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ABSTRACT 

The T r i a s s i c  sandstone a q u i f e r  o f f e r s  on a 
r e g i o n a l  sca le,  a l a r g e  p o t e n t i a l  f o r  low- 
temperature geothermal e x p l o i t a t i o n  i n  t h e  
P a r i s  Basin. The Na-C1 water i n  t h e  aqu i fe r  
has h i g h l y  v a r i a b l e  m i n e r a l i z a t i o n  (TDS = 4 t o  
110 g / l )  and a wide range o f  temperature (50°  
to>lOO°C). Chemical s t u d i e s  have been c a r r i e d  
out on t h e  Me l le ray  s i t e  near OrlBans, where a 
s i n g l e  w e l l  was producing a Na-C1 geothermal 
water (TDS = 35 g / l )  a t  a wellhead temperature 
o f  72°C t o  p rov ide  heat  f o r  greenhouses. 

The purpose o f  these s t u d i e s  i s  t o  understand 
t h e  chemical phenomena o c c u r r i n g  i n  t h e  
geothermal l oop  and t o  determine t h e  t reatment  
o f  t h e  f l u i d  and the  e x p l o i t a t i o n  procedures 
necessary f o r  proper r e i n j e c t i o n  c o n d i t i o n s  t o  
be achieved. Dur ing the  t e s t s  performed a f t e r  
t he  d r i l l i n g  operat ions,  chemical v a r i a t i o n s  
i n  t h e  f l u i d  were n o t i c e d  between seve ra l  
producing zones i n  t h e  a q u i f e r .  D a i l y  
geochemical mon i to r i ng  o f  t h e  f l u i d  was 
c a r r i e d  ou t  d u r i n g  two pe r iods  o f  d i f f e r i n g  
e x p l o i t a t i o n  cond i t i ons ,  r e s p e c t i v e l y  pum i n g  

V e r t i c a l  he te rogene i t i es  o f  t h e  a q u i f e r  can 
e x p l a i n  the  v a r i a t i o n s  observed f o r  t h e  h i g h  
f l owra te .  

F i l t r a t i o n  experiments revealed t h a t  t h e  
p a r t i c l e  l o a d  v a r i e s  wi th t h e  d ischarge r a t e  
and t h a t  over 95 weight % o f  t h e  p a r t i c l e s  a re  
sma l le r  t han  1 p m .  The chemist ry  o f  t h e  
p a r t i c l e s  v a r i e s  g r e a t l y ,  accord ing t o  t h e i r  
o r i g i n  as c o r r o s i o n  products  from t h e  w e l l  
casing, p a r t i c l e s  drawn ou t  o f  t h e  rock  o r  
minera l s  newly formed through water-rock 
reac t i ons .  

a t  148 m3/h and a r t e s i a n  f l ow  a t  36 m 5 /h. 

F i n a l l y ,  smal l -sca le o x i d a t i o n  experiments 
were c a r r i e d  ou t  on t h e  geothermal f l u i d  t o  
observe the  behaviour o f  Fe and S i O z  and t o  
favour  p a r t i c l e  aggregates f o r  e a s i e r  
f i l t r a t i o n  or  decantat ion processes. 

INTRODUCTION 

Dur ing  the  l a t e  1970s, t he  sandstone a q u i f e r  
i n  the  T r i a s s i c  o f  t he  P a r i s  Bas in  was d r i l l e d  
f o r  geotherva l  purposes. The f i r s t  d r i l l h o l e ,  
a t  Cergy, west o f  Pa r i s ,  gave i n s u f f i c i e n t  

y i e l d .  The two f o l l o w i n g  operat ions a t  
Mel leray (near OrlBans) and Achkres (west o f  
Pa r i s ) ,  desp i te  showing good r e s e r v o i r  
p r o d u c t i v i t y ,  gave poor performance on 
r e i n j e c t i o n  ( F i g .  1). So lv ing  these 
r e i n j e c t i o n  problems was the  main task  o f  a 
research program supported by the  Commission 
o f  t h e  European Communities ( F o u i l l a c  e t  a l . ,  
1986). 

The present  paper summarizes a d e t a i l e d  study 
o f  t he  chemical aspects o f  t he  f l u i d  and s o l i d  
p a r t i c l e s  a t  t h e  Me l le ray  geothermal s i t e  
c a r r i e d  ou t  t o  acqu i re  a comprehensive 
knowledge o f  t h e  chemical i n t e r a c t i o n s  
occu r r i ng  between t h e  f l u i d ,  t he  r e s e r v o i r  
rock and the  cas ing  and t u b i n g  ma te r ia l s .  The 
understanding o f  these phenomena i s  necessary 
f o r  the f u t u r e  des ign o f  water t reatment  and 
r e i n j e c t i o n  procedures. 

The chemical and hyd rogeo log ica l  i n f o r m a t i o n  
obta ined from the  w e l l s  p e n e t r a t i n g  t h e  
T r i a s s i c  a q u i f e r  i s  much less than t h a t  
a v a i l a b l e  f o r  t h e  Dogger a q u i f e r  i n  the  
o v e r l y i n g  Ju rass i c  rocks (Rojas e t  a l . ,  1 9 8 7 ) .  
F igu re  1 shows t h e  l o c a t i o n  o f  t he  w e l l s  on 
which f l u i d  chemical data were obta ined and 
shows the extens ion o f  t he  T r i a s s i c  geothermal 
a q u i f e r  ( > 10000 kmz). Three types o f  w e l l  
have been considered : 
- geothermal w e l l s  (Cergy, Mel leray 1 and 2, 

AchBres 1 and 2 ) ;  
- w e l l s  d r i l l e d  f o r  p o t e n t i a l  gas s torage 

(Romorantin, Chemery) ; 
- o i l  e x p l o r a t i o n  w e l l s  (Marchenoir, Pasnes, 

B lanca fo r t ,  Etampes, Mantes, Chaunoy). 

