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ABSTRACT 

Tracer experiments performed i n  f l u v i o g l a z i a l  g rave ls  ind ica te  t h a t  migration 

and dispers ion processes i n  the  groundwater a r e  f requent ly  inf1uenced:by f a b r i c  

of the  sediment, by spec ia l  hydraul ic  boundary condi t ions and even by ground- 

water l e v e l  f l u c t u a t i o n s .  In  d e t a i l  the  f indings a r e :  

In a q u i f e r s  which a r e  homogeneous cons is ten t  values f o r  the  groundwater flow 

ve loc i ty  a r e  measured; 

d i s p e r s i v i t i e s  from f i e l d  s t u d i e s  c o r r e l a t e  very well with laboratory experi- 

m e n t s )  i f  d i s tances  between i n j e c t i o n  and detect ion poin ts  a r e  considered;  

t h i s  r e l a t i o n  i s  mainly due t o  bedding s t r u c t u r e s  e x i s t i n g  i n  otherwise homo- 

geneous a q u i f e r s ;  by comparing the  e f f e c t s  on t r a c e r  propagation p a r a l l e l  

and perpendicular t o  bedding t h i s  e f f e c t  i s  t o  be seen; 

devia t ions  

occure under spec ia l  hydraul ic  and geologic boundary condi t ions;  devia t ions  

usual ly  f i t  higher d i s p e r s i v i t i e s  than expected; 

t ransverse  d ispers ion  increases  s t rongly under the  inf luence of inhomogenei- 

t i e s  i n  t h e  unsaturated a s  w e l l  a s  i n  t h e  sa tura ted  zone; 

t ransverve dispers ion i s  small i n  homogeneous aqui fe rs ;  i n  grave ls  t h e  t rans-  

verse  d ispers ion  c o e f f i c i e n t s  were found t o  be about 10 - 20 t i m e s  smaller 

than the  longi tudina l  dispers ion Coeff ic ien ts ;  

hydraul ic  inf luences,  l i k e  o s c i l l a t i n g  movements of t h e  groundwater i n  con- 

nect ion with changes of the  groundwater leve l  and t h e  geometrie of p o t e n t i a l  

f i e l d  , cause addi t iona l  dispers ion of the  t r a c e r  plume. These represent  a 

d i spers ion  process  which i s  superimposed on t h e  normal hydrodynamic disper-  

s ion  and may lead  t o  higher  o r  lower d i s p e r s i v i t i e s  than expected. 

from dispersivity-distance-relation f o r  f l u v i o g l a c i a l  g rave ls  
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INTRODUCTION 

Moraineous and f l u v i o g l a c i a l  g rave ls  w e r e  deposited i n  Alpine va l leys  and i n  
the  foreland of the  Alps by the  p le i s tocean  g l a c i a t i o n s .  These grave ls  have gra in  

s i z e  d i s t r i b u t i o n s  similar t o  t h a t  of a F u l l e r  mixture with a maximum g r a i n  dia-  

meter of about 20 mm. They comprise a l l  over Southern Germany, and i n  par t icu-  

l a r  i n  Bavaria t h e  most important aqui fe rs .  

and 3.10-* 
-3 The quaternary grave ls  have hydraul ic  conduct iv i t ies  between 10 

m / s ,  t h e i r  e f f e c t i v e  poros i ty  l i e s  between 10 and 20 % and mean v e l o c i t i e s  range 

from 1 0 - 4 0  m/d ( r e f .  1 ) .  To es t imate  t h e  poss ib le  inf luences of contaminants 

on these groundwater resources  a s  w e l l  a s  t h e  propagation of contaminants i n  t h e  

groundwater, a number of t r a c e r  experiments with instantaneous l i n e  i n j e c t i o n s  

were performed, taking spec ia l  account of the  geologic and hydraul ic  boundary 

condi t ions.  The p r i n c i p l e  goal  of t h e  inves t iga t ions  w a s  t o  determine t h e  ground- 

water ve loc i ty ,  the  path of groundwater flow and the ex ten t  of d i spers ion .  

