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ABSTRACT 

Productiori arid chemical d a t a  have been com- 
p i l e d  arid arialyzed OIL a six-month averaged 
b a s i s  f o r  t h e  f i r s t  four  y e a r s  of e l e c t r i c  
eiiergy gerieratiori with f i v e  5-MW wellhead 
ger ie ra tors  a t  t h e  Los Azufres aeothermal  
f i e l d .  The d a t a  were eva lua ted  with r e s p e c t  
t o  t h e  exter i t  of observable  thermal drawdown 
of t h e  r e s e r v o i r  from 25 NW of gerieratiori i r i  
r e l a t i o n  t o  t h e  es t imated  c a p a c i t y  of t h e  
f i e l d  of s e v e r a l  hundred megawatts of 
power. The a n a l y s i s  updates  t h e  previous one 
compiled af ter  t h e  f i r s t  two years  of coritin- 
uous product ion ,  a t  which t i m e  t h e  
r e s u l t s  i r id ica ted  t h a t  d i f f e r e n c e s  i n  r e s e r -  
v o i r  temperature  es t imated  from geochemical 
thermometers arid we 1 lhead product  i o n  d a t a  
were riot s t a t i s t i c a l l y  s i g n i f i c a r ~ t  based OIL 

t h e  number of d a t a  arid t h e  staridard devia-  
tioris. Analysis  of t h e  d a t a  a f t e r  four  years  
of operat ior i  were made f o r  t h e  l a r g e r  number 
of d a t a  arid s m a l l e r  starrdard deviat ior is .  The 
r e s u l t s  review t h e  adequacy of the  samplirig 
freqiiericy arid t h e  r e l i a b i l i t y  of the  measure- 
merits from s t a t i s t i c a l  t -Tes t  of t h e  means of 
t h e  f i r s t  arid secorid two-year per iods.  

INTRODUCTION 

An importarit aspec t  of t h e  developmertt of 
geothermal resources  is t h e  observat ior i  of 
t h e  e f f e c t s  OIL t h e  r e s e r v o i r  from e a r l y  sus- 
ta ined  productiori wi th  s m a l l  gerieratirig ur i i t s  
used t o  i n i t i a t e  p o t e r i t i a l l y  l a r g e  f i e l d s .  
Such o b s e r v a t i o n s  have beer1 a coritiriuous 
o b j e c t i v e  of t h e  e l e c t r i c  power productiori 
program s t a r t e d  a t  t h e  Los Azufres geothermal 
f i e l d  i r i  t h e  summer of 1982 with  f i v e  5-MW 
wellhead ur i i t s .  Since productiori s t a r t u p ,  a 
l a r g e  da tabase  of product ion  arid chemical 
d a t a  has  been compiled t o  c h a r a c t e r i z e  t h e  
w e l l  arid r e s e r v o i r  c o n d i t i o n s  duririg t h e  
s t a r t u p  per iod  arid t o  e s t a b l i s h  t h e  i r i i t i a l  
coriditioris of t h e  r e s e r v o i r  near  t h e  produc- 
t i o n  wel l s .  The l a t t e r  o b j e c t i v e  i s  of 
importance f o r  observing changes i r i  r e s e r v o i r  
c h a r a c t e r i s t i c s  with productiori p r i o r  t o  
i r i s t a l l a t i o r i  of a d d i t i o r i a l  gerieratirie; capac- 
i t y  plariried f o r  t h e  near  f u t u r e .  

The Los Azufres geothermal f i e l d  i s  l o c a t e d  
111 t h e  S t a t e  of Michoacari, about 200 km 
northwest  of Mexico City.  It is  p a r t  of t h e  

+Cos Azufres Geothermal F i e l d  
Comisiori Federa l  d e  E l e c t r i c i d a d  
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Trarismexico Neovolcanic Axis a c r o s s  c e n t r a l  
Mexico (Mooser, 1972). The geothermal r e s e r -  
v o i r  i s  a complex s t r u c t u r a l  arid thennody- 
namic system, coritairiirlg s e v e r a l  maior 
p a r a l l e l  f a u l t s .  Sustained product ion €11 the  
f i e l d  s t a r t e d  wi th  t h r e e  5-MW wellhead gerier- 
a t o r  ur i i ts  i r i  t h e  riortherri (Mar i ta ro)  zone 
producing two-phase f l u i d  arid two 5-MW ur i i t s  
i r i  t h e  southerri (Tejamariiles) z011e producirig 
e s s e r i t i a l l y  a l l - s team o r  l a r g e  steam f r a c -  
t i o n  f l u i d .  A review of t h e  o p e r a t i n g  char- 
a c t e r i s t i c s  of t h e  5-MW tu rb ine-genera tor  
u r i i t s  w a s  given by H i r i a r t  (1983). 

