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1. Introduction (Ch. LEIBUNDGUT) 

The problem of polluram transport has become increasingly important in recent 
years adding a new dimension to groundwater inve rigation . Tbe imerest i focused 
on how comaminated water move in various media. Repre entative parameters 
are oecessary to reproduce and simulate groundwater flow and solute transport. 
Tracer te hnology, in combination with olute transport models is a valuable tool 
in this area of research. 

Previou tudies showed that it is not sufficient to solve the problem of solute 
transport in natural aquifers by laboratory experiment (I. STOBER, 1988). Due to 
different scales, the transfer of re ulcs from ehe laboratory to the site i difficult and 
often impos ible. Therefore, a natural experimental mdy area in a _porous aquifer 
was created. After evaluating nine different possibilities rhe "Te t S1te Wilerwald" 
was found tobe most suitable and was established by Ch. LEIBUNDGUT et al. (1988). 
Due to the aquifer propertie known at that time, the a sumption of a reliable 
homogenjry of the aquifer was legitimated. Under the co.ndition of a well known 
"test site" it searn t bc possible to inve tigate the tracer propertie in porou aquifers 
on the ne hand and to calibrate the models of solute transporc on the otber hand. 

In order eo get the neces ary information concerning the distribution of tbe 
hydraulic conductivity of the aquifer in the test ite initial tracer tests and geophysical 
investigation were carried out. The tracer te es indicated, that the assumption of a 
"quite homogenous" structure of the aquifer in the test site was too optimistic. A 
well ehe horizontal and vertical distribution of the hydraulic conductivity is very 
high. In order to get a more detailed knowlcdge of the test site and the flow 
mechanism and eo improve ehe imerpretation of the tracer tests results, additional 
tracer tests and geophy ical investigations were carried out. Therefore, this paper 
deals mainly with thi prospective investigations of the test site and ehe modelling 
by evaluation the tracer tests . Whereas, the paper is not dealing wirh the tracer 
methodological a pects and tbe behaviour of tracers in a porous aquifer. 

Thei11vestigatio!1S have been carried out in collaboration with several institutions 
of ATH. 

2. Test Site (Ch. LEIBUNDGUT) 

E tablishing a suitable test site in a porou aquifer is difficult. In order to getan 
optimal t st field for the purposes of tracer experiments includiog tbe modelling 
some important boundary conditions mu t be considered for the evaluation such 
as non confined groundwacer, relation of width to length > 1 : 3, d pth of aquifer 
< 15 m, tableflowcondicions, depth of groundwatertable< 5 m (because of technical 
problems with pumping in case of > 5 m) and good acces ibility. The test site in ehe 
Wilerwald close eo Berne in the Swiss Central Plateau fullfilled the above stated 
criteria best (Fig. 2.1). 

Twency-one observation wells and an injeccion weil were installed in three main 
half circulated galleries. The gr undwater surface show a general flow direction 
towards NNW. According to the isohyp es a convergenr flow may be a sumed 
(Fig. 2.1 ). The wells of a size of 1 1/2" diameter were c nceived in order to enable 
water ampling at tbree levels in 5 m, 8 m and 11 m depch (Fig. 2.2). The rea 011 for 
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Fig. 2. l : The "Test Field \Vilerwald" in Swilzerland with ehe locaiion of wells and ehe 
gro1mdwaur isohypses indicating the main direction of flow in the aquifer. 

that arrangement was ehe variance of ehe hydraulic conductivicy in ehe three levels 
known from probing du ring installation of ob ·ervation wells. 

The aquifer of ehe large Emme val ley near Wilerwald consists of postglacial 
Holocene sandy gravels wich a considerable variance of thickne s from a few meters 
to 88 meters. The geological composition of the aquifer varies between 40 and 60% 
quarzites, 30 and 50°1<> Flysch and calcareous sandstone and 5 and 15% crystalline 
rocks. The depths of groundwater table varies between 0,5 and 3 m. This formation 
is i.ntercalated between alluvial sediments of low permeabiJiry and lacustrine 
ediments which contitutes ehe aquitard and which overlay a very irregular Miocaen' 

surface of molassic marl (H. LEDERMANN, 1978). The sedimentological analyse 
of ehe drill core (M within fig. 2.1) revealed ehe local existence of intercalations of 
lentiformed andy and silty levels which lead to a rrongly heterogenous distribution 
of the permeabilitie . Althougb these Quatemary sediments a.re known tobe quite 
heterogenous it couJd be expected a relatively homogenous aq uifer in ehe te t field 
a quire regular tbickness of approximatily 15 m and a hydraulic gradieot uniformly 
decreasing towards ehe N due to its small dimensions. 