The f l u i d s  .from t h e  T r i a s s i c  a q u i f e r  a re  
cha rac te r i zed  by a wide range o f  temperature 
( 4 5 O  t o  155°C) r e l a t e d  t o  a q u i f e r  depths 
between:950 .and 2440 m. The geothermal waters 
a re  o f  Na-C1 t ype  w i th  impor tant  amounts o f  Ca 
and 504. The i r  m i n e r a l i z a t i o n  i s  a l s o  s t r o n g l y  
v a r i a b l e  w i t h  T o t a l  Dissolved So l i ds  from 4 t o  
110 g / l ,  accord ing t o  t h e i r  l o c a t i o n  w i t h i n  
t h e  a q u i f e r .  As a genera l  rule, t h e  
m i n e r a l i z a t i o n  o f  t he  f l u i d s  increases w i t h  
depth b u t  t h e . l i n e a r  c o r r e l a t i o n  between these 
two parameters i s  on l y  f a i r .  The amount o f  
d i sso l ved  chemical species i s  o f  course 
r e l a t e d  t o  the  d i s tance  t h a t  t he  water 
c i r c u l a t e s  between the  recharge zone and the  
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we l l s ,  and a l so  t o  the  occurrence o f  s o l u b l e  
m ine ra l s  such as evapor i t es  leached by t h e  
groundwater. 

Na e x h i b i t s  a very good l i n e a r  t r e n d  aga ins t  
C 1  (F ig .  2)  which cou ld  mean t h a t  n e i t h e r  
element i s  c o n t r o l l e d  by secondary m ine ra l s .  
The slope o f  t he  l i n e a r  curve i s  n o t  
compatible w i t h  h a l i t e  be ing the  source o f  
b o t h  Na and C 1  and t h e r e f o r e  another m i n e r a l  
source f o r  sodium ( p l a g i o c l a s e  ? )  i s  needed 
( F o u i l l a c  e t  a l . ,  1986). 

A t  Mel leray,  near Orleans (120 km south o f  
P a r i s )  one p roduc t i on  w e l l  (GMY1) and one 
i n j e c t i o n  w e l l  (GMY2) were d r i l l e d  i n  1980 t o  
depths o f  r e s p e c t i v e l y  1669 and 1661 m. The 
producing zones o f  t he  T r i a s s i c  aqu i fe r  a r e  
equipped w i th  s l o t t e d  l i n e r s  from about 1400 
t o  1600 m. Both w e l l s  a re  a r t e s i a n  and a t  t he  
l e v e l  o f  t he  r e s e r v o i r  a re  separated 
h o r i z o n t a l l y  by 1000 m. 

S a l i n e  .water (TDS = 35 g / l )  pumped from the  
p roduc t i on  w e l l  G M Y l  a t  150 m3/h w i t h  a 
wellhead temperature o f  73OC, has been used 
i n t e r m i t t e n l y  f o r  seve ra l  years t o  heat  a 
complex o f  greenhouses. Due t o  g rea t  
d i f f i c u l t i e s  o f  r e i n j e c t i o n ,  t h e  geothermal 
water was discharged a f t e r  c o o l i n g  i n  t h e  
nearby Loire River .  

VARIATIONS I N  FLUID CHEMISTRY 

Parameters 

Dur ing  the  f i r s t  sampling c a r r i e d  ou t  a t  
Me l l e ray  a t  t he  end o f  d r i l l i n g ,  v a r i a t i o n s  o f  
chemical composit ion were es tab l i shed  r e l a t e d  
t o  the  d i f f e r e n t  producing l a y e r s  o f  t he  
T r i a s s i c  r e s e r v o i r .  Phys i ca l  and chemical 
mon i to r i ng  o f  t he  f l u i d  was t h e r e f o r e  c a r r i e d  
ou t  t o  improve the  knowledge o f  t he  geothermal 
f l u i d  and i t s  v a r i a t i o n s  w i t h  t ime and space, 
and t o  draw up a program o f  t reatment  o f  t h e  
f l u i d  w i t h  a view t o  r e i n j e c t i o n .  

lSt survey 
mean 5 stand. 

dev. 

Daily monitoring o f  the production well 

Measurements and sampling were c a r r i e d  ou t  a t  
t he  G M Y l  wel lhead on a d a i l y  b a s i s  f o r  two 
pe r iods  o f  about one month, corresponding t o  
pe r iods  o f  d i f f e r i n g  p roduc t i on  r a t e s .  F i v e  
days a week, water samples were c o l l e c t e d  and 
measurements o f  pressure, d ischarge r a t e ,  
temperature and pH were made a t  t he  wellhead. 
The t o t a l  a l k a l i n i t y  (HCO?) was analyzed 
w i t h i n  the next  few hours. o o b t a i n  maximum 
a n a l y t i c a l  p r e c i s i o n  and t o  avo id  problems o f  
d r i f t ,  Fe, Si02 and C 1  were analyzed on ly  a t  
t h e  end o f  each survey on f i l t e r e d  (0.45 pm) 
and a c i d i f i e d  water samples. 