A s i g n i f i c a i i t  body of iriformatiori 011 t h e  Los 
Azufres f i e l d  has beeii compiled sirice t h e  
e a r l y  r e p o r t s  by de Arida (1951) 011 the  geo- 
l o g i c ,  geophys ica l ,  arid geochemical charac- 
t e r i s t i c s .  Geologic maps, f i r s t  prepared by 
Camacho (19761, a r e  coritinuously updated. The 
s t r u c t u r a l  arid volcar i ic  f e a t u r e s  were 
descr ibed  by de l a  Cruz (1982) arid more 
r e c e n t l y  by Dobsou arid Mahood (1985). Data 
f o r  b r i n e  chemistry arid rioricoriderisable gases  
were repor ted  by Templos arid Lopez (1980) arid 
Temolos arid Laredo (1980). An overview of 
t h e  d i s t r i h u t i o r i  of chemical arid i s o t o p i c  
composition of Los Azufres Reotherma1 f l u i d s  
p r i o r  t o  s t a r t u p  was repor ted  by Nieva e t  a 1  
(1983). Thei r  d a t a  showed much heteroperiei ty  
of t h e  l i q u i d  phase in t h e  r e s e r v o i r .  
The chemical d a t a  showed phase s e p a r a t i o n  
arourid t h e  wells without  eviderice of recharge 
by i n f i l t r a t i n g  groundwater. From 
s e v e r a l  chemical geothermometers,  t h e  temper- 
a t u r e  rarige i n  t h e  riortherri (Mar i ta ro)  zoiie 
w a s  es t imated  i n  t h e  range of 24R t o  315 'C, 
arid i n  t h e  southerri (Tejamaiiiles) 201ie i n  t h e  
rarige of 248 t o  328 C. I g l e s i a s  e t  a l .  
(1983) i n v e s t i g a t e d  r e s e r v o i r  pressure  a s  
a furictiori of depth i r i  t h e  Tejamariiles zone 
w e l l s .  They coricluded t h a t  a coritiriuous 
steam phase d i d  riot e x i s t  i r i  t h e  
r e s e r v o i r ,  but  t h a t  i s o l a t e d  pockets  of steam 
were developing by b o i l i n g  of iiearby immobile 
l i q u i d  water. 

Two e a r l i e r  eva lua t ior i s  of t h e  s t a r t u p  
e f f e c t s  of the  5-MW wellhead u r i i t s  have beeri 
repor ted .  The f i r s t  of t h e s e  (Kruqer, e t  a l ,  
1985a) examined t h e  i r i i t i a l  chemical arid 
r e s e r v o i r  coiiditioris duririg t h e  f i r s t  two- 
year  s t a r t u p  per iod wi th  d a t a  compiled 
a s  six-morith average va lues  f o r  each of t h e  
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Table 1 

