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GROUNDWATER POLLUTION I N  POROUS MEDIA BY FLUIDS IMMISCIBLE WITH WATER 

F. SCHWILLE 

Federa l  I n s t i t u t e  o f  Hydro logy ,  Koblenz (F.R.G.) 

ABSTRACT 

The p r i n c i p l e  o f  m i g r a t i o n  o f  f l u i d s  i m m i s c i b l e  w i t h  water  i n  porous rocks  i s  

demonstrated by means o f  m ine ra l  o i l  p roduc ts  and ch lo rohydrocarbons .  

INTRODUCTION 

The m i g r a t i o n  o f  f l u i d s  underground depends on t h e  t y p e  and compos i t ion  o f  t h e  

r o c k  f o r m a t i o n  as w e l l  as on t h e  t y p e  and compos i t i on  o f  t h e  f l u i d .  I n  groundwater 

research  i t  has proven u s e f u l  t o  d i v i d e  t h e  rocks  i n t o  two main groups acco rd ing  

t o  t h e  d i f f e r e n t  k i n d s  o f  f l o w  paths :  

porous rocks  (media) - f i s s u r e d  ( f r a c t u r e d )  rocks  (media) 

The l a r g e  number o f  f l u i d s  hazardous t o  groundwater known today  a r e  d i v i d e d  i n -  

t o  two main groups based on f l u i d  dynamics: 

f l u i d s  m i s c i b l e  w i t h  water  - f l u i d s  immisc ib le  w i t h  water  

O f  course  t h e r e  a r e  t r a n s i t i o n a l  forms between t h e  groups, which s h a l l  n o t ,  

however, be t r e a t e d  here .  Th is  r e p o r t  i s  concerned s o l e l y  w i t h  porous media and 

f l u i d s  wh ich  a r e  immisc ib le  w i t h  wa te r  and m a i n l y  w i t h  t h e  f l u i d  dynamic p r i n c i p l e s  

o f  t h e i r  m i g r a t i o n .  

searched i n  r e c e n t  years .  It i s  de termined m a i n l y  by t h e  process  o f  advec t i on  and 

hydrodynamic d i s p e r s i o n .  The m i g r a t i o n  o f  f l u i d s  i m m i s c i b l e  w i t h  water ,  w i t h  which 

o r i g i n a l l y  t h e  pe t ro leum people were occupied, i s  c o n s i d e r a b l y  more compl ica ted .  

The f l o w  i n  t h e  a q u i f e r  occurs  a t  f i r s t  under t h e  i n f l u e n c e  o f  g r a v i t y  as a co- 

h e s i v e  2-phase-f low, u n t i l  t h e  immisc ib le  f l u i d  i n  t h e  po re  space i s  no l o n g e r  

p resen t  as a cohes ive  phase, b u t  d i spe rses  i n t o  a l a r g e  number o f  i s o l a t e d  drop- 

l e t s  and a t t a i n s  r e s i d u a l  s a t u r a t i o n .  I n  t h i s  way these  f l u i d s  become p r a c t i c a l l y  

immobi le under normal c o n d i t i o n s  and can hence fo r th  o n l y  be f u r t h e r  t r a n s p o r t e d  

The m i g r a t i o n  process o f  f l u i d s  m i s c i b l e  w i t h  wa te r  has been ve ry  w e l l  r e -  

Reprinted from The Science of the Total Enuironrnent, 21 (1981) 173-185 
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depending on t h e i r  s o l u b i l i t y  i n  groundwater,  wh ich  i s  g e n e r a l l y  weak. Fo r  t h i s  

t r a n s p o r t  i n  s o l u b l e  fo rm t h e  procedures o f  a d v e c t i o n  and hydrodynamic d i s p e r s i o n  

a r e  app l i ed .  

The f l o w  processes i n  t h e  a q u i f e r  can be a d d i t i o n a l l y  de termined i n  many d i f f e r -  

e n t  ways, acco rd ing  t o  t h e  t y p e  o f  f l u i d  i n  ques t i on .  The f o l l o w i n g  parameters 

a r e  r e q u i r e d  f o r  a f u r t h e r  e v a l u a t i o n  o f  t h e  f l o w  processes: d e n s i t y ,  ( k i n e m a t i c )  

v i s c o s i t y ,  vapour p ressu re  ( v o l a t i l i t y ) ,  su r face  o r  i n t e r f a c i a l  t ens ion ,  p h y s i c a l -  

chemical  c h a r a c t e r i s t i c s ,  

The f l u i d s  immisc ib le  w i t h  wa te r  a r e  - as f a r  as t h e  p r a c t i c e  o f  groundwater 

p r o t e c t i o n  i s  concerned - c h i e f l y  o r g a n i c  substances and f o r  t h e  most p a r t  m i n e r a l  

o i l  p roduc ts  and p roduc ts  o f  t h e  chemical  i n d u s t r y .  We w i l l  l i m i t  ou rse l ves  here  

t o  a few t y p i c a l  r e p r e s e n t a t i v e s  f rom b o t h  groups, o f  wh ich  one possesses a con- 

s i d e r a b l y  l ower  d e n s i t y  r e l a t i v e  t o  groundwater and t h e  o t h e r  a c o n s i d e r a b l y  h i g h e r  

one. 

