
PROCEEDINGS 
THIRTEENTH WORKSHOP 

GEOTHERlMAL RESERVOIR ENGINEERING 

Contract No. DE-AS07-841D12529 

Jan~av 19-21, 1988 

SGP-TR-113-19



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



PROCEEDINGS, Thirteenth Workshop on Geothermal Rcservoir Engineering 
Stanford University. Stanford, California. January 19-21. 1988 
SGP-TR-113 

NATURAL FLOW AND VERTICAL HETEROGENEITIES I N  A SEDIHENTARY GEOTHERMAL 
RESERVOIR (PARIS BASIN, FRANCE) : GEOCHEHICAL INVESTIGATIONS 

Annie Criaud, P h i l i p p e  Fouassier, C h r i s t i a n  F o u i l l a c  and H i c h e l  Brach 

Inst i tut  H i x t e  de Recherches Mothermiques 
BRGH - BP 6009 - 45060 ORLEANS CEOEX 

ABSTRACT 

Three geothermal w e l l s  t app ing  t h e  Dogger 
a q u i f e r  were s t u d i e d  i n  d e t a i l  f o r  t h e i r  
v a r i a t i o n s  i n  chemical composi t ion w i th  t ime  
or c o n d i t i o n s  o f  e x p l o i t a t i o n .  A n a l y t i c a l  
improvements f o r  t he  de te rm ina t ion  o f  C1,  SO4, 
Ca, Mg, Na and K make i t  p o s s i b l e  t o  d e t e c t  
v a r i a t i o n s  r e s p e c t i v e l y  o f  0.15, 0.8, 0.6, 
1.8, 1.8 and 1.4 X. Despi te  t h e  f a c t  t h a t  t h e  
n a t u r a l  f l ow  may be impor tan t  i n  some p a r t s  o f  
t h e  b a s i n  a q u i f e r ,  we conclude t h a t  t h i s  
f a c t o r  i s  n o t  respons ib le  f o r  t h e  sma l l  
v a r i a t i o n s  n o t i c e d  i n  m i n e r a l i z a t i o n  wi th in  
the  one year survey pe r iod .  The r e s u l t s  
concerning r e a c t i v e  and nonreac t i ve  species 
a r e  bes t  expla ined i f  a v e r t i c a l  he te rogene i t y  
o f  t h e  chemist ry  o f  t h e  f l u i d  i s  assumed. A 
number o f  ca lcareous sub-layers, a l ready  
demonstrated by g e o l o g i c a l  s tud ies ,  c o n t r i b u t e  
t o  va ry ing  degrees t o  t h e  p roduc t i on  o f  t h e  
h o t  water. The changes i n  pumping ra tes ,  which 
a r e  f i x e d  accord ing t o  e x t e r n a l  requirements, 
p l a y  a major r o l e  i n  t h e  hydrodynamic and 
chemical d i s e q u i l i b r i u m  o f  t h e  we l l s .  The 
consequences f o r  t he  geothermal e x p l o i t a t i o n s  
a r e  emphasized. 

INTRODUCTION 

I n t e n s i v e  e x p l o i t a t i o n  o f  the Dogger l i m e s t o n e  
a q u i f e r  f o r  geothermal purposes has drawn 
a t t e n t i o n  t o  the  need f o r  d e t a i l e d  knowledge 
o f  t h e  c h a r a c t e r i s t i c s  o f  t h e  r e s e r v o i r  i n  
order t o  manage and p r o t e c t  t h e '  resource 
(Rojas e t  a l . ,  1987). F l u i d  v e l o c i t y  and 
chemical heterogenei ty  o f  t h e  p r o d u c t i v e  
l a y e r s  may have a marked i n f l u e n c e  on the  
l i f e t i m e  o f  t h e  i n s t a l l a t i o n s  i f  t h e  l o c a t i o n  
and o r i e n t a t i o n  o f  t h e  doub le ts .  do n o t  ' take 
these parameters i n t o  account or  i f  t h e  change 
i n  composit ion o f  t h e  f l u i d  wi th  , t i m e  
increases c o r r o s i o n  and s c a l i n g  i n  t h e  w e l l  
casing, heat  exchangers and su r face  network. 
I n  t h e  Val  de Marne Department (south o f  
P a r i s ) ,  t h e  i n c r e a s i n g  number ' o f  w e l l s  has 
brought  t o  l i g h t  h y d r a u l i c  con tac ts  between 
adjacent  e x p l o i t a t i o n s .  So f a r ,  a few t r a c e r  
experiments (131-1) on s i n g l e  w e l l s  f o r  two 
doublets  l o c a t e d  south o f  Pa r i s ,  a t  
Fonta inebleau and Cachan, suggest r e l a t i v e l y  
impor tan t  n a t u r a l  f l o w  towards t h e  n o r t h -  

