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ABSTRACT northermost p h r t ,  are represented  by 
a n d e s i t i c  agglomerates with 18.3 Ma a b s o l u t e  

Two deep .dells uere  d r i l l e d  i n  S t .  Lucia age . Lower Miocene reef-type l imestone had 
(W.1.); one of them uas product ive.  A b r i e f  also been i d e n t i f i e d .  
d e s c r i p t i o n  of t h e  geoiogical c h a r a c t e r i s t i c s  
froni both wells is included. Extensive Evidences of vo lcanic  a c t i v i t i e s  were l i m i t e d  
p r e s s u r e  and t e m p e r a t 4 e  surveys were c a r r i e d  to  t h e  nor thern  p a r t  u n t i l  t h e  end of Miocene 
o u t  dur ing  t h e  stages of d r i l l i n g  and around 5-6 Ma'* when s e v e r a l  appara ta  w i t h  
completion of both wells and during t h e  composition ranging  from b a s a l t s  t o  a n d e s i t e s  
d i scharge  tests on t h e  product tve weil. A l aced  i n  v a r i o u s  l o c a l t t i e s  s c a t t e r e d  
high-teniperature, permeable zone was r t h  t o  South. During P l e i s t o c e n e  

-v*A,c-kd i n  t h e  Sulphur Spr ings  area medium-small s ize  s t ra to-volcanoes 
below 4382 f t .  with a n d e s i t i c  composition were emplaced 

mainly i n  t h e  mid-southern p a r t  of t h e  
Two product ion tes ts  uere  c a r r i e d  o u t  i n  i s land .  Most r e c e n t  act ivi ty  occurred wi th in  
order  to  have a pre l iminary  assessment of t h e  t h e  Qualibou depress ion  whose geology has  
p r o d u c t i v i t y  of t h e  w e l l .  Analyses of f l u i d  been descr ibed  as P c a l d e r a  col lapse '  . 
samples taken from t h e  product ion l i n e  under 
c o n t r o l l e d  p r e s s u r e  and temperature  A l t e r n a t i v e l y ,  o t h e r  authors' proposed t h e  
condi t ions ,  a l l o u e d  t h e  d e f i n i t i o n  of s e v e r a l  formation of t h e  Qualibou depression by 
b a s i c  geothermal c h a r a c t e r i s t i c s .  From t h e s e  g r a v i t y  s l i d e .  The depression edges are no 
measurements it was p o s s i b l e  t o  see t h a t  longer  c i r c u l a r  and are mainly c o n t r o l l e d  by 
produced f l u i d s  e x h i b i t e d  chemical and a NE-SW t e c t o n i c  t rend:  i n t e n s e  a c t i v i t y  was 
p h y s i c a l  c h a r a c t e r i s t i c s  belonging to  a developped i n s i d e  , t h i s  area with emplacement 

r a t io  (up t o  about  25% acteristic feature o f  

I 

o u r  showed steam 
and 7 between 230 

duced a r e l a t i v e l y  
a t  shal low depth  

s e v e r a l  c e n t e r s  s c a t t e r e d  i n  var ious  (133 m).  The gas c o n t e n t  of t h e  steam w a s  
localities. Oldes t  rocks ,  outcropping i n  t h e  g e n e r a l l y  high varying from 15% (wel l  3 )  up 
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, 

to  21% ( w e l l s  4 and 7 ) :  t h e  composition w a s  
mainly CO (90%) with  less H (6%), H2S (2%), 
N2 (1%) %rid CH (0.5%). . %aximum measured 
temperature  w a s  $2OoC i n  w e l l  4 a t  a depth of 
300 m, while  w e l l  6 showed i n  t h e  s e c t i o n  
from 320 t o  692 m a temperature  g r a d i e n t  of 
22O~C/km.  

In  1982, ex tens ive  geological, geophysical  
and geochemical surveys  pointed o u t  t h e  
e x i s t e n c e  of a high temperature geothermal 
system underlying t h e  Qualibou area. To 
confirm t h e  presence of t h i s  geothermal 
system, two deep wells (SL-1 and SL-2) were 
d r i l l e d  dur ing  1987-88 i n  t h e  Belfond and 
Sulphur Springs areas, Eespectively' . 
RESULTS OBTAINED FROM WELL SL-1 

The l o c a t i o n  of SL-1 i n  t h e  Belfond area was 
chosen based upon important  volcanological  
and s t r u c t u r a l  evidences which supported t h e  
presence of t h e  h e a t  source and secondary 
permeabi l i ty .  The main u n i t s  encountered 
dur ing  d r i l l i n g  are shown i n  Fig. 2. A s  shown 
i n  t h i s  f i g u r e ,  t h e ' w e l l  reached a to ta l  
depth of 7261 f t .  This  w e l l  found low 
permeabi l i ty ,  as e v i d e n t i a t e d  by small f l u i d  
c i r c u l a t i o n  losses dur ing  d r i l l i n g .  However, 
temperature  w a s  high, with a maximum of 241'C 
a t  total depth,  as determined from t h e  
e x t r a p o l a t i o n  of d a t a  obtained from a 
temperature  bui ldup performed. Fig.  3 shows 
p r e s s u r e  and temperature  p r o f i l e s  (P/T) 
c a r r i e d  o u t  after w e l l  completion and a long 
shut- in  per iod.  To have a b e t t e r  i d e a  o f  t h e  
m q n i t u d  of permeabi l i ty ,  an s t e p - r a t e  
i n j e c t i o n  fall-off t e s t  was performed. A 
va lue  of kh = 680 md.ft was ca lcu la ted .  An 
unsuccessful  a t tempt  was made t o  b r i n g  t h e  
w e l l  i n t o  product ion.  