The schematic p r e s e n t a t i o n s  i n  t h i s  r e p o r t  were des igned on t h e  b a s i s  o f  r e s u l t s  

o f  ou r  own model s t u d i e s  and f i e l d  i n v e s t i g a t i o n s .  Dur ing  t h e  l e c t u r e  h e l d  a t  t h e  

symposium t h e  m i g r a t i o n  o f  b o t h  f l u i d s  i n  model t roughs  were demonstrated by t ime-  

l apse  photographs o f  t h e  o r i g i n a l  l a b o r a t o r y  t e s t s .  The knowledge ob ta ined  can, 

w i t h  c e r t a i n  r e s e r v a t i o n s ,  be a p p l i e d  t o  a l l  o t h e r  f l u i d s  i m m i s c i b l e  w i t h  water .  

whose a p p l i c a t i o n  o u t s i d e  o f  chemical  p l a n t s  i s  broad, t h e  a l i p h a t i c  ch lo rohyd ro -  

carbons (CHCs) were chosen. Indeed t h i s  i s  a h i g h l y  t o p i c a l  m a t e r i a l  group, s i n c e  

i t  i s  f r e q u e n t l y  i n c l u d e d  w i t h  o r g a n o c h l o r i n e - i n s e c t i c i d e s  and p o l y c h l o r o b i p h e n y l s  

(PCBs) wh ich  be long  t o  t h e  ha logenated  hydrocarbons. 

As a q u a n t i t a t i v e l y  v e r y  i m p o r t a n t  p roduc t  g roup o f  t h e  chemical  i n d u s t r y ,  

DESCRIPTION OF THE FLUIDS (see Tab le  1 )  
- 

t h e  most impor tan t  parameters.  The d i f f e r e n c e  i n  d e n s i t y  compared w i t h  t h a t  o f  

groundwater de termines  t h e  l e v e l  i n  wh ich  t h e  m i g r a t i o n  i n  t h e  a q u i f e r  t akes  p lace .  

The m ine ra l  o i l  p roduc ts  ( f o r  s h o r t :  o i l )  a r e  g e n e r a l l y  c o n s i d e r a b l y  l i g h t e r  t han  

water.  Some crude o i l s  ve ry  n e a r l y  approach t h e  va lue  1,0 g/ml, however, and c e r -  

t a i n  d i s t i l l a t i o n  p roduc ts  o f  coa l  ( t a r  o i l s )  reach va lues  o f  n e a r l y  1 , I .  The den- 

s i t y  o f  t h e  ch lo rohydrocarbons  cons ide red  i n  o u r  i n v e s t i g a t i o n s  l i e s  between 1,3 

and 1,6. 

To c h a r a c t e r i z e  t h e  f l u i d  dynamic p r o p e r t i e s ,  t h e  d e n s i t y  i s  chosen as one o f  
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Tab le  1:  Dens i t y ,  V i s c o s i t y  and S o l u b i l i t y  o f  some Chlorohydrocarbons and 
M ine ra l  O i l s  

Name, Formula 

A l i p h a t i c  Ch loro-  
hydrocarbons : 

T r i  c h l  o r o e t h y l  ene 
C2HC1 

Te t rach lo roe thy lene  

'ZC14 

l , l , l - T r i c h l o r o -  
ethane C2H3C1 

Methy lenech lo r i  de 
CH2C1 

Ch loro form 
C H C l  

C a r b o n t e t r a c h l o r i d e  
CC14 

Water 

M ine ra l  o i l  p roduc ts :  

Medium d i s t i l l a t e s  
( l i g h t  h e a t i n g  o i l ,  
d i e s e l  f u e l )  

Petroleum, j e t  f u e l  

Gaso l ine  ( C a r b u r e t t o r  
f u e l s )  

Crude o i l s  ( A f r i c a ,  
Near East,  N o r t h  Sea) 

D e n s i t y  a t  20"  
o r  15°C ( * )  
3 (g /m l )  

1,46 

1,62 

1,32 

1,33 

1,49 

1,59 

1 ,oo 

0,82 t o  0,86 * 
0,77 t o  0,83 * 

0,72 t o  0,78 * 

0,80 t o  0,88 * 

K inemat ic  V i s -  
c o s i t y  a t  20°C 
9 c s t  (mm2/s) 

0,40 

0,54 

0,65 

0,32 

0,38 

0,61 

I ,01 

2 t o  8 

2 t o  4 

0 , 5  t o  0,7 

3 t o  35 

S o l u b i l i t y  i n  K a t e r  o r  
S a t u r a t i o n  Concen t ra t i on  
a t  10°C o r  20"C(*)(mg/kg) 

1.070 

160 

1.700 

13.200 * 

8.200 * 

785 * 

3 t o  8 

150 t o  300 

t o  25 

The v i s c o s i t y  - he re  t h e  k inemat i c  v i s c o s i t y  9 i s  a p p r o p r i a t e l y  a p p l i e d  as t h e  

q u o t i e n t  o f  t h e  dynamic v i s c o s i t y  and t h e  d e n s i t y  - de termines  t h e  v e l o c i t y  o f  t h e  

f l o w  process, t h a t  i s ,  t h e  c o n d u c t i v i t y  Kfluid o f  t h e  porous medium f o r  t h e  f l u i d  

i n  q u e s t i o n  (Kfluid = k / 3 ) .  The va lues  i m p l y  t h a t  i n  a d ry ,  porous medium CHCs 

and benz ine  would f l o w  approx ima te l y  3,O t o  1,5 t imes as f a s t  and l i g h t  h e a t i n g  o i l  

o r  d i e s e l  f u e l  app rox ima te l y  2 t o  10 t imes  s lower  than wa te r .  O f  course, i n  water-  

s a t u r a t e d  media t h e  degree o f  s a t u r a t i o n  o f  t h e  immisc ib le  f l u i d s  determines t h e i r  

r e l a t i v e  f l o w  v e l o c i t i e s .  