west i n  the  south o f  t h e  b a s i n  (De M a r s i l y  e t  
a l .  1986). This may be l i n k e d  t o  an a c t u a l  
recharge o f  t h e  a q u i f e r  which c o n s i s t  i n  t h i s  
area o f  a d i l u t e  b u t  warm water, evidenced by 
i s o t o p i c  and chemical i n d i c a t i o n s  (Cr iaud e t  
a l . ,  1986 ;' F o u i l l a c  e t  a l . ,  1986 ; Marty e t  
a l . ,  1988). On t h e  o the r  hand, unpublished 
work by t h e  I n s t i t u t  M i x t e  de Recherches 
GCothermiques shows t h a t  t he  chemist ry  o f  a 
f l u i d  c o l l e c t e d  a t  t h e  wellhead f o r  a g i ven  
s i t e  may change wi th  the  working c o n d i t i o n s  
(pumping r a t e )  and/or t he  p e r i o d  o f  sampling. 
However t h e  range o f  v a r i a t i o n  i n  chemist ry  
was o f  t h e  same order  o f  magnitude as t h e  
r e l a t i v e  p r e c i s i o n  o f  s tandard a n a l y t i c a l  
procedures. 

We present  here t h e  r e s u l t s  o f  a d e t a i l e d  
survey f o r  t h ree  case s tud ies ,  i n  t h e  south 
and east  o f  t h e  bas in,  where minimum and 
maximum s a l i n i t i e s  r e s p e c t i v e l y  o f  t h e  
geothermal f l u i d  a r e  encountered ( f i g u r e  1). 
The needs were t o  improve the  a n a l y t i c a l  
methods and q u a n t i f y  t he  p r e c i s e  v a r i a t i o n s  i n  
chemical composi t ion wi th t ime and c o n d i t i o n s  
o f  e x p l o i t a t i o n  ( these c o n s i s t  main ly  o f  
v a r i a b l e  pumping r a t e s  causing d i f f e r i n g  
pressure c o n d i t i o n s  a t  wellheads). The aim was 
t o  develop a geochemical t o o l  u s e f u l  for 
hydrodynamic s tud ies .  Because downhole 
sampling a t  d i f f e r e n t  depths cou ld  n o t  be 
c a r r i e d  ou t  (due t o  t h e  presence o f  immersed 
pumps), a l l  samples were c o l l e c t e d  a t  t h e  
wellheads. Sampling a t  t h ree  s i t e s  has been 
c a r r i e d  ou t  over a year or more and a t  va r ious  
pumping ra tes .  T o t a l  d i sso l ved  s o l i d s  and 
dowhole temperatures f o r  t h e  w e l l s  a r e  
r e s p e c t i v e l y  6.5 g / l  and 74OC (Fonta inebleau) ,  
23.5 g/1 and : 79OC . (.C,rCteil) and 35 g / l  and 
85OC ..(Coulommiers). Only a l i m i t e d  number o f  
chemical. parameters was se lec ted  f o r  t h i s  
survey. We have inc luded  h i g h l y  s o l u b l e  i o n s  
such as C 1  or SO4, concen t ra t i ons  o f  which a r e  
n o t  c o n t r o l l e d  by f l u i d - m i n e r a l  e q u i l i b r i a  i n  
t h i s  aqu i fe r  . (Bast ide,  -1985), . and r e a c t i v e  
c a t i o n s  such as Na, Ca, Mg and K which can be 
a f fec ted  .by . water-rock i n t e r a c t i o n s .  The 
former a r e  expected t o  r e s u l t  from m ix ing  
phenomena, w h i l e  t h e  l a t t e r  would r e f l e c t  
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different extents of water-rock interaction. 
We assume that no reequilibration of the fluid 
happens during ascent in the well, i.e. the 
concentrations of these species do not vary 
between the aquifer and the surface. This is 
supported by the fact that only the deposition 
of iron sulfide has been reported in the 
casing (Honegger et al., 1 9 8 6 ) .  