RESULTS OBTAINED FROM WELL SL-2 

Well SL-2 w a s  loca ted  close to  t h e  Sulphur 
Spr ings  area i n  t h e  -v ic in i ty  o f  t h e  B r i t i s h  
well N. 6, which showed very high geothermal 
g r a d i e n t  (220°C/ 1000 m ) ,  with t h e  aim t o  
i n t e r c e p t  a t  P reasonable  depth a producing 
f r a c t u r e d  zone a s s o c i a t e d  with t h e  main 
active f r a c t u r e  t rend  (NNW-SSE). Fig. 2 shows 
the crossed  s t r a t i g r a p h i c  sequence? 

S e v e r a l  temperature  and pressure  surveys were 
run i n  the w e l l  dur ing  t h e  stages of 
d r i l l i n g ,  completion and production. Once a 
high temperature  and permeabi l i ty  zone was 
reached dur ing  d r i l l i n g ,  i n j e c t i v i t y  and 
f a l l o f f  t es t s  were conducted i n  o r d e r  t o  
confirm t h e  high capac i ty  of t h e  f r a c t u r e d  
zone l o c a t e d  below 4382 f t .  The c a l c u l a t e d  
static formation temperature  a t  t h i s  depth 
w a s  i n  t h e  o r d e r  of 292OC. From t h e  
i n j e c t i v i t y  test a va lue  o f  w1/p = 25266 
(md.ft/cp) w a s  ca lcu la ted .  After f i n i s h i n g  
t h i s  test and based upon t h e  encouraging 
evidences obtained,  it w a s  decided t o  run a 
7" s l o t t e d - l i n e r  to  p r o t e c t  t h e  open i n t e r v a l  
of t h e  well. given t h e  completion shown i n  

Fig. 2. 

After completion, a warming-up per iod  w a s  . 
allowed i n  order  t o  assess t h e  thermodynamic 
e v o l u t i o n  of c o n d i t i o n s  wi th in  t h e  wellbore. 
Figs .  4 and 5 show a series of P/T p r o f i l e s  
r u n  dur ing  t h i s  per iod ,  a l lowing a f a i r l y  
good d e f i n i t i o n  of t h e  l o c a t i o n  of most 
permeable zones. 

During the pre l iminary  product ion test, 
h e r e i n  c a l l e d  h o r i z o n t a l  d i scharge  test, t h e  
w e l l  i n i t i a l l y  discharged gas followed by 
w a t e r  and a mixture of water and steam. The 
main aim of t h i s  test was to o b t a i n  a 
pre l iminary  and rough i d e a  about  t h e  
product ion c a p a c i t y  of the w e l l  and to  see i f  
any major changes i n  its behavior  could b e  
detected.  A l l  measurements were Conducted by 
means of t h e  l i p  p r e s s u r e  method with a 
silencer to measure the l i q u i d  f l o w  rate' . 
T h i s  discharge test l a s t e d  for about  70 h. A 
summary of product ion d a t a  obtained from,this 
test  are shown i n  Table  1 &nd i n  Fig. 6.  
During t h i s  b r i e f  product ion t e s t  it was 
observed t h a t  t h e  amount of separa ted  water 
w a s  low from t h e  start and cont inuos lg  ' 
decreased with produckion time, u n t i l  it 
disappeared after about  48 hr flowing t i m e .  
Another i n t e r e s t i n g  observa t ion  from t h e  
behaviour e x h i b i t e d  by t h e  vel l ,  w a s  t h a t  the 
m a s s  of produced gas, r e l a t i v e  to  to ta l  m a s s  
produced remained f a i r l y  c o n s t a n t  over  t h e  
whole d ischarge  per iod.  

Short teml produ c t i o n  test 

I n  o r d e r  to have a more p r e c i s e  i d e a  of the 
a c t u a l  p r o d u c t i v i t y  of t h e  w e l l ,  a longer  
product ion t es t  w a s  performed. This  test w i l l  
be  r e f e r e d  as t h e  "shor t  tern product ion 
test". This  test w a s  c a r r i e d  o u t  for about  
200 hr .  Fig. 7 shows t h e  behaviour e x h i b i t e d  
by the well dur ing  t h i s  test. 

The main c h a r a c t e r i s t i c s  of  t h e  well a l r e a d y  
e v i d e n t i e t e d  dur ing  t h e  previous d ischarge  
test  were confirmed. No water product ion was 
obtained.  The mass of gas produced remained 
f a i r l y  c o n s t a n t  dur ing  a l l  t h e  t es t ,  which 
supported an i n t e r e s t i n g  conclusion that w i l l  
be  d iscussed  latter. A s  it can be  sZen from 
Fig.  7, a product ion d e c l i n e  for a g iven  
wellhead p r e s s u r e  can be  detected.  Fig.* 6 
show product ion d a t a  as a funct ion  of 
wellhead p r e s s u r e  obta ined  dur ing  both t h e  % 

h o r i z o n t a l  d i scharge  and t h e  short-term 
product ion tests. From t h i s  f i g u r e  t h e  
d e c l i n a t i o n  from t h e  i n i t i a l  p r o d u c t i v i t y  of 
t h e  well is more evident .  