Six-Monthly Averaged Production Data 

Tahle 2 

Aqueous Chemistry Data 

Well P(wh) 
No. Period ( P a )  ---- ------ ----- 

I. Telamaniles Zone 

Az-6 2-R2 
1-83 
2-R3 
1-84 
2-84 
1-85 
2-85 
1-86 

A z - 1 6 0  2-83 
1-84 
2-84 
1-85 
2-85 
1-86 

AI-17 2-82 
1-83 
2-83 
1-84 
2-84 
1-85 
2-85 
1-86 

11. Maricaro Zone 

Az-5 2-82 
1-93 
2-83 
1-04 
2-84 
1-85 
2-85 
1-86 

Az-13 2-R2 
1-83 
2-83 
1-04 
2-84 
1-85 
2-85 
1-86 

AI-19 2-82 
1-83 
2-83 
1-84 
2-84 
1-85 
2-85 
1 4 6  

AI-28 1-84 
2-84 
1 4 5  
2-85 
1-8h 

0.84 
O.AO 
0.82 
0.81 
0.85 
0.85 
0.91 
0.95 

0.94 
0.92 
0.93 
0.91 
0.96 
0.95 

2.16 
2.02 
1.98 
1.88 
1.88 
1.82 
2.00 
1.89 

3.10 
2.77 
2.68 
2.72 
2.55 
2.46 
2.29 
2.13 

1.07 
0.88 
1.01 
0.84 
0.84 
0.76 
0.77 
0.79 

0.83 
0.89 
0.76 
1.19 
1.83 
1.66 
1.44 
1.34 

1.10 

I .04 

1.26 
1.14 

0.90 

P(sep) 
(Pa) ---- 

-- - 
I - - - - - 

0.93 
0.92 
0.92 
0.90 
0.94 
0.92 

0.88 
0.90 
0.93 
0.96 
0.86 
0.83 
0.84 
0.91 

0.90 
0.92 
0.94 
0.96 
1.01 
0.93 
0.94 
0.86 

0.85 
0.86 
0.85 
0.83 

0.74 
0.75 
0.78 

0.83 

0.74 

0.78 
0. 80' 

0.81 

0.87 

0.71 
0.63 

0.78 
n . m  

- 
0.71 
0.63 

*well shut& part or all of semester. 

O(wh) 
(ku / s )  ----- 

12.4 
11.7 
11.7 
11.7 
10.4 
10.8 
10.5 
10.7 

8.4 
9.0 
9.1 
R.9 
9.0 
9.6 

17.4 
17.2 
17.2 
16.7 
15.4 
15.8 
15.8 
15.2 

26.5 
2h.5 
26.8 
26.4 
2R.6 
30.0 
29.3 
29.1 

27.0 
28.2 
27.9 
29.7 
32.6 
31.9 
31.9 
30.6 

17.0 
15.6 
15.9 

15.5 

11.3 
11.3 

27.R 
25.4 
22 .w  
20.6 

* 
10.4* 

20.0 

X(V)  

---- 

1.00 
1.m 
1.00 

1 . m  

1.00 

1 .oo 

1 .oo 

1 .oo 

0.R9 
0.77 
0.74 
0.73 
0.72 
0.65 

1.00 
I .oo 
1.00 
1.00 

1.00 

1 .oo 

1.00 

1.m 

0.63 

0.60 
0.62 

0.62 
0.60 
0.61 
O.hl 
0.60 

0.60 
0.60 
0.59 
0.57 
0.52 
0.55 

0.55 

0.44 
0.32 
0.28 

0.26 
0.41. 
0.36 
0.30 

0.48 

0.54 

0.37 
0.34* 
0.3R 
0.39 

H(wh) 
(kl/kg) ----- 

2771 
2769 

2770 
2772 
2772 
2774 
2776 

2549 
2304 
2246 
2234 
2213 
2064 

2769 
2770 
2771 
2773 
2770 
2771 
271 1 
2770 

2770 

2023 
2001 
1963 
2011 
1977 
1991 
2044 
1971 

1954 
1960 
1936 
1889 
1795 
1847 
1830 
1855 

1626 
1387 
1282 

1245 
1560 
1447 

* 

1300 

1451 
1474 
1425 
1488 
1491 

Well 
No. Period pH ---- ------ ---- 

42-5 2-82 7.2 
1-83 7.0 
2-83 7.1 
1-84 7.1 
2-84 - 
1-85 7.0 
2-85 7.2 
1-86 7.0 

Az-13 2-82 7.6 
1-03 7.7 
2-83 7.8 
1 4 4  7.7 
2-84 7.6 
1-85 7.6 
2-85 7.8 
1-86 7.6 

Az-16AD 1-84 7.6 
2-86 7.5 
1-85 7.6 
2 4 5  7.6 
1-86 7.4 

Az-19 2-82 7.4 
1-83 7.4 
2-83 7.5 
1-84 7.2 
2-84 6.9 
1-85 7.9 
2-85 7.5 
1-86 6.5 

