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ABSTRACT 

I n  a two months tes t ,  about  2 5  l / s  of  secondary t r e a t e d  urban sewage water  were 

in t roduced  i n t o  a w e l l ,  i n  a coa r se  sand and g r a v e l  confined a q u i f e r  i n  t h e  small 

Bes6s r i v e r  d e l t a  (Barcelona,  S p a i n ) .  I t  c o n t a i n s  80 p e r c e n t  sea wa te r ,  i n  a 

reducing environment.  Four obse rva t ion  w e l l s  w e r e  d r i l l e d  i n  o r d e r  t o  monitor t h e  

breakthrough of  t h e  i n j e c t e d  water. Na tu ra l  flow v e l o c i t y  i n  t h e  a q u i f e r  was about  

3 m/day, d i s t u r b i n g  t h e  r a d i a l  flow around t h e  i n j e c t i o n  w e l l .  Thus t h e  t r a v e l  t i m e  

and t h e  breakthrough of  t h e  i n j e c t e d  w a t e r  depends on t h e  o r i e n t a t i o n  o f  t h e  borehole .  

The f r e s h  water w a s  dragged along by t h e  groundwater f low,  and no s t a b l e  f r e s h  

water was formed. There w e r e  some i n i t i a l  dec rease  i n  ha rdness  and an  i n c r e a s e  i n  

sodium. Ammonia is delayed b u t  t h e  r e t e n t i o n  c a p a c i t y  is  soon s a t u r a t e d .  Phosphoks 

i s  e l imina ted .  Some i r o n  can be d i s s o l v e d .  N o  d e s t r u c t i o n  of  o rgan ic  ma t t e r  was 

observed.  The i n j e c t e d  cl lor ine favored ground chromium d i s s o l u t i o n .  Bac te r i a  t r a v e l e d  

more than 12 metres, b u t  probably n o t  more than 30 metres.  

INTRODUCTION 

The a r e a  o f  Barcelona,  on t h e  Spanish NE Mediterranean c o a s t ,  f o r e s e e s  f u t u r e  w a -  

ter  Supply problems. A d e t a k d  s tudy  t o  e v a l u a t e  t h e  sewage water p o t e n t i a l  f o r  

r euse  was launched i n  1975 by t h e  C o m i s a r i a  de  Aquas d e l  P i r i n e o  O r i e n t a l  (Eastern 

Pyrenees Water Agency) and t h e  Munic ipa l i t y  of Barcelona (ref .  3 ) .  

I t  inc luded  a p i l o t  t r ea tmen t  p l a n t f o r  t h e  sewage water o f  t h e  R i e r a  d 'Horta-  

B e d s  (Prim) t runk  and an experimental  r echa rge  t es t  w e l l ,  cons t ruc t ed  and ope ra t ed  

fo l lowing  t h e  expe r i ence  gained i n  some f r e s h  water  r echa rge  w e l l s  i n  t h e  a r e a  

( r e f .  2 ) .  

Although a much longe r  s e r i e s  o f  tests w a s  fo re seen ,  a t  t h e  l as t  moment some 

i n s o l u b l e  cash and labor problems appeared,  and only a t w o  month f i r s t  phase o f  

r echa rge  could be completed.  

The purpose of  t h i s  paper  i s  t o  p r e s e n t  t h e  r e l e v a n t  r e s u l t s  concerning t h e  

i n j e c t e d  water q u a l i t y  behaviour  i n  t h e  a q u i f e r .  Thus, o t h e r  a s p e c t s  such as t h e  
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recharge hydraul ics  , w e l l  clogging rate, recharge water t r a v e l  t i m e ,  w e l l  operat ion 

procedure, e t c . ,  are not-considered here .  Only preliminary da ta  are presented,  s ince  

the  f i n a l  repor t  i s  under way. 

THE RECHARGE TEST 

The recharge s i te  and f a c i l i t i e s  

The recharge aqui fe r  i s  the  lower permeable u n i t  of the  B e s B s  r i v e r  d e l t a ,  a 

10 m th ick  layer  of  coarse f l u v i a t i l e  sand and grave l ,  including some cobbles and 

f i n e  sand lenses ,  confined by clay and s i l t  between 40 and 50 m. I t  i s  extensively 

exploi ted f o r  i n d u s t r i a l  purposes. The sea water encroaches the aqui fe r  and reaches 

some of the  abs t rac t ion  centers  ( r e f .  1 ) .  Along the  c o a s t ,  a landward flow of sa l t  

water i s  c l e a r l y  not iceable .  It penet ra tes  through the sea f l o o r ,  where organic  

mud depos i t s  probably explains  the reducing groundwater environment. 

