be assumed. 

The boreholes in the observation tunnel, whicb imersect the ore dike and its 
adjacent fault and fracture zone, are all situated more than 80 m below surface. A 
direct influence of surface water on the samples can be excluded. The drilling shaft 
in the tunnel reaches 150 m (70 m below the tunnel). lt is completely filled with 
water and shows a continuous free outflow of approximately 0.51/s into the drainage 
pit of the tunnel. The drainwater samples mentioned in tab. 3.3 originate mainly 
from dropwater from the tunnel walls. For the localisation of the boreholes and 
the drain water sampling points see fig. 5.1, chap. 5. 
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3.2.3. 3H- and 180-Analyses 

The 3H-analyses were perfonned jo the Geotechnisches Institut, Bundesversuchs­
und Forschungsanstalt Arsenal, Vienna. The unit "TU" corresponds to a content 
of 10-18 3H/H-atom in the water sample (= 0.118 Bq/l water). The measuring 
accuracy {2cr-criterion) corresponds to 10% and the detection limit is 1 TU. The 
180-analyses were performed in the GSF-Institut für Hydrologie, Neuherberg. 
The 18 -value are given a relative %c,-deviation from the standard water "V-
MOW". The measuring accuracy (2cr-criterion) is equal eo 0.15%0 180. 

As an example of ehe 3H- and 180-measuremems, fig. 3.4 shows the time series 
of these i otope content in the precipitation water of the rain gauges at the test site. 
The values are momhly means weighted according to H. BERGMAN N et al. (1986) 
with ehe precipitation amoum. The weU known inusoidal trend with the winter 
minima and summer maxima in the 180-content and with spring maxima and fall 
minima in the 3H-content can be recognized. Figure 3 .4 also shows the time series 
of 3H - and 180-contents in the monthly lysimeter outflow. In comparison with the 
isotope curves of precipitation, a phase shift and a damping of the amplitudes can 
be recognized. 

As a econd example, fig. 3.5 gives a c:omparison of the time series of monthly 
mean 180-contents berween precipitation and the outflow of the boreholes B58S 
and B62S also weighted according to . B ERGMANN et al. (1986) with ehe monthly 
amount of water. As a consequence of tbe situation of the sampling sites of the 
boreholes (s. chap. 3.2.2.), the 8180-values of the groundwaters follow the general 
seasonal and annual trend of the precipitation values wich damped and phaseshifted 
amplitudes. So ehe direct influence of surface water on these boreholes is ~bvious. 
The comparison of ehe 180-curves of both boreholes gives for B58S a more direct 
reaction tO changes in the 0180-values of precipitation, especially after the Winter 
minimum, than in B62S. 

As a third example, fig. 3.6 gives a comparison between the time series of monthly 
mean 180 -concents of two succion cups at different depths. The suction cups SC H 
and SC Kare located at depths of approximately 0.5 m and 1.85 m below surface. 
A a con equence o.f iocreasing depth within the unsaturated zone, the 0180-values 
of the water samples show a different damping effect. In addition, the amplitudes 
are phaseshifted against each other as a result of the generally increasing mean 
re idence time with increasing depth. The phase shift between the amplitudes 
amoums 10 to 12 weeks which refer to an average seepage velocity of 1.2-1.5 cm/ day. 

3.2.4. Preliminary Evaluation of 3H- and 180-Analyses 

3.2.4.1. Model Approaches 
The preliminary evaluation of the measured 3H- and 180-time series and depth 

profiles is still limited to rough estimations of mean residence times and, in the c~se 
of the unsaturated zone, of seepage velocities. Because of that, the measured output­
functions of 3H- and 180-contents in the depth profiles of the unsaturated zone and 
in the time series of tbe iysimeter outflow, as well as of groundwater sampling points, 
are compared witb ehe inputfunctions of J H- and 180-contents in precipitation. For 
ehe time period 1987-1990 the measurements of precipitation at the test site were 
u ed. For long-term evaluations, tbe inputfunction was taken from 3H-contents of 
p.recipitation in comparable sites mea ured under the guidance of national and 
international oetworks (e.g. IAEA, 1960·-1990). 
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The mathematical approach for the input-output-comparisons was done by simple 
hydraulic models (s. e.g. H. MOSER & W. RAUERT, 1980): 

a) Piston-Flow-Model (PFM) 
Using this model, the "peak-peak-method" was applied, comparing extrema in 

the input- and output functions, or in depth profiles sampled at different times, for 
a direct estimation of the residence times and the seepage velocities respectively. 

b) Exponential-Model (EM) 
For tbis model, a complete mixing wit.h exponentially weighted age distributions 

at tbe outflow is assumed. In tbe case of a 180-sinusoidal inputfunction, with nearly 
constant period and amplimdes, tbe ratio (f) of the amplitudes of the output- and 
inputfunction can be used to estimate the mean residence time according to the 
formula 

Toe=2\r. ~· 
For the calculation ofToe applying 3H-data, an inputfunction based on annual mean 
values was used. 

c) Dispersion-Model (DM) 
For this model, a dispersive age distributilon is assumed. The model is more realistic 

for seepage processes through the unsaturated zone than the PFM but requires the 
additional parameter D/vx, where Divis the longitudinal dispersivity and x the length 
of the flow path. In the case of the sinusoidal 180-inputfunction with nearly constant 
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period and amplitudes, the ratio (f) of the amplitudes of the output- and inputfunction 
can be used to estimate the mean residence time Tod by the formula 

T _ 1 . -v -ln f . 
od - 2 n Dlvx 

3.2.4.2. Unsaturated Zone 

Suction cups . 
The depth profiles of 180-contents in the samples from the suction cups have 

been treated by means of PFM, EM, and DM. Using the PFM with peak-peak­
method, flow times from two to three months result for the 2 m-depth profile 
corresponding to a mean seepage velocity of 7-12 m/year. 

Figure 3.7 gives a survey on the result:s gained from the application of EM and 
DM respectively. The detailed residence times between the suction cups in the 
different profiles and depths are in the range of three to nine months. As expected, 
the mean residence time increases with depth; the inverse trend of the suction cups 
SC G and SC C (Profiles 1and3 between 0,5 and 1,0 m) may be due to a local increase 
of the seepage velocity caused by macropore . The mean eepage ve locity through 
the unsaturated zone results from the mean veloc.ity gradient over the distance 
between 0.5 m and 2.0 m below surface at 1.5 cm up to 3.0 cm/day. 

Lysimeter 
The evaluation of the mean residence time within the lysimeter, using the 180 -

contents in precipitation (input) andin the lysimeter outflow ( output)- see fig. 3.4 
- led to values of 11 weeks for the EM and of 15 weeks for DM. The dispersion 
parameter D/vx used in DM was independently determined to 0.15 from the moisture 
distribution, measured by means of a neutron gauge. 

The mean amount of seepage water in rbe lysimeter outflow corresponds to a 
precipitation height of 2.7 mm/day. Frorn the ly imeter depth of 1.35 ro and the 
meanre idence time of 11to15 weeks, aseepagevelocityfrom 1.4-1.7 cm/day results. 
These seepage velocities correspond q uite well with measurements in other lysimeters 
( e.g. W. STJCHLER et al., 1984) and with p eak-peak evaluations using extrema of 
isotope valuesin the precipitation and lysimeter outflow curves (e.g. the minimum 
of 3H -content in precipitation in November 1990 which appears in the lysimeter 
outflow inJam1ary 1991). 

3.2.4.3. Saturated Zone 

The preliminary evaluation of mean residence times of groundwater in the different 
aquifer subsystems was mainly clone by means of EM, using the time series of 
3H- and 180-contents in these subsystems. 

Boreholes B58S and B62S (25-45 m below surface) 
The time series of 180-contents (Fig. 3.5) leads to mean residence times of 1.7 

years for B58S and 2.3 years for B62S. The evaluation of the available 3H-measure­
ments are not in contradiction with these results. 

Artesian wells B20E and B30E (40-60 m below surface) 
The mean residence times evaluated from the ratio of amplitudes in time series 

of 180-contents in precipitation andin the water samples from B20E and B30E are 
close to three years for both wells. 
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Sampling points in the observation tunnel (more than 80 m below surface) 
The evaluation of mean residence times in the deepest aquifer level under 

invescigation is mainly based upon 1H-data, because of the 180-content does not 
show any more seas nal variation in most of these groundwaters. For the deter­
mination of mean re idence times, ehe measured time series of 3H-contents in the 
groundwaeer samples were fitted wich calculated output curves of different mean 
residence times using tbe EM. As an example, fig. 3.8 shows the measured time series 
of 1H-contents (l 987-1990) in water amples from the shaft and from the borehole 
BLS in ehe tunnel, as weil as calculated curves for groundwaters of different mean 
residence time by means of EM, based on inputfunctions described in chap. 3.2.4.1. 
The best fit gives a mean residence time of 5.5 to 6 years for the water in the shaft 
and 3.5 to 4 year for the samples frorn BLS. 

Table 3.4r.resents ehe evaluated mean residence times for all sampling stations 
in the tunn e . lt can be seen thac the waters from the boreholes in the southern part 
of the tunnel (BL 17, BL 19) have the lowest values with two to four years; that was 
confirmed by the rough evaluation of 180-contents based on EM using the amplitude 
ratio of seasonal variations. 

In the central part of the parallel pit along the ore dike with ehe boreholes BL6, 
BL8 and BLlO, mean residence times of four up to five years occur. That confirms 
the hydraulic separation of this partfrom the other parts of the ore dike (s. chap. 5.). 
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Fig. 3. 8: Demonstration of fitting procedure f or the evaluation of mean residence tim es from 
measured time series of 3 H-contents. The calculated curves for different mean residence 
times are based on the exponential model and an inputfunction for the test site using the 
time series of 3 H-contents of precipitation from Lindau, Konstanz and Vienna (s. chap. 
3.2.4.1.). 
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Tab. 3.4: Test site Lindau: Evaluation of mean residence times for all sampling locations in the 
observation tunnel Lindau; 3 H-data fitted with calculated output curves of different mean 
residence times using the EM. 

Mean residence time from EM 
Sampling point Location based on mean annual 3H-data 

of water samples in years 

Drain 2 .half-way into runncl 1.5 ± 1 
Drain 3 two-t.hird-way into tun.nel 3.5 ± 1 
Drillingshaft oblique pit 5.5 ± 1 
BL12 nonhcm parallel pit 4.0 ±1 
BL2 northern parallel pit 3.5 ± '1 
BL5 northern parallel pit 3.5 ±1 
BL6 central parallel pit 4.0 ± 1 
BL8 ccnrral parallel pit 4.0 ±1 
BLlO cenrral parallel pit 4.5 ±1 
BL14 southern parallel pit 2.0 ±1 
BL17 southern parallel pit 2.0 ±1 
BL19 ourhern parallel pit 4.0 ±1 
BL20 outhern parallel pit 4.5 ±l 

In the outhern part of thejarallel pit wich the boreholes BL2, BL5 a.nd BL12, 
residence ti mes are evaluate in the range of three tO fottr years. The relatively low 
value for ehe samples from the nearby located samplingpoint "dike" can be explained 
by a Jea.kage through the tunnelwall in front of the ore dike. This leakage causes a 
percolation rate of about 11/s, which promotes an admixture of recem water. 

Therelative.ly high value of meao residence time for thcwater in the drilling shafr 
and the relatively low value for the waters of drain 2 and drain 3 can be explained 
by the different thickne s of the overburden of these ampling poiors. The shaft 
reaches the deepest aquifer part under inve tigation. The drains are located at the 
balf-way and tWo tbirds of the tunnel length, where the overburden is relatively 
thin. 

3.2.4.4. Vertical Isotope Profiles of Boreholes 
Figure 3. 9 shows the 3H- and 180 -contents in water amples raken from different 

depths io the boreholes B42E, B69E, B79E and B80E. The 3H -profiJes of the 
borehole B42E, B69E and B80E show a significant jump in depths of 20, 30 and 
35 m respectively, which indicates also a jump in the mean re idence time. The 
different waters above and below these jmnps are al o characteriL.ed by different 
electrolycical conducrivities (less than 35 µS/cm and more than 60 µS/cm respectively). 
This pbenomenon can not be observed in the borehole B79E. 