Table 1 shows t h a t  a t  t he  d i f f e r e n t  d ischarge 
r a t e s  and pressures corresponding t o  the  two 
survey per iods,  four o f  t he  s i x  parameters 
compared d i s p l a y  absolute v a r i a t i o n s .  The 
temperature decreased by 3OC between t h e  f i r s t  
and second surveys owing t o  decreasing f l u i d  
v e l o c i t y  i n  the w e l l .  The pH decreased by 0.23 
u n i t s  w h i l e  HCO3 increased by 13 mg/1. Fe 

increased by 13 mg/l. Fe increased no tab ly ,  by 
2.2 mg/l. Note t h a t  as t h e  bubble-point  
pressure i s  very h i g h  (17-20 ba rs ) ,  t h e  
geothermal f l u i d  was more degassed a t  1.8 bars  
(2nd survey)  than a t  5 bars ( 1 s t  survey) .  

Table 1 - Mean and standard d e v i a t i o n  o f  
parameters measured du r ing  t h e  two 
d a i l y  survey Deriods o f  Droduct ion 
w e l l  G M Y I .  

I. Flowrate (m'/h) 
Pressure (bars)a 

Temperature (OC) 

DH a 
HC03 (mg/ l )  
Fe 
Si02 I' 

C l  

148 (pumped) 
5 

72.4 k 0 . 1  
6.30+ 0.02 
295 + 5  
7.9 +0.5 

37.4 k 0 . 3  
19520 800 

30 I nb o f  measurements I I 
aWellhead measurements 

znd survey 
mean +_stand. 

dev. 

36 (ar tes. )  
1.8 

~~ 

69.4 +0.3 
6.07 5 0.01 
308 + 2  

36.8 k O . 3  
19870+ 40 

25 

10.1 kO.1 

I n  terms o f  t ime-va r ia t i ons ,  impor tan t  
d i f f e r e n c e s  have a l s o  been noted between t h e  
f i r s t  and t h e  second surveys. Dur ing the  f i r s t  
(under pumping), t h e  f i v e  chemical parameters, 
r e s p e c t i v e l y  pH, HCO3, SiOg, Fe and C 1  show 
r e l a t i v e l y  l a r g e  v a r i a t i o n s ,  c l e a r y  g rea te r  
than the  p r e c i s i o n  o f  t he  measurements ( F i g .  
3A). The v a r i a t i o n s  o f  t he  d i f f e r e n t  
parameters a r e  n o t  always i n  phase and no 
r e p e t i t i v e  events have been detected. On t h e  
25th day, major v a r i a t i o n s  were simultaneous 
f o r  f ou r  parameters. Dur ing the  second survey 
( a r t e s i a n  f l o w r a t e ) ,  t he  pH and the  d i sso l ved  
species vary o n l y  s l i g h t l y  w i t h  t ime  b u t  t he  
v a r i a t i o n s  remain very c lose  t o  the  l i m i t  o f  
r e p r o d u c i b i l i t y  o f  t h e  measurements (F ig .  38). 

Several phenomena can t e n t a t i v e l y  be invoked 
t o  e x p l a i n  these v a r i a t i o n s  : 

1) Unstable pumping r a t e ,  con t ra ry  t o  t h e  
flowmeter i n d i c a t i o n  (148 2 2 m3/h) ; 
elect romagnet ic  f lowmeters are o f t e n  
unprec ise i n  two-phase f low.  

2) Increase o f  f l u i d / c a s i n g  i n t e r a c t i o n  due t o  
slower ascent d u r i n g  the  second survey. For 
a t o t a l  f l u i d  volume o f  84 m3 and f o r  
d ischarge r a t e s  o f  140 and 36 m3/h, 36 m i n .  
and r e s p e c t i v e l y  140 m i n .  are needed fo r  
t he  f l u i d  t o  reach the  wellhead. 

3)  Fu r the r  degassing f o r  t he  second survey due 
t o  reduced pressure, wi th the  r e s u l t  t h a t  
t he  l a r g e  amount o f  gas can c rea te  around 
each gas bubble an a c i d i c  water-gas 
emulsion, which i n t e n s e l y  corrodes the  
casing. 
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4 )  Chemical v a r i a t i o n s  as a f u n c t i o n  o f  
d ischarge r a t e s  may be l i n k e d  t o  p roduc t i on  
o f  d i f f e r e n t  l a y e r s  o f  t h e  T r i a s s i c  
a q u i f e r .  Indeed, the  lower  pH o f  t h e  second 
survey i s  i n  c o n t r a s t  t o  t h e  more 
pronounced degassing when t h e  l o s s  o f  CO2 
should have increased t h e  pH o f  t h e  water 
a t  t he  wellhead. V a r i a t i o n s  i n  Cl a l s o  
r e l a t i v e l y  impor tant  a t  148 d / h ,  suggest 
heterogenei ty  o f  t h e  f l u i d s  conta ined i n  
the  sandstone r e s e r v o i r .  

1 1700 
310 

1200 
363 

19808 
1950 
308 
36.6 
10.2 
37.7 
11.3 
0.154 
16.4 
2.8  

i 0.451 

V a r i a t i o n s  o f  t h e  f l u i d  w i t h  depth and 
p r o d u c t i o n  r a t e s  

~ 35.8 
609 

, 605 

A t  t he  end o f  d r i l l i n g  i n  w e l l  G M Y l  i n  1980, 
two downhole samples (GMY1 80.1 and 80.2)  were 
c o l l e c t e d  between packers a t  d i f f e r e n t  depths. 
The concen t ra t i on  o f  major i o n s  show impor tan t  
d i f f e r e n c e s  (Table 2 )  w i t h  TDS values o f  

(1) 
GMY2 1 G M Y l  1 

12/80 1 /80  - 85 
69 
6.28 - 

- 

10900 10760 
309 295 

1166 1132 
374 331 

19738 17572 
1800 1900 
305 442 - 37 - - 

41.2 - 
13.1 - 

- 
- - S1 
- - - - 

34.7 32.4 
574 559 
599 542 

32.4 g / l  f o r  t h e  shal low sample (1441-1471 m) 
and 37.0 g / l  f o r  t h e  deep one (1561-1593 m). 
Spinner surveys i n d i c a t e d  t h a t  these two zones 
p rov ide  r e s p e c t i v e l y  20 and 25 X o f  t h e  t o t a l  
p roduc t i on  i n  w e l l  GMY1. Such low and h i g h  
TDS values have n o t  been found f o r  any 
subsequent samples c o l l e c t e d  a t  t he  wellhead 
and thus rep resen t ing  the  average o f  a l l  t h e  
producing l a y e r s  o f  t h e  T r i a s s i c  a q u i f e r  (TDS 
= 35.0 t o  35.8 9/11. 