Pumping, t r a c e r  and piezometric tests y i e l d  an aqui fe r  t ransmiss iv i ty  of 3600 

m2/day, with a s torage  c o e f f i c i e n t  of 2.10-4. The mean permeabi l i ty  i s  300 m/day 

with a maximum value of 500 m/day. The t i d a l  e f f i c i e n c y  i s  0 . 2 2 .  The overlying 

confining layer  presents  a v e r t i c a l  permeabi l i ty  of  about 2 .  m/day ( r e f .  1 )  . 
Close t o  t h e  shore a 950 mm diameter recharge well w a s  constructed and f i t t e d  

with a 18 % open area  s l p t t e d s c r e e n .  Four observat ion w e l l s  were d r i l l e d  a t  d is tances  

from the  w e l l  of 4 m t o  the SE p-qf; ‘i2 m t o  t h e  NW (P-21, 30 m t o  t h e  NE (P-3) 

and 140 m t o  the  WNW (P-4). All of them f u l l y  penetrated t h e  aqui fe r .  The recharge 

w e l l  had permanently i n s t a l l e d  a 90 l/s pump and t h e  four  observat ion w e l l s  were 

f i t t e d  with small membrane pumps t o  allow f o r  continuous water sampling. 

A t  480 m t o  t h e  WNW, some i n d u s t r i a l  w e l l s  e x t r a c t i n g  about 150 l/s, crea ted  

a pumping drawdown cone t h a t  dominated the l o c a l  groundwater flow a t  t h e  recharge 

s i te .  Thus, t h e  recharged water d id  not  m v e  r a d i a l l y  o u t  of t h e  recharge wel l .  

Observation borehole P-1 w a s  almost unaffected, bu t  t h e  i n j e c t e d  water w a s  dragged 

toward t h e  P-2 and P-4 boreholes. The borehole P-3 w a s  a t  r i g h t  angles to  the  flow 

and only a f r a c t i o n  of  the i n j e c t e d  water could reach it. 

Dilut ion rad ioac t ive  tracer tests showed a groundwater flow ve loc i ty  (darcy 

ve loc i ty)  of 3 m/day. The induced f resh  water body w a s  unstable  s ince  it w a s  displaced 

from the  recharge w e l l  surroundings i n  a few days. 

The recharge was performed by gravi ty  i n j e c t i o n  of 25 11s of w a t e r  from the  

16th October t o  t h e  17th December, 1977. The w e l l  was backpumped per iodica l ly  to  

r e s t o r e  as much a s  poss ib le  the  i n j e c t i o n  capaci ty .  The ch lor ine  added t o  the  recharge 

water w a s  a key f a c t o r  i n  t h e  re ta rda t ion  of i r r e v e r s i b l e  clogging. A major 

in te r rupt ion  i n  t h e  recharge occurred from 21 t o  25 November i n  order  t o  test the  

w e l l  and reduce the  clogging by overchlor inat ion.  

About 325 water samples w e r e  anarysed, each including 20 t o  30 determinations. 
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C h a r a c t e r i s t i c s  of  the n a t i v e  groundwater and t h e  i n j e c t i o n  water 

The local groundwater around t h e  i n j e c t i o n  w e l l  i s  highly s a l i n e  and . represents  

a mixture of f r e s h  w a t e r  with 7 5 4 0 %  sea water. There i s  a s l i g h t  d i l u t i o n  toward 

t h e  pumping center ,  and t h i s  e f f e c t  must be born i n  mind when computing t h e  mixture 

with t h e  i n j e c t e d  water. The c h a r a c t e r i s t i c s  of  t h e  na t ive  groundwater around the  

i n j e c t i o n  w e l l  i s  shown i n  t a b l e  1. There i s  a reducing environment and a high 

i r o n  and manganese content .  The n i t rogen  compounds a r e  almost absent. 