3H-contents of about 15 TU, as observed in the upper part of the boreholes B42E, 
B69E and B80E, correspond to mean residence times of equal to or less than one 
year, whilst in deeper parts, andin the whole B79E profile with 3H-contents of about 
30 TU, mean residence times of more than five years can be expected. 

The 8180-profües show a general decrease in the upper layers down to a depth 
of 30 m and further no more s.ignificant variations. Due to ehe Jack of knowledge 
on the development of these profiles wich time (only one sampling campaign), it 
is impos .ible to differentiate between seasonal variations or waters of different origin, 
which could explai.n ehe variations in the 8180-profiles. 
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3.2.5. Preliminary Conclusions 

The preliminary evaluation of the 3H- and 180 -analyses on the basis of very 
simplified hydraulic models ( e.g. EM) doesn' t consider a system consisting of water 
components with different mean residence times. For such a consideration ehe data 
basis is not yet sufficient. One should bear this in mind in the following conclusions. 

As it is tobe expected th mean residence time in the saturated zone generally 
i.ncreases with increasing depth. However, a comparison of mean residence eimes 
from ehe shallow boreholes (BSSS and B62S) with those from ehe artesia.n wells (B30E 
and B20E), or with samples from the observation tunnel Lindau, indicates a probable 
age related stratification of the fissured aquifer under i.nvestigation. This vertical 
stratification is assumed to be responsible for the observed significant differences 
in ehe vertical isotope profil s in the boreholes. 

All this indicates that the fissured aquifor under i.nvestigation at the test site Lindau 
is divided into two vertical parts. The upper part can be characterized by mean 
residence times in the order of two years or less. Obviously, this part does not extend 
towards depths of more than 30 m. Tbe lower part of the aquifer seems to be 
charncterized by mean residence times in ehe order of up to frve years or more. The 
significant jurnp in ehe 3H-content in the vertical profile indicates ehat thetwo pa.rts 
of the aquifer do not have a direct ineerchange between each other. The su·atification 
of ehe aquifer seems to occur with.in a vertical depth interval of less than 10 m and 
can be assumed tobe charactei-i tic for the test site. 

Only in aquifer parts, which are located close to the hydraulic influence of the 
observation tunnel, this stratification might be disturbed. The tunnel affects the 
adjacent fissured aquifer in hydraulic terms as a sink due to its permanent, but still 
not investigated leakage effects. The change of the drainage conditions due to 
hydraulic experiments carried out in the observation tunnel (s. chap. 5.) may explain 
the observed relatively high scattering of 3H-values in some tunnel waters. 

4. Tracer Experiments under Natural Flow Conditions 
(T. HIMMELSBACH, H. HöTZL, W. KÄSS, Ch. LEIBUNDGUT) 

4.1. Purpose and Scope of the Experiments 

In tbe Southem Black Forest old Variscian fault patterns and fracture zones becamc 
the a cent path for hydrothermal mineralizations. The resulting ore dikes have been 
regarded as nearly impermeable geologicaJ units for a long time, but recent research 
has shown that their accompanying fault and fracture zone may have a high 
permeability (A. BLJNDE et al., 1982). This relative high permeability is a result of 
fracntring by tectonic shear processes and by weathering througb descendent 
aquateous solutions as can be observedin the ore dike Hermann. The si.ngle, nearly 
verrical orientated fracture zone of the ore dike with a permeability being some 
magnirudes higher than the penueabil.ity of the adjacent rockmasses creates a specific 
flow pattern. The draining function of the high permeable fault and fracture zone 
developes a trough of hydraulic bead depression. The hydraulic behaviour of such 
a system is quite similar to that of a set of discrete parallel fractures (G.P. KRUSEMAN 
& N.A. DE RIDDER, 1991). 
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The thickness of the ore lode Hermann varies between 0.3 m and 3.0 m. lt is 
accompanied by a subparallel fracture zone in the hydrothermal alterated Albtal 
granite extending a f ew meters up to 10 m on both sides of the ore dike. The drainage 
zone has an average width up to 50 m on both sides of the ore lode. Therefore the 
ore dike Hermann can be characterized as a nearly vertical plane sink whose hydraulic 
behaviour was pecially studied in the recent investigations. 

The aim ofthe tracer experiments which were recently carried out was to provide 
detailed hydrauJjc information about tbe general flow directions, the effective width 
of the draining zone, the flow velocities and about the mean residence time of water 
in different parts of the ore lode. The intention of the experiments was to investigate 
transport processes under natural flow conditions, which means that the natural 
hydraulic gradient in the o\·e dike was not affected by pumping or other artificial 
hydrauLc influences. This impJies that all boreholes of ehe Lindau mnnel were closed 
at cbjs scage of ehe experiments. Due to ehe assumption chatin a certain discance to 
ehe cement plug natural undistmbed hydraulic grad.ients might exist, the experiments 
were carried out in two ections of ehe ore lode wruch are situated within a sufficient 
distance to ehe cement plug. 

4.2. Hydraulic Situation in the Test Sections 

The permeability of the ore dike stems from uniformly distributed fractures as 
well as from solution cavities. The fracture aperture and fracture den ity are reduced 
wich increasing depth so tbat thc ore dike can be regarded as more or !es tight up 
co a depth of approxi mately 80 m below u rface. The ore dike is covered at it top 
by moraine depo its which are les permeable. In the nortbern and southern part 
of the test area, where ehe ground water level is close co the surface, this cau es 
confined hydraulic condition. 

The cement injections carried out in the central part of the test site to avoid 
underflow of the planned dam axis separate the ore dike hydraulically into two parts. 
The flow patterns in the northern section are directed towards the location Schwarze 
Säge which forms the lowest elevation in the northern part of ehe ore dike. This 
section was chosen for the first tracer e:xperiment. Several wells which penetrate 
the ore dike provided the opportunity to inject tracer directly into rhe dike. The 
collecting of tracer samples was additionaUy very easy, because ehe main probe 
location was the artesian well B20E which is u ed for the water supply of the nearby 
saw mill (Fig. 4.1). 

The flow pattems of ehe ore dike in the S of the cement plug were assumed to 
have a generally southbound d.irection. A combined tracer experiment was carried 
out using the wells B80E and B82E for the injection f the dyes. This borehole 
al o pentrares the ore dike and its fault and fracture zone. At the location Etziboden, 
the artesian well B30E, which supplies d1inking water for a lictle village nearby, couJd 
be used for collecting tracer sample from the dike (Fig. 4.1 ). 

4.3. Experiments 

4.3.1. Tracing in the Northern Ore Dike Section 

The first tracer experiment was carried out in 1988. The tracer was injected on 
October 4'h into the ore dike and its adjacent fault and fracture zone using the oblique 
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45° declincd borehole B77E which intersects the ore dike Hermann at depths bctween 
50 m and 80 m below sutface (Fig. 4.2). As tracer 2 kg of EOSIN was used after 
being dissolved within 80 1 of water. Thc tracer solucion was injecred using an injector 
at the end of a thin plastic hose which was placed wirhin the fractured part of the 
oredike eo prevent any losses of tracer into the unsarurated zone. After the injcction 
of the tracer 2 m3 of water was pumped into thc borehole eo flush the fluorcscent 
dyes into the fracturcs. Together with the fluorcscenr tracer a suspension of 2 x 106 

microspheres ( diameter 0. 98 ~tm) made of polystyrene was injected. 'fhe suspension 
of the microsphercs, consisting of a 1 ml ampoulc, was diluted before with 1 1 of 
water containing some drops of a detergent to reduce the surface tensioo of the water. 

The main emphasis of tracer sampling was laid upon thc artesian weil B20E which 
is situated north of the injection weH B77E (Fig. 4.1). The oblique 45° decljned probe 
weil B20E penetrates the ore dike as well as the fault and fracture zone completely 
at a depth of approximately 100 m below surface. The interwell distance between 
the injection well (T377E) and the artesian probe well (B20E) is 346 m, refcrring to 
the piercement of the wells through the ore dike. In advance of the tracer i njcction 
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the artesian probe well wa opened to afrec discbarge rate of about 3.5 l/s to enhance 
the interwell hydraulic gradient between the wells. Accorc!ing to rhe assumf tion 
that the breakthrough of tracer would occur first at thi location the wel was 
equipped wi.cb an automatic sampling device whose time interval was set adirst to 
four hours and was later increased up to 12 hour . The wells B62E, B63E and B64E 
imersecting the ore dike and its adjacemfault and fracture z ne <1.S weJI as ehe probe 
well B20E were additionally equipped wid1 mall electric submersible pumps which 
were l.ocated within the fractured part of the ore dike Hermann (Fig. 4.1 ). The vertical 
observation wells intersect the ore dike ac depths ranging between 20 m and 50 m 
below surface. 

For the detection of patterns other than the assumed main flow patterns the springs 
in the vicinity of the above cited wells andin the valley of the Schwarzenbach were 
also monitored during the experiment. The samples from the springs were collected 
at the beginning of the experiment twice a day and later on once a weck (Fig. 4.1 ). 

The hydraulic heads at the observation wells B62E and B64E were monitored 
continuously using automatic water level recorders to cakulate ehe hydraulic i.ntetweJJ 
gradient valid for the experiment. The injection of tracer was carried out under general 
low ground wacer conditions . At ehe beginning of ehe experiment ehe interwell 
hydrauüc gradiemwas in t.he range of up to 0.5%, but raised, dueto an high amount 
of precipitatioo during November andDecember, up to 1.5%. The averagehydrauli 
gradient duting the whole experimem wa about 1 %. 

Fifteen days after the inj ection first traces of EOSIN could be found in the artesian 
well B20E. Within 41 days after the inj ection the breakthrough of tracer reached 
its maximum concentration (Tab. 4.1). Within another 80 days it decreased to an 
amount of only 20% of the measured peak concentration and changed into a long 
tailing effect of continuously decreasing concentrations. The tailing effect of the 
tracer breakthrough can still be observed even three years after the injection and 
is assumed to last at least for the next few years (Fig. 4.3). 

Six montbs after the injection of EOSIN first traces of the fluorescent dye cou ld 
also be observed in samples of cwo springs lying 240 m nortb of the artesiao well 
B20E (Qu 40, Qu 41). These springs are located at a marshy area where the ore dik.e 
Hermann infiltrates into ehe moraine deposits overlaying the granitic gru (Fig. 4 .1). 
The observed concem ation at the prings, however, reached only 15% of ehe concen­
tration ob erved at ehe artesian weil B20E and changed ve1y rapidly due eo precipi­
tation. During per.i0ds of general low watet· Jevel conditions generally occuri.ng during 
ehe summer monchs, the springs became nearly dry. It can be assumed chat und er 
thesehydrological conditions the dike infütrated diffo ely into the Schwarzenbach 
(Tab. 4.1). 

Even though the wells B62E, B63E and B64E penetrate the ore dike Hermann 
as weil as its adjacent fault and fracture zone, never any fJuore cent dye could be 
observed in sample from chese wells. Obviously ehe migration of the tracer ehe 
ore dike was restricted to depths below tbe level explored by ehe wells. ln ehe springs 
along the right slope of ehe Schwarzenbach valley no trace of EOSIN could be 
proved. This fact may be interpreted in ehe way chat ehe 111.igration of tracer occurred 
only within the trough of hydraulic head depression caused by the ore dike and its 
fault and fracture zone. Therefore the crossing NW-SE striking rhyoloitic dikes 
and granite-porphyries did not cause any hydraulic lasses of tracers into other flow 
paths than the presumed flow patterns. 
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The microspheres of poly tyrene which were injected together with the flaoresceot 
dye ould be observed only in sample of the artesian weil B20E. However, their 
breakthrough occurred wirh a delay of about ix months in comparison to the 
breakthrough of the EOSIN. Even though thc detection of ftow patterns using 
micro pheres i possible the principalsuitability of this method in fractured aquifers 
could not be proved. However, a quantitative incerpretation of the r salt of tbe 
micro pheres, e pecial!y with regard to transport modelling is impo sible (Tab. 4.1 ). 