SAMPLING AND ANALYTICAL PROCEDURES 

Sampling 
For the three wells concerned. samoles were 
collected at different times of year, under 
different conditions of exploitation of the 
geothermal installation. The pumping rates 
consyquently vary approxyately between 
80 m /h (summer) and 250 m /h (winter). A 
special survey was undertaken in Coulommiers 
in May 1987,  with five steps at different 
pumping rates. Six hours were allowed for 
stabilization before new pumping rate 
conditions were fixed. The first sampling was 
carried out after 3 hours and a second one 
after 6 hours. In all cases, water samples 
were collected at the wellheads. The sampling 
period spread over more than one year but all 
the determinations were carried out at the 
same time in the laboratory, in order to avoid 
time drifts due to the devices. 

pH, temperature, alkalinity and sulfide 
concentration were measured on site following 
the procedure already described in Criaud et 
al. (1986). In the case of Fontainebleau, 
where the sulfide content reaches 30 mg/l, a 
special sample was collected for sulfate 
determination in order to avoid the oxidation 
of sulfide and subsequent artificial increase 
of sulfate concentration before analysis. This 
method was also used for the Coulommiers 
samples, where sulfide content may reach 0.5 96 
of the sulfate content but this was 
unnecessary in Crdteil because the sulfide 
content is negligible compared to sulfate. Two 
procedures were tested : in the first, a known 
amount of cadmium acetate was added to the 
sample immediately after sampling. In the 
second mercuric nitrate was used. All reagents 
and samples were weighed to improve the 
precision. 

Analytical methods 
Chloride: The method involves ootentiometric 
titration with silver nitrate, an Ag/AgCl 
electrode and a reference electrode. Because 
the aim of the study was to quantify precise 
and tiny relative variations rather than very 
exact determinations, no attempt was made to 
correct for the bromide and other halogenides 
which are titrated along with chloride. 

The reproducibility of the method is 0.12 X 
for 10 determinations of the chloride content 
of Coulommiers water, which is the most saline 
fluid. This result was found to be satisfac- 
tory for the main objectives o f  the study. 
Duplicate analysis were performed routinely. 

Calcium: Complexation of alkaline ear,ths by 
EDTA offers a very suitable method for the 
determination of calcium. The use of a 
titration device under control of a specific 
optical fiber which transmits a light beam 
( h  = 660 nm) considerably improves the 
reproducibility of end point determination, 
giving a reproducibility of 0.6 70' for 10 
determinations. It is affected mainly by the 
quantity of indicator, the time for 
stabilization and the large variation of the 
photometric signal after each drop o f  the 
EDTA reagent. Ba and Sr are titrated together 
with Ca but again it was assumed that the 
concentrations of Sr ( 3 0  to 70 mg/l) and Ba 
(approx. 0.1 mg/l) and their relative 
variations are of little importance compared 
respectively to the concentrations of calcium 
and their variations in these fluids. 

Magnesium: The Mg concentration was 
calculated from the difference between the 
results of the titration of calcium on the 
one hand and the sum of Ca + Mg on the other 
hand. Ca + Mg was also determined by 
complexometric titration using black 
eriochrome as indicator and the 660 nm 
phototrode. The concentrations of Sr and Ba 
and their variations were neglected as 
compared to the magnesium content for the 
reasons mentioned above. Reproducibility was 
0.15 5 for 10 determinations of Ca + Mg. 
Depending on the Ca/Mg ratio, the 
reproducibility for Mg alone is thus 1.4 90' 
for Fontainebleau, 2 . 3  9; for Crdteil and 2.4 
for Coulommiers. 

Sulfate: The method is based on the 
determination of barium in excess after 
removal of the cations of the sample with ion 
exchange cationic resin, and addition of 
barium chloride with precipitation of barium 
sulfate. The complexometric titration with 
EDTA and the use of the 550 nm phototrode for 
the determination o f  the end point provide an 
accurate method if the excess of barium is 
kept small. The reproducibilities for the 
indirect determination of sulfate in the 
samples were respectively 0.8 70' for 
Fontainebleau and 1.1 % for Coulommiers. For 
the fluids containing dissolved hydrogen 
sulfide and treated on site, the addition of 
cadmium acetate did not give satisfactory 
results for the more saline fluids because of 
the low pH and the consequent inefficient 
removal of cations by the resin, but mercuric 
nitrate was found suitable for both 
Fontainebleau and Coulommiers. 