AI-28 1-84 6.8 
2-84 6.3 
1-85 6.9 
2-85 7.1 
1-86 6.7 

IC11 
(K/kK) -----_ 

2.85 
3.07 
3.15 
3.03 
2.92 
3.22 
2.98 
3.09 

3.00 
2.77 
2.94 
2.84 
2.73 
2.88 
2.87 
2.R4 

3.11 
3.25 
3.37 
3.38 
3.40 

2.68 
2.61 
2.80 
2.71 
2.82 
2.R1 
2.42 
2.40 

3.41 
2.66 
3.44 
2.70 
2.68 

1654 
1691 
1741 
1680 
1607 
1680 
1678 
1723 

1765 
1507 
1661 
1572 
1517 
149A 
1645 
1634 

1816 
1870 
1751 
1937 
1977 

lh33 
1445 
1580 
1537 
1571 
1462 
1355 
1305 

1972 
1532 
1625 
1510 
1457 

399 
425 
429 
651 
446 
472 
461 
668 

406 
355 
366 
394 
399 
392 
412 
411 

370 

4n2 

3R6 
390 

425 

387 
343 
357 
412 
422 
372 
36 5 
343 

508 
412 
463 
412 
415 

7.4 

3.6 
10.0 

7.2 
7.5 
6.8 
7.5 

13.4 
12.0 
9.3 

12.8 
9.9 

10.9 
9.8 

10.0 

32.8 
26.4 
36.7 
32.9 
38.9 

7.4 
8.1 
5.3 
8.1 

15.6 
7.3 
6.9 
5.9 

12.1 
10.9 

6.6 
5.3 
5.7 

in.1 
1064 
116R 
1108 

907 
1025 
1069 
1114 

747 
865 
645 
91A 
805 
A05 
799 
892 

419 
576 
660 
683 
695 

i o a i  

1034 
910 
961 

1058 
1015 
900 
889 
856 

1170 
797 
938 
904 
808 
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u n i t  wel l s .  From t h e s e  d a t a ,  i n i t i a l  r e s e r -  
v o i r  arid bottom-hole temperatures  were 
est imated.  It w a s  noted t h a t  t h e  d a t a  were 
obtairied urider a v a r i e t y  of o b j e c t i v e s  arid 
a t i a l y t i c a l  t echniques  wi th  corisequetit uncer- 
t a i r i t i e s  i r i  t h e  mean v a l u e s  l a r g e r  than  
d e s i r a b l e  f o r  use as i r i d i c a t o r s  of charige 
with product ion.  The secorid r e p o r t  (Kruger 
e t  a l . ,  1985b) was based on a q u a l i t y  arialy- 
sis of t h e  samplirig arid chemistry d a t a  t o  
reduce t h e  u n c e r t a i n t y  i r i  t h e  averaged 
v a l u e s ,  arid wi th  t h e  a d d i t i o n  of an addi-  
t i o n a l  ha l f -year  of d a t a ,  t h e  i n i t i a l  thermo- 
dynamic and chemical c h a r a c t e r i s t i c s  of t h e  
r e s e r v o i r  were re-evaluated.  The comporients 
of t h e  chemical d a t a  inc luded  aqueous chem- 
i s t r y  of the  b r i n e s  f o r  t h e  two-phase w e l l s ,  
rioucoriderisahle gases  includir ig  radon f o r  a l l  
of t h e  w e l l s ,  and geothermometer r e s e r v o i r  
tempera tures  from t h e  aqueous chemistry da ta .  

The r e s u l t s  of t h e s e  two eva lua t ior i s  showed 
t h e  c l e a r  d e l i n e a t i o n  of t h e  two major zones 
of t h e  f i e l d ,  t h e  vapor-dominated Teiamauiles  
( s o u t h e r n )  zone with an i n i t i a l  temperature  
of aboiit 260 f 5 O C  cor is is te i i t  wi th  t h e  
observa t ions  of T g l e s i a s  e t  a l .  (1983) f o r  
t h e  depth of t h e s e  w e l l s  atid ari i n i t i a l  
temperature  of about 300 f 10 O C  €or  t h e  two- 
phase M a r i t a r o  (riortherri) zone. Rased on t h e  
two-year averaged r e s e r v o i r  temperature  d a t a ,  
au i s o e n t h a l p i c  progressior i  of steam f r a c -  
t i o u s  and tempera tures  from t h e  r e s e r v o i r  t o  
t h e  wellhead were rioted from t h e  Fourriier arid 
T r u e s d e l l  (1973) Na-K-Ca geothermometer arid 
t h e  Fourriier arid P o t t e r  (1982) s i l i c a  geo- 
thermometer. The lower s i l i c a  temperatures  
were i n  accord wi th  t h e  views of T r u e s d e l l  e t  
a l .  (1984) arid Grarit e t  a l .  (1984) t h a t  t h e  
s i l i c a  based geothermometer i n d i c a t e s  r e s e r -  
v o i r  coriditioris c l o s e r  t o  t h e  wel lbore a s  
b o i l i n g  i n c r e a s e s  t h e  steam f r a c t f o r i  arid 
s i l i c a  p r e c i p i t a t e s  before  f l u i d  produc- 
t i o n .  Over t h e  f irst  two years  of produc- 
t i o n ,  rio d iscer r iab le  changes were rioted by 
s t a t i s t i c a l  t -Test  a n a l y s i s  of t h e  f i r s t  vs 
secoiid y e a r ' s  d a t a  due p r i m a r i l y  t o  t h e  s m a l l  
number of samules arid t h e  r e l a t i v e l y  l a r g e  
s tandard  devia t ior i s  of t h e  means. These d a t a  
have tiow been updated wi th  productiori arid 
chemical d a t a  f o r  t h e  f i r s t  f o u r  years  of 
o p e r a t i o n  of t h e  5-MW g e n e r a t o r  u r i i t s .  A t  
t h i s  t i m e ,  a l a r g e r  iiumber of samples and 
reduced ur icer ta i r i ty  i n  the  means have allowed 
more r e l i a b l e  t -Tests  of t h e  d a t a  grouped 
i n t o  two 2-year per iods .  