4.3.2. Tracing in the Southern Ore Dike Section 

The second tracer experi.ment was camed out in the ore dike section lying 500 m 
outh of the cement plug near the location Etziboden (Fig. 4.1 ). In a combined tracer 

experimenc 2 kg EOSIN and 2 kg PYRANIN were injected on April 27th directly 
into the ore dike and its adjacent fault and fracture zone. The injection was clone 
usi ng the boreholes B80E (EOSIN) and H82E (PYRANIN) which both f enetrate 
the ore dike a weil as its fracture zone. Each tracer was diluted within 80 of water 
and was subsequently injected using the same injector device as already described 
in chap. 4.3.1. The injector was placed in each borehole at the most fractured part 
of the ore dike at varying depths between 20 m and 40 m below ground surface. 
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After the injection 2 rn3 of water was purnped into each borehole to flush the dyes 
into the fractures. 

According to the presurned flow paths t:be tracer ampling was focused upon the 
artesian well B30E which is situated south of ehe injection wells. Tbe oblique 45° 
declined borehole B30E penetrates the ore dike at depths between 45 m and 50 m 
below ground surface. The di tance between the injection wells and ehe probe wells 
amounts 280 m, referring eo ehe locacion where the wells pierce the ore dike. The 
artesian well B30E, which supplie drinking water to a nearby village, has an average 

utflow of 3.5 l/s, varying only within narrow ranges. 
For ehe detecrion of patterns other than the presumed flow paths ehe pring in 

the vicinity of the injection wells a weil as ehe prings along the rivulet Höllbach 
were monitored throughour rhe experiment. The tracer sampling was carried our 
once a week according to the resulr of the first tracer cxperiment. The groundwater 
level at the borehole BSOE and B82E were rnonitored during the experirnent to 
calculate the interwell gradient between the injection and the rnain probe location. 
Due to the assurnption that the breakthrough of tracer would occur first at the artesian 
well B30E its well shaft was equipped with an autornatic sarnpling device whose 
tirne interval was set at first to 12 hours and later to once a day. 

Twelve days after the injection of the fluorescent dyes first traces of EOSIN could 
already be observed in one spring (MB 3) lying 171 m south of the borehole B80E 
(EOSIN). The rneasured concentration of EOSIN reached its rnaxirnurn within only 
48 days after injection and decreased later within a further 60 days to a tracer 
concentration in the range of 25% of the observed peak concentration. The 
breakthrough curve of the rneasured tracer concentration changed into a long tailing 
effect sirnilar to the breakthrough curve of the first tracer experirnent at the northern 
ore dike section (Fig. 4.4). However, this tailing showed a strong correlation with 
the general groundwater level (B80E and B82E). As the groundwater level increased 
the tracer concentration always decreased within a short tirne. Obviously, an 
increasing infiltration caused a dilution of the tracer in the groundwater of the granitic 
grus. The total recovery of EOSIN at the probe location MB 3 reached an arnount 
of only 2% during the first two years. 

Even though the wells BSOE and B82E were assurned to penetrate the same fault 
and fracture zone, no traces of EOSIN (B80E) could be yet observed in tracer sarnples 
derived frorn the artesian well B30E. The breakthrough of EOSIN at only one spring 
(MB 3) may be explained by an oblique orientated fracture zone intersecting the 
borehole B80E at shallow depths between 20.4 rn and 21.4 rn below the groünd 
surface (B. TROSCHKE, 1990, T. MEYER, 1991 ). This fracture intersects the borehole 
B80E close to the border between the Albtal granite and its overlaying granitic grus. 
The fracture extends into the granitic grus and favours the further rnigration of the 
EOSIN in the granitic detritus. This rnay explain the observed flow pattern towards 
the probe location MB 3 (EOSIN) lying a little aside the presumed direction of 
migration within the ore dike. 

In samples of others than the above cited spring as weil as in the samples of the 
artesian well B30E neither any traces of EOSIN nor of PYRANIN could ever be 
observed throughout ehe whole experiment lasting more than two years. Although 
tracer samples were taken six months after injection from the wells B80E and B82E, 
indicating that the injected dyes had been flushed completely into the ore dike system, 
their funher rnigration, obviously followed other than the presumed flow patterns. 
Subsequent detailed geological investiga.tions pointed out the probable existence 
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Fig. 4.4: Breakthrough curve of the second, combined tracer experiment at the spring MB 3 (EOSIN, 
southern ore dike section). 

of a thin NW-SE striking porphyry dike, which might intersect the presumed flow 
path towards the artesian weil B30E Q. MELLERT, 1989). Although, the existence 
of such a porphyry dike is still surrounded by uncertainties, it might be a plausible 

Tab. 4.1: Test site Lindau: Results of the tracer experiments within the fault and fracture zone of 
the ore dike Hermann. 

Probe location Distance First arrival Maximum Mean residence time 
[m] [days] [days] [days] 

B20E 
346 15 57 35 

(Eosin) 

B20E 
346 225 310 

(Microspheres) -

Qu.40 540 163 233 -Eosin) 

MB3 171 12 46 (Eosin) -
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explanation for the "loss" of an amount of nearly 4 kg fluorescent dyes. If the 
migration of the dyes became restricted to deep levels within such a porphyry dike 
their detection at springs would be nearly impossible due to the high mean residence 
time expected in such a system. 

4.4. Conclusions 

The tracer experiments at the test ite confirmed the significant role of the 
anisotropy as well as the valuacy of the joint ystem controlling the migration 
processe in a fi sured aquifer. This fact implies that a detai led hydrogeological 
investigationis requested in advance of the i.njection of the dyes to detect all probable 
flow patterns in the area of investigation. However, even when the main fault patterns 
as weil a the genera) triking of dikes seem to be well known, like at the te t site 
Lindau with its numerous d rilling , there still ex.i t a relatively high probability 
to 1.oose arcificial tracer in pans of a fissmed aquifer having a very low exchange 
with the surface. 

The mean residence time of artificial tracer in a fissured aquifer is directly 
controlled by the specific flow rate through a single fracture: 

with 

q == specifi~ flo.w ra~e, 
v == dynam1c v1scos1ty, 
i == hydraulic gradient, 
2b == fissure aperture, 
g == gravity acceleration. 

- g (2 b)3 i 
q - 12 V ' 

lt becomes obvious that the mobile water in a fissured aquifer is restricted to 
fracture having a sufficient fracture aperture. However, the immobile water content 
of rhe aquifer can only be affected by thc relatively slow proce ses of marrix di.ffu ion 
which is re ponsible for the generally observed tailing effect of breakthrough curves 
(s. also chap. 5.). Although the flow velocicie in a faultand fracture zone may reach 
value being much higher than the velocities in porm1 aquifer , ehe overall time 
required for the reüable observation and evaluation of a tracer experimem in a fissured 
aquifer is often much.ßreater than for porous aquifer . Tbis "time effect" must be 
kept in mi_nd, espccially when performing tracer experiments in fissured rocks. 

The tracing of groundwater in narrow fracture systems require long running 
experiment . The overall time, neces ary for the ufficient detection of the 
breaktlu·ough curve, is then likely in the range of afew year . In addition, a detailed 
programm concerning the tracer ampling is nece sary to avoid a va t amount of 
tracer ample . Furthermore, automatic sampling device are recommended to reduce 
the financial costs of uch an experiment. 

In the present case onlythe tracer experiment at the no1thern test section between 
tbe wells B77E and B20E allowed a quantitative interpretation (s. also cbap. 5.), 
because some of rhe hydraulic boundary conditions, which were valid for the 
experiment, couJd be fixed sufficiendy weil. Especially the con tant discharge rate 
at the anesian weil B20E and the direct hydraulic contact between the i.njection weil 
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and the probe well by a dominant fracture system favoured the migration of the 
tracers. However, the measured recovery rate of tracer, lying near 8%, reveals that 
a high amount of tracer followed other than the presumed flow paths. Beside the 
problems due to the quantification of matrix diffusion effects, it seems that the 
migration of tracer was restricted likely to depths which were not explored by the 
test wells. 

The tracer experiment carried out at the southern test section, however did not 
allow any attempts to apply mathematical transport. The main problem for the 
evaluation of this experiment lies in the superposition of the deep fracture flow by 
a fast subsurface discharge in the granitic grus. 

5. Tracer Testsand Hydraulic Investigations in the Observation 
Tunnel Lindau (T. HIMMELSBACH, P. MALOSZEWSKI) 

5.1. Introduction 

One of the most important f reconditions for a quantitative analysis of tracer 
experiments using mathematica models is the definition of the hydraulic boundary 
conditions valid for the experiment. Fortunately, in the Lindau observation tunnel 
a test site could be established which allows to determine the hydraulic boundary 
condition . The great advantage of the experimental site lies in the po sibilty to incl uce 
ehe hydraulic gradient in the test section. The latter can be influenced arti.ficaUy in 
a wide range by changing the di charge and recharge rate at the test weil . With rhe 
help of an electric pump the interwell flow field can be forced to steady-state condi­
tions, thereby s~1pplying another important precondition for the later quantitative 
analysis of tbe experiments. The tracer experiments can be executed over different 
distances by involving different weil pairs which explore different sections of the 
ore dike. 

5.2. Site Description 

5.2.1. Lindau Observation Tunnel 

The bservation runnel Lindau, which was u ed for the tracer experiments, has 
a length of about 460 m and bifurcates near itS end into two fies botb penetrating 
the ore dike Hermann. The oblique pit as weil as the mai.n tunne nter imo rhe parallel 
pit which is aligned parallel to the striklng of rhe ore dike. The parallel pit was 
excavated a few meters beside the ore dike which is nearly upright orientated and 
shows a northbound striking (5/85E). The thicknes of the ore dike varie between 
0.3 m and 3 m. 

From the parallel pit 21 boreholes were drjJled into rhe ore dike. Tbe drilljngs 
are located at borehole galleries, lying within an average distance of 10 m to each 
other. The boreholes were drilled as vertically orientated, fan sbaped profiles, 
consisting of one borehole in the centre a.nd two inclined b reholes 45° up- and 
downward. All the drillings were made using a rockbit of 2" diameter and p netrated 
the ore dike completely. They detect the ore dike Hermann over a ho1izontal distance 
of approximately 150 m (Fig. 5.1). The wells are closed by stainless steel shut-in 
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Fig. 5.1: Map of the observation tunnel Lindau with the ore dike section choosen for the tracer 
experiments (T. HIMMELSBACH, 1992). 

valves. The well heads are equipped with pressure gauges to measure the hydraulic 
head in the ore dike. 

5.2.2. Hydraulic Characterization of the Ore Dike Hermann 

Tbe permeability of tbe dike is a result of secondary solurion caviti s and a set 
of fau lt and fractures striking within and paralle.l to rhe ore dike. Due to this fact 
ehe ore dike has a much higher permeabilty in comparison to the adjacent rockmasses 
formed by the Albtal granite. Du ring ehe excavaeion of the Lindau tunnel and during 
ehe later drilhng campaigo ome nearly impermeable ections of the ore lode were 
detected lying very close to other parts of the ore dike having a high permeability. 
These "transm.issive" sections of the ore dike a.reconsidered to exi tof discrete parallel 
fractures wh.ich are i.n.tersecting the weil . Due to ehe b erved changes in permeab.ilty 
within horizontal distances lying in the range of few tens of meters, the e discrete 
fractures are assumed to have only a finite lateral extension. Accordingly, the lateral 
extension of such "transmissive" fractures is a magnitude smaller than the scale of 
the experimental site. 