When one speaks o f  f l u i d s  wh ich  a r e  immisc ib le  w i t h  water ,  t h i s  does n o t  mean 
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t h a t  they are abso lu te l y  i n s o l u b l e  i n  water. They u s u a l l y  e x h i b i t  a more o r  l ess  

weak s o l u b i l i t y ,  which can be p r a c t i c a l l y  meaningless, b u t  on l y  under c e r t a i n  con- 

d i t i o n s .  The s o l u b i l i t y  ( o r  f o r  f l u i d s  which cons is t  o f  several components, t he  sa- 

t u r a t i o n  concentrat ion)  o f  l i g h t  heat ing f u e l ,  f o r  example, o f  about 5 mg/l on the  

average, i s  extremely low compared w i t h  t h a t  o f  o the r  f l u i d s ;  i n  s p i t e  o f  t h i s  

even such small concentrat ions can cause groundwater p o l l u t i o n .  

The CHCs are h i g h l y  v o l a t i l e .  For t h i s  reason t r a n s i t i o n s  from the  atmosphere 

t o  surface water and v i c e  versa occur r e l a t i v e l y  q u i c k l y  and s i m i l a r l y  p lay  an i m -  

po r tan t  r o l l  i n  the t r a n s i t i o n  from the atmosphere t o  water i n  the unsaturated 

zone and v i c e  versa. This  i s  a l s o  t r u e  o f  benzine, bu t  n o t  f o r  t he  minera l  o i l  med- 

ium d i s t i l l a t e s .  

The values o f  the surface tension, which are e s p e c i a l l y  s i g n i f i c a n t  f o r  the 

spreading o f  a f l u i d  on pure water, a re  f o r  both CHCs and o i l s  o f  t he  same order  

o f  magnitude. The surface tens ion f o r  wa te r /a i r  amounts t o  73 dyn cm-l (mN m-'); 

the values f o r  o i l  and the CHCs l i e  main ly  between 25 and 32 dyn cm-l. 

CHCs are i n  general non-polar o r  weakly po la r ;  o i l s  a l so  c o n s i s t  f o r  t he  most p a r t  

o f  non-polar components. From t h i s  i t  may be concluded t h a t  the s o r p t i o n  o f  d i s -  

solved substances i n  aqui fers ,  which a re  main ly  mineral i n  nature, must c l e a r l y  

be small .  However, f o r  organic  s o i l s  a s i g n i f i c a n t  so rp t i on  may be expected. 

O f  the physical-chemical proper t ies,  o n l y  the p o l a r i t y  w i l l  be mentioned here. 

MIGRATION OF THE IMMISCIBLE PHASE 

Whether i n f i l t r a t i n g  o i l  o r  CHCs reach the groundwater t a b l e  o r  no t ,  depends 

d e c i s i v e l y  upon the i n f i l t r a t i o n  process (e.g. quasi point-formed o r  areal  source, 

i n f i l t r a t i o n  r a t e )  and upon the r e t e n t i o n  capaci ty  o f  t he  porous medium. The r e -  

t e n t i o n  capaci ty  f o r  o i l  i n  t h e  unsaturated zone l i e s  i n  general by 

3 - 5 l / m 3  i n  h i g h l y  permeable media and a t  the most by 30 - 50 l / m a  i n  media o f  

low permeabi l i ty ;  f o r  CHCs s i m i l a r  values were found. The heterogenei ty  o f  the 

unsaturated zone (e.9. a l t e r a t i o n  o f  d i f f e r e n t  permeable l a y e r s )  and the degree 

o f  water s a t u r a t i o n  o f  the i n d i v i d u a l  l aye rs  (e.g. so-ca l led "perched" c a p i l l a r y  

f r i n g e s  a t  the boundary o f  l ess  permeable t o  more permeable l aye rs )  r e s u l t s  i n  a 

l a t e r a l  component of t he  p e r c o l a t i o n  process and consequently a broadening o f  the 

oil/CHC-body w i t h  increas ing depth (F ig .  1 ) .  The heterogenei ty  o f  the unsaturated 

zone thus r e s u l t s  i n  general i n  a considerable reduc t i on  o f  the pene t ra t i on  depth 

i n  comparison w i t h  t h a t  of a homogeneous medium. The r e t e n t i o n  capaci ty  o f  t he  un- 

saturated zone can therefore on ly  be estimated s a t i s f a c t o r i l y  w i t h  a good knowledge 

o f  i t s  s t r u c t u r e  and mois ture content. Consequently o i l  and CHCs behave s i m i l a r l y  

as a phase i n  the  unsaturated zone, d isregard ing d i f f e r e n t  p e r c o l a t i o n  v e l o c i t i e s  

as a r e s u l t  o f  d i f f e r e n t  v i s c o s i t i e s .  
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Ground surface 