F i n a l l y ,  t he  v e r t i c a l  and p o s s i b l y  h o r i z o n t a l  
heterogenei ty  i n  f l u i d  coppos i t i on  between the  
d i f f e r e n t  producing l a y e r s  seems t o  be 
confirmed by the  sample c o l l e c t e d  a t  the 
wellhead o f  GMY2. For  a s i m i l a r  discharge r a t e  
( 8 5  m3/h), t h e  t o t a l  m i n e r a l i z a t i o n  o f  t h e  
f l u i d  (34.7 g / l )  i s  lower  than t h a t  f o r  G M Y l  
(35.3 g / l )  (Table 2 ) .  

(1) 
G M Y l  2 G M Y I  3 

1 /80  2/80 
'T 38 
69.5 
6.75 

- - 
- 

11960 11680 
340 31 9 

1344 1236 
41 7 390 

20963 19312 
1550 1840 
397 360 

38 
36 

44.1 
14.6 

13 

- 
- 
- 
- - 
- - 1.4 - - 

37.0 35.3 
630 61 4 
630 589 

Table 2 - Chemical composit ion o f  se lec ted  samples o f  t he  geothermal f l u i d  from w e l l s  G M Y I  and 
GMY2, Mel leray.  

G M Y I  5 

11/85 
85 
71 
6.34 

Samples G M Y I  30 

3/86 
146 

72.4 
6.33 

Month/Year 
Flowrate m3/h (2) 
Temperature 'C (3) 
pH (3) 

10880 
31 6 

1210 
358 

20280 
1820 

292 
31 

9.7 
35.8 - 

0.165 

4 . 3  
0.332 

- 

Na mg/l 
K " 

Ca " 

Mg I '  

C l  I' 

so 'I 

HCb3 ' I '  

S i 0 2  " 
Fe ' I  

S r  " 

L i  " 

Ba " 

B " 

F I' 

A 1  " 

11860 
249 

1174 
366 

19009 
1890 

293 
37.3 

7.2 
38.8 
11.2 

0.176 
16.5 

3.5 
0.638 

T D S  91 1 
Sum ca t ions  meq/l 
Sum anions meq/l 

G M Y I  4 

12/83 
170 
67 
6.17 

11 000 
320 

1236 
409 

20000 
1760 
319 

37 
6.1 

45.0 
10.6 
0.26 

16.1 
1.3 
0.03C 

35.2 
585 
606 

1 
G M Y I  70 

12/86 
36 

69.5 
6.07 

(1) Samples G M Y I  1 and 2 were c o l l e c t e d  between packers between t h e  depths o f  1441-1471 m and 

( 2 )  Flowrates are pumping rates, w i t h  t h e  except ion o f  36 m3/h i n  1986, which represents a r t e s i a n  

(3)  Temperature and DH were measured a t  t he  wellheads. 

1561-1593 m respec t i ve l y .  A l l  t h e  o the r  samples are from wellheads. 

discharge. 

Because the  pH and HCO measurements were n o t  t h e  e v o l u t i o n  observed d u r i n g  the  two d a i l y  
standardized, n o t  a l l  ?he parameters o f  f l u i d  surveys (F ig .  4 ) .  As mentioned before,  b o t h  
samples c o l l e c t e d  from the  wellhead o f  G M Y l  t h e  t ime  o f  con tac t  between f l u i d  and cas ing 
f o r  va r ious  p roduc t i on  r a t e s  over s i x  years, d u r i n g  ascent i n  t h e  w e l l  and the  degassing 
can be r e a d i l y  compared. Fe content  however r a t e ,  parameters which a re  e s s e n t i a l  f o r  
increases as discharge f a l l s ,  which conf i rms c o r r o s i o n  phenomena, are h i g h l y  va r iab le .  
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PARTICLE DISTRIBUTION 

Numerous f i l t r a t i o n  experiments have been 
c a r r i e d  o u t  a t  Mel leray,  main ly  on t h e  
wellhead o f  GMY1,  u s i n g  a sma l l  s t a i n l e s s  
s t e e l  f i l t r a t i o n  u n i t  ( f i l t e r  area 1.73 x 
10-3 d ) ,  which l i m i t e d  t h e  volume o f  f l u i d  
f i l t e r e d  (I t o  40 x 10-3 m3). The method was 
checked us ing  a l a r g e  f i l t r a t i o n  un i t  ( f i l t e r  
area 0.36 m2) and volumes o f  f l u i d  (27 t o  113 
m3). The p a r t i c l e  l o a d  i s  very v a r i a b l e  
accord ing t o  t h e  p roduc t i on  r a t e .  Under 
pumping a t  148 m3/h, t h e  t o t a l  l o a d  o f  
p a r t i c l e s  20.01 p m  equals 4.8 mg/l, whereas 
f o r  t he  a r t e s i a n  d ischarge (- 36 m3/h), t h e  
t o t a l  amount o f  p a r t i c l e s  reaches 7.5 mg/l 
(Table 3 ) .  These values should be considered 
c a r e f u l l y  because t h e  p a r t i c l e  l o a d  w i l l  be 
r e i n j e c t e d  i n t o  the  aqu i fe r  un less  the  f l u i d  
i s  t r e a t e d  by p h y s i c a l  and/or chemical 
processes t o  remove t h e  p a r t i c l e s .  