The sealing of the cavernous ore lade by the cement injection seperated the ore 
dike hydraulically into two sections showing different hydraulic heads. The southern 
part of the ore lode has a hydraulic head up to 60 m. The section of the ore dike 
lying north of the cement plug only shows hydraulic heads in the range of 25 m. 
The difference in hydraulic head occurs within a horizontal distance of less than 
20 m. During the experiments never any hydraulic exchange between these two 
sections could be observed. In addition, the distribution of the hydraulic head is 
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uniform for each ection of rhe ore dike, leacling to theas umption that the natural 
hydrauli.c gradient mu t be close to zero. Hence, wirh a natural hydraulic gradiem 
being n gligible, the narural flow field in rhe te t ection can be as umed t ly under 
stagnant water condition . Thi assumption can be proved easily by coupling the 
wells through a pres ure hose and a ensitive flow meter. The Jack of any detectable 
flux confirm the above assumption of stagnantwater conditi.ons. Accordingly, the 
hydrauljc interwell gradient may now be influenced artificially. 

5.3. Hydraulic Investigations 

5.3.1. Preliminary Pulse Interference Tests 

The detection of hydraulic comacts between different parts of the ore dike wa 
an important precondition for thc further tracer experiments. The aim of these 
qualitative, early hydrauüc investigations was to evaluate the length a weil as the 
orientation of "rransm issivc" sets of parallel fracrures to choose an appropriate te t 
ect.ion. For this pL1rpose pulse incerference tests were carried out between different 

well pair to determine an ore dike seccion, suppl yi ng a ufficiem hydraulic contact 
between the restwell . The pulse inr rference tests were clone by opening theshut­
in valve of a te t welJ for a short time (between five and 20 seconds). The decrease 
a well as ehe recovery o:f hydraulic head were measured by electronic pressure 
transducers and monitored continuou ly for the test weiland the ob ervation weil . 
The experiment were perfonned for different cross hole arrangements affecting 
different part of the ore lode. An example of the results of a pulseinterference test 
is given in fig. 5.2. 

The pulse interference tests were evaluated only in a qualitative way by interpreting 
the phase shift of the maximum head decrease between the test and the observation 
wells. In addition, the damping eff ects of the recorded pressure signals at the 
observation well were interpreted. During the pulse interference tests, generally 
two different types of hydraulic response could be observed. If the phase shift 
between the maximum head decrease for the test and the observation wells became 
nearly negligible, the drawdown effect extended obviously directly towards the 
observation well. Accordingly, the assumption was made that a discrete set of parallel 
fractures intersect both the test well and the observation well. 

However, if a zone of decreasing permeability was detected between the test well 
and the observation well, the phase shift of head decrease became evident and the 
pressure signals at the observation well were reduced so extremely they became 
difficult to be determined. Hence, the test well and the observation well do not 
intersect the same set of parallel fractures. 

The pulse imerference te ts confirmed a previous as umption, based upon 
geological data, rhat the ore dike of the central ecrion of the parallel pit is 
hydraulically separated from all other parts of tl1e ore lode. Any hydraulic contact 
was never detected neither towards the northern part nor towards the sourhern 
part of thc ore dike. Due to its hydraulic separation the cemral section of the parallel 
pit was cho ·en a a migration te t site for the funher tracer experiments. 

The hydraulic pulse interference tests carried out for different cross hole 
arrangements allowed in addition a first rough estimation about the lateral extension 
of a discrete set of parallel fractures. Obviously, the drillings BL8, BL9, BL10 and 
BL11 intersect the same discrete set of parallel fractures. However, this assumed 
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Fig. 5.2: lnterference test in the centre part of the observation tunnel Lindau. 

set of parallel fractures does not extend towards the wells BL7 and BL6. The wells 
of the central part of the parallel pit are generally located within a horizontal distance 
between 10 and 15 m to each other. In conclusion the extension of a discrete set of 
fractures must have the same magnitude. 

5.3.2. Hydraulic Tests in Boreholes 

In preparation of th.e tracer tests several hydraulic te ts wer carried out to evaluate 
the transmi ivity of the ore dike ection und er inve tigation. The objective of these 
early hyd raulic testing was to predict tbe groundwater flow velocitie and to 
investigate wether rbe fi ures may change their bydraulic behaviour due to tbe 
imprinted anificial flow field . The hydraulic tests were generally perfonned as 
constant head tests. A constant injection or withdrawal head was app.I ied for a flow 
period of approximately 15 minutes. Duri..ng the entire test eri.es the water for 
injection was taken from the central part of tbe ore di.ke Hermann. This means that 
no additional water was allowed to enter the flow system to avoid any alteration 
of the fis ure y tem due to hydrochemical interactions. 

First of all different well pairs were coupled by a MOHNO-pump and the 
standpipes of the drillings were equipped with pressure tranducers to record the 
hydrauli.c head. The MOHNO-pump was used to impress a steady-state dipol flow 
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field of equal strength ( . chap. 5.4.) berween the test weil . The flow rate tlu·ough 
the M HNO-pump was increased subsequently by steps of equal time inrervals. 
As tobe e):(.pected after a few mi1rnte the teady-srate flow condition were achieved 
and the flow rate and the resulting hydraulic heads were recorded. 

Dming the hydraulic testingtheM HNO-pump did not show any measurable 
fluctuations in its flow rate and ehe tests were pe1formed for several cross hole 
arrangements. A plot of the realized pumping rate again. t ehe resulting hrdraulic 
gradient shows that the values for the increasing hydraulic head as wel for the 
decreasing hydrauJic head are aligned along a nearly straight Line (Fig. 5.3 ). Alchough 
the flow rate was increased in everal step up eo approximately 25 l/ neither any 
eros ion nor any obstrnction of the fissures due to the imprinted flow fi ld could 
be ob erved. 

Due to thenearly straight alignement of the experimental data it i furch.er as umed 
that the re ultingflow field was laminar and no turbulent flow condition occured 
withio the te ted ore dike ection (W. KOPPELBERG, 1986). 

The steady- tate injection and withdrawal tests were evaluated according the 
following relation 

T=_Q_ C 
Hm ' 
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where T is the steady-state transmissivity (m/s2
), Q is the flow rate through the 

MOHNO-pump (m3/s), His the injection head at the end of the flow period (m) 
and m is the thickness of the ore dike (m). The constant factor C depends on the 
approach whatever is choosen and involves the radius of influence (R) (e.g. 
S. W LOJ-IR, 1969) or ehe length of the flow line (L) (USBR, 1963) for the calculation 
of ehe o·an missivity. The radius of influence (R) i a potential source of error, because 
it was estimated with the belp of ehe previous hydrauJjc interference rests. However, 
the transmissivity is proportional to the logarithmus of Rand i , therefore not very 
sensitive to incorrect. assumptions. The length of rhe flow line was a umed t be 
equivaJent to the thickness of ehe ore dike drilled by the test weil, because during 
the drilling a worth mentioning percolation occured only within the fractured ore 
dike Hermann. 

In tab. 5.1 the average transmissivities (T) from the hydrattlic tesrs are li red . The 
transmissivity of the ore dike Hermann in ehe central parr of the parallel pit 
(Fig. 5.1) is in ehe order of 5 x 10-6 m2/s up to 1x1Q-4 1112/s. The tran missivities 
calculated for the boreholes BL8, BL9 and BLlO lie relatively lose to each eher 
and differ only in the range of half a magnirnde. The well pair BL8 and BL10 wa 
therefore assumed as an ideal test section for the later tracer experiment . Much !arger 
differences concerning the transmissivity occur toward tbe other te t weil BL 11 
andBL7. 

The vertical orientated borehole profile BL 9- BL10 - BL11 was therefore choosen 
as the second test section for tracer experiments. Wich regard to ehe later strained 
quantitative analyses of the tracer experiment a "mean transmis ivity" of the te t 
section had tobe determined because the transmis ivity detcnnined by hydraulic 
tests in single wells are assumed tobe va]jd only for tbe direct vicinity around ehe 
test well. The "mean transmissivity" of the test ections, however, wa determined 
by involving the hydraulic head relationships of a dipol flow fie1d. According to 
R.J.M. D E WIEST (1965) and D.S. WEBSTER (1970) the "mean transmissivity" of the 
test sections was estimated as 

T "" __Q_ ln _K_ , 
n L1H rw 

where T represents the "mean transmissivity" (m2/s), Q is the discharge-recharge 
rate (m3/s), Xis the distance between the wells, L1H is the difference in hydraulic 
head (m) and rw is the radius of the test we11s. 
Forthe planned main test sections (BL8-BL10, BL9-BL11) this approach yielded 
a "mean transmissivity" of 1.36 x 10-5 m2/s and 2.47 x 10-5 m2/s respectively. 

Tab. 5.1: Test site Lindau: Average transmissivities calculated from single well, hydraulic rech arge 
and discharge tests. 

Borehole Thickness of ore dike Transmissivity 
(m) (m2/s) 

BL7 0.85 1.3 X 10-4 

BL8 1.05 6.5 X 10-6 

BL9 3.07 2.5 X l0-5 

BLlO 2.00 4.7 X JQ-5 

BLll 1.35 5.4 X 10_. 
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5.4. Tracer Tests 

The tracer experimcnts in the central part of the parallel pit were carried out under 
arrificially induced hydraulic gradients to force the imerwell flow fi.eld to teady-
tate conditi ns. The use of different well pairs during different experimenr allowed 

to conduct the rracer experiments over different distance . Generally, two different 
flow-field geometries were realized. The experiments were carried om under radia!­
convergent flow-field condition (monopol tests) and under injection.-witbdrawal 
flow-field conditions (dipol te ts). For the lai:ter an injection-withdrawal weil pair 
was required. The monopol tests, bowcver, required only one di charge wcll. The 
instantaneous pulse injection of the trncer into the cone of hydraulic head depre ion 
was realized by a second well lying within a certain di tance tO tbe discbarge weil . 

5.4.1. Experimental Set-up for Dipol Tests 

Approximately 1,500 1 of groundwater was stored in a 2,0001 steel pre sure 
reservoir to provide water for tbe ubscquent injection. The groundwater was 
extracted from the hydraulically separnted southern part of the ore dil<e which does 
not have any ex hange with the te t section. The pres ure res rvoir was kept und er 
nitrogen gas at 2.5 atm above ambient pre ure to minimize any hydrochemical 
alteration of ehe oxygen unsaturated formation water. The pressure of eher ervoir 
corresponds to the mean hydraulic head of the tested ore dike section. In addition, 
the nitrogen pre ure reduced any pos ible change in ehe pumping rate which rnight 
influence ehe LOterwell flow field. 

In advance of the experiments all borehole of the migrarion test site (BL6, BL7, 
BL8, BL9, BL10, BL11) were equipped with a tbin 12 mm diameter PVC-tubing 
to reduce the residence time in the whole flow line to a minimum. Each PVC-tubing 
ended in an injector of 1" diameter having mall radial outlet . This injector was 
placed at the centre of the ore dike at each te t wel 1. The thin flow line wa mounted 
to the shut-in valves of the stand pipes and was connected to little turbine flow meters 
to continuously control the discharge and recharge rares during the experiments. 
For control purposes of the hydraulic interwell gradient, the standpipes of the test 
wells (2" diameter) were equipped with electronic pressure transducers. 

Before the tracer wa injected, it was stored in a pressure hose having a volume 
of approximately 1 l. This reservoir could be coupled for a short time as a bypass 
imo ehe flow line. Tbe tracer .injection needed generally less than a few minutes and 
thercfore the il1jection of tra er followed a Dirac pulse boundary condition 
sufficiendy weil. 

The dipol tracer tests were carried out generally as an" open dipol" implying that 
a reinjection of the withdrawn water into the test section was avoided. The extracted 
water from the discharge weil was led through an automati.c sampling device 
containing a set of 100 ml gla s bottle for ehe later quantitative analysis in ehe 
laboratory. Wich ehe help ot an additional bypa s a field fluorimeter wa coupled 
into the flow line t optimize d1e length of ehe ampling interval . Finally, ehe 
contaminated water wa led out ofthe experimental site u ing a sewage pipe to avoid 
any contamination of the test area. 