TABLE 1 

Characteristics of t h e  n a t i v e  groundwater near t h e  i n j e c t i o n  w e l l  and t h e  recharge 

water during t h e  i n j e c t i o n  t e s t  

C h a r a c t e r i s t i c  Units Native groundwater Recharge water 

Mean ( 1 s t  month) extremes 
Temperature 
PH 
E l e c .  cond. 25OC 
Total hardness 
~ ~ 0 3 -  
so4-2 
c1- 
Na+ 
K +  
ca+2 
Mg+2 
Ammonia 
~ 0 3 -  
N02- 
Dissolved 02 
Phosphorus 
Total  Fe 
Total  Mn 
ABS detergents  
c O D ( ~ ~ n 0 4  value)  
Suspended matter 
Color 
Total  col i forms 
Fecal s t rep tococc i  i n  100 m l  
Fecal col i forms i n  100 m l  

17 
6.7-7 .O 

38-44 
6.7-6.9 
-260 
1850 
16-17 

8.4-8.5 
95-125 

760 
1.1-1.2 
(0.5 
<o. 1 
40.01 

1 .o-2.0 
-0.03 

8-20 
-0 .2 
( 0 . 0 5  
< 1  
0.0 
0.0 
< 30 
4 30 
< 30 

7.9 
2.1 
0.49 
390 
190 
0.46 
0.30 

26 
140 
0.04 

31 
(0 .1  

2.3 
(6) 
1.7 
0.1 

4 0.05 
1 .o 

19 
10 
- 
- 
- 
- 

7.8-8.2 
1.2-2.6 
0.3-0.6 
250-460 
140-210 

U. 16-U.65 
0.13-0.37 

20-30 
80-160 

0.0 1-0.05 
20-55 
(0 .1  

< 0.1-2.5 
( 5 ) - ( 7 )  
1.5-2.7 

0.06-0.2 
(0 .05  

0.1-5 
16-23 
4-20 

15-45 
6300-460000 
d 30-23000 

6300-460000 

Both i n  t h e  na t ive  groundwater and i n  the  recharge water,phenols, cadmium, z inc ,  

copper, chromium and n icke l  were absent ,  and sulphides  only appeared sometimes i n  

very small q u a n t i t i e s  i n  the  groundwater. 

The r a w  recharge water i s  mainly domestic sewage, although some i n d u s t r i a l  sewage 

is incorporated and sometimes o i l s ,  tox ics  and s a l i n e  water a r e  poured i n t o  . The 

chemical c h a r a c t e r i s t i c s  a r e  var iab le .  This water w a s  t r e a t e d  with lime, and then 
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aera ted  t o  s tar t  and maintain a b io logica l  process  with sludge r e c i r c u l a t i o n .  Af te r  

c l a r i f i c a t i o n  t h e  water yent  t o  t h e  recharge s i te ,  where it w a s  pressure f i l t e r e d  

and chrorinated j u s t  before  t h e  i n j e c t i o n ,  i n  ammounts between 10 and 60  mg/l ( t h e  

breakpoint was 150-200 mg/l Clz), although i n  a some periods t h e  ch lor ine  w a s  no t  

added. Ta& 1 shows t h e  q u a l i t y  of t h e  i n j e c t e d  water. There w e r e  a t rend  to  decrease 

t h e  water s a l i n i t y  and t o  increase  t h e  ammonia content  and pH. Although t h e  N-NOT 

content  w a s  low, high values could be found sometimes. 

RESULTS 

Movement of  the i n j e c t e d  water 

Since t h e  ch lor ide  ion  i s  not  modified, t h e  i n j e c t e d  water movement can be shown 

by t h e  ch lor ide  breakthrough curves i n  t h e  observat ion boreholes ( f i g .  1 ) .  Since 

i ts  content  i n  t h e  recharge water w a s  var iab le ,  the f i n a l  p a r t  of t h e  curves are 

defined. Some s impl i f ied  r e s u l t s  are: 

Borehole Distance Chloride a r r i v a l ,  days Observations 

m 50% mixture Extremes 

P- 1 4 SE 0.018 0.016-1.5 N o  res idua l  s a l i n i t y  
P-2 12 Nw 1 .o 0.3-14 Some small res idua l  s a l i n i t y  

P-4 140 W" 52 25- ? No f u l l  breakthrough 
P- 3 30 NE - 4-20 Only a mixture i s  poss ib le  

For a 25 l /s  recharge flow, borehole P-3 reached a s teady s t a t e  when a 45% f r e s h  

water mixture was a t t a i n e d ,  due t o  i ts  loca t ion  a t  r i g h t  angles  t o  the  groundwater 

flow. That f igure  i s  very sens ib le  t o  changes i n  t h e  hydraul ic  condi t ions.  