Sodium and potassium: Na and K were 
determined by flame emission 
spectrophotometry. All samples were diluted 
and the emission measured at 589 and 766.5 nm 
respectively. The standard solutions were 
prepared with chemical composition and Na/K 
ratios close to those of the samples. The 
reproducibility is 1 . 3  90' for K and 1.8 % for 
sodium. 
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RESULTS 

The v a r i a t i o n  o f  t he  chemical components 
d i s p l a y s  v a r i a b l e  r e l a t i v e  t rends  i n  d i f f e r e n t  
w e l l s .  Table 1 summarizes t h e  maximum 
d e v i a t i o n s  compared t o  t h e  r e p r o d u c i b i l i t y  o f  
t h e  a n a l y t i c a l  methods. 

I I I I 
Maximum d e v i a t i o n s  % I 1  

1: Fonta inebleau ; 2: C r e t e i l  ; 3: Coulommiers 

Table 1: Maximum d e v i a t i o n s  o f  t h e  chemical 
parameters d u r i n g  the  one year survey and 
a n a l y t i c a l  r e p r o d u c i b i l i t y  

Fonta inebleau 
The most impor tan t  v a r i a t i o n s  w i th  t ime  were 
observed i n  the  f l u i d  from Fonta inebleau which 
i s  t he  most d i l u t e  i n  the  bas in.  Un fo r tuna te l y  
the  pumping r a t e s  cou ld  n o t  be moni tored f o r  
t h i s  w e l l .  I f  the  r e s u l t s  a r e  i n t e r p r e t e d  as a 
f u n c t i o n  o f  t ime, then the  concen t ra t i ons  o f  
c h l o r i d e ,  potassium and sodium tend t o  i nc rease  
wi th in  the  one year survey pe r iod ,  w h i l e  those 
o f  ca lc ium and magnesium decrease. This  would 
favo r  t h e  assumption o f  a n a t u r a l  " h o r i z o n t a l "  
f l o w  o f  t h e  f l u i d  w i t h i n  the  a q u i f e r .  Th is  
c i r c u l a t i o n  should be q u i t e  impor tan t  t o  be 
cons is ten t  wi th  t h e  e x t e n t  o f  chemical changes 
ev iden t  on the  very sma l l  t ime-scale o f  one 
year. The main o b j e c t i o n  t o  t h i s  assumption i s  
t h a t  t he  n a t u r a l  f l o w  (Rojas e t  a l . ,  1987) and 
t h e  i s o s a l i n i t y  curves (Cr iaud e t  al., 1986) i n  
t h i s  p a r t  o f  t h e  b a s i n  imp ly  r a t h e r  t h a t  t he  
s a l i n i t y  o f  t he  f l u i d  decreases wi th d i s tance  
( f i g u r e  1). On the  o the r  hand the  e x p l o i t a t i o n  
o f  t h e  a q u i f e r  w i t h  va r ious  pumping regimes i s  
u n l i k e l y  t o  provoke such movements o f  t he  f l u i d  
near the  w e l l .  

Another approach i s  t o  compare t h e  v a r i a t i o n s  
o f  t h e  chemical components r e l a t i v e ,  t o  each 
o the r .  From t a b l e  1, i t  appears t h a t  C 1 ,  Na, Ca 
and K vary  s i g n i f i c a n t l y  and can be used as 
i n d i c a t o r s  o f  geochemical phenomena. Although 
C 1  would be p re fe rab le ,  we have a l s o  taken Na 
i n t o  account t o  i l l u s t r a t e  t h e  maln v a r i a t i o n s  
o f  t h e  o the r  elements. I t  can be seen i n  
f i g u r e  2 t h a t  t he  m i n e r a l i z a t i o n  o f  t h e  geo- 
thermal  f l u i d  shows no r e g u l a r  v a r i a t i o n s  
accord ing t o  ch rono log ica l  order  o f  t h e  
samples, thus con f i rm ing  t h a t  t h e  " h o r i z o n t a l "  
c i r c u l a t i o n  of t he  water i s  n o t  respons ib le  f o r  