Due to the assumed stagnant water conditions the hydraulic interwell gradient 
in the oredike could beinfluenced byaMOHNO-Pump. This pump has very low 
fluctuations in its pumping rate, while the flow rate depends directly on the number 
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of revolutions per minute. The pumping rate can be changed over a range of 5 up 
to 251/min. Figure 5.4 shows the technical set-up which was used for the dipol tests. 

5.4.2. Experimental Set-up for Monopol Tests 

The technical set-up described above could also be used for the monopol tests 
whicb needed only minor modifications to the technical set-up. For the monopol 
tests the injection of ehe fluore cent d yes was achieved, using the pressure reservoir 
which was kept under a pressme of 4 atm above ambient pressure. 

The water of the reservoir was necessary ro flush the dyes into the formation, 
providing a radial convergenr homogeneous spreading of the tracer cloud around 
rhe il1jection well . The injection of the tracer dyes needed only a few minutes and, 
as rhe injecrion was finisbed, the hut in valves of th injection weil were closed again. 
At the withdrawal weil the discharge rate wa controled continuously with the help 
of a little turbine flow meter. 

The discharge rate was set to a constant value with the help of several valves in 
the flow line. In the same way as described for the dipol tests the hydraulic interwell 
gradient was monitored continuously (Fig. 5.4 ). 

5.4.3. Flow-Field Geometries 

The flow field of a dipol experiment is syrnrnetric and has an equal strength if 
the injection rate (Q) is equal to the withdrawal rate (-Q). The withdrawal well is 
on the x-axis at the distance x = X/2 and the recharge weil is at the distance x = -X/2. 
If the aquifer is confined, infinite in its lateral extension, and is not affected by any 
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IN BYPASS 

DISCHARGE WELL 

UNCON I AMIN AU:D WA fl.Q 

sa/AfiE OISPO~l PlP[ 

Fig. 5.4: Experimental set-up used for the tracer experiments (T HIMMELSBACH, 1991). 
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natural hydraulic gradient the hydraulic head is given by a superposition of the 
THIEM-equation for a sink and source term 

h - Q l (x - X/2)2 + y2 
- 4 7t km n (x + X/2)2 + y2 + C. (5-1) 

Fora very !arge distance the hydraulic head Hi not any langer affecced by the 
injection-withdrawal well pair. Therefore C = H, wbich also implies thath = H for 
x = 0 and y = 0, being the incersection of ehe y-axi wich thex-axis at the ymmetry 
poim. Since the equipotential lines h = constant eq. (5.1) can be rearranged to 
(R.J.M. D E W IEST 1965): 

or 

41tkm = (x -X/2)2 + y2 = C 
e Q (x + X/2)2 + y2 (5.2) 

x2 + y2 - 2 x (X/2) ~ ~ ~ + (X/2)2 = 0. (5.3) 

Equation (5.3) represents a set of circles which have their centre at the coordinates 

[(x/2) 1 + C o] . h d .. 2 (X/2) -{C (5.4) 
1 + C , , w1t ra 11 1 _ C . 

0RECHA RG E WELL SYMMETRY AXIS 8 DI SCHARGE WELL 

EOUIPOTENTIAL 
....-UNE 

Fig. 5. 5: Flow-Jield geometry of a dipol experiment of equal strength and negligible natural hydraulic 
gradient. 
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Since the movement of groundwater is always perpendicular to the equipotential 
line their cemres have tobe on the symmetry axis (Fig. 5.5). Therefore, rhe flow 
parh from an injecrion to a discharge well form arcs of circles i11tersecting both 
the injection a well a the wirhdrawal well. Only in case of a higher withdrawal 
rate as the injection rate, ehe dipol become a yrnmetric. If rhe injection rate i 
negligible in comparison to the withdrawal rare, ehe flow field converges towasd 
a pure radial convergent character. 

Due to the lack of any natural hydraulic gradient a superimposed artificial sym­
metric dipol flow field is not limited in its lateral extension, as it does not have any 
dividing streamline. Accordingly, a water particle which is leaving the injection 
borehole under an angle cpi ( cp E [O ~ 7t ]) enters the withdrawal borehole under the 
same angle cp;. If one rega.rds rwo adjacent srseamlines leaving the injection well tmder 
tbc angle <p1 and <p2 and rakes into account ehe rhjckness of the ore dike (m), a 
streamtube can be detennined representil1g a certail1 portion of ehe total flux between 
injection and wi.thdrawal weil (Fig. 5.6). As flux condenses to an illfinite narrow 
treamtube b tween two streamlines ehe time reguired to fill up such a treamtube 

i a funccion F(<p). The rransir time for a water particle throughour such a treamrube 
i equivalent to the time required for filling up tbe streamtube and can be given 
analytically (D.S. W EBSTER et. al, 1970) 

where 

X = distance between wells, 
Q = pumping rate, 
n1 = fissure porosity, 
m = thickness of aquif er, 
toi = mean transit time of water, 

(5.5) 

for any streamline leaving the injection well under an angle with cp > 0. This term, 
however, is not defined for a streamline connecting the injection and withdrawal 
well directly. For small values of the angle cp the expression in the brackets as well 
as its first derivation trends towards the same limit 

1 
~ 3 for<pi ~ 0. (5.6) 

Therefore eq. (5.5) can be simplified to 

1 n x2 

to1 =3 n1mQ (5.7) 

with t01 being the mean transit time of water following the direct interconnecting 
streamline between the injection and the withdrawal well. 

A combination of eq. (5.5) and (5.7) leads to an expression for the relation of mean 
transit times between any arbitrary streamline and the direct connecting streamline. 
lt can be written as (D.S. WEBSTER et al., 1970, F. HERZOG, 1990) 

t0; = 3 [ 1 - ~; ~tg <p;J . 
t0 1 sm <pi 

(5.8) 
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X = Distance between the 
boreholes 

'P = Angle between a streamline 
leaving or entering one of the 
test boreholes ana x-axis 

r = Radius of a streamline 

Xf 2 

X 

STREAMLINE 

STEAMTUBE 

Fig. 5. 6: The stream tube approach chosen for the evaluation of dipol tracer experiments. 

If tbe relaci n of tran it tim es i p.lotted as a funktion F( <p) it becomes obvious 
that for an angle <p > rt/2 treamline are entering the withdrawal well which have 
been injectcd "backward" in relation t the direct streamline. As the angle rt increases 
the transit time of the "backward" injected streamlines also increases rapidly. The 
1arter must kept .in mind for the practical use, especially when analysing recovery 
rates for d.ipol tracer experiments. 

Assumjng a radial convergem homogenous spreading and dilution of the tracer 
cloud around th injection well, it becomes obvious that for a certain time after the 
pulse injection of the tracer only a certain recovery rate can be observed, because 
only a disci.i.1ct portion of streamJine. will reach the withdrawal borehole at this time. 
Under pracrjcal field onditions, using an injection-withdrawal set-up of equal 
strength, recoveries close to 100% are impossible, rather lying in the range of 60 
up to 75%. Under the additional assumption that the movement of the tracer cloud 
only occurs along opened fractures being parallel to the ore dike section, eq. (5.7) 
can be rearranged 

3 Q t 01 
n1m = rtX2 ' (5.9) 
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describing ehe "effective thickness" of the tested ore dike section. This "effective 
ütickne s" (nrm) of the aqLiifer is suppo.>ed tobe equivalent to the integration of 
all fracture apertures wbich are parallel to the x-axis and represent the mobile flux 
of tbe system. Under the as umption that all flux contributing fissures intersect both 
thc test wells, the mean re idence time ,f water in a streamtube can now be used 
to derive a first estimation about the fissure aperture. 

Knowing very well rhat flow processes in the ore dike are somewhat far beyond 
ehe previously assumed homogenous conditions like in a porous aquifer, the transit 
times for arbitrary streamline can also be written as a function F(n) by using a 
discontinuum approach and involving POISEUILLE's law (K.S. NovAKOWSKI et 
al. 1985). The di continuum approach means that the fluid movement occurs only 
along fractures representing ehe mobile water content of the ore dike. The matrix, 
however, is thought to represent the immobile water phase which can only be affected 
by proces es of matrix diffusion. For ehe injection-withdrawal set-up eq. (5.5) can 
be rearranged to the form 

toi = X2
12v l (X) [1-<pictg<pi] (5.lO) 

L1H (2b)2 g n rw sin2 <pi ' 

where 

g = gravity acceleration, 
v = dynamic viscosity, 
L1H = difference of hydraulic head between wells, 
X = distance between wells. 

Accordingly the transit time for the shortest flow path can also be rearranged 
to 

1 X2 12v X 
to1 = 3 L1H (2b)2 g ln ~. (5.11) 

Rearrangement of eq. (5.11) leads to an estimation of the fracture aperture 2b 
representing the effective hydraulic aperture and has the form 

2b = ~l X
212

v In~. (5.12) 
3 öH t01 g rw 

The use of eq. (5.12) for the estimation of fracture aperture has the principle 
advantage that the thickness of the ore dike (m), which is surrounded by some 
uncertainities, is no longer involved in the calculation of the fracture aperture. 

5.5. Experiments 

5.5.1. Injection-Withdrawal Flow (Dipol Tests) 

Due to ehe results of the preliminary hydraulic tests ehe first tracer tests were 
restricted to sections of the ore dike Hermann supplying a u.fficient hydraulic contact 
between ehe injection and withdrawal wells. The previous hydraulic interference 
tests had indicared, that the test wells wichin rhesc section might be interconnected 
by a discrete set of parallel fraccures. 

Accorcüng to this assumption tbe dipol experimem I was carried out berween 
rwo wells lying withjn a horizontal distance of 11.2 m to each other. For the injection 
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and the withdrawal of water two horizontal wells were used which intersect the 
ore dike Hermann completely (BL8 -BL10). The well BL8 was used as injection 
well (2 g EOSIN) and the well BL 10 was used as withdrawal and observation well. 
During the experiment, which was carried out as an" open dipol" of equal strength, 
a constant flow rate of 1.26 x 10-4 m3/s could be realized. In contrast to the first 
dipol experiment the dipol experiment III was carried out between two wells lying 
within a vertical distance of approximately 16.2 m to each other (BL 11-BL9). The 
45° upward inclined well BL11 was chosen as the injection well (2 g PYRANIN). 
The well BL9, which is 45° downward declined was used as the observation well. 

imilar to the fir t experiments thi. dipol test was carried out as an "open dipol" 
of equal strength, having a constant flow rate of 1.1 x 10-4 m3 / s. 

Duri11g the dipol experiments I and III first traces of the fluorescent dyes could 
be observed within approximately 35 minutes after the injection of the tracer. In 
both cases the peak ot the measured tracer concentration was reached within only 
one hour, having a sharp and weil defined maximum. The measured tracer concen­
tration decreased subsequently very fast and changed within a further three hours 
into a long tailing effect. During botl1 experiments the measured concentrations 
decrea ed wirbin less tban eight hours to a level lying below 5% of the b erved 
pea~ c ncencration. A lthough ehe dipol experiments lasted generaUy about 12 hom 
a still. existing tracer concenrrarion of approximately 3% ot tbe peak c ncentration 
could be ob erved ac the end of ehe experiments. Due to this tailing effect traces f 
fluorescent dyes could be even ob. erved more than six week afcer ehe experimenr , 
although the wells had been pened to a free outflow to flush the dye out of the 
tested ore dike section. 

The re ults of the dip 1 experiments I and III are shown in fig. 5.11 ( chap. 5.8 .). 
The experimental daca are depicted a triangle symbols for the observed tracer 
conccntrations and rectangular syinbols for the observed relative recovery. The be t 
fit for ehe experimental data obrained wirb ehe help of the Single Fissure Dispersion 
Model (SFDM, s. chap. 5.6.) i depicted as solid lines. Fora better compari on ehe 
measured tracer concemrations are nonnalized to the injected ma s of tracer, whi le 
the relative recovery is the ratio between the injected mass and the inregration over 
the breakthrough curve (eq. 5.34). 

5.5.2. Radial Convergent Flow (Monopol Tests) 

In contra t to rhe dipol experiments the monopol experiments were conducted 
under radial convergent flow condition . The injection of the fluorescent dyes was 
carried out a a hort Dirac pul e respectively. During each experiment the observa­
rion weil was opened eo a con tant flow rate to force the interwell flow field to steady­
sta te conditions. 