A s  previous s t a t e d ,  f l u i d  product ion was 
mainly i n  t h e  vapor phase, except  f o r  t h e  
first hours ,  when some l i q u i d  water w a s  

-------------I-- * 
Tables  and Figures  are included a t  t h e  
end of paper. 
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present .  For t h i s  case i s o t o p i c  and chemical geothermom vhich employs t h e  dry  gas 
composi t ions of gas and steam are t h e  only  composition; t h e  temperature  obtained w a s  
tools t o  g a t h e r  u s e f u l  information for a 290OC. 
b e t t e r  understanding of r e s e r v o i r  parameters  
sucn as temperature, gas p r e s s u r e s ,  l i q u i d  On the o t h e r  hand the contemporaneous s tudy  
saturation, gas/total water r a t i o  and redox of al l  a v a i l a b l e  r e a c t i v e  gaseous s p e c i e s ,  
condi t ions .  For t h i s  p r p o u s e  gas composition w i l l  enable  both v e r i f i c a t i o n  of t h e  
r e p o r t e d  i n  Table  2.. as w e l l  as i s o t o p i c  equi l ibr ium temperatures  previous1 y 
f l u i d  composition s h o w  i n  Table  3. had been c a l c u l a t e d  by means of o t h e r  methods, and the 
used. 0 pressure .  I n  o r d e r  t o  

fa t te r ,  t h e  b a s i c  
Reservoi r  equi l ibr ium temperature was were t h e  d i s s o c i a t i o n  

as vel1 as t h e  c a l c u l a t e d  by means of both 1so;topic 
geothermometers and chem following chemical r e a c t i o n s :  
between H20 and H S s p e c i e s  

reactions for H 0 and H2S 2 

equi l ibr ium condiQions between some p a i r s  o f  CH4 + 2H 0 P 4H2 + COP ' (4)  
( 5 )  

1/&e30z + S2 = FeS2 + 2/3 O2 ( 6 )  

Based on s u i t a b l e  l i n e a r  combinations, t h e  
fo l lowing  two r e l a t i o n s  are obtained' : 

3.143-i!458.7/T+4.096llogT-%logPI C02) + 

s p e c i e s  produced t h e  fol lowing r e s u l t s '  : CO + H 2= CO + H20 

4lOg(H /COP) -1/410g(CH~/C0 ) -310g ( CO/C02 )= 

t h i s  might be t h a t ,  at least p a r t  of t h e  COP These tlro equat ions are not  s t r o n g l y  y 
sampled, has  a much deeper  o r i g i n  than t h e  dependent and can n o t  produce a p r e c i s e  
tapped f l u i d  i n  t h e  r e s e r v o i r ,  and t h a t  eva lua t ion  of y values .  This  set of  equat ions  
equi l ibr ium with CH4 is rehched very s l a r l y .  f i x i n g  
A s  a conf i rmat ion  to  t h i s  p o s s i b l e  deeper  r e s e r v o i r  temperature  and for d i f f e r e n t  

t h e  high negat ive  va lues  of v a l u e s  of y. Consider ing a r e s e r v o i r  

can be  so lved  numerical ly  for P(C02). 

9.9 b a r  for y = 0.1. 

gas/total rater 
e evaluated as a 

t o g e t h e r  with a 

ans of the D ' A m o r e  



expressed by c a l c u l a t i n g  t h e  va lue  o f  t h e  
oxygen p a r t i a l  p r e s s u r e  ( l o g  P(0 ) )  a t  a 
g iven  temperature. A t  292OC &e redox 
c o n d i t i o n s  can'be expressed by a value of  l o g  
P(0  ) = - 36.0 2 0.2, as a r e s u l t  of t h e  
a p p l i c a t i o n  of  two ihdependent equi l ibr ium 
r e a c t i o n s ,  using H2/H20 and CO/C02 ratios, as 
descr ibed  elsewhere . 
A s  p rev ious ly  d iscussed  by Giggenbach e t  g!', 
depending on t h e  r e l a t i v e  amounts o f  N A r ,  
and He p r e s e n t  i n  geothermal gas, " three 
d i f f e r e n t  sources  can be i d e n t i f i e d  for t h e s e  
s p e c i e s  : recent groundwater, magmatic and 
c r u s t a l  o r i g i n .  Analysis  corning from gas 
samples from w e l l  SL-2 sugges t  a r e l a t i v e  
p o s i t i o n  i n  t h e  system N2-Ar-He c o n s i s t e n t  
with mixing between c r u s t a l  and magmatic 
components. It a s  observed t h a t  af ter  about  
70 hours  of product ion,  t h e  N 2 / A r  r a t io  
measured i n  t h e  f l u i d  reached va lues  i n  t h e  
o r d e r  of 1000. T h i s  r a t i o  excludes the 
p o s s i b i l i t y  of having any meteoric pas  
component i n  t h e  f l u i d  c o T y g  from t h e  w e l l .  
On t h e  o t h e r  hand, t h e  C ana lyses  of C02 
c a r r i e d  o u t  on two gas samples confirmed an 
in te rmedia te  gas o r i g i n  i n  between magmatic 
and an a r i g i n  a s s o c i a t e d  with metamorphic 
p r o c e y y s  of o l d  marine sediments. Values 
of d C obtained were - 2.5 acd - 2.8, 
respec t ive ly .  The measured c o n t e n t  of t r i t i u m  
on the condensed steam (0.6 T.U.) i n d i c a t e s  
that there is n o t  s u b s t a n t i a l  supply o f  
r e c e n t  meteoric water of an age less then 30 
y e a r s  i n  t h e  output  from t h e  w e l l .  