The chemical components indicate a quire hard water. However, no problems 
must be expected concerning an interaction between water and tracer used. 
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Fig. 2.2: Schematic cross section of aquifer and observation well showing three-level sampling 
arrangement. The lacustrine deposits act as aquitard. 

3. Tracer Tests (Ch. LEIBUNDGUT, A. DE CARVALHO DILL) 

A preliminary test was clone in May 1986 in order to prove assumption made 
regarding ground water flow direction and flow velocity (s. chap. 2.). 0.3 kg uranine 
and 6 kg naphtionate diluted in 701 of water have been injected simultaneou ly in 
the weil EPl. The main transport direction was considered to cross between e4 
and the bulk tracer transport at es. eonsiderable differences in the concentracion 
distriburion of each well and at different depth indicated a horizontal and verti ·al 
heterogenity of the aquifer. 

In the main tracer experiment, (September 1986) 1 l g uranine and 20 kg naph
tionate dissolved in 90 l of water have been injected into each of the assumed layer 
of the aquifer. Tue mixed tracer olocion wasinjected imultaneou ly in thesampling 
levels of 5 m 8 m and 11 n1 (assumption of layers) over a period of one hour ( ingle
shot injection). 

The observation wells were ampled for a period of nearly 4,000 hours. ut of 
thc wells included in thi test the following levels were ampled with automatic 
sampling devices: es (S m), es (11 m), D5 (5 m), DS (11 m), and E4 (8 m) every 
four hours, es (8 m) aad DS (8 m) every hour. E4 (S m) E4 (11 m) and all layer 
of well F4 were sampled manually at irregu lar intervals. 

Figure 3.1 shows the naphtionate concentration-time cmves for each of the three 
layers in the four wells selected for tbe reinterpretation srudy (s. chap. 5.). The uranine 
curves are not presemed bere because they display the same characteristics. As ca.n 
be een, ehe hypotbesis of constant thickness and permeability for the thxee layers 
postulated cau ing a Jayer-specific Flow and transport behaviour cannot be 
maintained. In rhe weil es the concentration-time curves of tbe 8 m- and 11 m-
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levels are almost identical only the 5 m-level shows a distinct difference. In the well 
DS those of the 5 m- and 8 m- levels are similar andin the well E4 all layers produced 
even the same concentration-time curve. However, in the well F4 can be made a 
distinction among all three levels. 

The maximal concentrations occured in the direction of C4-C5-C6-D5-D6 and 
further towards E4 (Fig. 2.1). No significant maximum were measured in the F
gallery. Probably the piezometers are not situated in the principal direction of flow 
which was situated between C4 and CS and between D4 and DS. lt is obvious that 
ehe expectation of the main flow direction derived from thewater table (s. fig. 2.1) 
is not equal wirh the resulcs found in the tracer tests . A remar1 able delay of tracer 
tran pon in ehe longitudinal direction showed ehe D -gallerie wich the occurence 
of relatively high concentrations even after 30 day . This variable pattern does not 
indicate a strict division of the aquifer in three layers of consrant thickne s but rather 
ehe existence of pockets a11d channels of va rying characteristics. 

In conseguence of the results of the first serie of tracer cests the injections of the 
econd serie were performed only in ehe 8 m-level in ehe middle of the aquifer 

between 6 and l 0 m. Diluced in 401 of waeer and 20 l of ethylenglycol the tracers 
uranine (0.5 kg) sulforhodamine B (9. 9 kg) and lithium chloride (25 kg) were injected 
in November 1988 with an injectionrate of 1.2 1 per rninute. 601 of waterwere u ed 
for rinsing a. MÄGD FESSEL, 1990). All. wells were ampled at ehe 8 m-level. The 
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Fig. 3.1: Napthionate concentration-time curves at observation wells C5, D5, E4 and F4 in the 
different Levels of sampling ( assumed layers ). 
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wells C6, D2, D4 and E4 were additionally sampled in order to control at 4 and 
11 m. 

The results were quite different from those ones of the first erie. There was also 
a vertical difference in the concentrations measured at different dephts but without 
any tendency to one of the levels. The quiekest arrival of all tracers happened in 
C7, by which all tracer concentrations peaks were obtained till on the day of ehe 
injection. The highest concentrations appeared in C4 C6, D6, and D7. In the 
F-gallery F6 received ten times more tracer than F4 .. 