Unsotumted zone 

I 

V 
dirskved in water 

--c 

Saturated tone 

lmpemble  

F i g .  1 .  Oil/Chlorohydrocarbon m i g r a t i o n  p a t t e r n  

O i l  and CHCs behave fundamentally d i f f e r e n t l y ,  however, i f  the i n f i l t r a t e d  f l u i d  

volume exceeds t h e  r e t e n t i o n  capaci ty  o f  the  unsaturated zone. L e t  us f i r s t  con- 

s i d e r  the  o i l  ( F i g .  2 ) .  As soon as the o i l  reaches the upper boundary o f  the  

Ground surface - 
. . .  

Unsaturated zone 

C,apillary fringe 

--__ Oil  components 
- - - -______ ---___ - -____ 

-L dlssalved in water - - - - - -________ Saturated 
. .  ------- _____. ~ . 

F i g .  2 .  O i l  migrat ion p a t t e r n  ( S c h w i l l e  1975)  
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sa tu ra ted  zone, wh ich  l i e s  w i t h i n  t h e  c a p i l l a r y  f r i n g e ,  i t  spreads o u t  a t  f i r s t  

downwards as w e l l  as l a t e r a l l y ,  t h e  e x t e n t  depending on t h e  p ressu re  o f  t h e  f l u i d .  

But  t h e  l a t e r a l  spread ing  q u i c k l y  dominates. W i th  dec reas ing  f l u i d  p ressure ,  t h e  

o i l  wh ich  was f o r c e d  beneath t h e  groundwater t a b l e  t r i e s  t o  reach t h e  su r face  o f  

t h e  s a t u r a t i o n  zone again.  The tendency o f  t h e  o i l  t o  "swim" up t o  t h e  s u r f a c e  i s  

so s t r o n g  t h a t  even o i l  i n j e c t e d  beneath t h e  groundwater t a b l e  does n o t  remain i n  

t h e  s a t u r a t i o n  zone, excep t  f o r  t h a t  p a r t  cor respond ing  t o  t h e  r e s i d u a l  s a t u r a t i o n  

( S c h w i l l e  1975, Schiegg 1979). 

The de te rm in ing  su r face  f o r  t h e  spread ing  o f  t h e  o i l  i s  t hus  w i t h i n  t h e  c a p i l -  

l a r y  f r i n g e ,  where t h e  degree o f  s a t u r a t i o n  f o r  wa te r  amounts t o  about  60 - 80 %. 

The o i l  c l i n g s  s l a v i s h l y  t o  t h i s  sur face ,  wh ich  i n  genera l  runs  p a r a l l e l  t o  t h e  

groundwater t a b l e .  The magnitude and fo rm o f  t h e  area o f  sp read ing  depends among 

o t h e r  t h i n g s  upon t h e  t o t a l  q u a n t i t y  o f  o i l  i n f i l t r a t e d ,  t h e  i n f i l t r a t i o n  r a t e ,  t h e  

h y d r a u l i c  g r a d i e n t  and t h e  h y d r a u l i c  c o n d u c t i v i t y  o f  t h e  porous medium i n  t h e  r e -  

g i o n  o f  t h e  groundwater t a b l e .  F ig .  3 p rov ides  t h e  genera l  i dea .  

F i g .  3. Sur face  of  t h e  o i l  body (Sch iegg 1977) 

I n  p r i n c i p l e  t h e  g i v e n  o i l  m i g r a t i o n  p a t t e r n s  ( F i g s .  1 and 2 )  a r e  a p p l i c a b l e  t o  

crude o i l s  too .  One shou ld  bear  i n  mind, however, t h a t  due t o  t h e  p r e c i p i t a t i o n  

o f  compounds f rom crudes d u r i n g  c o o l i n g  down under these c i rcumstances ,  c e r t a i n  

crude o i l s  do n o t  behave l i k e  Newtonian l i q u i d s .  There fo re  i n  some cases t h e i r  

m i g r a t i o n  c h a r a c t e r i s t i c s  i n  porous media d i f f e r  cons ide rab ly  f rom those o f  pe- 

t ro leum p roduc ts  (Be r t sch  e t  a l .  1979).  

The spread ing  of CHCs i s  p resented  s c h e m a t i c a l l y  i n  F i g .  4.  When t h e  f l u i d  has 

reached t h e  su r face  o f  t h e  s a t u r a t e d  zone t h e  f l o w  i s  checked as would be expected, 
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Ground surface 

Unsaturated zone 

impermeable 

F ig .  4. Chlorohydrocarbon m i g r a t i o n  p a t t e r n  

s ince  groundwater must be d i sp laced ,  b u t  t h e  l a t e r a l l y - e f f e c t i v e  component i s  

c l e a r l y  n o t  o f  such d e c i s i v e  importance. The f l u i d  s inks  i n t o  the sa tu ra ted  zone. 