Table 3 - P a r t i c l e  load and weight, geother- 
mal f l u i d  a t  t he  G M Y l  wellhead. 

t o n /  a 
day) 7 months 

148 (pumping) 
-36 ( a r t e s i a n )  7.5 6.5 1.4 

aseven months i s  t h e  l eng th  o f  a normal 
hea t ing  season. 

P a r t i c l e  d i s t r i b u t i o n  as a f u n c t i o n  o f  s i z e  
has been evaluated u s i n g  values o f  t h e  s o l i d  
l o a d  obta ined i n  f i l t r a t i o n  ex er iments 

appears t h a t  more than 94 weight  % o f  t h e  
p a r t i c l e s  a re  less  t han  one micron i n  s i z e  
and more than h a l f  i s  , < O . l p m  (F ig .  5). With 
t h e  except ion o f  t he  i n t e r v a l  0.2-0.45 p m ,  
t h e  p a r t i c l e  d i s t r i b u t i o n  decreases 
l o g a r i t h m i c a l l y  from s m a l l  t o  l a r g e  
p a r t i c l e s .  

SCALING AND CORROSION PRODUCTS 

d u r i n g  a r t e s i a n  d ischarge (36 m P /h). I t  

I n  1984, a m i n e r a l o g i c a l  s tudy o f  t h e  
p a r t i c l e s  conta ined i n  t h e  geothermal f l u i d  
a t  t he  G M Y l  wel lhead showed t h e  l a c k  o f  
amorphous phases (Boulmier, 1984). A l l  t h e  
p a r t i c l e s  r e t a i n e d  on t h e  f i l t e r ,  even t h e  
f i n e s t ,  were more or  less c r y s t a l l i n e .  Fe, a 
major element, occurred e s s e n t i a l l y  as 
magnet i te  b u t  a l s o  as su lph ide,  assoc ia ted  
wi th  Cu, and i n  p h y l l o s i l i c a t e s .  Cu was r e l a -  
t i v e l y  abundant b u t  p o o r l y  c r y s t a l l i z e d  (Cu + 
5, Cu + Fe + 5 ) .  Zn and Pb were a l s o  
detected. Free Si02 ,was seldom seen, b u t  S i  
and A 1  were associated i n  k a o l i n i t e  and 
i l l i t e .  I n  some f i l t e r  res idues,  t h e  presence 
o f  gypsum, dolomi te,  quar tz ,  marcas i te  and 
p i r s o n n i t e  (Na2Ca,(C03)2. 2H20) was de tec ted  
by X-ray d i f f r a c t i o n .  

Two s e r i e s  o f  f i l t e r  res idues analyzed i n  
1986 f o r  d i f f e r e n t  p roduc t i on  r a t e s  (150 and 
36 m3/h), d i f f e r  cons iderably  from each o the r  
as w e l l  as from the  1984 res idue.  The 
p a r t i c l e - s i z e  d i s t r i b u t i o n  i s  s i m i l a r  b u t  an 
impor tan t  amorphous phase o f  complex 
composi t ion was found i n  the  l a t e r  f i l t r a t i o n  
res idues.  The chemical na tu re  o f  t h e  
p a r t i c l e s  i s  ext remely v a r i e d  (qua r t z ,  Fe 
su lph ide,  p h y l l o s i l i c a t e s ,  Fe oxides and 
hydroxides, complex carbonates, e t c . ) ,  as i s  
t h e i r  s i z e  (< 0.1 p m  to>5pm) .  On the  o the r  
hand t h e  amorphous phase i s  r e l a t i v e l y  
homogeneous i n  composit ion, c o n s i s t i n g  
e s s e n t i a l l y  o f  Fe, w i t h  which i s  associated, 
i n  order  o f  decreasing importance, A l ,  S i ,  5, 
P, C1 ,  Ca and Pb. For p a r t i c l e s  c o l l e c t e d  i n  
t h e  h e a t i n g  p l a n t  a f t e r  c o o l i n g  o f  t h e  
geothermal f l u i d ,  seve ra l  elements were found 
i n  g rea te r  p r o p o r t i o n s  i n  t h e  amorphous 
phase, such as C r ,  Pb, V ,  T i  and Zn. These 
a re  i n d i c a t o r s  o f  c o r r o s i o n  o f  t h e  p ipes  and 
t h e  heat  exchanger i n  the  hea t ing  p l a n t .  

Sca l i ng  products  have been c o l l e c t e d  i n  t h e  
200 p m  p r o t e c t i o n  f i l t e r  o f  t h e  p l a n t .  The i r  
l a r g e  p a r t i c l e  s i z e  (0.1 t o  1 cm), t h e i r  
p l a t y  shape and t h e i r  composit ion (75-82 E 
Fe 0 ) i n d i c a t e  t h e i r  o r i g i n  i n  t h e  w e l l  
cas ing  and t h e  pump suspension tub ing .  
Magneti te, g o e t h i t e  and t races  o f  s i d e r i t e  
were the  p r i n c i p a l  m ine ra l s  found by X-ray 
d i f f r a c t i o n .  