Comparing the concentration peaks of all tracer in the differenrwell one can 
say that the difference in t:heir occurence are on average smallin rhe C-gallery. The 
appeareance of the peaks osci llate between one hour and two hours in C7, tilJ 
14 days and 26 days in C8. The differences increased with di tance, being extreme 
in the eastern part of the field. In D2 e.g. it show a delay of 24 days for sulfor
hodamine B but for lithium chloride ar least 117 days. In contrary tbis difference 
is minimal in D7 and D6 which also presented the highest tracer concentration. 
Lithium chloride was not alway present in the samples. lt did not appear in F4, 
D1 and DS at all. However, in areas wirh hjgher permeability (e.g. C6, D6, D7) the 
concentration-time curve:> of lithlum chloride were even shorter than those ones 
of sulphorhodamine B. lt must be as umed that the relatively small amount of tracer 
and sorptions effects are respons.ible for this astoni hing feature. But this methodo
logical aspect is not treated in ehe contribution on haod. 

4. Geophysical Prospecting (A. DE CARVALHO DILL, I. MüLLER) 

In order to gec a bettcr understanding of tracer experiments it wa necessary to 
obtain a realistic representacion of the permeability di tribution at the Wilerwald 
testfield . Very Low Frequency-Resistivity (VLF-R) and refraction eismic survcys 
were performed for detailed resistivity and transmissivity mapping aod for ehe 
evaluation of Strata thickne s. Locacions of ehe electro-magnetic multifrequency 
VLF-Rsoundings and the eismicline are presented in fig. 4.1. The electro-magnetic 
VLF-R device allow to measure the apparem resi civity Rho, at rufferent depths 
between two electrode spaced 5 m from each other on the surface, as weil as that 
of the dephasing of the electric component of the signal 1·n relation to the magnetic 
component (<I>) (G. FISCHER et al., 1987). 

The apparent resistivity (Rhoa) of the strata between the two points serving to 
measure Ex can be obtained, according to the following relation: 

Rho, = ( Ex )2 1 (4.1) 
Hy 2nF~' 

where 

Rhoa is given in ohm meters, 
Ex is given in volt/ meters, 
Hy is given in ampere/meters, 
F being the emitter's frequency is given in Herz (Hz) ( emitters available between 

13 and 250 Kilohertz), 
µ0 being the electro-magnetic permeability of the vacuum is given in henry ! meters. 
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Fig. 4.1: Lacation of the geophysical vertical V LF-R soundings and the seismic spreads within the 
frame of observation wells. The profiles Pl and P2 related to VLF-R measurin~ points 
connect three of the piezometers with the chosen breakthrough curves (camp. jig. 4.3). 

The depth investigation is given within the 12 to 240 KHz frequency by the relation 
stated below: 

D = 503 "Rho/F , ( 4.2) 

where Rho. is the apparent resistivity in Q m (measured) and D the investigation 
depth in meters. Thanks to the multifrequency device, we can "diagnose" the rock 
at different depths and compute layer thickness. 

Therefore the VLF technique is a reliable tool in order to investigate the degree 
of variability of the quarternary formation. Tobe able to map it, the Wilerwald test 
field area was divided into 11 profiles (Fig. 4.1). In each one the measuring points 
were separated by 5-10 m. Three frequencies were used: 183 kHz, 60 kHz and 
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19 kHz. Thi simultancous use enables the calculation of actual resistivities and of 
the lokal thicknes of tbe aquifer witb tbe help of a computer "best fit" program. 

Tbe use of ehe 183 kHz apparent resistivity daea allowed the construction of a 
Countour Map (Fig. 4.2). Due to tbe almo t linear fonction of resistiviry and 
permeability the map gives already a good picture of ehe tructure of tbe aquifer. 
As ehe greater resistivity vaJues are ehe more permeable ones (Tab. 4.1), one can 
visualize the ex.istence of a true "channel" in a "meander"-like structure. A quick 
view on the map permits to .localize the several piezometers regarding the truccure. 
The C7 one e.g. is siruated in tbe channel zone, Dl and F2 are in a less permeable 
region, which circles the NE-area of ehe test field . The injection point lies in a less 
permeable zone. 
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Fig. 4.2: Apparent Resistivity Contour Map obtained with 183 kHz, clearly indicating the 
higher permeable channel (Rho. > 300 ohm), and its disposition relative to the net of 
piezometer (A. DE CARVALHO DILL & ! . MüLLER). For signatures s. fig. 4.1. 
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Tab. 4.1: Relation between Rho" (ohm) and permeability (k) values. 

