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I N  SITU TREATMENT OF ARSENIC CONTAMINATED GROUNDWATER 

G .  MATTHESS 
Geologisch-Palaeontologisches I n s t i t u t  der  Un ive r s i tg t  K i e l  , 
Kiel ( G  .F .R.  ) 

ABSTRACT 
Groundwater i n  a sand and g r a v e l  a q u i f e r  was contaminated by a r s e n i c  
compounds. The e x t e n t  and the A s  concen t r a t ion  of t h e  po l lu t ed  ground- 
water plume decreased from 1971 t o  1975, whereas the  content  of f ree  
d isso lved  oxygen increased .  High A s  concen t r a t ions  (>1 m g / l )  occured 
i n  groundwater w i t h  t y p i c a l  c h a r a c t e r i s t i c s  of a "reduced" water w i t h  
nega t ive  Eh va lues  and h igh  concen t r a t ions  of d i s so lved  i r o n  (up t o  
140 m g / l  i n  1971) .  
the  higher va lues  (> 1 mg A s / l )  coincided w i t h  t he  f i e lds  of t r i v a -  
l e n t  A s  spec ie s ,  whereas the lower va lues  ( < O . l  m g  A s / l )  f i t t e d  t o  
t h e  f i e l d s  of t h e  pentava len t  a r s e n i c  spec ie s .  Therefore  i t  was con- 
cluded that an improvement of t h e  oxygen supply should a c c e l e r a t e  t h e  
n a t u r a l  p r e c i p i t a t i o n  processes .  By i n j e c t i o n  of 29,000 kg KMnO,, i n t o  
17 wells and piezometers  t h e  so lub le  A s  (111) spec ie s  were oxidized 
t o  A s  (V) spec ie s ,  which were p r e c i p i t a t e d  as FeAs04 or Mn3(As04)2 
o r  co -p rec ip i t a t ed  w i t h  Mn- and Fe-hydroxides. 

When p l o t t e d  i n t o  an A s  s t a b i l i t y  f i e l d  diagram, 

INTRODUCTION 
The groundwater i n  the v i c i n i t y  of a z inc o re  smel te r  near  Cologne, 

West-Germany, which operated from 1913-1971, was contaminated by 
a r s e n i c  compounds.Tky o r i g i n a t e d  from t h e  f l u e  gas wash, which used 
sulphurous a c i d  s o l u t i o n .  I ts  e f f l u e n t  was treated w i t h  Ca(OHI2 
s o l u t i o n  a t  pH>8 t o  p r e c i p i t a t e  A s  0 as C a 3 ( A s O 4 I 2 .  However due t o  
t he  f a i r l y  high s o l u b i l i t y  of Ca3(AsO4l2 t r a c e s  of a r s e n i c  remained i n  
s o l u t i o n  and seeped from t h e  c r i b s  i n t o  the a q u i f e r .  The contaminated 
groundwater plume was de tec t ed  i n  1971 (Ref .1) .  Detailed s t u d i e s  and 
e f f o r t s  f o r  removing t h e  d i s so lved  A s  from groundwater followed i n  the 
i n t e r v a l  1971-1979. 

2 3  
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HYDROGEOLOGICAL AND HYDROGEOCHEMICAL CONDITIONS 
The a q u i f e r  c o n s i s t s  of P l e i s tocene  sands an ig rave l s  w i t h  i n t e r -  

c a l a t e d  l a y e r s  of  s i l t ,  c l a y  and coa r se  g r a v e l s .  It i s  unde r l a in  a t  
18.5 - 27 m depths  by s i l t y  f i n e  sands of Oligocene a g e ,  The average 
hydraul ic  conduc t iv i ty  of t h e  P le i s tocene  a q u i f e r  i s  2.6 m / s  
(range 0.5 .10'3-3 .7. m / s )  . For the  under ly ing  Oligocene c layey  and 
s i l t y  f i n e  sands an  average va lue  of m / s  i s  quoted (Ref . l ) ,  The 
groundwater f low d i r e c t i o n  and v e l o c i t y  i s  c o n t r o l l e d  by t h e  water 
table i n  t h e  r i v e r  Rhine. A t  mean and low d ischarge  i t  f lows towards 
the  r i v e r ,  however du r ing  f l o o d s  r i v e r  water i n f i l t r a t e s  and groundwa- 
t e r  flows f o r  some time landwards.  Nevertheless  over t h e  whole year  
a gene ra l ,  bu t  retarded n e t  groundwater in f low i n  t he  r i v e r  occurs .  
The average f low v e l o c i t y  i s  0.9 m/d ( R e f  .1), but  h igher  flow v e l o c i t i e s  
and even s tagnant  cond i t ions  are observed a t  times. 
In the  contaminated zone 4 1  piezometers of d i f f e r e n t  l e n g t h s  were 