F i n a l l y  a s e r i e s  o f  f i l t e r s  o f  va r ious  s i z e s  
and q u a l i t i e s  ( M i l l i p o r e ,  Sa r to r i us ,  
Nuclepore) and o f  d i f f e r e n t  p o r o s i t i e s  (3, 
1.2, 0 .4pm) was analyzed a f t e r  depos i t i on  of 
p a r t i c l e s  from t h e  a r t e s i a n  d ischarge o f  
36 m3/h. Most p a r t i c l e s  a re  amorphous and 
remain undetected by X-ray d i f f r a c t i o n .  With 
t h e  e l e c t r o n  microscope an amorphous c o a t i n g  
o f  S + Fe + Zn was found. I n  c o n t r a s t  o f  t he  
p rev ious  res idues,  ZnS was a major phase, 
determined by microscopy as w e l l  as by 
chemical a n a l y s i s  w i t h  a Zn/Fe r a t i o  rang ing  
from 1 t o  5. Cu and c l a y  were a l s o  more 
abundant than  i n  t h e  e a r l i e r  f i l t r a t i o n  
res idues.  

2 . 3  

The major v a r i a t i o n s  observed w i t h  t ime  
c o n s i s t  i n  a p rog ress i ve  increase o f  t he  
amorphous phase and the  disappearance o f  Cu 
su lph ide,  rep laced by Zn su lph ide  as t h e  main 
p a r t i c u l a t e  m i n e r a l  phase i n  the  geothermal 
f l u i d .  Although no p r o o f  has y e t  been found, 
t h e  abundant Zn cou ld  o r i g i n a t e  from e i t h e r  
c o r r o s i o n  o f  t h e  sampling p o r t  coupl ings o r  
from t h e  a q u i f e r  rock.  As f o r  su lphur ,  though 
i t  may e x i s t  i n  i n f r a - t r a c e  q u a n t i t i e s ,  i t  
has n o t  been detected i n  the  f l u i d .  Temporary 
occurrence o f  ZnS as a major amorphous phase 
cou ld  a l s o  be expla ined by "pu f f s "  o f  f l u i d  
enr iched i n  Zn, which mix wi th f l u i d s  from 
another p roduc t i ve  zone con ta in ing  5. I n  
suppor t  o f  t h i s  suggestion, seven analyses of 
t h e  geothermal f l u i d  c a r r i e d  ou t  between 1983 
and 1986 f o r  va r ious  producing c o n d i t i o n s  
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revealed h i g h  v a r i a t i o n s  o f  Zn (<50 t o  
500 ppb), which shows t h e  considerable 
changes i n  c e r t a i n  d i s s o l v e d  chemical 
species. 

FLUID/MINERAL EQUILIBRIUM 

Water/rock i n t e r a c t i o n s  have been approached 
u s i n g  a computer code t o  determine which 
m ine ra l s  e x e r t  a c o n t r o l  on f l u i d  chemist ry  
under downhole cond i t i ons .  The code WATRA2 
(Seveque e t  a l . ,  1984) i s  a mod i f i ed  ve rs ion  
o f  WATEQ F (Plummer e t  a l . ,  1976). P r i o r  t o  
computing t h e  degrees o f  s a t u r a t i o n  o f  t h e  
f l u i d  i n  se lec ted  minera ls ,  i t  was necessary 
t o  c a l c u l a t e  independent ly  t h e  redox 
p o t e n t i a l  (Eh) and the  pH va lue  i n  t h e  
r e s e r v o i r ,  as these two parameters a re  
mod i f i ed  d u r i n g  t h e  ascent o f  t h e  f l u i d  i n  
t h e  w e l l  due t o  s l i g h t  conduct ive c o o l i n g  and 
p a r t i a l  degassing. 

The r e s u l t s  o f  these computations show t h a t  
t h e  deep f l u i d  i s  very  c lose  t o  e q u i l i b r i u m  
w i th  carbonates, p a r t i c u l a r l y  w i th  c a l c i t e ,  
magnesite and s i d e r i t e .  E q u i l i b r i u m  i s  a l s o  
a t t a i n e d  t o  v a r y i n g  degrees f o r  seve ra l  SO4- 
minera ls ,  f l u o r i t e  and chalcedony, whereas 
quar t z  was i d e n t i f i e d  as the  newly formed 
s i l i c a  phase i n  t h e  r e s e r v o i r  rock  (Cautru 
and Robelin, 1984). The d i f f i c u l t y  i n  
computing e q u i l i b r i u m  wi th  H4Si04 i s  due t o  
t h e  es t ima t ion  o f  a c t i v i t y  c o e f f i c i e n t s  f o r  
t h i s  species, which cou ld  e x p l a i n  the  
d iscrepancies between c a l c u l a t i o n s  and 
observat ions.  

With two i n p u t  va lues f o r  aluminum, the  
program i n d i c a t e s  o v e r s a t u r a t i o n  o f  t he  
s o l u t i o n  w i t h  respec t  t o  k a o l i n i t e  and 
i l l i t e ,  which have been p o s i t i v e l y  i d e n t i f i e d  
(Cautru and Robelin, 1984). Th i s  p laces  some 
doubt on e i t h e r  the  accuracy o f  aluminum 
determinat ions or t h e  r e l i a b i l i t y  o f  t h e  
thermodynamic data s e t  f o r  aluminous species. 
The s o l u t i o n  i s  a l s o  ove rsa tu ra ted  wi th 
respec t  t o  K- fe ldspar ,  a l t hough  secondary 
o r thoc lase  was descr ibed i n  t h e  T r i a s s i c  
sandstone. This suggests t h a t  t he  same 
comment i s  v a l i d  as f o r  aluminum. 