Rho, (ohm) k (m/s) 

> 300 - > 2 X 10-3 

200-300 - 5 X 10-4-2 X 10-3 

100-200 - 5 X 10-5-5 X 10-4 
< 100 -<Sx10-s 

Two seismic urvey (s. fig. 4.1) were carried out to verify the VLF-R results aud 
tbe exi eence of the loo e-gravel-composed-channel. The sei mic profiles were 
oriented perpeodicularto the channel. Tbe seismic energy had to travel across the 
loose gravel channel to reach the geophones. The effect was a reduced seismic velocity 
in that direction. The exi tence of ehe channel was proven by tbe refraccion survey 
S3-S4 (Fig. 4.1 ). The channel effect can be seen by means of the loss of velocity up 
to the 12'h geophone, because the looser materia~ which fun tion as a vertical dyke, 
attenuates the vibrations. The true resistiviry and thicknes values were calculaeed 
with the help of an empirical relationship between resistivity of saturated loose 
deposits (log R) and permeability (log k) for the saturated zone. 

Figure 4.3 how ehe Transmissivity Map and four chosen uranine breakthrough 
curves ( uranine tracer ee t 1988/89) of the wells D7, C7, Dl and C2. The 
corresponding resistiviry profiles are plotted in fig. 4.4. lt shows clearly the leading 
role wh ich permeability plays in it hape, especially by the time taken to reach the 
maximum on the one band (D7, C7, C2) and the spreading of the breakthrough 
curve by Dl (T < 500 m2/d) on thc other hand. 

Considering the tracer flow it seems that the tra er has a eendency to dcflect to 

the left side of the field (Fig. 4.3). lt is rherefore a consequence of permeability 
distribution corresponding to the quiekest flow parh, which influence the direction 
of water flow at the local scale. N evertheless, though C7 has ehe quiekest tracer arrival, 
the main transport occured in C4 and C6 piezometer. The depressioo between C7 
and EPl can act as a capture for rather dense solutions. Remarkable is the locali acion 
of the piezometer C4, since it is situated next to a good permeable area, followed 
by a narrow path, located between two less permeable areas. High tracer concen
trations are detected in this well. 

5. Mathematical Modelling of the Tracer Experiment Performed 
in the Test Site Wilerwald (P. MALOSZEWSKI, Ch. LEIBUNDGUT, 

J. SCHNEIDER) 

As described in the former chapter the porous aquifer of the test field Wilerwald 
is stronl?ly heterogeneous vertically and horizontally (s. fig. 4.1and4.2). The exact 
descript1on of the area under i.nvestigation is given in chap. 2. and 4. For the modelling 
the following mean values of aquifer parameters have been assumed: mean thickness 
of 10 m, rhe meanhydraulicconductivity of approximately 2.4 x 10-3 m/s, the average 
aturated porosity of 12-17% and a mean natural gradient equal to 0.4%). 

In this field several dye tracer experiments were performed to determine the aquifer 
and transport parameters (comp. chap. 3.). The experiment carried out in the year 
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1985/86 for the discance up to 200 m (M. SANSO r et al., 1988) is reinterpreted in 
this tudy to obrain improved informacion about aquifer properties. 

M. SAN ONI et al. have as umed that the aquifer consists of three distince layers 
(flow domains) wich constant rhick.ness and differenthydraulic conductivities. Watei· 
samples were collected from three depths. The sampling poims were fixed in the 
same depths in all ob ervacion weU (Fig. 2.2). ln that way in eacb weil were obtained 
ebree different tracer concentration curves. Each tracer curve was inrerpreted 
separaeely assuming that ehe tracer flows tbrough single homogeneou layer (flow 
domain) having constant tran port parameters. Since the aquifer had already been 
divided into expeceed ehree zones having tbe constant thickne s and different 
hydrauJic conductivities by three-level wells (three flow domains), the authors 
excluded possible vertical heterogenity of each zone. However, it was hydro
geologica!ly not sound eo assume that ehe layers wich different permeabilities have 
ehe con tant ehicknesses in all place of the aquifer. As an rcsule ehe disper ivities 
found surpassed by far the orders of magnitude values giveo by otber authors for 
similar formation what indicated to check the interpretation. 