'*Br, i n  the  chemical form bromide, was used, which is one of t h e  most re -  

l i a b l e  t r a c e r s  f o r  groundwater experiments. Combined experiments with 82Br  and 

the  f luorescent  dye t r a c e r s  uranine (di-sodium-fluoresceine, C . I .  45 350) and 

eosin (C.I. 45 380) demonstrated a s imi la r  t r a c e r  behaviour f o r  a l l  t h e  

coarse grained aqui fe rs  of concern. 

* 

In some cases  the de tec t ion  of t h e  f luorescent  dye t r a c e r s  was performed d i -  

r e c t l y  i n  the  f i e l d  with recording f i l t e r  fluorometers (TURNER 111 and PERKIN- 

ELMER 1000). But  mainly water samples were t a k e n ,  which were analysed f o r  con- 

t e n t  of f luorescent  dye t r a c e r s  i n  the  labora tory  (PERKIN-ELMER 203,  AMINCO 

SPF 500) .  With a spec ia l  scan procedure t h e  two f luorescent  dyes could be de- 

tec ted  s ide  by s ide  i n  the  same sample ( r e f .  2 ) .  The de tec t ion  l i m i t s  a r e  

2'10-12 g/ml f o r  uranine and g/ml f o r  eosine.  

RESULTS 

Oberau f i e l d  

8 t r a c e r  i n j e c t i o n s  were made i n t o  the  aqui fe r  a t  d i f f e r e n t  sites i n  the  

f i e l d  during a period without a r t i f i c i a l  groundwater ex t rac t ion .  In  the  obser- 

vat ion p o i n t s  t r a c e r  passage curves were obtained (Fig.  1 ) .  From t h e  t r a c e r  

passage curves, mean flow v e l o c i t i e s  and d ispers ion  c o e f f i c i e n t s  were der ived 

and d i s p e r s i v i t i e s  were ca lcu la ted .  I n  addi t ion ,  observat ions on the  width of 

the  t r a c e r  path a s  a funct ion of d i s tance  were made. 

The flow v e l o c i t i e s  a r e  uniform i n  the  range of 2 0 - 2 5  m/d and agree with 

values  ca lcu la ted  on the  b a s i s  of hydraul ic  conduct ivi ty ,  poros i ty  and hydraul ic  

gradients .  

Colour index 
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31 m/d 
X injection point 
0 detection point k 
0 spring / 
/ valley border 

Fig. 1. Mean flow velocities in the investigation area of Oberau/Bavarian Alps 
A. without groundwater discharge B. with groundwater discharge from 

6 wells. 
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The ca lcu la ted  d i s p e r s i v i t i e s  vary between 4 m and 20 m depending on d is tance  

between in jec t ion  and de tec t ion  well (Fig. 2 ) .  Higher d i s p e r s i v i t i e s  than ex- 

pected a r e  m e t ,  i f  groundwater flow is  influenced by geologic i n t e r f a c e s ;  t h i s  

was the  case f o r  two experiments. 

100 

50 
FROM FIELD T E S T S  

0 WITH GROUNDWATER 

x WITHOUT 1 DISCHARGE 

A FROM LABORATORY T E S T S  

1 D O R ~ A C H  / 
MUNICH / 

1 5 10 5 

log B = 0,72 log L - 0,51 
r = 0,93 

' 100 500 1000 
DISTANCE L (m) 

Fig. 2 .  Dispers iv i ty  i n  i t s  r e l a t i o n  t o  d is tance  between i n j e c t i o n  and de tec t ion  
poin t .  Laboratory r e s u l t s  a r e  from r e f .  3 .  
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The grouping of piezometers w a s  not dense enough f o r  a de ta i led  a n a l y s i s  of 

the  lateral  d ispers ion;  however t h e  r e s u l t s  ind ica ted  t h a t  the  t r a c e r  moved i n  

bands with a width of  about 10 % of t h e  length  of flow path (Fig. 3 ) .  
3 During a pumping t e s t  with a pumping rate of 2 . 5  m /s out  of the  6 production 

w e l l s  some more t r a c e r  tests were performed i n  t h e  same region. As expected, a t  

d i s tances  lower than 60 m t o  the  production w e l l  increased groundwater v e l o c i t i e s  

were r e g i s t r a t e d .  In  a r e a s  extending t o  g r e a t e r  d i s tances  from the  production 

w e l l s  groundwater v e l o c i t i e s  however were i n  t h e  same range a s  i n  the  experi- 

ments without groundwater e x t r a c t i o n  (Fig.1) .  