t h e  observed v a r i a t i o n s .  The behavior  of C 1 ,  
Na, K and HCO a r e  bes t  expla ined if we assume 
t h a t  t h e  wa&r c o l l e c t e d  a t  t h e  wellhead 
r e s u l t s  from t h e  m i x i n g  o f  s l i g h t l y  d i f f e r e n t  
f l u i d s .  Flow r a t e  measurements a f t e r  t h e  end 
o f  d r i l l i n g  had shown the  ex is tence o f  a t l e a s t  
t h ree  p roduc t i ve  g e o l o g i c a l  f ac ies ,  each o f  
them subdiv ided i n t o  seve ra l  p roduc t i ve  l a y e r s  
which cou ld  be in terconnected (Rojas e t  a l . ,  
1987). Since some samples dev ia te  
s i g n i f i c a n t l y  from the  t r e n d  observed f o r  Na 
versus C 1  (bo th  o f  which a r e  considered here 
as non-react ive)  on f i g u r e  2a, i t  may be 
concluded t h a t  more than two d i f f e r e n t  f l u i d s  
cause the changes i n  chemical composit ion. The 
r e s u l t s  f o r  K l e a d  t o  the  same conclus ion.  

I n  con t ras t ,  t h e  Mg content  c l e a r l y  decreases 
w i th  the  C 1  ( f i g u r e  2d). Since d i sso l ved  Mg i s  
c o n t r o l l e d  by t h e  s o l u b i l i t y  o f  do lomi te i n  
t h e  Oogger f l u i d s  (Bast ide,  1985) ,  t h e  
d i f f e r e n t  Mg/C1 r a t i o s  i n  t h e  va r ious  
sub-aquifers can be r e l a t e d  t o  d i f f e r e n t  
temperatures. Another consequence o f  t h i s  
would be t h e  p o s i t i v e  c o r r e l a t i o n  o f  s a l i n i t y  
wi th temperature f o r  these sub-layers. 

C r C t e i l  
The opera t i ng  c o n d i t i o n s  o f  t h e  geothermal 
w e l l s  vary  accord ing t o  t h e  h o t  water 
requirements and the  main f a c t o r  t h a t  cou ld  be 
respons ib le  f o r  t h e  v a r i a t i o n s  observed is t h e  
v a r i a b l e  pumping r a t e .  This  i s  n o t  accu ra te l y  
known f o r  t he  Fonta inebleau samples, b u t  
C r C t e i l  i s  very  s u i t a b l e  f o r  examining t h e  
e f f e c t s  o f  bo th  t ime  and pumping r a t e s  on t h e  
chemist ry  o f  t he  f l u i d .  The a v a i l a b l e  data re 

and were measured over t e n  months. F igu res  3a, 
b, c and d show t h a t  t he  samples taken a t  
lower and upper regimes a re  r e s p e c t i v e l y  t h e  
l e a s t  and the  most minera l ized,  t he  two o the r  
p o i n t s  be ing very c lose  t o  each o the r  w i th  
respect  t o  bo th  a n a l y t i c a l  determinat ions and 
pumping r a t e  measurements. I t  must be 
emphasized t h a t  t h e  r e l a t i v e  v a r i a t i o n s  ( t a b l e  
1) a r e  c lose  t o  the  standard d e v i a t i o n  o f  
a n a l y t i c a l  methods fo r  Na, Ca and SO4, b u t  
desp i te  t h i s ,  t h e  v a r i a t i o n s  a re  remarkably 
cons is ten t  on f i g u r e  3. A mix ing  model 
i n v o l v i n g  two o r  more f l u i d s  cou ld  account f o r  
these c o r r e l a t i o n s .  So f a r  t h e  importance o f  
t h e  c i r c u l a t i o n  o f  t h e  f l u i d  wi th in  t h e  
aqu i fe r  i s  n o t  known i n  t h i s  area, b u t  
v e r t i c a l  v a r i a t i o n s  i n  t h e  chemist ry  a r e  
l i k e l y  t o  occur a t  C r C t e i l ,  which would 
s a t i s f a c t o r i l y  e x p l a i n  the  geochemical 
r e s u l t s .  

f o r  d ischarge r a t e s  between 96 and 220 m 3 /h 

The ca lc ium i s  i n  t h i s  case much more r e a c t i v e  
than  a t  Fontainebleau, i t s  concen t ra t i on  
decreases as sodium (or  c h l o r i d e )  increases. 
This may be l i n k e d  t o  a s l i g h t  r i s e  o f  
temperature, and t o  the  s o l u b i l i t y  o f  c a l c i t e .  

There i s  no evidence i n  C r C t e i l  f o r  t ime  
v a r i a t i o n s  on the  chemist ry  o f  t he  f l u i d .  