Due to rhis fact in the present reinrerpretation seudy the average weighted 
concentrati.on were calculated for each observation weil. Similary eo ehe former 
cudy it is as umed thae ehe cracer spreads thrnugb ehe multilayered aquifer according 

to the aquifer's tructure and eexcure. However in contrary to it, wirhout defining 
the number o.f layers and their thickne ses. Should rhe tracer curve exhibit everal 
peaks, this can be interpreeed as a result of flow ehrough approximaeely parallel layer 
of different permeabilities U. SCHNEJDER 1991 ). 

5.1. Transport Model 

The general ehree dimensional transport equation including tensor form of 
dispersion and vector form of water flow velocity can be found in J. BEAR (1972). 
In tbe case of nooreactive tracer injected through ehe whole thickness of the 
homogeneous, saturaeed groundwater aquifer and wbeu the (x,y,z)-coordinate sy eem 
is chosen wich thex-axis always parallel eo ehe direction offlow (vx = v, vy = 0 v, = 0), 
the 3-D transport equation can be implified to tbe following ewo dimensional one: 

<Fe a1c ac ac 
DL ax2 + DT ay2 - V ax =--ar· (5.1) 

where Cis the solute concentration in ehe water, v is the mean water velocity, x and 
y are the space coordinates and t is the time variable. DL and DT are longitudinal 
and transversal (lateral) dispersion coefficients, respectively, equal for neglectable 
molecular diffusion to: 

DL=aL ·v, 

DT= a.r . v, 

where a L and a.r are longitudinal and transversal dispersivities, respectively. 

(5.2) 

(5.3) 

The solution to the eq. (5.1) for instantaneous injection (Dirac impulse in 
x = y = 0) was given by A. LENDA & A. ZUBER (1970) and has the following form: 

M x [ (x-vt)2 __r_J C (x,y,t) =- _ ~ exp - - (5.4) 
nH 4nve2 -yDLDT 4DLt 4DTt ' 
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where 

x = the distance between the injection well and an observation well measured 
parallelly to the streamline, 

y = the distance between the streamline exiting from the injection well and the 
observation well measured perpendiculary to that streamline, 

M = the mass of tracer injected, 
n = the porosity of the water layer, 
H = the thickness of the aquif er. 

In the present study the mathematical modelling was limited to the four 
wells situated directly on the streamline exiting the injection well. In such a case 
y = 0 and eq. (5.4) is simplified to: 

_ M x (x-vt)2 

C (x,O,t) - ~ exp [- ] . (5.5) 
nH 47tvt2 'IDLDT 4DLt 

The three unknown flow parameters v, DL and DT cannot be determined 
simultaneously from eq. (5.5). To overcome this difficulty eq. (5.5) can be normalized 
to the maximal concentration cmax measured at time moment t = tmax what gives: 

C ( 0 ) _ C . ( / )2 [ (x - vt)
2 

(x - vtmax)
2

] ( 5.6) x, ' t - max tmax t exp - + . 
4DLt 4DLtmax 

Two tran port (model) parameters (v and D1J can be easly found by fitting ehe 
theoretical olution (eq. 5.6) to the concentrations measured by u ingfor example 
the mctbod of lea t squares as it was shown by P. MAL SZEWSKJ (1981). In some 
cases, when the exact lenght of thestreamline between injection and detecrion wells 
(X) i not known, i t i better to u e instead of v and D L the fo llowi11g two parameters: 
ehe mean transit time of water 

t 0 = X/v (5.7) 

and the Peclet number 

(5.8) 

After introducing (5.7) and (5.8) eq. (5.6) is reduced to the following form: 

C (t) = Cmax . (tma/t)2 exp [- Pe (1 - t/to)2 + Pe (1 - trna/to)2]. (5.9) 
4t/t0 4t01./to 

lt describes the tracer concentration as a function of time measured in the 
observation well situated directly on the same streamline as the injection well. 