The monopol experiment I was carried out between the same wells which were 
already used for the dipol experiment I (BL8 - BLlO). The well BL8 was used as 
the injection well for the fluorescent dyes (2 g PYRANIN) and the well BL10 was 
used as the withdrawal and observation well (Fig. 5.1). During the experiment a 
constant flow rate of 0.98 x 10-4 m3/s could be realized. The monopol experiment 
IV was carried out over the same vertical orientated distance which was already used 
forthe dipol experimentITI (BL9-BL11). The 45° upward inclined well BLl 1 was 
used a injeccio.n weil (2 g URANIN) and the 45° downward declined well BL9 
was used as withdrawal well (Fig. 5.l ). Similar to the first monopol experiment a 
constant flow rate of 1.27 x l Q-4 m)/ was achieved. 
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During the monopol experiments I and IV wbicb la ted about 20 hours first traces 
of the fluorescent dyes could be mea ured within 67 minutes (Monopol 1) and 30 
minutes (Monopol IV) after the injection. The breakthrough curves of tbe tracer 
experimenc showed a weU defined maximum of tracer concentration which was 
reached within 155 miaute (Monopol I) and 75 minute (Monopol IV). As already 
observed during the dipol experiments the breakthrough curves changed subse­
quently into a Jong tailing effect of slowly decreasing tracer concentrations. Although 
the ob ervation wells were opened to a free outflow at the end of the experiment 
eo flush the test sections a remaining tracer concentration could be even mea ured 
more than eight weeks after the experiments. 

The following monopol experiment V was carried out over twice the horizontal 
distance as used for the monopol experiment l. The well BL10 was chosen again 
as observation well and was opened to a constant discharge rate of 1.27 x 10--4 m3/s. 
The tracer (10 g PYRANIN) was injected into the well BL7 which is located within 
a horizontal distance of 21.4 m from the observation well BL10 (Fig. 5.1). The 
preliminary hydraulic interference tests had indicated a reduced hydraulic contact 
between these test wells. Accordingly the experiment lasted more than 300 hours 
and the first traces of PYRANIN could be observed not before 8.5 hours. The peak 
of the breakthrough curve was three decades below the observed maximum 
concentration of ehe other monopol experimencs and it was reached not before 42 
hours after ehe injection of thePYRANIN. In addition, the relativ tracer recovery 
reached on ly 0.3% whi bis very poor in comparison to the recovery rate derived 
from the other rnonopol tests. Hence, ehe assumption of a radial convergent flow 
field is rather unlikely, becau e ehe test wells (BL7 - BLl 0) obviously did not inter ect 
the same set of parallel fractures. 

The last tracer experiment, the monopol experiment VI, wa carried out as a 
combined one, to evaluare ehe diffusion coefficient of the PYRANIN ( . also chap. 
5.8.). lt was conducted over the ame distance as already u ed for the monopol 
experimentl (BL8-BL10) and the discharge rate at the ob ervation weU BLlOwas 
set to 0.96 x lQ--4 rn3/. As tracers 2 g PYRANIN and 300 g D 20 (DEUTERIUM 
99.9%) were in.jected. The breakthrough of the tracers occured within nearly the 
same time as observed during the monopol experiment I becau e the discharge rate 
at the observation weil BLl 0 was quite imilar to tbe first monopol experiment. 
A to be expected, the peak concentration of the DEUTERIUM and the PYRANIN 
occured at the same time, but the slight different sbape of the breakthrough curves 
of ehe PYRANIN and the DEUTERIUM is due to a different diffusion coefficient 
of the tracers (Fig. 5.10). 

5.6. Mathematical Modelling of Tracer Transport in Fissured Aquifers 

5.6.1. Introduction 

Tracer tran port in fissured rocks bas attracted a lot of attention because hard 
rocks were con idered in everal countries as the best place for radioactive waste 
dispo al. Thehard rocks due to their low permeabilities some orders of magnitude 
smaller than those usually observed in porous media, were assumed to be nearly 
impermeable. A possible migrati.on of pollutants by diffu ion from a depository 
was not expected tobe a seriou menace eo groundwater resources. First experimental 
and theoretical work of G.E. GRJSAK &J.F. PICKENS (1980, 1981), G.E. GRISAK et 
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al. (1980), and E. GLUECKAUF (1981) have shown that pollutants which may flow 
quickJy through interconnected fissures are delayed by diffusion into a microporous 
matrix. Since the earliest works on flow in fissured rocks themain problem has been 
how to deal with a very strong ani otropy of hard rocks. Fissures have different 
apertures and pacing , and are oriented in different directions and intersect one 
another D.T. S ow (1969, 1970). Due to these facts the solute transport is treated 
as eicher rhe transport in sy tem having different di tributions of fis ure spacing 
and aperture (!. N EREl' lEK , 1981, A. R.A MUSON, 1985, Y.W. TsA G & C.F T Ai G, 
1987, Y.W. TSANG et al., 1988, and L. MORENO et aL., 1988), or the convective-disper­
sive flow through a very simple fissure systern wich molecular diffusion into tbe 
stagnantwater in tbemicropores of the matrix (D. H. TANG et aJ „ 1981, E.A. SUD! CKY & 
E.0. FRIND, 1982, P. MALOSZEWSKl & A. Z UBER, 1984, 1985, 1989, 1990). In the 
present work the latter approach is taken. However, whichever approach is taken, 
ehe mathematical model of the tracer tran port is o complicated chat the inverse 
problem cannot be easily solved. The inverse problem is understood here as finding 
ehe flow and/or rock parameters from tracer experirnents. In such a case the 
mathematical model has tobe a simple as possible with reduced number of fitting 
parameters but at rhe same time it should yield tbe proper values of the transport 
paramecers needed for the prediction of the po!Jutant movement. 

5.6.2. Mathematical Model 

The mathematicaJ model developed by E .A. SUDICKY & E.0. FRI D (1982) is 
followed here. The fissured aquifer is approximated by the system of parallel fissures 
having the ame apemire and being equally spaced in a porous matrix (Fig. 5.7). 

X 

MICROPOROUS MATRIX 
[IMMOBILE WATER] 

CONVECTIVE TRANSPORT 
FISSURES WITH DISPERSION 
[MOBILE WATER l 

Fig. 5. 7: Salute transport processes w ithin a system of parallel fractures ( conceptual model). 
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The tracer is i.njected into the water entering the fi sur s and is tran ported along 
the fissures by groundwater flow. The microporous matrix is a umed to be 
impermeable. The tracer di tribution across the fi sure widrh is assumed to be 
constant due to a sufficient transverse dispersion and diffusion. The rnovement of 
the tracer .in rhe porous matrix is governed by molecular diffusion. For such 
assumptions the transport equation for a conservative tracer are as follows: 

°Cr + voCr _ D 
02 C1 ~ ClCJ =0 forOsysb (5.13) 

dt dX dX2 b Oy 1 y = b 

acr _ 0 a2ce = 0 ac r ay2 forbsysL/2 (5.14) 

where C1 and CP are the tracer concentration u1 water in the fissure andin the mauix, 
re peccively v is the mean water velociry in the .fissu res, x is spatial coordinate take11 
in ehe direction of flow, y is ehe spatial coordinate perpendicular to the fi sure 
exten ion, Dis dispersion coefficient iu the fis ures, 2b is fi sure aperture, t is time 
variable nv is matrix poro ity, D„ i the molecular diffu ion coefficient in the porou 
rnatrix, and L is ehe fis ure pacing. 

Equation (5.13) describes dispersive-convective tracer transport in fi sures and 
eqatioo (5.14) the diffusive cransportin ehe marrix in the direction perpendicular 
to thefis ures. The analytical solurion of the eq. (5.13) and (5.14) for the conrinnous 
injection was given by E.A. SUDICKY & E. . FRI D (1982), wherea for instantaneous 
iojec ion by P. MALO ZEWSK1 & A. ZLIBER (1984). Tbe solution for insta11taneous 
injection i callcd by P. MA L SZEWSKl & A. ZUBER (1985) as the Parallel Fi ure 
Dispersion Model (PFDM). That model consi ts of ix phy ical parameters: v, D, 
2b, L, n P and J?p• which can be combined mto four nondi posablc fitting (model) 
p~rameter . P. MAL ZEW Kt & A. ZUBER (1985) have hown that in sho.rt-term tracer 
experime.nrs the tracer flow rhrough the ystem of paraUe.l fi ures can be approxi­
mated wirb a sufficient accuracy by the tran port through a ingle fi ure in infinitely 
extended matrix (mathematically it means: L "" oo). Thi implie that, if ehe mean 
transit time of water i sufficiently hart (up to a few weck ), the tracer ha no time 
to diffuse into the marrix deep enough to be affected by adjacent fiss1.1re . Thi 
ondition is sati fied in most practical ca es in tracer tests performed at small time 

and space scales. Then, tbe initial and b undary conditions arc as f llow : 

Cr(x,O) = 0, (5 .15.1) 
Ci(O,t) = M/Q 8(t), (5 .15.2) 
C1( oo,t) = 0, (5.15.3) 
Cr(y,x,O) = 0, (5 .15.4) 
Cp(b,x,r) = C1(x,t), (5.15 .5) 
Cp(oo X t) = 0, (5.15.6) 

where Mi rhe mas of tracer in tantaneously injected, Q is the volumetric flow rate 
through the system and 8(r) is the Dirac delta function. The solution to (5.13) and 
(5 .14) wich the above given boundary and initial c nditions, describing the tracer 
concentration as a function of time for a given di tance ( ) wa given by 
P. MAL SZE KI & A. ZUBER (1985, l 990). lt reads a follows: 

t 

aM _ rr;-:- J [ Pe(t0 - u)2 

C1(t) = 21tQ 'I Pet0 exp - 4 uto 
0 

(5.16) 
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with 

t0 =X/vor V/Q, 

Pe =vX/D, 

a = nP '1D/(2b), 

(5.17) 

(5.18) 

(5.19) 

where Xis the distance between injection and detection wells V is ehe the mobile 
watcr volume in ehe ystem, Pe is tbe Peclet oumber, t0 is the mean transit time of 
water and a is the diffosion parameter. The solution (5.16) is called the Single Fissure 
Dispersion Model (SFDM). The solution for a continuou injection was given by 
D.H. TANG et al. (1981). 

5.6.3. Model Parameters 

The SFDM model has tbree nondisposable (fitting) parameters: a, t0 and Pe , 
defined by eq. (5.17) to (5.19). They are rhe combination of five physical parameters 
v, D, 2b, nP and DP. In the calibracing procedure (fitring of olution (5.16) to the 
tracer conccntration mea ured) the th.ree model pararneters cao be relatively easily 
found. If the matrix porosity, nP, and diffusion coefficient in the water in ehe matrix, 
D P, are known from separate laboratory experimem on core samples, tbe fissure 
aperture, 2b, is direcdy found from eq. (5.19). 

5.7. Determining of Model Parameters 

5.7.1. Natural Flow Conditions 

The volumetric flow rate through the system of fissures is equal to: 

Q =nfvS, (5.20) 

where S is the cross-section area perpendicular to the flow and I1f is the fissure porosity 
defined for the system of parallel fissures as: 

11f::: 2b/L. (5.21) 

In most cases the cross-section area remains unknown and Q has to be eliminated 
from eq. (5.16). To overcome this difficulty the tracer breakthrougb curve has to 
be normalized to the maximum concentration Cmax measured in time t = tmax· The 
same has tobe done with the theoretical output concentration, Cf(t). Then, instead 
of eq. (5.16), for the calibration of tbe SFDM model the following function is used: 

Je [ Pe(t0 - u)2 a2u2 J du 
exp 4ut0 t-u [u(t-u)3] 112 

0 
F(t) = C1(t) = 

Cmax 
(5.22) 

f exp [ 
Pe(t0 - u)2 a2u2 J du 

4ut0 t-u [u(t-u)3] 112 

0 

If the distance X between injection and detection wells is known the mean water 
velocity v and longitudinal dispersivity a 1 can be estimated from the fitting 
parameters t0 and Pe by using eq. (5.17) and (5.18): 
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v = Xlt0, 

aL = X/Pe. 