ACCUMULATED DATA 

Product ion d a t a  have been compiled f o r  t h e  
o r i g i n a l  w e l l s  used f o r  t h e  f i v e  5-MW w e l l -  
head u r i i t s :  Az-6 arid Az-17 i n  t h e  Tejamariiles 
zone arid Az-5, Az-13. arid Az-19 i n  t h e  
Ffar i taro zone. Two of t h e  u n i t s  have s i n c e  
requi red  a d d i t i o r i a l  steam supply;  i r i  1983 
flow from wel l  Az-16AD w a s  added t o  t h e  flow 
from Az-6 i r i  t h e  Tejamariiles zone aiid i n  
1984, f low from Az-28 was added t o  t h e  flow 

from Az-19 i n  t h e  Mar i ta ro  zone. Due t o  a 
heavy i n f l u x  oE cold water ,  wel l  Az-19 has 
been shut i i i  on occasion s i n c e  then. 

Table  1 summarizes t h e  mean six-morithly pro- 
duct ior i  d a t a  f o r  t h e  f i v e  ger ierator  ur i i t s  
over  t h e  four  year  per iod.  Table  2 summa- 
r i z e s  t h e  mean s ix-mori thly chemical d a t a  f o r  
t h e  f i v e  w e l l s  i n  t h e  M a r i t a r o  two-phase 
zone. Table 3 shows t h e  mean six-monthly 
r e s e r v o i r  temperatures  c a l c u l a t e d  by t h e  Na- 
K-Ca geothermometer of Fourriier and T r u e s d e l l  
(1973) arid t h e  S i 0  geothermometer of 
Fourriier arid P o t t e r  (19g2). Also given  i r i  

Table  3 a r e  t h e  mean wellhead er i tha lp ies  
obtairied from productiori d a t a  arid the  r e s e r -  
v o i r  e n t h a l p i e s  corresponding t o  t h e  s i l i c a  
geothermometer r e l a t i o n s h i p s  from Fourriier 
arid P o t t e r  (1982).  

The product ion d a t a  i n  Table 1 r e f l e c t  t h e  
contitiuous steam productiori i r i  w e l l s  Az-6 arid 
Az-17 i n  t h e  Teiamariiles zone. The small  arid 
d e c l i n i n g  product ion rate i r i  w e l l  Az-6 has 
been auemerited wi th  flow from well  Az-lhAT). 
For t h e  riorthern Mar i ta ro  zone, t h e  d a t a  show 
t h e  s teady  o p e r a t i o n  of w e l l s  Az-5 arid Az- 
13 with s lowly i r ic reas ing  f l o w r a t e s  a s  steam 
f r a c t i o n  d e c l i n e s .  The d a t a  € o r  w e l l  Az-19 
r e f l e c t  t h e  contiriued cold-water i r i f lux  with 
product ion augmerited by t h e  somewhat b e t t e r  
q u a l i t y  flow from well  Az-28. The s e p a r a t o r  
p r e s s u r e  has  beeti maintained a t  t h e  
minimum i r i l e t  p r e s s u r e  requi red  € o r  t h e  5-MW 
wellhead u r i i t  t u r b i n e s .  