5.2. Multilayered Flow 

The theoretical possibilities of determining hydrogeological parameters from tracer 
experiments performed in multilayered systems was presented by A. ZUBER (1974). 
A. KREFT et al. (1974) applied this approach to interpreting combined pumping and 
tracer tests (radial convergent flow). The theoretical model developed by A. ZUBER 
(1974) was based on unidimensional solution of the dispersion-convection equation, 
whereas in the present study two dimensional solution (eq. 5.9) is used. The basic 
model assumptions are: 
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- the tracer is transported through N-parallel layers; 
the possible tracer exchange between layers is neglectably small; 

- the tracer concentration measured in the obserwation well is the weighted mean 
concentration from all layers; 

- the sum of volumetric flow rates (q;) through the layers is equal to the total 
volumetric flow rate ( q) through the aquifer; 

- each j-th layer is considered as an separate flow domain with the constant 
transport parameters (t0i and Pe-); 

- the tracer mass Mi transported through j-th flow domain (layer) is proportional 
to the flow rate qi in that layer: 

M/M = q/q = nihiv/(nHv), (5.10) 

where ni, hi and vi are the porosity, the thickness and the mean water velocity, 
respectively. n is the mean average porosity of the aquifer and v is the mean average 
water velocity through the whole aquifer 

V= ik/n, 

whereas the water velocity in the j-th layer is equal 

(5.11) 

vi = ik/ni. (5.12) 

i is the hydraulic gradient between injection and detection wells, ki is the hydraulic 
conductivity of the j-th layer and k is the mean hydraulic conductivity of the whole 
aquifer equal 

N 

k = L (hjkj)/H, (5.13) 
j=l 

where N is the number of layers. 
The basis of the interpretation of the tracer concentration curve measured in the 

observation weil is tbat the contribution of each partial cuJ·ve to the total concen
tration curvc expressed as an ratio Ri of the surface (A;) under ehe j-tb curve to the 
surface (A) under ehe whole tracer concentration curve is identical to the contribution 
of the volumetric flow rate in j-th flow domain to the volumetric flow rate through 
the whole aquifer and consequently equal to the ratio of the masses Mi to M 

N 

Rj = A/ A = A/L (Aj) = M/ M. (5.14) 
j = 1 

Combining eq. (5.10) and (5.13) and assuming that the porosities in all layers are 
the same, one finaly obtains that 

Ri = hik/(Hk). (5.15) 

According to A. ZUBER (1974), the mean transit time for the system consists of 
N-layers can be calculated as follows: 

N 

t0 = L (Rjtoj), 
j = 1 

where t0i is the mean transit time of water for j-th layer. 
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5.3. Estimation of Parameters 

The modelling of multilayered groundwater systems includes three processes. 
First, the theoretical solution ( eq. 5. 9) is fitted to initial part of the experimental 
curve (including the first peak) to determine two transport parameters t01 and Pe1 

for the first layer. Simultaneously the surface (A1) under the theoretical curve is 
calculated. Second, the resulting theoretical concentration curve is substracted from 
the experimental curve. Nowthe rheoretical solution is fitted to the remaining part 
of the experimental curve. The parameters ~2, Pe2 and A 2 for the second layer are 
then found. The theoretical curve is substracted again from the experimental curve. 
Third, this second process will be repeated as many times as necessary to fit all pan 
of the remaining experimental curve. After that tbe number of partial curves (N) 
is automatically found and the portions ~ can be calculaced from the surfaces (Aj) 
by using eq. (5.14). 

Finally, if the mean hydraulic gradient and aquifer porosity are known or 
estimated, the mean hydraulic conductivity of the whole aquifer can be calculated 
by combining eq. (5.7) and (5.11): 

k = Xn/(it0). (5.17) 

The above k-value is the mean aquifer hydraulic conductivity averaged over the 
N-layers and the flow distance X between injection and observation well (along 
the streamline exiting injection well). 

If k is known or estimated, the hydraulic conductivity of each layer ki can easily 
be calculated under the assumption that the porosities in all layers are the same. By 
combining eq. (5.7), (5.11) and (5.12) one obtains 

ki = ktoftoj· (5.18) 

Additionally, the thicknesses of all layers hi can be found as follows: 

hi = RiHk/ki. (5.19) 

The ki and hi values are the mean values for each separate layer calculated as an 
average values for the flow distance X between injection and detection well. 

5.4. Results of Modelling 

As it was mentioned earlier the modelling of dye tracer experiment performed 
by M. SANSONI et al. (1988) was clone only for four wells situated approximately 
on the main streamline EP1-C5-D5-E4-F4. These wells are situated in the distance 
of 50 m, 100 m, 150 m and 200 m from the injection well, respectively (Fig. 2.1). 