PRELIMINARY WORK ON FLUID TREATMENT 

I n  order  t o  e s t a b l i s h  a f l u i d  t reatment  w i t h  
a view t o  r e i n j e c t i o n  i n t o  t h e  T r i a s s i c  
sandstone, seve ra l  o x i d a t i o n  experiments have 
been c a r r i e d  out .  Three o x i d i z e r s  were 
tes ted :  a i r ,  water sa tu ra ted  w i t h  d i s s o l v e d  
O 2  and NaOC1. Only t h e  l a s t  enables 
q u a n t i t a t i v e  c o n t r o l  o f  t he  o x i d a t i o n  o f  Fez+ 
t o  Fe3+. This  can be induced very q u i c k l y  and 
appears t o  i n v o l v e  about 5 % o f  S i O z  d u r i n g  
the  p r e c i p i t a t i o n  o f  Fe3+. The procedure 
a l lowed i n j e c t i o n  o f  a p r e c i s e  amount o f  
NaOCl d u r i n g  t h e  f l u i d  t reatment  f o r  an 
ad jus ted  o x i d a t i o n  o f  95 t o  98 7; c f  Fez+ and 
thus  avoided an excess o f  o x i d i z e r ,  which 
would be c o r r o s i v e  toward t h e  p ipes  o f  t he  

geothermal loop.  Other o x i d i z e r s  w i l l  be 
t e s t e d  t o  .determine which w i l l  induce t h e  
coarsest  aggregates, l i k e l y  t o  be e a s i l y  
decanted and/or f i l t e r e d .  

I f ,  d u r i n g  t h e  t reatment  used f o r  t h e  
r e d u c t i o n  o f  Fe content ,  t h e  geothermal f l u i d  
becomes s l i g h t l y  undersaturated toward 
m ine ra l s  such as c a l c i t e ,  s i d e r i t e  and 
chalcedony, t h e  r e i n j e c t e d  f l u i d  would tend 
o f  d i sso l ve  these m ine ra l s  i n  t h e  a q u i f e r  and 
increase or  a t  l e a s t  ma in ta in  t h e  p o r o s i t y  
around t h e  r e i n j e c t i o n  w e l l .  F i n a l l y ,  
complete degassing o f  t h e  f l u i d  would avo id  
t h e  c logg ing  o f  t h e  pores by micro-bubbles o f  
gas. 

CONCLUSIONS 

Comprehensive s tudy o f  t he  geothermal f l u i d s  
o f  t he  T r i a s s i c  sandstone a q u i f e r  es tab l i shed  
t h a t  t h e  producing zones a r e  very 
heterogeneous a t  t he  sca le  o f  t h e  P a r i s  
Basin, as w e l l  as a t  k i l o m e t e r  scale, between 
two boreholes o r  even between two producing 
l a y e r s  i n  t h e  same borehole. Consequently, 
t he  d i s t r i b u t i o n  o f  t h e  s l o t t e d  l i n e r s  and 
the  m o d i f i c a t i o n  o f  t h e  e x p l o i t a t i o n  condi -  
t i o n s  f o r  a g i ven  w e l l  ( f l o w r a t e ,  pressure)  
can s i g n i f i c a n t l y  change the  f l u i d  chemistry. 

I t  i s  c l e a r  t h a t  t h e  chemical v a r i a t i o n s  o f  
t h e  f l u i d  observed a t  Mel leray d u r i n g  t h e  two 
one-month survey pe r iods  are more impor tan t  
f o r  t he  h i g h  than f o r  t h e  low f l owra te .  This  
i s  t r u e  even f o r  non-react ive d i sso l ved  
species such as C l  and suppor ts  the  hypo- 
t h e s i s  o f  l o c a l  v e r t i c a l  he te rogene i t y  of 
f l u i d  composit ion i n  d i f f e r e n t  l a y e r s  o f  t he  
T r i a s s i c ,  as es tab l i shed  from p rev ious  
downhole sampling and d i f f e r e n c e s  between 
p roduc t i on  and r e i n j e c t i o n  we l l s .  

F i l t r a t i o n  experiments showed t h a t  p a r t i c l e s  
between 0.1 and 0.01 p m  c o n s t i t u t e  more than 
50 L o f  t he  t o t a l  s o l i d  l o a d  and about 90 % 
o f  t h i s  i s  composed o f  p a r t i c l e s  g 0 . 4 5  p m .  
The amount o f  p a r t i c l e s  i s  i n v e r s e l y  
p r o p o r t i o n a l  t o  t h e  d ischarge r a t e  o f  t h e  
w e l l .  A t  a f l o w r a t e  o f  150 d / h ,  17 k g  o f  
res idues en te r  t h e  hea t ing  p l a n t  d a i l y .  

The chemical composi t ion o f  these p a r t i c l e s  
i n d i c a t e  d i f f e r e n t  o r i g i n s  : Fe-oxides and 
hydrox ides and t r a c e s  o f  C r  and T i  r ep resen t  
m a i n l y  p roduc ts  o f  c o r r o s i o n  o f  t h e  w e l l  
casing. On t h e  o the r  hand elements such as 
A l ,  S i ,  S ,  Ca and Mg o r i g i n a t e  i n  t h e  
g e o l o g i c a l  environment. The ex is tence o f  a 
s i g n i f i c a n t  amorphous phase has been 
es tab l i shed  but i t s  composi t ion v a r i e d  w i t h  
t ime. A t  f i r s t  Fe was t h e  major component 
(assoc ia ted .  w i t h  S ,  A l ,  S i  and Pb) b u t  then 
ZnS became t h e  most abundant phase. 