Major ions 

The HCO3 and so4  ions behave almost i d e n t i c a l l y  a s  the  C1 ion.  The pH changes 

i n  the  recharge water were t ransmited through the  aqui fe r  t o  t h e  P-1 and P-2 boreholes 

The o ther  major ions p a r a l l e l  the  ch lor ide  behaviour i n  borehole P-1, but  show 

small d i f fe rences  i n  t h e  P-2 and P-4 ( f i g .  2 ) .  N o  d e f i n i t e  conclusions can be drawn 

from P-3. The i n t e r p r e t a t i o n  of f igure  2 must consider  t h a t ,  bu t  f o r  the NH$ 

a l l  the  shown ions a r e  more abundant i n  the  na t ive  groundwater. They a r e  delayed 

when i n  grea te r  r e l a t i v e  concentrat ion than C1- through ion exchange, a s  can be 

e a s i l y  shown by means of i o n i c  balances. N H Z  was s t rongly  adsorbed; i n  f i g u r e  2 

i t s  concentration is reduced s ince  it is more abundant i n  t h e  recharge water. For 

more than 20% mixtures, hardness w a s  d e c r e a s e d ,  the  e f f e c t  beeing more accentuated 

f o r  Cai2, and Na+ was conversely increased i n  t h e  same equivalent  quant i ty .  K+ 

w a s  almost mchanged. These major ion changes are of l i t t l e  importance and i n  P-2 a 

a tendency t o  saturation was apparent a f t e r  20 days. 

, 
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Fig.  1. Breakthrough curves f o r  t h e  ch lor ide  ion.  Rechage i n t e r r u p t i o n s  f o r  w e l l  back 
pumping o r  f o r  major tests are shown. P-1 is a t  4m upflow, P-2 and P-4 a t  12m and - 
140111 downflow, and P-3 a t  30m a t  r i g h t  angles  t o  t h e  groundwater flow. 

1 i o  
T i m e  i n  d a y s  

100 

T 
t 

Fig. 2 .  The value 100(xg-x)/(xg-xf) represents  t h e  percentage of the  shown ions i n  - 
the mixture ( x ) ,  r e l a t i v e  t o  ,the recharge water ( x f ) ,  beein t h e  o ther  extreme the n c  
t i v e  groundwater (xg) .  In the  l e f t  s i d e  r e l a t i v e  breakthrough curves f o r  P-2 and P-4 
boreholes a r e  p l o t t e d  a g a i n s t  the  t i m e  and i n  the r i g h t  s i d e  t h e  same values  are - 
p l o t t e d  a g a i n s t  the  porcentage of recharge water a s  deduced from the  ch lor ide  (C1) 
content  f o r  P-2 (upper) and P-4 (down) boreholes. 
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Nitrogen and phosphorps components - 
A l m o s t  a l l  the  ava i lab le  n i t rogen  w a s  i n  ammonia from, t h e  n i t r a t e  being always 

absent. Unti l  borehole P-1, t h e  NHd behaved as t h e  Cl-did, bu t  ;hen the t r a v e l  

d i s tance  increased it was g r e a t l y  delayed ( f i g .  2 1 ,  although f i n a l l y  it reached 

its f u l l  value ( P - 2 ) .  This occurs probably when the ava i lab le  ion exchange capaci ty  

of t h e  aqui fe r  w a s  sa tura ted .  Travel t i m e  to  P-2 borehole w a s  13 hours (13 t i m e s ) ,  

and t h e  maximum NH$ d e f i c i t  was produced a t  3 hours ( 3  t i m e s ) .  Preliminary calc43t ions 

give a re ten t ion  of 23 g NH4/m3 of a q u i f e r  volume, o r  230 g NH4/m2 of  aqui fe r  Surface. 

The introduced N-NO2 reached unchanged the  P-1 borehole. About a 4 t i m e s  decrease 

w a s  found a t  P-2, b u t  a f t e r  an i n t e r r u p t i o n  i n  C12 addi t ion  (10th November), it 

desappeared, possibly due to  the  d e f i n i t i v e  reestabl ishment  of the  reducing environ- 

ment. No NO2 could be found a t  P-3 and P-4 boreholes. When NOS concentrat ion increased 

there  w a s  a decrease i n  Fe. 