Similarly to the earlier study (first serie of tracer tests) it was found that the aquifer 
consits of three distinctly different layers (N = 3). 

The model ( transport) parameters for each layer determined for both tracers used 
(uranine and naphthionate) are summarized in tab. 5.1. 

The best fits for uranine are shown in fig. 5.1-5.4 and for naphthionate in 
fig. 5.5-5.8. 

According to the model parameter listed in tab. 5.1 the aquifer consists of three 
distinctly different layers (N = 3 ). 
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fig. 5.1: The calculated (best fi.t) and observed 1tra.nine concentration curves in weil C5 ( distance 
X= 50m). 
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Fig. 5.2: The calculated (best fit) and observed uranine concentration curves in well D5 ( distance 
x=lOOm). 

244 



0 Experimental 
10 Fitted -C") 

-1 - Partial Curve 1 E -- 8 C> -2 - Partial Curve 2 E - -3 - Partial CurV'e 3 c:: 
0 6 
~ ... -c:: 

1. Q) 
(.) 
c:: 
0 

(.) 
2 

0 200 1.00 600 800 1000 

lime (hours) 

Fig. 5.3: The calculated (best fit) and observed uranine concentration curves in well E4 ( distance 
x=150m). 
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Fig. 5. 4: The calculated (best fit) and observed uranine concentration curves in well F4 ( distance 
X= 200 m). 
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500 0 Experimental 

- Fitted 
(f) 

-1 - Partial Curve 1 E ........ 1.00 
C> -2 - Partial Curve 2 
E - -3-Partial Curve 3 c: 300 CJ 

·,;; 

~ -c: 200 Q) 
(.J 
c: 
0 

(.) 
100 

0 200 l.00 600 800 1000 

Time (hours) 
Fig. 5.6: The calculated (best fit) and observed naphthionate concentration curves in well D5 
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Fig. 5.7: The calculated (best fit) and observed naphthionate concentration curves in well E4 
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Fig. 5.8: The calculated (best fit) and observed naphthionate concentration curves in well F4 
( distance x = 200 m). 
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Tab. 5.1: Parameters obtained as a result of modelling 1tranine and naphthionate concemration 
citrves. 

URANINE NAPHTHIONATE 

Weil Disrance eurve toJ V· aLi ~ 
(nJd) 

aL· 
(j) (days) (m)d) (m) (days) (m) 

1 3.0 16.8 6.8 2.6 19.2 S.7 
es SOm 2 6.2 8.1 3.0 6.0 8.4 3.9 

3 16.6 3.0 4.7 17.0 2.9 S.4 

1 6.S 15.4 7.7 5.4 18.4 6.8 
DS '.IOOm 2 12.1 8.3 3.7 9.3 10.8 2.6 

3 22.3 4.S 4.0 16.3 6.1 3.4 

1 6.S 23.1 16.3 5.8 26.0 l 8.1 
E4 1SO m 2 16.0 9.4 13.1 13.6 11.0 13.4 

3 29.7 5.1 7.1 22.0 6.8 4.7 

1 7.6 26.3 19.S 6.5 30.7 20.0 
F4 200m 2 22.4 8.9 19.4 17.9 11.2 18.7 

3 42.0 4.8 10.9 4S.9 4.4 17.7 

The hydrogeological parameters for the aquifer under consideration were 
calculated based on the modelling results obtained for naphthionate by using 
equations (5.17) to (5.19) for assumed meanaquiferthickness H = 10 m, mean aquifer 
porosity n = 15% and mean hydraulic gradient i = 0.4%. The results are summarized 
in tab. 5.2. 

The aquifer parameters obta.ined unde.r above assumptions should be considered 
as an approximation of the real parameters. 

lt is due to the fact that hydraulic gradient and porosity varied in the whole 
experimental field "Wilerwald" and were not constant between the wells as it was 
as umed. The result show that the aquifer is strongly heterogen vertically and 
horizomally. 

Tab. 5.2: The hydrogeological parameters obtained from the flow parameters found from 
naphthionate. The parameters values are the mean values for the flow distance between 
injection and observation wells. 