i n s t a l l e d ,  some of them as piezometer n e s t s  (2  n e s t s  w i t h  4 piezome- 
ters ,  2 n e s t s  w i t h  3 piezometers  and 11 n e s t s  w i t h  2 p iezometers ) .  
In  a d d i t i o n  f i v e  i n j e c t i o n  wel ls  were d r i l l e d  i n  1976/77. Thus i t  was 
poss ib l e  t o  i n v e s t i g a t e  t he  s p a t i a l  d i s t r i b u t i o n  of t he  contaminant.  

and brown A s  con ta in ing  p r e c i p i t a t e s  ( R e f . 1 ) .  The As concen t r a t ion  i n  
t h e  sediments va r i ed  i n  h o r i z o n t a l  and v e r t i c a l  d i r e c t i o n .  I n  a d r i l l  
hole  i n  the  c e n t r e  of t h e  contaminated zone 10 t o  170 m g  As/kg sedi- 
ment (average 78 mg/kg) were measured, w i t h  t he  h ighes t  va lues  i n  t h e  
lower p a r t  of the P le i s tocene  a q u i f e r .  With h e l p  of s e l e c t i v e  
e x t r a c t i o n  methods i t  could be  shown t h a t  A s  was p resen t  i n  form of 
water so lub le  oxides ,  as su lph ides  i n s o l u b l e  i n  d i l u t e  a c i d s  and as 
compounds of t h e  t y p e  FeAsS (a r senopyr i t e )  poorly s o l u b l e  i n  d i l u t e  
a c i d s .  Realgar ( A S S ) ,  a calcium a r s e n a t e  (CaAs206, C a A s 2 0 7 )  and gypsum 
(conta in ing  50 m g  As/kg) could be i d e n t i f i e d  mine ra log ica l ly .  Besides 
these phases mic roc rys t a l  s and poorly c r y s t a l l i z e d  A s  bear ing  
subs tances  were observed. 

Near t h e  c r i b s  the sediment g r a i n s  were found t o  be coated by  yel low 

The contaminated groundwater plume was cha rac t e r i zed  by reducing  
cond i t ions  shown by e l eva ted  con ten t s  of d i s so lved  f e r r o u s  i r o n  (up t o  
140 m g  Fe2+/1  i n  1971) ,  nega t ive  Eh and low pH va lues  (Table 1). T h i s  
reducing  cond i t ion  are presumable due t o  t h e  ox ida t ion  of sulphurous 
t o  su lphur i c  compounds which i n  1971 were p resen t  i n  concen t r a t ions  up 
t o  2010 m g / l .  

In  1971 t h e  A s  concen t r a t ions  were a s  high as 56 mg/l a t  2 0  m d e p t h  
near  t h e  source of contaminat ion,  i n  c o n t r a s t  t o  a n a t u r a l  background 
o f (0 .01  mg/l .  The contaminated groundwater plume diminished dur ing  the  



293 

iso-concentration lincs 
0 wells - 1971 jwrce  of 

pkometuand -___ 1975 conlarrhation 
piczancfu ncsts 

F i g .  1. A s  c o n c e n t r a t i o n s  i n  the lower p a r t  of the a q u i f e r  

t ime i n t e r v a l  1971/1975, bu t  t h e  h i g h e s t  c o n c e n t r a t i o n ,  26.4 mg/l ,  was 
s t i l l  found i n  t h e  same p iezomete r  n e s t .  I n  Janua ry  1975 dh and pH 
measurements were performed t o g e t h e r  w i t h  s imul t aneous  d e t e r m i n a t i o n  
of d i s s o l v e d  a r s e n i c .  The observed PH-, Eh- and As-values were p l o t t e d  
on a s t a b i l i t y  f i e l d  diagram (Ref .3) .  It t u r n e d  o u t  t h a t  t he  h i g h e r  A s  
c o n t e n t s  0 1  m g  A s / l )  f e l l  i n t o  the  HAsO f i e l d ,  whereas t h e  lower 
c o n t e n t s  (<0.1 mg A s / l )  l i e  i n  t h e  f i e l d s  of t h e  p e n t a v a l e n t  a r s e n i c  

2aq 

s p e c i e s  H 2 A s 0 4 -  and H A s 0 4  2- . Water samples  w i t h  A s  c o n t e n t s  between 