- 135- 



Coulommiers 
This fluid is the most mineralized of any in 
the basin, and very little modification o f  the 
chemical composition was observed within the 
one year survey period (table 1). The greatest 
variations were obtained for sulfate and 
potassium. On figures 4a and 4b the 
concentrations in K versus SO4 and C1 are 
plotted. The points display a rough positive 
correlation which is not linked to the order 
of collection. No systematic relation is found 
between the discharge rate or composition but 
this again may be due to imprecise knowledge 
of the exploitation parameters during the 
first part of the survey. Mixing of fluids 
from separate layers of the main aquifer with 
constant Cl/K and S04/K ratios would explain 
these patterns. 

The pumping conditions were carefully 
controlled for the second part of the study at 
Coulommiers. The changes were made in 5 stages 
of 6 hours of fixed pumping rates. The 
deviations for most of the elements determined 
are hardly noticeable with regard to 
analytical error. S O 4 ,  Cl and K only show 
significant variations (figure 4 1. Other 
considerations based on iron contents 
(Ouzounian et al., 1987 and unpublished 
results by IMRG) tend to indicate that 
hydrodynamic equilibration of the well is 
still not attained after 6 hoursof pumping 
at a constant rate. When the second set of 
samples (collected after 6 hours) is 
considered, a fair correlation between K and 
SO4 is observed (figure 4d). Na and SO4 
concentrations also display a positive 
correlation when all the points are plotted. 
This is consistent with the hypothesis of 
mixing of two or  more fluids. The influence of 
several producing layers is assumed, in view 
of geological considerations. So far, no 
information concerning the circulation rate 
of the fluid within the aquifer in the east of 
the basin is available. With regard to the 
results of the two parts of the chemical 
survey, we believe that the main influence 
demonstrated is in modifications of the 
pumping conditions. The relative percentages 
of water produced by the Dogger sub-aquifers 
seem to vary in a complex manner, according to 
the equilibration time required and the 
relations between mineralization and pumping 
rates, which are not simple ( as far as the 
analytical precision is sufficient). 

DISCUSSION 

Previous geochemical investigations came to 
the conclusion that the origin of the fluid 
collected at the wellheads of about a hundred 
wells is complex. Local trends make it 
possible to distinguish at least three 
different mixing phenomena, according to 
specific ratios such as Cl/SO or  Cl/B, but 
Cl/Br or  Cl/Na, which are ratter homogeneous 
at the basin scale, arguing for a common 
origin and a global mixing model. The very 

precise determinations made for this study 
can be used to compare the ratios between C1, 
SO4 and Na obtained for the three wells of 
Fontainebleau, Crdteil and Coulommiers, each 
belonging to a different group (Criaud et 
al., 19861, with those obtained at local or  
regional scale. The Dogger aquifer pattern 
for C1 versus Na defines a correlation 
according to the equation: (n = 55 wells) 
(Cl) 1.917 (Na) - 774.9 with r = 0.9898, 
while for Fontainebleau and Creteil 
significantly lower slopes were found for the 
mixing lines calculated from figures 2 and 3 .  
The variations of the chemistry at 
Coulommiers are too small to allow such 
confident interpretation. Differences in 
Na/S04 ratios confirm the local trends 
previously pointed out (Criaud et al. , 1986). 
We thus emphasize the fact that three degrees 
of mixing could account for the complex 
evolution of the Dogger fluids: 
- At the regional scale (200 km), the natural 
flow is responsible for a variety of 
mineralizations and temperature distribu- 
tions. Certain chemical indications favor the 
hypothesis of a common parent for these 
waters ( C l / B r  and Cl/Na ratios). 
- At the local scale (10 km or less), certain 
groups of fluids are clearly characterized by 
their Cl/B and C1/S04 ratios as well as 
isotopic properties (Selne St Denis, Val de 
Marne, Fontainebleau, eastern and western 
wells) (Fouillac et al., 1986). 
- Any particular producing well taps a 
number of sub-strata which constitute the 
Dogger aquifer and are obviously not 
homogeneous in chemistry. Because most of the 
wells are exploited at different pumping 
rates, with a consequent hydrodynamic 
disequilibrium, the relative contribution of 
each layer to the chemical composition at the 
wellhead varies depending on the sampling 
period. 