The aqueous chemistry d a t a  a r e  monitored by 
the  c h l o r i d e  c o n c e n t r a t i o n ,  which shows 110 

discer r iah le  charige f o r  w e l l s  Az-5 arid Az- 
13. The c h l o r i d e  conceri t ra t ior i  seems t o  
i r ic rease  i r i  w e l l  Az-lhAD arid decrease  i r i  the  
f o u r t h  year  a t  w e l l  Az-19 arid more r a p i d l y  i u  
w e l l  Az-28. The sodium, potassium, arid 
s i l i c a  coriceritratioiis appear  t o  fo l low t h e s e  
trerids. The geothermometer temperature  d a t a  
i n  Table  3 i n d i c a t e  an i u c r e a s e  i n  t h e  Na-K- 
Ca temperature  in s e v e r a l  of t h e  w e l l s  arid a 
d e c r e a s e  i n  S i 0 2  t empera ture  i r l  o t h e r s .  
F igure  1 shows t h e  d a t a  arid t rend  l i r ie  of t h e  
33 i n d i v i d u a l  Na-K-Ca t empera tures  f o r  w e l l  
Az-5 i n  comparison t o  t h e  observed wellhead 
f l u i d  enthalpy.  The s l o p e  of t h e  Na-K- 
Ca temperature  t r e r i d  l i n e  is +3.5 OC/yr and 
t h e  s lope  of t h e  wellhead en tha lpy  t r e n d  l i n e  
i s  +2.6 kJ/kg-yr. F igure  2 shows t h e s e  
d a t a  f o r  w e l l  Az-13. For t h i s  w e l l  t h e  r a t e  
of i n c r e a s e  of t h e  Na-K-Ca tempera ture  i s  
+3.9 'C/yr arid t h e  r a t e  of charige of t h e  
wel lhead en tha lpy  i s  e s s e n t i a l l y  zero. 
F igure  3 shows t h e  d a t a  arid t r e n d  liries f o r  
t h e  two r e s e r v o i r  temperature  geothermometers 
f o r  w e l l  Az-19, where cold-water i n t r u s i o n  
from a c a s i n g  break above i s  kriown t o  he 
occuring.  The s l o p e s  of t h e  t rend  l i r ies  a r e  
+0.25 'C/yr f o r  t h e  Na-K-Ca arid -0.38 'C/yr 
f o r  t h e  S i O z  geothermometers. 
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Az-5 

Az-13 

Az- I6AD 

Az-19 

Ar-2R 

Table 3 

Hean Semi-Annual Temperature - Enthalpy Data 
for the Uari taro  Wells  

Num T(Na-K-Ca) T ( S i 0  ) H(wh) H(SI0 ) 
Period Obs ( ' C )  ('Cf (kJ/kg) (Wlk:) _--_-- --- __------ -- 
2-82 3 308 f 2 293 f 15 2023 1303 f 74 

2-83 1 320 298 1963 1325 
1-84 6 311 f S 295 f 13 2011 1311 f 6 3  
2-84 5 318 f 5 277 f 13 1977 1223 f 63 
1-05 5 320 f 6 289 i 5 1991 1284 f 26 

1-86 4 317 f 3 298 f 5 1971 1328 f 26 

2-R2 6 292 f 8 26R f 21 1954 llRO f 06 

1-83 5 309 i 12 302 i 17 2001 1355 f 99 

2-85 4 319 i 2 294 i 8 2044 1905 i 40 

1-83 6 295 i 12 272 t 17 1960 1200 f 87 
2 4 3  I 294 24R 1936 insn 
1-84 5 300 f 4 2n3 t 5 1889 1252 i 26 
2-84 6 306 i 4 267 i in 1795 1174 i 50 
1-85 6 304 f 4 266 f 5 1847 1170 f 26 
2 4 5  5 305 f 2 266 f 8 1830 117R f 42 
1-86 5 304 f 2 276 f 11 1855 1215 f 53 