0.1 and 1 mg/l  l i e  on o r  c l o s e  t o  t h e  boundary between t r i v a l e n t  and 
p e n t a v a l e n t  A s  s p e c i e s .  T h e r e f o r e  i t  was concluded t h a t  t he  d i s s o l v e d  
A s  was p r e s e n t  i n  a t r i v a l e n t  s ta te  and t h a t  t h e  t r a n s f e r  i n t o  pen ta -  
v a l e n t  s p e c i e s  i n  p r e s e n c e  of Ca2+- and Fe2+-ions would produce a n  
a p p r e c i a b l e  p r e c i p i t a t i o n  o f  d i s s o l v e d  A s .  Another diagram of Hem 
( p e r s o n a l  communication) i n c l u d i n g  C 0 2  and S s p e c i e s  shows t h a t  a t  low 
Eh and pH v a l u e s  A s  s u l p h i d e s  a re  s tab le .  Under o x i d i z i n g  c o n d i t i o n s  
t h e  As s u l p h i d e s  w i l l  be o x i d i z e d  t o  a r s e n a t e  and s u l p h u r i c  a c i d  (1). 
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As2S3 t 80, t ~ H , O + ~ W \ S O ~ ~ -  t 3H2S04 (1) 

The f ree  a c i d s  w i l l  r e a c t  w i t h  d i s so lved  o r  s o l i d  subs tances ,  e .g .  
calcium carbonate ,  calcium and i r o n  I1 i o n s .  

PRNEDURES AND RESULTS 
The observa t ion  tha t  du r ing  the i n t e r v a l  1971/1975 the As Concen- 

t r a t i o n  and the  ex tens ion  of the contaminated plume were d iminished ,  
t oge the r  w i t h  a s h i f t  of the  pH and Eh t o  h igher  va lues  led t o  the 
not ion  t o  a c c e l e r a t e  t h i s  movement toward ox id iz ing  cond i t ions .  There- 
f o r e  var ious  ox id iz ing  chemicals  were t r i e d  out  ( H 2 0 2 ,  N a O C 1 ,  KMn04). 
It could be shown t h a t  KMn04 i s  a s t rong  ox id iz ing  agent  even i n  
d i l u t e  so lu t ion ,  which ox id izes  A s  (111) i n  a c i d  and b a s i c  s o l u t i o n  t o  
A s ( V ) .  For a c i d  s o l u t i o n s  i t s  e f f e c t  can be descr ibed  by equat ion  ( 2 )  
Mn04' + 8Ht t 5e 3 M n 2 '  t 4 H 2 0  

Mn04- t 2H20 t 3e--,Mn02 t 40H- 

( 2 )  

and f o r  bas i c  s o l u t i o n s  by equat ion  (3)  

( 3 )  

In t h e  contaminated groundwater plume a c i d  and n e u t r a l  pH cond i t ions  
could be observed. Therefore  both r e a c t i o n s  may occur .  The Mn2' i ons  
according t o  equat ion  2 may combine w i t h  t h e  oxidized As spec ie s  t o  
form t h e  f a i r l y  in so lub le  Mn 11-arsenate  Mn3(AsO4I2 (Ksp = 2.10-29) 
(Ref.5) o r  w i t h  Fe3' i o n s  t o  Fe 111-arsenate  (FeAs04) (Ksp = 5.7.10'21) 
(Ref .2) .  Furthermore t h e  A s  spec ie s  may be c o p r e c i p i t a t e d  w i t h  MnO 
according t o  equat ion  3 o r  w i t h  i r o n  I11 hydroxides .  Gulens e t  a l .  
( R e f . 4 )  i nd ica t ed  t h a t  A s  ( V )  and A s  (111) form complexes w i t h  Fe (111) 
i n  s o l u t i o n ,  w i t h  Fe (111) - A s  (111) complex being more so lub le  than 
the  Fe ( 1 1 1 ) - A s  (V) complex. The consumption of Ht (eqn.2)  o r  produc- 
t i o n  of OH- (eqn.3) may s h i f t  t h e  pH t o  a h igher  va lue .  

After some l abora to ry  experiments w i t h  sand f i l l e d  l y s i m e t e r s  and 
some prel iminary f i e l d  experiments which proved that KMn04 i s  an e f f ec -  
t i v e ,  p e r s i s t e n t  ox id i z ing  agen t ,  i t  was decided t o  use a s o l u t i o n  of 
about 2 g KMn04/1 f o r  t h e  i n j e c t i o n .  T h i s  s o l u t i o n  minimized t h e  clog-  
g ing  e f f e c t  c l o s e  t o  the  well  s c reens  which is due t o  t he  p r e c i p i t a t i o n  
of i r o n  I11 hydroxide and o the r  subs tances .  From December 1976 t o  May 
1977 
piezometers .  The demand of KMn04 was c a l c u l a t e d  f o r  each  i n j e c t i o n  
well us ing  t h e  measured average KMn04 demand of the  water f i l l e d  sedi- 
ment of 0.472sKMn04/m3. I n  t h e  fo l lowing  t i m e  the  i n j e c t i o n  water mixed 
w i t h  t h e  contaminated groundwater due t o  d i s p e r s i o n  i n  t h e  a q u i f e r ,  i n  
which changing groundwater flow d i r e c t i o n s  are t y p i c a l .  