(5.23) 

(5.24) 

As mentioned, the a-parameter can be used for determining the fissure aperture 
when the matrix porosity and the difusion coefficient of tracer in porous matrix 
areknown: 

2b=nr~/a. 

5.7.2. Radial Convergent Flow (Monopol Test) 

(5.25) 

If tracer experiment is performed together with pumping test, i.e. in the case of 
radial convergent flow, the volumetric flow rate through the system, Q, is equal to 
~he pumping rate. Then, from eq. (5.17), the volume of the mobile water in the system 
1s: 

V= Q t 0• (5.26) 

If the volume of depression cone is negligible in the comparison with the volume 
of water in the investigated part of the system i.e., water in cylinder of radius X and 
height m (thickness of the aquifer), the fissure porosity n1 can be calculated as follows 
(A. ZUBER, 1974): 

n1 = Q t/(nmX2). (5.27) 

As the hydraulic conductivity, k, is also known from the pumping test, the fissure 
aperture may be estimated. Fora system of tortuous fissures of the same aperture 
one obtains (A. ZUBER, 1974): 

2b = 4.29 X 10-6 't1 (k/n1)112, (5.28) 

where 2b is expressed in meters and k in meters per day. 't1 is the tortuosity factor 
for fissures ("" 1.5). Finally, if the molecular diffusion coefficient of a tracer in the 
free water, Dm, is known and the constrictivity factor is equal to one, the matrix 
porosity, nr, can be found by combining the formula for Dr (I. NERETNIEKS, 1980) 
with eq. (5.19) (P. MALOSZEWSKI & A.ZUBER, 1990): 

n = [(2ba)2 't /D ]1 12 
p p m ' 

(5.29) 

where 'tr is the tortuosity factor for the matrix ("" 1.5). Equation (5.29) is well suited 
for carbonate rocks where the constrictivity factor is probably equal to one for the 
majority of typical tracers. For magmatic rocks of low matrix porosity the constrictiv­
ity factor is smaller than 1 (K. SKAGIUS & l. NERETNIEKS, 1986) and then eq. (5.29) 
is not applicable. 

5.7.3. lnjection-Withdrawal Flow (Dipol Tests) 

In some practical situations it is not possible to perform a tracer test in the 
convergent radial flow (monopol test) due to a high hydraulic water pressure. Some 
authors like K. NovAKOWSKI et al. (1985) or K.G. RAVEN et al. (1988) proposed to 
use in such a situation injection-withdrawal tracer test. The steady-state groundwater 
flow is induced by injection-withdrawal pair of wells. If the volumetric flow rates 
in the injection and withdrawal wells are the same, the natural gradient between 
wells is neglegible, and the groundwater system is homogeneous and isotropic, the 
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screamJines are in form of a symmetrical dipol (s. fig. 5.5 in chap. 5.4.2.). The tracer 
is injected into the recharging welJ and its concentration is observed in the withdrawal 
weil. The water from ehe pumping weil i not reiojected into recharging well (so 
called "open dipol te t"). A suming rhat there is no exchange of tracer between the 
streamlines thc unidimen ional tracer tran port can be considered for each streamline 
(stream tube) separately as dcscribed by eq. (5.16). Itshould be menti oed rhat thc 
watervelocities vary spatially in the vicinity of the wclJ . Therefore, ehe unidimen­
sional transport mode1 described by eq. (5.16) approximates ehe natural flow 
condition with the average constant velociry in eacb stream tube. The output 
oncentrarion C1(t) observed in the pumping well is the weighted sum f ehe stream 

tube flow : 

(5.30) 

where Q is the pumping rate, qi and C1i(t) are the partial volumetric flow rate and 
the output concentration from the i-th stream tube, respectively, and 2N is the 
number of all stream tubes. One may assume, that partial volumetric flow rates, 
qi, are the same 

q; = Q/(2N). (5.31) 

Taking into account the symmetry of the hydrodynamic field the weighted output 
concentration of tracer is 

(5.32) 

Assuming, according to A. ZUBER (1974), that the mass of tracer transported in 
the each stream tube M; is proportional to partial volumetric flow rate q;: 

M/qi=M/Q (5.33) 

and that the dispersivity aL is constant and the same for all the stream tubes, the 
output concentration from the i-th stream tube, Cfi(t), is equal to: 

t 

aM f [ Pe(t - u)
2 

a
2
u

2 J Cr(t) = --~ exp _ 'o, __ _ 
1 2nQ 1 

' 4ut0; t-u 
0 

du 
(5.34) [u(t-u)3]112 , 

where toi and Pei are the mean transit time of water and Peclet number through the 
i-th stream tube, respectively, which according to D.B. GROVE & W.A. BEETEM (1971) 
are then equal to: 

_ nBX2 1 - <pi cotcpi 
to; -

Q sin2<p; 

X <p Pe; = - -.-1
- , 

<X.L Slll<p; 

where <p; varies positively from 0 to n: 

<p; = n(i-1)/N with i = 2, N. 

(5.35) 

(5.36) 

(5.37) 

The stream tube connecting both wells rectilinearly wich the shortest way (for 
i = 1, <p 1 = 0) has the mean transit time and ehe Peclet number equa1 to: 
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(5.38) 

(5.39) 

B is equal to the fissure aperture for a tracer experiment performed in a single fracture 

B=2b, 

whereas for a densely fissured system 

B=n1m. 

(5.40) 

(5.41) 

The calibration of tl1e model, eq. (5.32) with (5.34), is possible only numerically 
for an assumed number f stream mbes, 2N. K. N VAJ<OW Kl et al. (1985) have 
shown that acceptable resuJts of calculation can be obtained using only 48 stream 
rubes. In the present work 120 tream tubes (N = 60) were taken. The fitting 
parameters of the model for dipol tracer test are t01 (eq. 5.38) Pe1 (eq. 5.39) and 
diffosion parameter a (eq. 5.19). From the t0 1 parametcr one can easily find B by 
maki11g use of eq. (5 .38) for the known distance X, and pumping rate, Q. Con e­
quently, for a single fracture the B factor i direcdy equal to the fissure aperrure, 
2b, whereas for a densely fis ured ystem by combining eq . (5.38) and (5.41) ehe 
fi sure porosity, nr. is obtained: 

(5.42) 

In that latter case the mean fissure aperture 2b and the matrix porosity nr may 
be calculated identically as it was described for the monopol tracer test. 

5.8. Results of Model Calculation 

The SFDM model described by eq. (5.16) was derived for unidimensional flow, 
whereas the model is also used to interpret the data in convergent-radial flow 
(monopol test) and symmetrical dipol flow which becomes radial in the vicinities 
of injection and withdrawal wells. 

However, A. LENDA & A. ZUBER ( 1970), A. ZUBER ( 197 4) and P. MALOSZEWSKI & 
A. ZUBER (1985, 1990) and many others have shown that this approximation works 
properly yielding the average parameters for the distance X between the injection 
and detection wells. 

The monopol or dipol radial flows are especially suitable for tracer experiment 
because they allow the inclusion of the concept of the tracer mass recovery. The 
mass recovery curve or the relative mass recovery curve as a Function of time can 
be included in the fitting procedure, which improves rhe model calibracion (D. K LOTZ 
et al., 1988, P. MALOSZEWSKI & A. ZUBER, 1990). The relative tracer recovery RR(t) 
is defined as follows: 

l 

RR(t) = Q f C1(t) dt/M (5.43) 
0 

and is calculated from either the tracer experimental tracer curve or theoretical one 
(eq. (5.16) for the monopol test or eq. (5.32) for the dipol test). 
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5.8.1. Tracer Experiment in Natural Flow Conditions 

This experiment is described in chap. 4.The best fit curve, shown in fig. 4.3, was ob­
tained with the followingparameters: t0 = 35 days, Pe = 33 and a = 0.41x10-3 s-112• 

Tbe distance between injection and detection points is X= 346 m which yields from 
eq. (5 .23) and (5 .24) the mean water velocity of 9.9 m/d and the longitudinal 
disper ivity of 10.4 m. Any additional interpretation may be questionable because 
no data about fi sure aperture or matrix porosity exist. Assuming that the fi sure 
aperture is abom 360 µm (from the hydraulic tests in the gallery) and that the 
coefficient of molecular diffosion fortheEo ineis equal to thatof Uraain , i.e. Dm 
= 4.5 x 10-10 m2/s (K. SKAGIUS & I. NERETNIEK , 1986), ehe mean matrix porosity 
nP = 0.9% can be estimated by applying eq . (5.29) with 'tP = 1.5. 

The tracer experiment performed between wells BL7 and BL10 which had been 
iotended as a monopol test (X= 21.4 m and Q = 0.1271/s) was similarly interpreted, 
which is of comse highly questionable. The relative tracer recovery obtained after 
300 hours of pumping (10 times longer than the time in which the maximal con­
centration appeared) reached only 0.3%. lt means that the pumping of the water 
from the sy tem did not produce the radial convergent flow between both wells. 
The wells were too remote for the pumping rate used, or, they were not in the ame 
fracrure zone, or, what is rnore probable, another fracture zone exists which intercepts 
theflow field between the both wells. The bestfit curve (Fig. 5.8)was obtained wich 
t0 = 20 hours, Pe = 20 and a = 4.17 x 10-3 s-112• The mean wat r velocity obtained in 
that case was 25.7 m/d and the longitudinal dispersivity 1.1 m. The matrix porosity 
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Fig. 5.8: Results of the monopol tracer test V in the central part of the parallel pit (considered as 
a flow in "natural conditions "). Triangle - tracer concentration. 
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of 5.2% was estimated by assuming fissure aperture and the tortuosity factor for 
the porous matrix the same as before and by taking the coefficient of molecular 
diffusion for Pyranine as equal to 1.3 x 10-9 m2/s (s. next chap.). 

5.8.2. Radial Convergent Flow 

The tracer monopol tests performed with the radial convergent flow are described 
in details in chap. 5.4. 

Monopol test IV was performed between wells BL11 and BL 9 for the distance 
of 16.2 m with the pumping rate of 0.127 l/s. The calibration of the SFDM was 
obtained for to = 1.25 hottr, Pe = 13.3 and a = 5.66 X 10-3 s-112 in simultaneous fitting 
of the tracer concentration and recovery curves (s. fig. 5. 9 a). For the known mean 
thickne of tbe warer bearing layer of 2.15 m, the fisSllre porosity was calculared 
from eq. (5.27) to bc 0.05%. The hydraulic conductivity of 1.1x10-s m/ (0.95 m/d) 
found from the hydrau lic test {transmissivity, T == 2.47 x 10-s m2/s) yield (eq. 5.28) 
tbe mean fissui-e aperture of 280 µm. By using eq. (5.21) the mean fissure pacing 
of 0.56 m can be esrimated from the 2b and n1values . lt mean that form= 2.15 rn 
the water bearing layer between these two wells con its of three or four parallel 
fissures. FinaHy, the relatively high matrix porosity of 9.3% is esrimated from 
eq. (5.29) for as urned D01 = 4.5 x 10- 10 m2/s (Uranine). If ehe molecular diffusion 
coefficiem for Uranjne in this formation is greater, the matrix porosity calculated 
is smaller. 