If t h e  r e t e n t i o n  c a p a c i t y  o f  t h i s  zone i s  exceeded ( t h i s  i s  governed by t h e  r e s i -  

dual  s a t u r a t i o n  i n  t h e  same manner as p e r c o l a t i o n  i n  t h e  unsaturated zone), then 

t h e  f l u i d  s i n k s  r i g h t  t o  t h e  a q u i f e r  bed ( t h e  impermeable l a y e r )  and spreads o u t  

under fo rma t ion  o f  a more o r  l e s s  f l a t  mound. The spreading o u t  takes p lace  under 

t h e  pressure head i n  the  mound and f o l l o w s  t h e  a q u i f e r  bed as s l a v i s h l y  as the  o i l  

over  t h e  groundwater t a b l e .  

On a homogeneous, even a q u i f e r  bed t h e  su r face  o f  t h e  CHC-mound i s  s i m i l a r  t o  

t h a t  o f  t h e  o i l  body on t h e  groundwater t a b l e  ( F i g .  3 ) .  I n  nature,  however, t h e  

a q u i f e r  beds a r e  i n  no way i d e a l  p lanes, b u t  have as a r u l e  a more o r  l e s s  undu- 

l a t i n g  r e l i e f .  The CHCs keep s t r i c t l y  t o  t h e  deepest p a r t s  o f  t h e  r e l i e f ,  f o l l o w -  

i n g  t h e  l o c a l  depth contours,  whose course i n  comparison w i t h  t h e  groundwater t a b l e  

i s  u s u a l l y  unknown o r  n o t  s u f f i c i e n t l y  known. When t h e  a q u i f e r  bed i s  formed o f  

l a y e r s  o f  compara t i ve l y  l ow  h y d r a u l i c  c o n d u c t i v i t y ,  then an es t ima te  o f  t h e  form 

and e x t e n t  o f  t h e  CHC " l e n s "  i s  p r a c t i c a l l y  impossib le ,  

f l u c t u a t i n g  groundwater t a b l e  accord ing t o  Schiegg (1977) .  The o i l  l ens  would 

t h e o r e t i c a l l y  be f a i r l y  t h i n  a t  i t s  end stage and would have t o  be correspondingly  

l a r g e .  P r a c t i c e  has shown, however, t h a t  t h e  areas r e q u i r e d  by theo ry  a r e  n o t  

a t t a i n e d .  The reason f o r  t h i s  i s  t h a t  because o f  t h e  seasonal ly-dependent f l u c t u a -  

t i o n s  o f  t he  groundwater t a b l e ,  t h e  mob i l e  o i l  s t i l l  i n  t he  spreading stage i s  

d i s t r i b u t e d  i n  t h e  v e r t i c a l  u n t i l  even tua l l y ,  w i t h  a c e r t a i n  s i z e  o f  t he  o i l  l ens  

a s tage o f  r e s i d u a l  s a t u r a t i o n  and thus  i m m o b i l i t y  o f  t h e  o i l  i s  a t t a i n e d  ( F i g .  5) .  

The area occupied by t h e  immisc ib le  phase may be c a l c u l a t e d  f o r  o i l  f o r  a non- 
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F ig .  5. O i l  r e d i s t r i b u t i o n  i n  t h e  f l u c t u a t i o n  zone o f  t h e  groundwater t a b l e  
( S c h w i l l e  1975) 

Wi th  t h e  CHCs, which s i n k  t o  t h e  imperv ious  aye r  o f  t h e  a q u i f e r ,  such a secon- 

da ry  d i s t r i b u t i o n  i n  t h e  v e r t i c a l  i s  n o t  poss ib  e. A f t e r  t h e  i n f i l t r a t i o n  f rom 

above has stopped, t h e  mound so-formed f l a t t e n s  o u t  more and more, u n t i l  even t -  

u a l l y  here  t o o  r e s i d u a l  s a t u r a t i o n  i s  reached o r  u n t i l  t h e  f l u i d  c o l l e c t s  i n  a 

depress ion  w i t h o u t  an o u t f l o w  ( F i g .  10). 

MIGRATION OF DISSOLVED COMPONENTS 

The oi l /CHC-bodies i n  wh ich  t h e  f l u i d s  i m m i s c i b l e  w i t h  wa te r  a r e  found i n  r e s i -  

dual  s a t u r a t i o n  remain p e n e t r a b l e  f o r  seepage wa te r  as w e l l  as f o r  groundwater 

w i t h o u t  s e r i o u s  l i m i t a t i o n s .  The d r o p l e t s  d i spe rsed  i n  t h e  pores  r e s u l t  i n  a good 

c o n t a c t  w i t h  t h e  wa te r  i n t o  wh ich  s o l u b l e  components d i f f u s e .  W i th  t h e  v e r y  s low 

f l o w - v e l o c i t i e s  wh ich  u s u a l l y  occur ,  s a t u r a t i o n  c o n c e n t r a t i o n  i s  reached a f t e r  

o n l y  a s h o r t  f low-path .  I t  may t h u s  be de r i ved ,  t h a t  i n  t h e  l e e  o f  a phase body 

a plume w i t h  d i s s o l v e d  components forms ( F i g .  6 ) ,  whose i n i t i a l  c o n c e n t r a t i o n  

corresponds t o  t h e  s o l u b i l i t y  o r  s a t u r a t i o n  c o n c e n t r a t i o n  o f  t h e  f l u i d  i n  ques t i on .  