2aq 

29.000 kg KMn04 were d i s so lved  and i n j e c t e d  i n t o  17 wells and 
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TABLE 1: 
pH, Eh, A s - ,  Fe2' con ten t s  and s p e c i f i c  e l e c t r i c a l  conductance i n  
t h e  contaminated groundwater plume i n  1971, 1975 and 1977. 

1971 

Ph 3.1 - 7.0 
Eh mV - 
A s  mg/l (0.01- 56 
A s  average 

mg/l 22.7 

Fez' mg/l 0.2-140 

SO4 mg/l 152-2010 

S p e c . e l e c t r i c a 1  
conductance 
pS/cm - 

2- 

1975 

4.8 - 7.0 
-110 -+20 

(0.01 - 26 

13.6 

co.1 - 93.3 
80 -1670 

440 -2300 

1977 1979 

5.5 - 7.8 5.8 - 8.2 

-100 -+440 -120 -+440 

<O.Ol - 0.3 (0.01 - 5.6 

0.06 
- 
- 

600 -2250 650 -2150 

The va lues  vary accord ing  t o  t h e  s i t e  and depth  of t h e  observa t ion  
wells,  The improvement of  t h e  groundwater q u a l i t y  i s  obvious,  but  a s  
t h e  nega t ive  Eh-values i n  1977 and 1979 and t h e  l o c a l l y  h igher  A s  
concen t r a t ions  (> 1 mg/l) i n  1979 show no t o t a l  mixing of contaminated 
water  and i n j e c t i o n  water could be achieved up t o  now. Therefore  the  
r e s p e c t i v e  we l l s  w i l l  be s u b j e c t  t o  new i n j e c t i o n s .  

TABLE 2 : 

Supply of A s  i n t o  t h e  r i v e r  Rhine 

Width of t h e  contaminated plume 
Thickness 
Groundwater f low v e l o c i t y  
Groundwater d i scharge  
Average A s  concen t r a t ion  
A s  discharge  

Rhine d ischarge  ( b e r i c h )  average 
Increase  of A s-c once n t r a  t i on 

m 
m 
m /d 

m3 /d 
g /m3 

g /d 

g / s  
m3 /s 

g /m3 

266 

20 

1 

5320 

0.06 

3.69.10-3 

319.2 

2330 

1.6. 

The A s  d i scha rge ,  c a l c u l a t e d  for t h e  d a t a  of 1977 (Tab le  2) , i s  
under t h e  l e v e l  of d e t e c t i o n  f o r  t h e  usua l  As measurement. It i s  about 
0.01% of t h e  up t o  date A s  d i scha rge  of t h e  Rhine r i v e r  ( ca l cu la t ed  
f o r  average d i scha rge )  and 0.3% of t h e  n a t u r a l  background (Table 3, 
R e f  .6). 
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Table 3: 

Comparison of As discharge of the river Rhine (kg/a) and the As 

concentration (mg/l) (Ref. 6) with the As discharge from the 

contaminated groundwater plume. 

kg /a g/s mg/l 

As discharge 
of the Rhine dissolved 37 5,000 11.89 5.1. 
river at average 

(2330 m3/s) 

total 87 5,000 27.74 11.9.10-3 

Natura 1 background 34.000 1.08 0.46.10-'3 
As discharge from 
Nievenheim 116.5 0.0037 0.0016. I f 3  

discharge suspended 500,000 15.85 6.8. 

C ONC LU S IONS 

The considerable reduction of the As concentration and the total 

amount of dissolved As species between 1971 and 1975 obviously 

occured without human contribution due to a gradual oxidation of 

trivalent to pentavalent As species and of ferrous to ferric iron 

species as oxygen was supplied by the seepage, the intermixture of 

oxygenated groundwater and gas exchange with the ground air. This 

oxidation favoured the precipitation of the fairly unsoluble FeAs04. 

This natural process was accelerated by the addition of KMn04 solution, 

which improved the removal of dissolved As by precipitation of FeAs04 

and Mn (AsO4I2, by coprecipitation and adsorption of As on Fe (OH) 
3 

and Mn02 n H 2 0  
3 
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