The flow v e l o c i t i e s  a r e  ca lcu la ted  from the  d is tance  between t r a c e r  i n j e c t i o n  

poin t  and observat ion poin t .  However i n  the  v i c i n i t y  of a production w e l l  the  

a c t u a l  flow pa ths  can s t rongly  devia te  from t h e  d i r e c t  l i n e  between the  two p o i n t s ,  

introducing a poss ib le  deviat ion from these  measured values (Fig. 4 ) .  Because 

of t h e  t ransverse  dispers ion the  t r a c e r  plume w i l l  be d i s t r i b u t e d  i n  t h i s  case 

over stream l i n e s  with s t rongly d i f f e r i n g  flow v e l o c i t i e s  and flow paths  of d i f -  

f e r e n t  length ,  before  the  s t reamlines  again j o i n  together  i n  the w e l l ;  the  pure 

hydrodynamic d ispers ion  is  thus superimposed by dispers ion e f f e c t s  which have 

t h e i r  o r i g i n  i n  t h e  geometry of the  p o t e n t i a l  f i e l d .  The d i s t o r t i o n  of the  po- 

t e n t i a l  f i e l d  inf luences the  shape of the  t r a c e r  passage curve (Fig. 4 )  and a s  

a r e s u l t  t h e  d i s p e r s i v i t i e s  devia te  t o  l i g h t l y h i g h e r v a l u e s  from the  scheme i n  

f igure  2 .  

Calculated d i s p e r s i v i t i e s  a r e  p l o t t e d  i n  Fig. 2 against  test d is tances .  As 

expected these values  f i t  very well with the  d i s p e r s i v i t i e s  from foregoing ex- 

periments i f  the t r a c e r  propagation is  not dis turbed by the  above mentioned hy- 

d r a u l i c  d i s c o n t i n u i t i e s .  This c o r r e l a t i o n  between d i s p e r s i v i t i e s  and test d is tan-  

c e s  is  a l s o  v a l i d  f o r  o ther  a r e a s  with f luv ioglaz ia l  gravels  i n  Bavaria ( r e f . 3 )  

and it includes a t  i t s  lower end r e s u l t s  of laboratory experiments on columns 

( r e f .  3 ) .  This r e l a t i o n  seems t o  give a good explanation f o r  t h e  w e l l  known d is -  

crepancy between d i s p e r s i v i t i e s  from laboratory experiments and f i e l d  t e s t s .  

This discrepancy seems mainly t o  be a matter of sca le .  In laboratory research 

on d ispers ion  i s  mainly concerned with inf luences of t e x t u r e ;  f i e l d  experiments 

include beside tex ture  a l s o  f a b r i c  proper t ies  of the  a q u i f e r ,  t h a t  a r e  the  more 

homogeneous t h e  longer t h e  test d is tances  a r e .  Main inf luences on t r a c e r  propa- 

t a t i o n  i s  due t o  bedding. 

The width of the t r a c e r  band i n  groundwater i s  about 10 % of the  length of 

the  flow path,  s ince groundwater flows p a r a l l e l  t o  bedding; t h i s  is  equivalent  

t o  an opening angle of the  t r a c e r  cone of about 5" .  However, the  t ransverse 

propagations ge t  more important i n  seepage water t h a t  has t o  flow perpendicular 

t o  the  bedding. 

Some t r a c e r  t e s t s  were performed i n  a creek (Kuhflucht) with a mean discharge 
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Fig. 3 .  The width of t h e  tracer plume a s  a funct ion of t r a v e l  d i s tance .  The la- 
t e r a l  borders a r e  drawn with t h e  de tec t ion  l i m i t  of f luoresce in  
(0.002 mg/m3). 