As it can be seen from Fig. 8.  c h l o r i d e  
concent ra t ion  i n  t h e  condensed steam 
increased  with product ion time, as wellhead 
p r e s s u r e  decreased, dur ing  t h e  product ion 
tests. This  c h l o r i d e  was p r e s e n t  as HC1 i n  
the condensed s tem producing a s t r o n g  
cor ros ion  tendency f o r  t h i s  f l u i d .  I t  was_ 
v l l s o  observed t h a t  pfi decreased as C1  
c o n t e n t  increased.  Thk h i g h e s t  value reached 
was higher  then 300 ppm. Laboratory a n a l y s i s  
of condensed steam is give  i n  Table 4. 
A s  it is w e l l  known, XC1 toge ther  with o t h e r  
s p e c i e s  such as H2S, su lpha tes ,  c h l o r i d e  
i o n s ,  b o r i c  a c i d  and CO , can be considered 
as a highly c o r r o s i v e  2agent, and it h a s  
a l ready  been i d e n t i f i e d  as p r e s e n t  i n  o t h e r  
vapour-dominated systems around t h e  world*". 
Therefore ,  future cor ros ion  problents i n  
the S t .  Lucia geothermal resource  should be 
expected due t o  the presence of  t h i s  chemical 
spec ies .  During t h e  product ion tests, ferric 
i o n s  i n  the steam were i d e n t i f i e d ,  g i v i n g  an 
i n d i c a t i o n  of p o s s i b l e  down-hole cor ros ion .  
T h i s  hypothesis  was confirmed by the a n a l y s i s  
performed on scale samples c o l l e c t e d  from the  
orifice p l a t e s  i n  t h e  product ion l i n e ,  where 
the main component w a s  i r o n  

Pressure buildup tests 

Once t h e  s h o r t  product ion t es t  was ended and 
after c a r r y i n g  o u t  P/T p r o f i l e s  and 
unsuccessful  a t tempts  t o  take  bottom-hole 

f l u i d  samples, a first bui ldup tes t  was 
performed. Although t h e  drawdown d a t a  were 
recorded,  i n t e r m i t t e n t  c lock  s toppages were 
p r e s e n t  dur ing  t h e  bui ldup per iod ,  render ing  
useless t h i s  las t  p o r t i o n  of t h e  test. 
Therefore ,  it w a s  decided t o  conduct a new 
bui ldup test. The drawdown p a r t  of t h e  test 
l a s t e d  for approximately 127 minutes. After 
this time, t h e  w e l l  w a s  shut-in and t h e  
bui ldup  p o r t i o n  of t h e  survey was recorded. 
This  test l a s t e d  1100 minutes. 

The bui ldup test  w a s  preceeded by a v a r i a b l e  
flow rate h i s t o r y ,  s i n c e  before  c a r r y i n g  o u t  
t h i s  test  several maneuvers were performed i n  
the w e l l ,  such as t h e  v e r t i c a l  d i scharge  
test, t h e  h o r i z o n t a l  d i scharge  test, w e l l  
f lowing under b leeding  condi t ions ,  and 
f i n a l l y ,  t h e  short-term product ion test. I t  
w a s  suspected t h a t  ' p r e s s u r e  t r a n s i e n t s  
c r e a t e d  i n  t h e  ceservoir by al l  t h e s e  changes 
i n  flow rate could had n o t  d ied  o u t  
completely by t h e  t i m e  t h e  bui ldup t e s t  was 
performed. To proper ly  account  f o r  a l l  t h e s e  
t r a n s i e n t s  i n  t h e  i n t e r p r e t a t i o n  of t h e  
bui ldup d a t a ,  a technique t h a t  superpose t h e  
effect of v a r i a b l e  flow rate before  t h e  w e l l '  
is shut- in  was used* . For t h i s  purpouse, the 
v a r i a b l e  flow rate h i s t o r y  w a s  approximated 
by' means of a series of c o n s t a n t  rate s t e p s .  
Assuming r a d i a l  f l y & )  t h e  i n t e r p r e t a t i o n  
model is as follows: 

f - tj-1 At 
1 (11)  J 2 2  N W 

=P - m 2 -- log (----- 
j=l wN f - tj A t  'us i 

wz TIL 
m = 89178.5 ---I (12) 