Well Distance Layer R to k k· h J ) 

(rri) U) (days) (m/s) (m/s) 

1 O.S6 8.2 X 10-3 2.2 
es SOm 2 0.20 6.7 3.2 X 10-3 3.6 X 10-3 1.9 

3 0.24 1.3 X 10-3 5.9 

1 0.45 8.0 X 10-3 2.7 
DS 100m 2 0.32 9.2 4.7 X 10-3 4.8 X 10-3 3.2 

3 0.23 2.7 X 10-3 4.1 

1 o.so 11.1 X 10-3 2.9 
E4 lSOm 2 0.4S J0.1 6.4 X 1 O-l 4.8 X 10-3 6.0 

3 o.os 2.9 X 10-3 1.1 

1 0.30 13.2 X l0-3 1.0 
F4 200m 2 0.43 22.0 3.9 X 10-3 4.8 X 10-3 3.5 

3 0.27 1.9 X 10-3 S.5 
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Vertically, the differences in hydraulic conductivities varies 3 to 8 times between 
the layers. Horizontally, i.n the ftrst layer one observes increase of the hydraulic 
conductivity (k) after first 100 m whereas in the second and the third layer already 
after 50 m. The third layer shows in addition a decrease of the parameter k after 150 m. 

The average aquifer hydraulic c nductivity increases nearly linearly till 150 m 
and after tbat decreases. 

6. Conclusions (Ch. LEIBUNDGUT, A. D E CARVALHO DILL, I. MÜLLER, 

P. MALOSZEWSKI,]. SCHNEIDER) 

Tracer tests under natural conditions are a usefoJ tool in order to obtain transport 
and aguifer parameters re peccively andin order to calibrate flow models. However, 
ehe eval uation and interpretation of tracer tests has to be clone very carefu l. Crucial 
points of evaluation are the asswnptions concerning the aquifer properties of a largely 
unkoown aquifer. An aguifer must be considered as largely unkuown even then if 
data fr m boreholes are available. Due to ehe point characte1· of these data rhe 
knowledge of the spatial distriburion of the aquifer parameters is mostly insufficient. 

The aquifer parameters received from the tracer re ts reflect these fearures. A 
well the knowJedge of the aquifer's properties, e pecially ehe variability of rhe 
hydraulic conductiviry in horizontal and venical direction, as the assumption of a 
three layer model had tobe reconsidered after gctti ng the results of the tracer test . 
The di tribucion of the hydraulic conductivity has been checked with ehe VL 
rechnique and a reinterpretation by using a different approach of flow modelling 
has been carried out in order to obtain improved result and understanding of ehe 
flow behaviour respectively in the test field's aqulfer. 

As could be seen in the Transmissivity Map (Fig. 4.3) the localisation of the 
injection point on a "watershed" in a le s permeable dornain plays an important 
role in ehe explanation of the differences witl1in tracer experimenrs. These findings 
are documented in two profil.es (Pl and P3 s. fig. 4.2). What consequeody became 
evident is the existence of a large depression in the aquitard, west of rhe injection 
po.int EPl . The information given by the VLF-R, leads to an extended i.nterpretation 
of tracer transport and by using the obtained maps, block diagrams and profiles 
gives a m.ore complet and clear concept of the tmcture and permeability distribution 
of the aquifer. The existence of true channels has been proved. Further ic shows the 
crucial importance for the localisation of observation wells and injection well for 
sampling and ioterpretation. 

In order to rei nterprete the first serie of tracer tests a multilayered transport model 
has been used. The applicarion of the model led eo three clearly different layers within 
ehe aquifer. Compared with the first evaluation of the tracer test and especially wich 
the geopby ical experiment the result i unexpected. 

One has eo be aware of the fact that rheapplied model gives mean values ofparameters 
for the flow distance between the i.njecrion weil and the several weil galleries. The 
combined u e of tracer ruethods and the geophysical invescigations give satisfactory 
ioformation about hydrodynamic conditions and aquifer heterogenity. 

With tbe todays knowledge of the aquifer the goal of a natural laboracory is 
reached. However, the implementacion of further samplingpoints (welJ ) according 
to the VLF result (s. chap. 3.) is needed. Wich such an improved infrastructure t:racer 
tests should be carried out for and in the different parts of rhe aquifer, e.g. in the 
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high permeable channel. Also the assumption for the choice of the adequate flow 
model will be easier. 

Summary 

A test field for tracer experiments i available in a porous aguifer near Berne in 
Switzedand. In the cudy on hand the evaluation of the te t field "Wilerwald", the 
installation of the observation weil network, the tracer test with their interpretation 
by matbematical modelling and the geophysical prospection i described. The results 
how a very heterogenous aquifer in a three layer structure inrerper ed with a channel 

and zones of higher permeabiJities. 
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