The d e n s i t y  o f  these aqueous s o l u t i o n s  i s  u s u a l l y  o n l y  s l i g h t l y  r a i s e d ,  so t h a t  

t h e r e  i s  no s i g n i f i c a n t  tendency f o r  s i n k i n g  w i t h i n  t h e  a q u i f e r .  Thus the  m i g r a t i o n  

o f  t h e  d i s s o l v e d  substances f o l l o w s  t h e  laws o f  hydrodynamic d i s p e r s i o n .  The d i s -  

t r i b u t i o n  of c o n c e n t r a t i o n  i n  t h e  plume can be c a l c u l a t e d  w i t h  s u f f i c i e n t  exactness 

wi th an a p p r o p r i a t e  e s t i m a t e  o f  t h e  maximum c r o s s - s e c t i o n  o f  t h e  oil/CHC-body, t h e  

h y d r a u l i c  c o n d u c t i v i t y  and t h e  h y d r a u l i c  g r a d i e n t ,  t h e  c o e f f i c i e n t s  f o r  l o n g i t u -  

d i n a l  and t ransve rse  d i s p e r s i o n  and t h e  f l o w  v e l o c i t y  o f  t h e  groundwater.  As  an 
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Fig. 6. Concentrat ion d i s t r i b u t i o n  o f  d isso lved components as a r e s u l t  o f  hydro- 
dynamic d ispers ion.  ( L e f t :  a f t e r  2 months, r i g h t :  a f t e r  12 months; 
f l o w  v e l o c i t y :  0,5 mlday) 

example f o r  asce r ta in ing  the  maximum cross-sect ional  area o f  an o i l  body (saturated 

zone) a f t e r  p r a c t i c a l l y  complete immob i l i t y  has been reached, Figs. 3, 5 and 7 
w i l l  serve. Important i n  t h i s  connection i s  t he  suggestion t h a t  the heterogeneity 

A Unsaturated i o n  

Capillary Irmp. 

Saturated mu 

Fig. 7. Cross-section through the o i l  body perpendicular t o  groundwater f l ow  

o f  t he  aqu i fe rs ,  e s p e c i a l l y  m u l t i l a y e r e d  aquifers, shapes the plumes t o  a much 

greater  ex ten t  than would hydrodynamic d i spe rs ion  alone. 

d i r e c t i o n  
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MIGRATION OF GAS COMPONENTS 

The h i g h  v o l a t i l i t y  o f  benz ine  and CHCs favours  a t r a n s i t i o n  o f  these substances 

i n  t h e  pores  o f  t h e  su r round ing  unsa tu ra ted  zone. Around t h e  benzine/CHC-bodies an 

envelope o f  gas forms w i t h  decreas ing  c o n c e n t r a t i o n  outwards. I n  a porous medium 

w i t h  good c o n d u c t i v i t y  t h i s  envelope reaches o u t  f a r t h e s t  immedia te ly  above t h e  

c a p i l l a r y  f r i n g e .  The evapora t i on  underground i s  advantageous on t h e  one hand s ince  

i t  p rov ides  a cons ide rab le  c o n t r i b u t i o n  t o  t h e  r e d u c t i o n  o f  t h e  phase i n  t h e  un- 

s a t u r a t e d  zone, i n  t h a t  t h e  gas i s  p a r t l y  re leased  t o  t h e  open a i r .  On t h e  o t h e r  

hand t h e  gas zone i n  t h e  pore  space r e s u l t s  i n  an a d d i t i o n a l  c o n t a c t  w i t h  t h e  pe r -  

c o l a t i o n  water ,  by means o f  wh ich  aga in  a co r respond ing ly  l a r g e  area  o f  t h e  ground- 

water  can be contaminated. 

Gas can even d i f f u s e  o u t  o f  t h e  s o l u t i o n  plume i n  t h e  a q u i f e r  i n t o  t h e  unsatura-  

t e d  zone, a l t hough  r a t h e r  s low ly .  Even so, by t a k i n g  advantage o f  t h i s  e f f e c t  t h e  

s o l u t i o n  plume may be t r a c e d  sometimes by measur ing t h e  gas c o n c e n t r a t i o n  w i t h  

s u i t a b l e  g a s - t r a c i n g  i ns t rumen ts  i n  sma l l  bore  ho les .  Fo r  m ine ra l  o i l  p roduc ts  

w i t h  h i g h e r  b o i l i n g  p o i n t s ,  e.g. l i g h t  h e a t i n g  o i l ,  t h e  evapora t i on  l osses  a r e  

q u a n t i t a t i v e l y  un impor tan t .  

MICROBIAL DEGRADATION 

The d i s s o l v e d  o i l  c o n s t i t u e n t s  underground a r e  degraded r e l a t i v e l y  q u i c k l y  as 

l o n g  as enough d i s s o l v e d  mo lecu la r  oxygen i s  a v a i l a b l e .  Where t h i s  i s  n o t  t h e  case, 

t h e  degrada t ion  takes  p lace  a n a e r o b i c a l l y  w i t h  recourse  t o  t h e  oxygen o f  t h e  n i -  

t r a t e s  and su lphates .  The wel l -known, s o - c a l l e d  reduced groundwater t y p e  i s  formed, 

which conver t s  aga in  t o  t h e  o x i d i z e d  t y p e  t o  t h a t  e x t e n t  wh ich  t h e  contaminated  

water  mixes w i t h  oxygen-bear ing groundwater ( S c h w i l l e  1976). F i g .  8 shows schema- 

t i c a l l y  t h e  area  o f  i n f l u e n c e  o f  groundwater con tamina t ion  by degradab le  m a t e r i a l s ,  