Analyzing t h e  d a t a  by means of a log AP2vs. 
log A t  p l o t .  I t  w a s  determined t h a t  wel lbore 
storage effects should d i e  o u t  after 
approximately 37 min. shut- in  time. 
Therefore ,  t h e  c o r r e c t  semilog s t r a i g h t  l i n e  
w i l l  develop after 37 min., as shown i n  Fig.  
9. From t h i s  f i g u r e ,  t h e  s l o p e  of t h e  
s t r a i g h t  l i n e  and its i n t e r c e p t i o n  with t h e  
v e r t i c a l  a x i s  are as follows: 

m = s l o p e  = - 500 (Kg/cm ) / cyc le  

i n t e c e p t  = Pi = 5370 (Kg/cm2l2; 

2 Pi = 73.3 (kg/crn ) = 72 ( b a r )  
From eq.(2)  : kh = 89178.5WZTp (13) 

From w e l l  temperature' surveys a r e s e r v o i r  
temperature  i n  t h e  o r d e r  of 563 OK(290 O C )  

was est imated.  For th'is temperature  and the 
p r e s s u r e  condi t ions  p r e v a i l i n g  dur ing  t h e  
test ,  t h e  steam v i s c o s i t y  and real gas law 
d e v i a t i o n  f a c t o r  are p =  0.021 cp: Z = 0.81, 
r e s p e c t i v e l y .  

khM 

2 2  

2 

m M  

---- 
'*I Nomenclature a t  the end of paper 
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From eq. (13): 

89178.5 W Z p T  
kh.r ------- e 

, K I M  

69178.5(35)(0.61)(563)(0.021) 
-----_I__------ I 3321 (md.m 

18(500) 

To check t h i s  value,  a n a l y s i s  by means o f  t h e  
convent ional  Horner method w a s  c a r r i e d  out. 
F i g  10 shows t h e  semilog p l o t  requi red  by 
t h i s  method. An equiva len t  product ion t i m e  o f  
3024 hr. was ca lcu la ted .  The Horner model can 
be  w r i t t e n  as follows: 

2 2 t + A t  
1 (14)  = P - log (---- P 

A t  p w s  i 

From Fig.  10 the s l o p e  and t h e  i n t e r c e p t  of 
t h e  s t r a i g h t  l i n e  are as follows:" 

m = s l o p e  = -*450 (Kg/cm 1 $y$le; 
i n t e r c e p t  = P = 5730 (Kg/cm ) 

Pi = 75.7 (Kg/cm 
From eq. (13):  

2 2  

2 = 74.2 ( b a r )  

89178.5 WZpT ----------- = 
mM 

89178.5(35 1 (0.81 (563) (0.021 ) 

450 ( 18 ) 
---_I------------- = 3690 (md.m) 

A s  it can be seen ,  
methods agree very w e l l .  
t h e  w e l l ,  8 ,  can be c a l c u l a t e d  as fol lows : 

t h e  kh c a l c u l a t e d  by both 
The s k i n  factor f o r  

2 2 
'lhr 'wf s = 1.151 ( ------ - 

c u r v e  matchirig t r o  models were assumed, t h e  

p a r a l l e l e p i p e d  model'? and w e l l  
i n t e r s e c t i n g  a v e r t i c a l  f rac turem.  
Analysis '  o f  drawdown dur ing  t h e  first 
product ion per iod  ( h o r i z o n t a l  d i scharge  t e s t )  
w a s  not conclusive.  Resul t s  of a n a l y s i s  of 
d a t a  by means of the bar iab le- ra te  model is 
shown i n  Fig. 11. Although two p o s s i b l e  
s t r a i g h t  l i n e s  could 'be i n f e r e d  from t h i s  
graph,  it c a n  be  seen  t h a t  n e i t h e r  of them 
a c t u a l l y  corresponds t o  t h e  semilog s t r a i g h t  
l i n e ,  this fact becomes ev ident  when 8 

log-log analyqJs is perform. For  t h i s  
purpouse t h e  AP /W approach w a s  used? Fig. 
12 shows a log-log graph of AP /W vs. 
product ion time. From t h i s  graph it is 
p o s s i b l e  t o  see t h a t  to ta l  product ion time 
w a s  too s h o r t ,  and al though an i n i t i a l  t r e n d  
f o r  the d a t a  s t a r t e d  to show, a dis t rubance  
a t  about 25 h r  flowing t i m e  is evident .  This  
d i s turbance  was due t o  a change i n  t h e  l i p  
p r e s s u r e  spool  used f o r  f l o w  rate 
measurements from an i n i t i a l  4" t o  a f i n a l  8" 
diameter ,  coupled with an i n c r e a s e  i n  flow 
rate t o  about  double of t h a t  before  t h e  
change. A s  it can be seen  from t h i s  f i g u r e ,  
d a t a  p o i n t s  s t a r t e d  t o  r e t u r n  to  t h e  i n i t i a l  
t r e n d  a t  t h e  end o f  t h e  test. 