1-86 6 274 f 7 21h f 18 2304 923 f R3 

1-85 6 278 f 2 2 4 9  i 3 2234 1085 f 15 

1-86 6 278 f 3 254 f 7 2064 1109 f 33 

2-82 4 304 i 3 292 f 7 1626 1298 f 37 
1-83 3 299 f 9 278 f 8 1387 1225 f 38 
2-83 1 303 283 1282 1251 
1-84 2 312 f 7 293 t 1 - 1300 i 10 
2-84 4 315 f 15 288 f 7 1245 1279 k 36 
I-RS 2 297 f 13 277 f 2 1560 1221 f I1 
2-85 4 310 f 2 275 f 9 1447 1214 f 4 3  
1-86 6 310 i 2 272 f 10 1300 1197 f 49 

1-84 4 311 i 2 305  f 3 1451 1365 f 15 
2 4 4  4 310 f 1 1  263 f 32 1474 1156 i 15R 
1-85 6 322 f 3 2RO f 12 1425 1239 f hO 
2 4 5  5 319 f 2 277 f 9 lhRA 1222 f 46 
1-86 6 321 +_ 9 266 f 15 1491 1170 f 76 

2-84 3 280 i 3 239 i io 2246 1036 i 48 

2-85 4 276 i 2 252 i IO 2213 1101 f 48 

330 

1 8 8 8 L : : : : : : : .  : '  e 5 19 15 28 25 30 35 48 45 se 
lbnth of Pmduction 

Fig.  1. Reservoi r  tempera tures  c a l c u l a t e d  by 
t h e  Na-K-Ca eeothermometer and wel lhead 
e n t h a l p i e s  observed f o r  w e l l  Az-5. 

315 T 

2751 . ' - : :  . : : :  . I 

0 s ie is 29 25 38 35 41 Q 50 
1929 

,,,i 1889 

9 5 18 15 29 25 39 35 48 45 59 
knth of Production 

Fig. 2. Reservoi r  tempera tures  c a l c u l a t e d  by 
t h e  Na-K-Ca geothermometer arid wel lhead 
e u t h a l p i e s  observed f o r  w e l l  Az-13. 

259 1 a 
I 

0 s i e  is 28 2s 38 35 48 45 se 
lbnth of Pmduction 

Fig. 3. Reservoi r  tempera tures  c a l c u l a t e d  by 
t h e  Na-K-Ca arid S i 0 2  geothermometers f o r  w e l l  
Az-19.  

- 184- 



t-TEST ANALYSIS OF THE GEOCHEMICAL DATA Table 4 

t-Test Results  of Uaritaro Zone Well Data 
To obtair i  a more s y s t e m a t i c  e s t i m a t e  of t h e  
chariges t h a t  have occured i r i  t h e  Mar i ta ro  
zorie w e l l s  wi th  f o u r  y e a r s  of s u s t a i n e d  pro- 
duc t ion ,  t h e  Studerit t -Tes t  w a s  appl ied  t o  
t h e  d a t a  combiried a s  two s e t s  of two-year 
d a t a  samples. The s tandard  t -Test ,  ( s e e  
e.g., Volk, 1958) i s  used t o  determirie t h e  
corifiderice l e v e l  wi th  which two s e t s  of d a t a  
belong t o  t h e  same d i s t r i b u t i o n ,  based ori 
t h e i r  mearis, s tandard  d e v i a t i o n s ,  arid riumher 
of observat ior is .  I t  is e s p e c i a l l y  u s e f u l  f o r  
small d a t a  sets of a few t o  about 30 t o t a l  
observat ior is .  The t s t a t i s t i c  is  defiried a s  

where T = mearis of t h e  two d a t a  s e t s  
n = riumber of obseravat ior is  i n  each 

d a t a  set  

d e v i a t i o n s  from both d a t a  s e t s .  
= pooled e s t i m a t e  of s tandard  

The t s t a t i s t i c  f o r  a giver1 p a i r  of d a t a  s e t s  
wi th  t h e  corresponding number of degrees  of 
freedom, def ined  a s  v = ri1+ri2-2, determines 
i r i  a staridard t a b l e  of t d i s t r i b u t i o r i s ,  t h e  
va lue  of a ,  t h e  p r o b a b i l i t y  of a l a r g e r  abso- 
l u t e  va lue  of t. Where a charige i i i  mearis cari 
he e i t h e r  + o r  -, t h e  two-sided t - T e s t  i s  
used,  f o r  which t h e  a / 2  sigr i i f icar ice  l e v e l  
a l lows  f o r  exceederice ori e i t h e r  s i d e  of t h e  
d i s t  r ihut ior i .  