Contamination keduction Oxidation 
source zone zone 

F ig .  8. Schematic p r e s e n t a t i o n  o f  t h e  r e d u c t i o n  - o x y d a t i o n  zone ( S c h w i l l e  1976) 

as can be deduced f rom f i e l d  obse rva t i ons .  The fo rm and area  o f  t h e  r e d u c t i o n  

and oxyda t ion  zone can o n l y  be p r o p e r l y  understood, o f  course, when t h e  t ime-  
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dependent c o n c e n t r a t i o n  d i s t r i b u t i o n  i s  known as a r e s u l t  o f  t h e  hydrodynamic d i s -  

p e r s i o n  ( F i g .  6 )  and t h e  oxygen c o n t e n t  o f  t h e  u n i n f l u e n c e d  groundwater.  There i s  

t hen  a c r i t i c a l  c o n c e n t r a t i o n  c u r v e  o f  t h e  s o l u b l e  substances, w i t h i n  wh ich  t h e  

admixed oxygen i s  j u s t  no l o n g e r  s u f f i c i e n t  t o  comp le te l y  degrade t h e  a v a i l a b l e  

o r g a n i c  m a t e r i a l  a e r o b i c a l l y .  

I n  t h e  case o f  medium d i s t i l l a t e s ,  e.g. l i g h t  h e a t i n g  o i l ,  r e l a t i v e l y  smal l  

c o n c e n t r a t i o n s  would r e s u l t  i n  F i g .  6 i f  t h e  s a t u r a t i o n  c o n c e n t r a t i o n  f rom Tab le  1 

were used t o  c a l c u l a t e  t h e  d i s p e r s i o n  plume. I n  r e a l i t y ,  however, th rough t h e  m i -  

c r o b i a l  a t t a c k  o f  t h e  o i l  d r o p l e t s  i n  t h e  o i l  body, o i l  c o n s t i t u e n t s  a r e  conver ted  

t o  a l a r g e  e x t e n t  i n t o  t h e  d i s s o l v e d  form, whereby t h e  source s t r e n g t h  i s  r a i s e d .  

(These i n t e r m e d i a t e  p roduc ts  o f  deg rada t ion  a r e  p a r t i c u l a r l y  unp leasant  w i t h  rega rd  

t o  t h e i r  t a s t e ;  t hey  i n v o l v e  a h i g h e r  t h r e s h o l d ) .  Based on t h e  Dutch l y s i m e t e r  

t e s t s  ( D i e t z  19801, we e s t i m a t e  t h a t  t h e  m i c r o b i a l  deg rada t ion  o f  t h e  o i l  body 

r a i s e s  t h e  r a t e  o f  substances go ing  i n t o  s o l u t i o n  by a t  l e a s t  10 t imes  t h e  va lue  

o f  t h e  s a t u r a t i o n  c o n c e n t r a t i o n .  I n s t e a d  o f  5 mg/l d i s s o l v e d  c o n s t i t u e n t s ,  f o r  

example, about  50 mg/ l  must be used i n  t h e  c a l c u l a t i o n ;  t hey  degrade, however, a t  

d i f f e r i n g  speeds. The l i m i t i n g  f a c t o r  f o r  m i g r a t i o n  o f  d i s s o l v e d  o i l  c o n s t i t u e n t s  

i s  t h e  admix ing  mo lecu la r  oxygen. 

No th ing  i s  y e t  known about  p o s s i b l e  m i c r o b i a l  deg rada t ion  o f  CHCs underground. 

Such a degrada t ion  i s  n o t  t o  be expected, however, s i n c e  CHCs would on t h e  con- 

t r a r y  r e s t r i c t  m i c r o b i a l  a c t i v i t y .  The f o r m a t i o n  o f  pronounced r e d u c t i o n  and sub- 

sequent oxyda t ion  zones acco rd ing  t o  F i g .  8 i s  t h e r e f o r e  n o t  t o  be expected. 

RECOVERY PROCEDURES AFTER POLLUTION 

When t h e  groundwater t a b l e  l i e s  a t  a sha l l ow  depth  and t h e  l o c a l  c o n d i t i o n s  

a l l o w ,  q u i c k  excava t ion  o f  t h e  o i l - p o l l u t e d  ground and pumping o u t  o f  t h e  o i l  

c o l l e c t i n g  on t h e  wa te r  t a b l e  may be t h e  most economical s o l u t i o n .  Fo r  i n c i d e n t s  

w i t h  CHCs on t h e  o t h e r  hand, i t  must be c a r e f u l l y  examined whether such a measure 

i s  j u s t i f i a b l e .  I f  t h e  wa te r  t a b l e  l i e s  deeper, t hen  o i l  o r  CHCs must be recovered 

by means o f  w e l l s .  I n  each case comprehensive i n v e s t i g a t i o n s  a r e  necessary be fo re -  

hand, which must be s t r i c t l y  adapted t o  t h e  f l u i d  i n  ques t i on .  F igs .  9 and 10 

show t h e  b a s i c  d i f f e r e n c e s  i n  t h e  t y p e  o f  recove ry  w e l l s .  