F ig .  13 shows t h e  i n t e r p r e t a t i o n  of t h e  
drawdown d a t a  by means of t h e  var iable-f low 
rate model for the s h o r t  product ion test. As 
it can be seen,  two s t r a i g h t  l i n e s  can be  
f i t t e d  to t h e  model, t h e  first one extending 
up to 11.4 h r  f lowing time, and t h e  second 
one s t a r t i n g  f r o m  15.1 h r  up t o  t h e  end o f  
the test (198.8 h r ) .  I n t e r p r e t a t i o n  of t h e  
d a t a  can be performed by means o f  t h e  
well-known mul t ip le - ra te  drawdown modelw': 
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For t he  conditions preva i l ing  during the  . % "  

2 2  L L  s h o r t  production test- the  foliowing average 
values were determined: T a 503 OK, Z = 0.88, For Pi - Pwf/W = l O ( k g / c m  ) / ( ton /h) ;  

I 0.021 cp. Therefore, from eq. (10) the  PD/% = 0.188 

For t = 10 h ; 

following values of kh can be determined: 

a )  F i r s t  s t r a i g h t  l i n e :  m' = 1 4 . n :  I 
tDxf = 1.42 

I kh = 3134 md.m 
b )  Second s t r a i g h t  l i ne :  m' = 64.36; 

kh P 716 md.m - 2  
Xe/Xf = 2; % = 7 

As it can be seen, t he  value of  kh obtained 
by means of the first s t r a i g h t  l i n e  agrees are obtained: 
w e l l  with t h a t  ca lcu la ted  by means of  the  

By using these values,  t he  following r e s u l t s  

buidup test. PD I (PD/%) . % = (0.188) (7) = 1.316 

In te rp re t a t ion  of  da t a  from t h e  sho r t  
production test by means of t h e  
para l le lep iped  model is shorn i n  Fig. 14. 
This f igure  shows t h e  match obtained with 
this model fo r  the  case when xe/x = 2. As it 
can be seen, t he  bes t  match w a s  o6tained with 
t h e  % = 7 curve. Departures from t h e  general  
trend are observed a t  flowing times 
corresponding to abrupt changes i n  flow rate 
associated with changes i n  e i t h e r  l i p  
pressure  spools or o r i f i c e  p l a t e s ,  bu t  as it 
can be observed from the  figure, the  w e l l  
r e tu rns  to the  general  trend sometime after 
the  disturbance has died out. In t e rp re t a t ion  
of data  was m a d e  by means of t he  equations 
provided by Cinco etal.'* : 

Dimensionless variables:  

2 2  
M h (pi-pWf) 

P,=l.291~10-~ 

X 

2 tDxf =O .3604 
0 P C t X f  

Y 

Xf v ky 

hD = L f i  
f X 

= 2 . 8 8 ~ 1 0 - ~  (Darcy/m 2 
(21 1 2 

Since ( ( k Z  k )1'2 x I2(k /xf) = k k kZ, by 
using the  values cafculafed beforg, 

(22) 

(24) 

2 k k kZ = (0.7535) 

= 1 . 6 3 8 ~ 1 0 - ~  (darcy )3 

(2.88xlO-') = 
X Y  

(kx ky k Z ) l I 3  = 0.0254 (darcy) 

I n  order to g e t  a rough 
le t ' s  assume 

From t h e  values ca lcu la ted  
es t imat ion  of the  permeabili ty,  
kx = k 
before! the  following r e s u l t s  are obtained: 

(kx ky kZ) l I3  = k = 0.0234 (darcy) = 25.4 md 

= kZ = k. 

xf (k k )1/2=xp0.7535;xf= z:gy: - 29:7 m 
Y Z  

Combining eqs. '(21) and (26) and using t h e  
same average values f o r  T, 2, and p as 
before: 

'D T p  
(kxky)1/2xf (kz/kx)1/2 = - 

0.01291 M h, 
Y 

(1.316 ) (0.88 (504) (0.021 
I = 0.7535 

From eq. (22) 

2 tDxf Opct (1.42)(0.015)~0.021)(0.0179) 
kx/xf= - 

0.3604 t 0.3604 (10) 

(25) h=hD xf(kz/kx)1/2 = %xf = (7)(29.7) = 208 m; 

kh = (25.4) (208) =5280m. 

As it can be seen, this kh value is higher 
than t h a t  obtained with the  conventional 
methods described before,  bu t  it can still be 

(26) 

From Fig. 14, t he  match poin t  is as follows: considered within the  same range. 



Matching of data froffi the  same Jst was also 
performed by means of the type curve for  a 
vertically fractured well. For t h i s  purpouse, 
the Uniform-Flux fracture curve presented by 
Gringarten et.m as used. Results from th i s  
matching are shown in  Fig. 15. As it can be 
seen from t h i s  figure, a good match w i t h  the 
curve for xe/xf = 10 was also obtained. The 
match point is as foollous: 

CONCEPTUAL MODEL OF' THE DE- Sysmr 

Drilling of wells SL-1 and SL-2 provided new 
stratigraphical data useful for  a bet ter  
definition of the geological model, which, 
integrated wi th  all other data available, 
allowed the updating of the conceptual model 
of the geothermal f ie ld ,  which is shown in 

6.  This model can be summarized as 

1) Heat source. 
The presence of a shallou magma chamber can 

PD = 5.7 be inferred on the basis of several 
volcano-tectonic evidences and supported by 

For t = 1 h: microseismic studies revealing the presence 
of a t  least one significant f luid body under 

For t h i s  case. dimensionless variables are the Sulphur Springs area. The volume of magma 
defined as follows: emplaced by the intra-depression act ivi ty  

seems t o  be relatively small and appears to  
2 2  be aoncchtrated i Sulphur Springs - 