An intcresting mo11opol test wa performed rwo times between wells BL8 and 
BLlO for a di tancc of 11.2 m. Li the first experiment (monopol test I wjth Q = 0.098 
l/ ) Pyranine was applied (Fig. 5.9 b), whereas in the second experiment (monopol 
te~t VI with Q =. 0.096 l/s) Pyrani~1e a1~d Deuterium were injected imu ltaneou. ly 
(F1g. 5.'JO aandFig. 5.10 b). Thecabbraaon of the FDM was performedfor Pyramne 
using sirnultaneously tracer concentration and recovery curve . In b th experi ments 
it was not possible to fit both concentrations and recoverie without the additional 
assumption tbat tbe part of tracer (Pyranine) was lost. In monopol test I it was about 
15% whereas in monopol test VI about 10%. The fitting parameters obtained for 
Pyranine were nearly tbe same in botb exgeriment (t0 = 1.58 and 1.62 hour~, Pe = 
33 and 50, a = 11 .6 x -io-3 and 10.3 x 10-3 s-1 2 for monopol tesr I and VI, respectwely). 
The be. tfitcurve for Pyranine are shown in fig. 5.9 b and 5.10 a. Thefissure porosity 
calculatcd for the aquifer thickne of 1.53 m was in both cases the same and equal 
to about0.1 %. SimiJru·ly; the mean fi sureaperture calculated for k = 0.89x10-5 m/s 
(found for the injection weil from the hydraulic tests) was nearly the same (184 µm). 
The matrix porosities calculated for D ni = 1.3 x 10-9 m2/s and 'tP = 1.5 were 
insignificantly different (7.3% and 6.5%, respectively). The mean fi. sure spacing 
of 19.8 cm wa obtained from the 2b and n1values. This fis ure spacingyield about 
six parallel fissures for ehe ob erved thickness of fractured zone, wl1ich poorly agrces 
with rhree fi sures bserved visually n the drill core. 

The modelling of Deuterium was only possible for the tracer concentration curve 
normalized to the maximum concenrration (s. fig. 5.10 b). The main problcm which 
appeared was tbat the maximal concentration measured (abo ut 200 ppm) was only 
30% higher than the natural background concentration (about 150 ppm). This low 
signal probably caused a large part of the tracer curve to be undetectablc. In other 
words, tbe mass of tracer injected was approximately 10 times too small. However, 
ehe fitting parameters obtained t0 =1.52 h ur and Pe = 50 agree very well with those 
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found for Pyrani.ne. The diffusion parameter, a = 14.2x1 O-' s-112
, found for Deuterium 

is about 1.4 times greater than rhat found for Pyranine in the same experiment. 
Equatio.n (5.19) how that the ratio of a2 for both tracer i equal eo the ratio of 
molecular diffusion coefficient of both tracers. ln rhis way ( . P. MA o ZEWSKl & 
A. ZUBER, 1989), rhe molecular diffusion coefficient for Pyranine could be easily 
estimated from the known moJecular diffusion coefficient for Deuterium, i.e. 
D ,,, = 2.5 x 10-9/ (1.4)2 = 1.3 x 10-9 m2/s . Th.is value was used ro interpret all the 
experiments pcrformed with Pyrani11e in tbis tudy. The resulrs of modelling of the 
monopol tracer experiments are summarized in tab. 5.2. 

Tab. 5.2: Results of the monopol tracer experiments. 

Experiment Distance Mean thickness Transit time Matrix porosity 
X of the ore dike to n (Tracer) [m] [m] [hr] [-J 

Monopol I 
BL8-BL10 11.2 1.53 1.58 0.073 
(PYRANIN) 

Monopol IV 
BL11-BL9 16.2 2.15 1.25 0.093 
(URAN IN) 

Monopol V 
BL7-BL10 21.4 1.30 20.0 0.052 
(PYRANIN) 

Monopol VI 
BL8-BL10 11.2 1.35 1.62 0.065 
(PYRANIN) 

Monopol VI 
BL8-BL10 11.2 1.35 1.52 0.065 
(D20) 

5.8.3. lnjection-Withdrawal Flow 

The tracer experimenrs in injection-withdrawal flow fields are described in details 
in chap. 5.4. These te ts were performed between two different pairs of wells 
(BLS - BLJ 0 for dipol test I and BL 9 -BL11 for dipol test III), i.e. between wells 
where rhe monopol tracer tests (monopol test I, VI and IV) were clone but with 

ther tracers. 
Dipol test I was performed using Eosine with the pumping rate of 0.1271/s. The 

distance between the wells was 11.2 m. The best fits obtained for tracer concentration 
and relative recovery curves are hown in fig. 5.11 a. The parameters obtained were: 

1 = 0.6 hour, P e1 = 67 and a = 11 x 1 O--J -112• 

The fissure p rosity of 0.29% (eq. 5.42) and the fissure aperture of 105 µm 
(eg. 5.28) obtained were similar to those found from the monopol tests. However 
the fissure paci.ng of 4.3 cm found wa ncarly five times smaller. The matrix porosity 
of 6.6%, cal.culatcd assuming the diffosion coefficient for Eosine to be the same 
a for Uranine, agrees weil with tbe 6.5% and 7.3% found in monopol tests VI 
and l. 
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Fig. 5.11: a) Results of the dipol tracer test I ( above) in the central part of the parallel pit. 
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Dipol test III was performed between the wells BL9 and BLl 1(X=16.2 m) for 
the flow rate of 0.111/s. The tracerused was Pyranine. The best fit (Fig. 5.11 b) was 
obtained for both the tracer concentration and relative recovery curves. The fitting 
parameters were: t01 = 0.7 hour, Pe = 67 and a = 4. 91x10-3 s-112

• The calculated fissure 
porosity and aperture (nr = 0.05 % and 2b = 280 µm) were exactly the same as in 
monopol test IV. The matrix porosity of 4.8%, calculated taking Dm for Pyranine 
as above, was smaller and more realistic than in the monopol test with U ranine. The 
results of modelling of the dipol tracer experiments are listed in tab. 5.3. 

Tab. 5.3: Results of the dipol tracer experiments. 

Experiment Distance Mean thickness Transit time Matrix porosity 

(Tracer) X of the ore dike to1 nP 
[m] [m] [hr] [-] 

Dipol I 
BL8-BL10 11.2 2.15 0.70 0.066 
(EOSIN) 

Dipol III 
BL9-BL11 16.2 1.30 0.60 0.048 
(PYRANIN) 

Table 5.4 shows the calculated fissure apertures which were evaluated from the 
results of the dipol experiment by applying eq . (5.26). These calculations depend 
on the hydraulic conductivity, k, which has tobe known and upon rhe fissure porosity 
which has tobe evaluated with the 1 elp of the meaL1 re idence time. The applicarion 
of eq. (5.12), however, dependingupon the measured diffe1·ences in hydraulic head 
and upon the meanresidence time, yields also a quite <TOOd evaluation of the fissure 
aperture. If one compare the values based u pon the different approaches, it is obvious 
that the difference are negligible. 

Tab. 5.4: Fissure apertures calculated from the results of the dipol tracer experiments. 

Hydraulic parameters Calculated parameters from tracer experiments 

Experiment Distance Difference of Transit time Fissure aperture fissure aperture 
X hydraulic head to1 2b ( eq. 5.12) 2b (eq. 5.28) 

[m] [m] [hi:] [µm] [µm] 

Dipol I 11.2 20.83 0.70 88 105 (BL8 - BL10) 

Dipol III 16.2 6.64 0.60 250 280 (BL9-BL10) 

6. Conclusions (T. HIMMELSBACH, H. HöTZL, P. MALOSZEWSKI) 

The fissured aquifer under investigation at the test site Lindau is divided into two 
vertical parts which seems to have only minor interchange between each other. The 
uppermost part of the aquifer, which does not extend towards depths of more than 
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30 m below the ground surface, is characterized by mean residence times of 
approximately two year or less. lt is affected by a fast infiltration of precipitation 
causing rapid changes in the di:;charge of springs and small rivulets as well as strong 
fluctuations of the groundwater level in the test site. 

The underlying lower part of the aquifer is characterized by mean residence times 
rather lying in the range of five years or more. In boreholes which are located at 
aquifer parts lying far away from the hydraulic influence of the observation tunnel 
Lindau a significant increase of the 3H-content in the vertical borehole profil can 
be observed. This increase occurs in several profiles in which the 3H-changes take 
place within a depth intervall of approximately 10 m. The observed stratification 
is assumed to be relatively stable unless it is not disturbed by artificial hydraulic 
influences. In the direct vicinity of the observation tunnel Lindau, however, this 
stratification is disturbed due to its permanent leackage effects. The tunnel causes 
a permanent drainage of the fissured aquifer. Due to a fissure porosity of the main 
fault and fracture zone of the ore dike Hermann lying in the range of 0.1 % up to 
0.5% this permanent leackage may be responsible for the observed scattering of 
the 3H-values in some tunnel waters. Due to this scattering of the 3H-content, it is 
assumed that a breakthrough of a young water component likely at high groundwater 
stages occur down to the tunnel level. Hence, the water samples of the observation 
tunnel must represent a mixture of at least two age related components, although 
the relation between this components can not be quantified at the present stage of 
investigation. To derive a quantification of these age related components the data 
base is yet not sufficient, because it would require at least a weekly sampling pro­
gramme. 

The results of ehe tracer experiments carried out at the test site Lindau confirm 
again the relatively high probability to "loose" artificial tracers into deeper fracture 
systems of the aquifer, becau e the latter have only a reduced exchange with the 
surface. If the fluoresceot dyes are injected into such deep lying fracture systems 
the tracing of groundwater in fissured aquifers over distances in the range of a few 
100 m requires always long running experiments lying in the rang:e of a few years. 
This "time effect" must be kept in mind, especially when planin;:r or perf rming 
tracer experiments in natural fissured flow systems. Even when the flow patterns 
seem to be well known the further migration of the dyes is direct ly controled by 
the fissure aperture and by the relatively slow processes of matrix diffosion. Especi­
ally, if narrow fissure systems a1·e involved the latter cause a rapid increa e of cl1e 
mean residence time. A high mean residence time, however, is always associated 
with a relatively high dilution effect which may render more difficulties in the 
detection of artificial tracers despite the meanwhile reached low detection limits. 

At the present stage tracer experiments are not any longer restricted to simple 
flow path detections. Fora quantitative analyses of a tracer experiment the hydraulic 
boundary conditions valid for the experiment have tobe fixed sufficiently. The use 
of mathematical transport models to obtain hydraulic parameters like fissure 
apertures and fissure and matrix porosities requires the knowledge about the 
hydraulic gradient, the discharge or pumping rate at the main probe location as well 
as the knowledge about the direction of the flow path. 

In the present study till now only one tracer experiment in natural flow conditions 
which was carried out in 1988 at the northern test section allowed a quantitative 
interpretation. The analytical approach was possible, because the injection and probe 
wells were interconnected by a direct hydraulic contact and the artesian probe well 
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had a nearly coostant discharge rate. In compari on to that an analytical evaluation 
of tracer experiments carried out in other aq uifer parts wa impossible because there 
wa a uperposition of deep fracture flow by a faster discharge in the surface 
weathered zone. 

Fortunately, in the observation tunnel Lindau a test site could be established which 
allowed to fix the hydraulic boundary cooditions ufficiendy. Within a fault and 
fracmre zone of the ore dike Hermann the interwell flow field between thejnjection 
and probe weil could be forced to steady- tate conditions, thereby supplying an 
important precondition for the later quantitative analyses. By involvio~ different 
flow-field geometrie (e.g. rupol- and monopol-experiments) the suitabt!ity of the 
Single-Fissure-Dispersion-Model (SFDM) could be proved. The analyses of ehe 
tracer experiments carried out at the ob ervation tunnel Lindau indicated that the 
fissure porosity nrof ehe aquifer under investigation is very small lying in the range 
between 0.1 % and 0.3%. The fis uxe porosity nr repre ent the total mobile flux 
whereas the matrix porosity n P is assumed to represent the immobile water content 
of the aquiJer. The matrix porosity represents the "dead-end-fis ures" of the fault 
and fracture zone a well as the solution cavities wichin the ore dike Hetmann and 
was determined tobe in rhe order of 5% up to 10%. lt is responsiblefortheobserved 
long taili.ng effects of the rracer due to the matrix ruffusion processes. The fissure 
apertures were calculated tobe in the range of 100 µm up ro 300 µm. With thc help 
of combined tracer experiments using D 20 and Pyranine the diffusion coefficiant 
of tbis tracer could be determined. 
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