The variations of chemical composition 
demonstrated by this work result mainly, or 
entirely, from the varying contributions of 
the vertical sub-systems constituting the 
Dogger aquifer. The relative proportions 
involved depend on site, pumping rate and 
equilibration time. The other influences 
(regional or local "horizontal" flow) could 
possibly be displayed by geochemical methods 
if longer experiments could be undertaken, 
especially for the wells of moderate 
salinity, because analytical problems could 
be solved more easily. 

CONCLUSIONS 

The variations of the chemical composition of 
three geothermal wells were monitored 
carefully over a year or more and if we 
except Fontainebleau, the variations are very 
small ( <  3X). This study has been possible 
because analytical methods for the 
determination of C1, SO4, Mg, Ca, Na and K 
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have been improved. The techniques i n v o l v e d  
a r e  independent, i .e .  chemical i n t e r f e r e n c e s  
can h a r d l y  e x p l a i n  the  observed c o r r e l a t i o n s  
between t h e  concentrat ions o f  some elements, 
and consequently we b e l i e v e  t h a t  they a r e  
s i g n i f i c a n t .  Despi te  t h e  f a c t  t h a t  g rea te r  
p r e c i s i o n  i s  needed f o r  Na and K ,  i t  i s  
remarkable t h a t  t h e i r  v a r i a t i o n s  o f t e n  
c o r r e l a t e  w e l l  w i t h  those o f  o the r  species 
(SO4, C 1 ,  Mg o r  Ca). 

Several mechanisms can account f o r  t h e  
m o d i f i c a t i o n  o f  t he  chemist ry  o f  t he  f l u i d s  a t  
Fontainebleau, C r d t e i l  and Coulommiers. A 
complex and permanent d i s e q u i l i b r i u m  o f  t he  
hydrodynamics o f  t h e  w e l l s  i s  probably  due t o  
changing c o n d i t i o n s  o f  e x p l o i t a t i o n ,  which a re  
adapted t o  t h e  e x t e r n a l  requirements f o r  
heat ing.  Examination o f  t h e  chemical da ta  
pe rm i t s  t o  conclude t h a t  t he  v a r i a t i o n s  o f  t h e  
pumping r a t e  p l a y  a major r o l e .  S l i g h t  
d i f f e r e n c e s  i n  the  chemist ry  o f  t h e  f l u i d s  
produced by t h e  a s s o c i a t i o n  o f  seve ra l  s t r a t a  
a re  assumed. I n  c o n t r a s t  t he  gradual  e v o l u t i o n  
o f  chemist ry  w i t h  t ime  (on a one year sca le )  
i s  unnot iceable.  Though evidence e x i s t s  f o r  a 
" rap id "  h o r i z o n t a l  c i r c u l a t i o n  o f  t h e  f l u i d  i n  
some p a r t s  o f  t he  basin, t h e  chemical changes 
induced on t h e  human sca le  are n e g l i g i b l e  
compared t o  a n a l y t i c a l  u n c e r t a i n t i e s .  Other 
experiments, such as the  use o f  t race rs ,  a r e  
r e q u i r e d  t o  moni tor  t h i s  k i n d  o f  c i r c u l a t i o n .  
Nevertheless, t h e  v e r t i c a l  zonat ion o f  t h e  
w e l l s  t h a t  i s  observed f o r  chemist ry  as w e l l  
as fo r  l i t h o l o g y ,  i s  expected t o  have a marked 
i n f l u e n c e  on t h e  concen t ra t i ons  o f  h i g h l y  
r e a c t i v e  species ( i r o n  and s u l f i d e ,  e.9.). 

Th i s  k i n d  o f  geochemical method, based on 
wellhead sampling can be u s e f u l  f o r  t h e  
knowledge o f  t h e  geothermal r e s e r v o i r  and t o  
d e t e c t  v e r t i c a l  he te rogene i t i es ,  even when 
downhole sampling cannot be c a r r i e d  ou t .  
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F i g u r e  4 : Cou lomie rs .  
@ a n d @ E f f e c t s  o f  t ime  on t h e  v a r i a t i o n s  o f  K and C 1  
r e l a t i v e  t o  504 and K 
l=Aug 1985 2=Aug 1986 3=Dec 1986 4=Dec 1986 
5=Apr 1987 6=May 1987 

@ C o r r e l a t i o n  between Na and so4 - A l l  r e s u l t s  are from 
May 1987 w i th  va r ious  pumping ra tes .  

o f  pumping r a t e s  on K versus 504 contents  
1987) - Numbers represent  pumping ra tes .  
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