Term Blanche area. magma body is enough 
(27) (due to its shallo tion) t o  produce an 

77A.59 Wp 2 T important heat anomaly around the Sulphur 
Springs area, as shown by w e l l  SL-1. where a 

en t  of about 4 times the 
3 . 4 8 ~ 1 0 ~  k t  was found in  the area of 

(28) w e l l  SL-2 discovered a 
high-conductive type of thermal gradient i n  

f the first lo00 ni, i n  the order of about 7 

tDxf = 1.95; xe#xf = 10 

M k h (Pi - Pwf) 
'D ----- 

tDxf * - 2 
0P C t  x 

X Y .times the normal gradient (0 .  0 6 7 O C / f t ) .  
XD = ---, yD I - (29) 

2)  Cap rock . 
The most common volcanic feature of the whole f X Xf 

Qualibou area is the presence of lavic domes. 
From eq. (27) and by using the same average These Ppparata were originally permeable and 
parameters mentioned before, as w e l l  as t h e  represent a possible recharge zone, dr i l l ing 
values obtained from the match point, the of w e l l  SL-1 showed a good example of 



4)  Recharge system. 
The produced f l u i d  is represented  by 
superheated steam with high gas content ,  most 
probably a l ready  p r e s e n t  i n  t h e  f r a c t u r e s  
( n o t  caused by f l a s h  phenomena during the 
product ion) .  It was impossible  to  collect 
r e p r e s e n t a t i v e  b r i n e  samples, which arc 
hypothezed i n  t h e  lowest p a r t  of t h e  
r e s e r v o i r ,  and to o b t a i n  d i r e c t  information 
on t h e i r  chemical c h a r a c t e r i s t i c s  i n  o r d e r  t o  
d e f i n e  t h e  recharge  system. 

coNcLusIoNs 

Based upon- a l l  s t u d i e s  and measurements 
performed on t h e  t w o  w e l l s  d r i l l e d  i n  S t .  
Lucia, t h e  followin; conclusions can be 
w i t h d r a w n :  

1. The s t r a t i g r a p h y  of t h e  wells pointed o u t  
d i f f e r e n t  goe-volcanological frames: w e l l  
SL-1 is charac te r ized .  beneath t h e  
Belfond d a c i t i c  donfe, by t h e  presence of 
a b a s a l t i c  apparatus  and then by a series 
of g e n e r a l l y  reworked l a v i c  products  with 
composition v a r i a b l e  from b a s i c  to 
intermediate .  Meanwhile, SL-2 shows, 
beneath t h e  Terre Blanche dacitic dome, a 
volcanic  agglomerate with mainly d a c i t i c  
lithics and then an old  dome, always w i t h  
dacitic composition. 

2. Well SL-2 tapped a vapour-dominated 
geotheru,al resource  having high g a d s t e a m  
and H /H S r s t i o s .  Condensed steam showed 
t h e  presenie  of HC1 t h a t  increased with 
product ion time, reaching a concent ra t ion  
higher  than 300 ppm. This  fact sugges ts  
t h e  presence of a highly concentrated 
b o i l i n g  b r i n e  a t  some depth i n  t h e  
r e s e r v o i r  t h a t  s t a r t e d  b o i l i n g  s h o r t l y  
after product ion began. The presence of 
t h i s  chemical saecies is an i n d i c a t i o n  of 
f u t u r e  cor ros ion  problems i n  those  p l a c e s  
where steam condensates. 

2 2  

3. Calcula ted  r e s e r v o i r  temperature  from 
bottom-hole temperature  measurements w a s  
292°C. C a l c u l a t i o n s  performed us ing  
i s o t o p i c  geothermoneters and chemical 
equi l ibr ium r e l a t i o n s h i p s  between s e v e r a l  
gaseous s p e c i e s ,  produced r e s e r v o i r  
equi l ibr ium temperatures  t h a t  were wi th in  
t h e  sane range. 
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4. Produced f l u i d s  from w e l l  SL-2 exhib i ted  
an important  c o n t r i b u t i o n  t o  total mass 
produced coming from t h e  deeper a q u i f e r .  
Cont r ibu t ion  froh shal lower c o l d e r  
a q u i f e r s  could only be i d e n t i f i e d  dur ing  
t h e  first p a r t  of t h e  h o r i z o n t a l  
d i scharge  tes t .  when a sinall amount of 
water was present .  

~ 

5. The N -Ar-He conten t  i n  produced f l u i d s  
indicif tes  a mixing between c r u s t a l  and 
magmatic components. On t h e  same l i n e ,  
t h e  low measured c o n t e n t  of Tr i t ium 

i n d i c a t e s  t h a t  t h e r e  is no s u b s t a n t i a l  
supply of r e c e n t  meteoric water of an age 
less than 30 y e a r s  a t  the output  of the 
w e l l .  

6 .  Computed p a r t i a l  p r e s s u r e  of CO s p e c i e s  
at equi l ibr ium c o n d i t i o n s  is in %he o r d e r  
of 10 bar-, while  t h e  e f f e c t i v e  steam 
f r a c t i o n  is close t o  0.3 

7 .  A decrease  i n  w e l l  p r o d u c t i v i t y  w a s  
d e t e c t e d  from measurements taken dur ing  
the t w o  product ion tests. A t  a wellhead 
p r e s s u r e  of 15 b a r ,  o u t p u t  decreased from 
an i n t i a l  va lue  of about  62 ton/h, 
measured dur ing  t h e  h o r i z o n t a l  d i scharge  
test, t o  about  33 ton/h a t  t h e  end of t h e  
s h o r t  term product ion test. This  
p r o d u c t i v i t y  decrease  corresponds mainly 
t o  a decrease  i n  average r e s e r v o i r  
pressure .  