The Me l le ray  geothermal f l u i d  i s  i n  chemical 
e q u i l i b r i u m  w i t h  respect  t o  c a l c i t e ,  s ide -  
r i t e ,  magnesite f l u o r i t e  and chalcedony, 
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whereas the  na tu re  o f  t h e  A l - l i m i t i n g  phase 
i s  s t i l l  debatable. Problems o f  r e i n j e c t i o n  
o f  t he  f l u i d  i n t o  the  T r i a s s i c  sandstone have 
shown the necess i t y  f o r  t reatment  o f  t h e  
f l u i d .  The study o f  t he  parameters which 
induce c logg ing  o f  t he  rock  m a t r i x  i s  
underway, b u t  p o s s i b l e  s teps i n  t h e  f l u i d  
t reatment  can a l ready be suggested, namely 
degassing, ox ida t i on ,  decantat ion,  f i l t r a t i o n  
and i n j e c t i o n  o f  c o r r o s i o n  i n h i b i t o r s .  

ACKNOULEDGEHENTS 

This  work was c a r r i e d  ou t  under c o n t r a c t  no 
EN 3G-0006-F (CD) o f  t h e  Commission o f  t h e  
European Communities and rece ived  f i n a n c i a l  
suppor t  from t h e  Bureau de Recherches 
Geologiques e t  M i n i k r e s  and t h e  Agence 
FranGaise pour l a  M a i t r i s e  de 1 'Energ ie.  The 
authors wish t o  thank a l l  those i n  t h e  BRGM 
who c o n t r i b u t e d  t o  t h i s  phase o f  t h e  p r o j e c t .  
Spec ia l  thanks are due t o  Annie Criaud, I M R G ,  
f o r  her  c r i t i c a l  comments on t h e  d r a f t  and t o  
J. Kemp, BRGM, f o r  improv ing t h e  E n g l i s h  o f  
t h e  f i n a l  vers ion.  B. Gayet and J. Rabian, 
I M R G ,  are r e s p e c t i v e l y  thanked for d r a f t i n g  
and t yp ing .  

REFERENCES 

Boulmier J.L., 1984 - E x p l o i t a t i o n  des 
format ions greso-arg i leuses du T r ias .  Etude 
des p a r t i c u l e s  en suspension dans l ' e a u  du 
forage de Mel leray ( L o i r e t ) .  BRGM r e p o r t ,  84 
SGN 279 MGA, 16 p. (unpubl.).  

Cautru J.P. and Robel in  C., 1984 - Etude d 'un  
r e s e r v o i r  arg i lo-greseux.  Cas du T r i a s  du 
doublet  gkothermique de Me l le ray ,  L o i r e t .  
BRGM r e p o r t  84 SGN 124 IRG-GEO,  34 p. 
(unpubl . ) .  

F o u i l l a c  C., Vuataz F.D., Brach M. and Cr iaud 
A. ,  1988 - Water-rock r e a c t i o n s  i n  a T r i a s s i c  
sandstone a q u i f e r .  D e t a i l e d  s tudy o f  a low 
temperature geothermal system, Me l le ray ,  
France. European Community Con t rac to rs  
Meeting, Geochemistry, Antwerp, Nov. 1986,  
1 2  p. ( i n  press) .  

I n s t i t u t  M ix te  de Recherches Geothermiques, 
1987 - E x p l o i t a t i o n  geothermique des forma- 
t i o n s  arg i lo-grkseuses : Tr ias .  Rapport 
annuel d ' a c t i v i t e s  3986 (unpubl.).  

Plummer L.N., T ruesde l l  A.H. and Jones B.F., 
1976 - WATEQ F. A F o r t r a n  I V  v e r s i o n  o f  
WATEQ, a computer program f o r  c a l c u l a t i n g  
chemical e q u i l i b r i u m  o f  n a t u r a l  waters. 
U.S.G.S. W R I ,  76-13, 6 1  p. 

Rojas J . ,  Menjoz A., M a r t i n  J.C., Cr iaud A.  
and F o u i l l a c  C., 1987 - Development and 
e x p l o i t a t i o n  o f  low enthalpy geothermal 
systems : example o f  t he  Dogger i n  the  P a r i s  
bas in,  France. 1 2 t h  Workshop on Geothermal 
Reservoi r  Engineering, Stanford,  6 p. 

Sevkque J.L., O u s t r i k r e  P. and Cr iaud A., 
1985 - WATRA 2 ,  programme de c a l c u l  
d ' 6 q u i l i b r e  dans les eaux. Une ve rs ion  de 
WATRA Btendue aux espgces metastables du 
sou f re  : p o l y s u l f u r e s ,  t h i o s u l f a t e s  e t  
s u l f i t e s ,  donnees thermodynamiques rev i sees  
e t  completees. BRGM r e p o r t  85 SGN 061 GMX, 
123 p. (unpubl . ) .  

b 
Rambaufflel 

-? 

€TAUPES 1 
A 

9 PASYES 1 

Fig. 1 - Loca t ion  map o f  t he  w e l l s  on the  
T r i a s s i c  sandstone a q u i f e r .  
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+ F i g .  2 - P l o t  o f  sodium versus c h l o r i d e  contents  
f o r  t he  T r i a s s i c  f l u i d s .  
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F i g .  4 - V a r i a t i o n  o f  se lec ted  d i sso l ved  

species i n  t h e  geothermal f l u i d  f o r  
va r ious  p roduc t i on  r a t e s  o f  w e l l  
GMY 1. 

F i g .  3 - Time v a r i a t i o n s  o f  pH and se lec ted  
chemical species, expressed i n  E 
around the  mean. E r ro rs -ba rs  co r res -  
pond t o  1 standard dev ia t i on .  

: 1 s t  survey under pumping (148mJ/h) -: : 2nd survey under a r t e s i a n  f l ow  / ( - 3 6  m3/h) 
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F i g .  5 - D i s t r i b u t i o n  of p a r t i c l e  s i z e s  i n  
t h e  geothermal f l u i d  a t  36 d / h .  
Percentages a re  c a l c u l a t e d  from the  
p a r t i c l e  l oad  weighed on 8 f i l t e r s .  
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