INJECTION IN 2 

l m  

Fig. 4 .  The flow f i e l d  around a discharge w e l l  and the  d i f f e r e n t  tracer passages 
i n  dependence of t h e  pos i t ion  of i n j e c t i o n  poin t  within t h e  flow f i e l d .  
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v river injection 
x groundwater injection 
o observation wells 

Fig. 5. Tracer d i s t r i b u t i o n  i n  groundwater caused by a punctual t r a c i n g  of a 
r i v e r  i n f i l t r a t i o n  1 2  m above groundwater leve l  (hatched area)  and 
of groundwater (arrow) . 

1 . I &?-- 
...... 

0 10 20 30 d 

Fig. 6 .  Examples f o r  t r a c e r  passages from groundwater and i n f i l t r a t i o n  t r a c e r  
t e s t .  
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R 
A 

Fig.  7 .  Tracer  t es t  no r th  of Munich. The test s i te  with i t s  i n j e c t i o n  (x) and 
obse rva t ion  w e l l s  and t h e  tracer passage i n  t h e  w e l l s  of  t h e  f i r s t  
and second r o w .  
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3 of 0.3 m /s, a l l  of which i n f i l t r a t e s  t o  groundwater ( r e f . 4 ) .  This r i v e r  i n f i l -  

t r a t i o n  w a s  t raced  pointwise and instantaneously.  

I t  w a s  not  poss ib le  t o  observe t h e  tracer migration i n  t h e  unsaturated zone, 

but  i n  t h e  groundwater using the  many w e l l s  i n  t h e  v i c i n i t y  of i n j e c t i o n  poin t .  

The mean ve loc i ty  of seepage water w a s  20- 30 m/d and very s i m i l a r  t o  t h e  mean 

ve loc i ty  of the  groundwater. In  c o n t r a s t  t o  a d i r e c t l y  in jec ted  tracer, t r a c e r  

added t o  seepage water appears i n  t h e  groundwater i n  a wide spread a r e a  around 

the  i n j e c t i o n  l o c a l i t y  (Fig. 5). This wide spread t r a c e r  propagation is  due t o  

bedding i n  the  creek fan sediments. In  t h e  bedding l a y e r s ,  t ransverse propagation 

of the  t r a c e r  becomes very important; t h e  opening angle of t h i s  t r a c e r  cone is on 
t h e  order  of 100- 140O. 

I f  w e  compare the  r e s u l t s  from t r a c e r  propagation p a r a l l e l  with t h a t  v e r t i c a l  

t o  bedding, we have t o  s t a t e  very rough d i f fe rences  i n  t h e  shape of t r a c e r  passage 

curves (Fig. 6 )  which a r e  due t o  t h e  inf luence of bedding on dispers ion.  

North of Munich 

The measured tracer passage curves a r e  given i n  Fig. 7 .  From these mean veloci-  

t ies  of 23-25 m/d were ca lcu la ted .  The observation of the dispers ion of t h e  

pointwise in jec ted  t r a c e r  provided, among o ther  th ings ,  the  information: the  tra- 

c e r  plume does not  only migrate i n  the  main flow d i rec t ion  (NNE); but  an o s c i l -  

l a t i n g  motion i n  the  t ransverse  d i r e c t i o n  is  superimposed which i s  caused by 

changes i n  t h e  groundwater l eve l .  A few days a f t e r  the  t r a c e r  i n j e c t i o n  t h e  ground- 

w a t e r  l e v e l  increased as a consequence of high p r e c i p i t a t i o n  and t h e  whole ground- 

water body together  with t h e  t r a c e r  plume w a s  s h i f t e d  t o  the  w e s t .  Such a s h i f t i n g  

of t h e  t r a c e r  plume makes the  evaluat ion of t r a c e r  passage i n  an observat ion w e l l  

t o  c a l c u l a t e  d i spers ion  coef f ic ien tand  flow ve loc i ty  r a t h e r  d i f f i c u l t .  Such e f f e c t s  

inf luence t h e  evaluat ion of longi tudina l  and t ransverse d ispers ion .  
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