8.  Based upon i n t e r p r e t a t i o n  of d a t a  from 
w e l l  tests performed by means of s e v e r a l  
models, it can be concluded t h a t  w e l l  
SL-2 has  tapped a n a t u r a l l y  f r a c t u r e d ,  
double-porosity system, whose kh is i n  
between 3000 and 5000 md.m, with a skin 
factor between -1 and -4. 

9. The geothermal r e s e r v o i r  behaved as a 
l i m i t e d  vapor-dominated system with a 
l i m i t e d  recharge. The p o s s i b i l i t y  of 
having a large i n i t i a l  gas cap p r e s e n t  i n  
t h e  system is excluded, s i n c e  t h e  mass of 
gas produced remained f a i r l y  cons tan t .  
even under d i f f e r e n t  wellhead p r e s s u r e  
condi t ions.  

10. Longer product ion tests as w e l l  as 
f u r t h e r  f l u i d  sampling and a n a l y s i s  
should be  performed i n  order  t o  c o n f i r n  
t h e  pre l iminary  r e s u l t s  included i n  t h i s  

NOXENCLATURE 

B ( i )  t Gas "i" Molal d i s t r i b u t i o n  

b '  = i n t e r c e p t  on v a r i a b l e - r a t e  p l o t  

corupressi b i l i  t y  , (kg/cm 
C 

c o e f f i c i e n t  . 
= total system isothermal  t 

h I formation t h i c k n e s s ,  m 
hf = formation h e i g h t ,  m 
k = permeabi l i ty ,  md 

= permeabi l i ty  i n  x ,y ,z  d i r e c t i o n ,  
(k)x,Y*z darcy 

molecular weight, gr/gr mole 
s l o p e  2f semilog s t r a i g h t  l i n e ,  
( (kg/cr  )2/cycle)  
s l o p e  o ata for a m u l t i r a t e  t es t ,  
((kg/cm 1 / cyc lq  ton/h) 
p r e s s u r e ,  kg/crh 
r a d i u s ,  m 
s k i n  factor 
r e s e r v o i r  temperature ,  O K  

t i m e ,  h r s  
equiva len t  product ion time, hrs 
m u l t i r a t e  p l o t  a b s i s e  

I B  
* 



X P distance i n  x-direct ion,  m 
X = half-f'racture length,  m 
X = boundary locat ion i n  x-direct ion,  m 
Ye = distance i n  y-direct ion,  m 
y+ = vapor f r a c t i o n  with respect  to total 

y = boundary l o c a t i o n  i n  y-direct ion,  m 
ze 4 gas deviat ion factor .  dimensionless 
2 = distance  i n  z-direct ion,  m 
2 = e levat ion of midpoint of fracture ,  m 

water i n  the reservoir  

Subscripts  

D = dimensionless 
e = external  
f = fracture 
i o i n i t i a l  
1 = l i q u i d  
O j  = refers to multi-rate coordinate 
w = w e l l  
y f  t flowing bottom-hole condit ions 
l h r  = refers to 1 hr condit ions  

Greek symbols 

p 3: v i s c o s i t y ,  cp 
8 = poros i ty ,  f r a c t i o n  
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Table 1 - Summary of production data from the 
horizontal discharge test 

Table 2 - Most representative gas composition 
(Val.%) 

C O ~  " 2 ~  5 -0' 02a04 m2 -0' MO' 

- 4 . 5  0.1 0.1 20.05 4 0  - 91.0 2.0 5.4 0.7 xx) 0.0 1.1 1641 tk2l 
+0.10 

Table 3 - Isotopic analyses results of water 
and gas samples. 

Table 5 -- Summary of results obtained from 
interpretation of pressure data 
from the short-term production test 
by means of several models. 
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... rig. 1 Location of the geothermal resource. 
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Fig. 6 Characteristic production curves of 
well SL-2 during the two production 
tests. 
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Fig. 8 Chloi-ide content in the steani as a 
function of production time. 
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Fig. 10 Interpretation of buildup test by 
means of Horner model. 
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Fig. 7 Production data from the short-term 
test. 

Fig. 9 Interpretation of buildup test with a 
variable flow rate history prior to 
shut-in. 
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Fig. 11 Multiple-rate drawdown test during 
the horizontal discharge test 
(H.D.T.) 
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F i g .  14 Matching o f  drawdown data with the 
parallelepiped mode, S.T.P.T.  

F i g .  12 Influence function vs.  flow time for 
drawdown, H.D.T.  
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F i g .  15 Matching of drawdown data with the 
vert ica l  fractured wel l ,  uniform- F i g .  13 Mbtching of drawdoun test, short- 

tcrte pro.luc*ticm tast(S.T.P.T. -- flux fracture, S.T.P.T.  

F i g .  16 Conceptual model o f  the Sulphur Springs geothermal resource. 
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