W i th  o i l ,  a p a r t i a l l y  p e n e t r a t i n g  w e l l  s u f f i c e s ;  i t  must be screened i n  t h e  

f l u c t u a t i o n  zone o f  t h e  water  t a b l e  i n  o r d e r  t o  a l l o w  t h e  o i l  e n t r y  i n t o  t h e  w e l l  

a t  any wa te r  l e v e l .  Whi le  a s t r o n g e r  pump produces t h e  necessary drawdown o f  t h e  

groundwater t a b l e ,  a weak o i l - p r o o f  pump can r e t r i e v e  o i l  c o l l e c t i n g  on t h e  water  

t a b l e .  T h i s  o p e r a t i o n  w i t h  two pumps i s  con t inued  u n t i l  t h e  mob i l e  o i l  i s  removed; 

t h e  r e s i d u a l  o i l  cannot  be recovered i n  t h i s  manner. I f  necessary,  d i s s o l v e d  con- 

s t i t u e n t s  can be removed by f u r t h e r  o p e r a t i o n  o f  t h e  s t r o n g e r  pump. 
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F ig .  9. O i l  r ecove ry  system, u s i n g  two F ig .  10. Chlorohydrocarbon recovery 
pumps system, u s i n g  two pumps 

Wi th CHC i n c i d e n t s ,  one must always take  i n t o  account t h a t  a p a r t  o f  t h e  f l u i d  

may have reached t h e  bed o f  t h e  a q u i f e r ,  as l o n g  as l a r g e r  volumes o f  f l u i d s  a r e  

i nvo l ved .  It i s  impor tan t  then t h a t  t h e  w e l l s  f u l l y  p e n e t r a t e  i n t o  t h e  impermeable 

l a y e r  and a r e  screened t o  t h e  bot tom i n  o r d e r  t o  a l l o w  a f r e e  passage o f  t h e  f l u i d  

i n t o  t h e  sumps o f  t h e  w e l l s .  The f l u i d  which c o l l e c t s  t h e r e  should be recovered 

w i t h  a s p e c i a l  CHC-proof pump o f  low performance o r  w i t h  s u i t a b l e  c o l l e c t i n g  de- 

v i ces .  The s t r o n g e r  pump b r i n g s  about t h e  drawdown o f  t h e  groundwater t a b l e ,  n o t ,  

however, t o  draw the  CHC-phase t o  t h e  w e l l  sump, b u t  i n  o rde r  t o  remove CHC d i s -  

so lved i n  water.  The f l u s h i n g  e f f e c t  i s  t h e  more e f f e c t i v e ,  t h e  more s o l u b l e  the  

f l u i d .  To f l u s h  o u t  t e t r a c h l o r o e t h y l e n e ,  f o r  example, one needs, under o the rw ise  

t h e  same c o n d i t i o n s ,  about t e n  t imes as much water  as i s  r e q u i r e d  t o  f l u s h  o u t  

l , l , l - t r i c h l o r o e t h a n e  (see Tab. 1 ) .  

one has a much b e t t e r  chance o f  r e c o v e r i n g  these f l u i d s  i n  t h e  r e s i d u a l  s tage i n  

a reasonable t ime than t h e  m i n e r a l  o i l  products ,  which c o n s i s t  o f  d i f f e r e n t  compo- 

nents  o f  d i f f e r i n g  and ext remely poor s o l u b i l i t y  except  f o r  benzine. O f  course, 

t h e  assumption i s  t h a t  t h e  CHCs have n o t  reached t h e  aqu i fe r -bed  o r  a t  l e a s t  n o t  

i n  l a r g e  q u a n t i t i e s .  In extreme cases t h e  q u a n t i t y  o f  CHCs t h a t  a r e  r e t a i n e d  i n  

t h e  pore space can be ve ry  smal l  i n  comparison w i t h  t h a t  l y i n g  on t h e  aqui fer -bed.  

I f  t h i s  has c o l l e c t e d  i n  a despress ion w i t h o u t  an o u t f l o w ,  i t  can be removed i n  

Because o f  t h e  r e l a t i v e l y  good s o l u b i l i t y  o f  t h e  CHCs as one-component f l u i d s ,  
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d i s s o l v e d  fo rm o n l y  ove r  an ex t reme ly  l o n g  pe r iod .  I t  i s  c l e a r  t h a t  i n  such a case 

t h e  groundwater con tamina t ion  may a l s o  be co r respond ing ly  smal l .  

f a c e  waters  o r  sewers w i t h o u t  f u r t h e r  t rea tmen t .  F i l t r a t i o n  over  a c t i v a t e d  charcoa l ,  

p o s s i b l y  a f t e r  p reced ing  a e r a t i o n ,  c o u l d  be  a p r a c t i c a b l e  b u t  r a t h e r  expens ive  

method o f  decontaminat ing  t h e  wa te r ,  and c o u l d  be used t o  recharge t h e  groundwater.  

The necessary h y d r a u l i c  methods f o r  o p t i m i z i n g  t h e  d i s c h a r g d r e c h a r g e  process a r e  

we1 1 known. 

The d i scha rged  wa te r  contaminated  by  CHCs cannot  i n  most cases be f e d  i n t o  su r -  
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