Phosphates reached unchanged borehole P-1, but  beyond t h a t  po in t  no phosphows 

compounds could be found. 

Other c h a r a c t e r i s t i c s  and contaminants 
~~~~~~~~~~~ ~~~~~ 

Some of  the  dissolved oxygen i n  t h e  recharge water reached P-1 but  i t d i d  not 

pene t ra te  f u r t h e r .  Some res idua l  ch lor ine  reached borehole P-1 and P-2, i n  small 

concentrat ions,  but  it did  not  pene t ra te  f u r t h e r .  

In  borehole P-1 the  i n j e c t e d  water d i d ' n o t  incorporate  i r o n ,  b u t  a f t e r  some 

weeks,in P-2 the  i ron  concentrat ion w a s  g r e a t e r  than t h a t  corresponding t o  a simplc 

mixture, e s p e c i a l l y  when ch lor ine  addi t ion  t o  the  recharge water f a i l e d .  Since no 

s i g n i f i c a n t  changes were observed i n  P-3 and P-4, it implied i r o n  so lu t ion .  Manganese 

seems t o  behave s imi la r ly .  

The high v a r i a b i l i t y  i n  detergent  concentrat ions i n  recharge water introduce 

some u n c e r t a i n t i e s  i n  the  r e s u l t s ,  but  it seems t h a t  it was conserved through the  

aqui fe r .  

No sulphidesphenolsand heavy metals appeared, except f o r  t h e  chromium i n  borehole 

P-2,since during the  f i r s t  recharge day some samples reached 1 mg/l, mainly i n  

hexavalent form. The or igen i s  not  c l e a r  s ince  it w a s  detected n e i t h e r  i n  the  

na tura l  aqui fe r  water nor i n  t h e  recharge water. Since some chromium oxides could 

be deposited i n  t h e  ground a f t e r  an o ld  chromium contamination of t h e  a q u i f e r ,  t h a t  

still  p e r s i s t s  i n  o ther  a reas ,  i t  may d isso lve  a s  a r e s u l t  of t h e  r e s i d u a l  ch lor ine  

ac t ion .  

The d i f f i c u l t i e s  i n  measuring the  chemical oxygen demand (COD) i n  s a l i n e  water 

and t h e  imposs ib i l i ty  of processing a high number of samples f o r  b io logica l  oxygen 

demand, precluded the  cont ro l  of these two values. N o  organic  matter oxidat ion 

was appreciated,  s ince  t h e  HCOJ content  d id  not increase .  The way the  organic matter 

may be .transformed i s  not  known. 
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A pa le  yellow-green c o l o r  w a s  observed i n  t h e  water from borehole P-1, but  it 

w a s  d i l u t e d  i n  P-2 and impercept ible  i n  t h e  P-3 and P-4. 

Bac ter ia l  counts 

N o  increase  i n  background b a c t e r i a l  counts could be found i n  borehole P-3 and 

P-4, bu t  P-1 and P-2 showed very high f i g u r e s .  The scarce ava i lab le  da ta  does not 

allow accura te  conclusions,  but  it seems t h a t  u n t i l  P-2 t h e  f e c a l  s t rep tococc i ,  

t o t a l  col i forms and f e c a l  col i forms were conserved without modification when non 
ch lor ina ted  water was introduced,  bu t  they only appear i n  high counts i n  P-2 when 

s t e r i l i s e d  ch lor ina ted  water w a s  in jec ted .  

CONCLUSIONS 

Fresh water s torage  i n t o  a sa l twater  aqui fe r  is highly a f fec ted  by the  ground- 

water flow. 

In  a sand and gravel  aqui fe r  with a reducing environment some changes i n  the  

water chemistry occur  when t r e a t e d  w a s t e  water i s  i n j e c t e d ,  with no s i g n i f i c a n t  

des t ruc t ion  of organic  mat ter ,  though 

capaci ty  is  sa tura ted ,  and t h e  phosphorus compounds are el iminated.  Introduced 

b a c t e r i a  can t r a v e l  12 m bu t  probably cannot reach a 30 m d i s tance .  Chlorine can 

oxidize some heavy m e t a l s  trapped i n  the  t e r r a i n .  

the  ammonia is absorbed u n t i l  t h e  t e r r a i n  
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