Table  4 shows t h e  r e s u l t s  of t h e  t-Test 
a p p l i e d  t o  t h e  d a t a  f o r  t h e  Mar i ta ro  zone 
w e l l s  c a l c u l a t e d  from a microcomputer program 
which i r icorpora tes  t h e  s tandard  t-Test t a b l e  
va lues  f o r  corifiderice l e v e l s  of a = 0.8, 0.9, 
0.95, 0.98, arid 0.99. Two means a r e  geri- 
e r a l l y  accepted a s  heloriging t o  t h e  same d i s -  
t r i b u t i o n  f o r  a/2 < 0.975. Table  4 shows t h e  
l a r g e  corifiderice l e v e l s  € o r  t h e  i n c r e a s e  i r i  

m e a n  Na-K-Ca geo t hermometer temperature  
arid wellhead en tha lpy  f o r  wel l  Az-5. The 
decrease  i n  Si02 geothermometer temperature  
arid corresponding r e s e r v o i r  en tha lpy  is  mar- 
g i n a l l y  s igr i i fcar i t  due t o  t h e  l a r g e r  staridard 
devia t ior i s  of t h e  s i l i c a  measurements. The 
r e s u l t s  f o r  w e l l  Az-13 show only a s i g r i i f i -  
carit i r ic rease  i r i  Na-K-Ca geothermometer tem- 
p e r a t u r e  without  a corresporidirig s i g n i f i c a n t  
i r ic rease  i r i  wellhead enthalpy.  The charige 
would have beeri s i g n i f i c a n t  a t  the  95 X con- 
f i d e n c e  l e v e l  i f  t h e  staridard d e v i a t i o n  of 
t h e  mean f o r  y e a r s  1+2 had beeri t h e  same a s  
t h a t  f o r  y e a r s  3+4. For w e l l  Az-19, t h e  5 X 
i r icrease i r i  mean Na-K-Ca temperature  does riot 
exceed t h e  95 % corifiderice l e v e l ,  but t h e  4 X 
decrease  i r i  mean Si02  temperature  does. 

DISCUSSION 

Four years  of d a t a  accumulated f o r  the  w e l l s  
providirig steam t o  t h e  f i v e  5-Mw wellhead 

t - s t a t  C O " f 1 4  well Year ( i + 2 )  Years 0 + 4 )  
No. Parameter No. Mean f SD NO. Mean f SD Value Level (%) --- --- 

AI-5 
[Cl] (K/kg) 16 3.112 f 0.17 17 3.06 f 0.22 -0.59 < RO 
T(Na-K) ( C )  15 310 f 8 18 318 f 4 -3.70 > 99 
T(Si0 ) ( C )  15 207 f 14 18 289 f 1 1  1.95 - 95 
H(Si)?W/kg) 15 1325  t 75 ifl I281 f 56 1.92 - 9 5  
H(vh)(kJ/kK) 23 1928 f 43 24 1994 f 4 5  -5 .14 > 99 

Az-13 
IC11 (K/kg) 18 2.134 t 0.17 22 2.83 * 0.19 0.30 < 80 
T(Na-K) ( C )  18 2!)5 f 9 22 305 f 3 -4.84 > 99 
T(Si0 ) ( C )  18 273 t 1 7  22 269 f 9 0.99 < 80 
N(Si)?kJ/kg) I8 I2I)l f 86 2 2  1180 f 44 0.99 < 80 
H(vh)(k.J/kg) 20 1806 f 147 24 1834 f 33 -0.91 < R O  

Ar-I9 
(g/kR) 10 2.r6 f 0.14 15 2.65 f 0.39 O.RS < 80 

T(Na-K) (C)  LO 304 f 7 16 310 f 10 -1.60 -85 
T ( S i 0  ) ( C )  LO 2117 f 9 16 277 f 10 2.42 > 95 
H(Si)?W/kR) 10 1272 f 45 16 1225 f 50 2 . 4 2  > 95 
H(vh)(kJ/kK) d a  14 1400 f 127 - - 

u r i i t  t u r b i n e s  show ari i r i t e res t i r lg  a r r a y  of 
r e s u l t s  with r e s p e c t  t o  riear-we11 r e s e r v o i r  
c h a r a c t e r i s t i c s .  The two u r d t s  i n  t h e  
southern  Tejamariiles zorie do riot provide s u f -  
f i c i e n t  aqueous chemistry d a t a  arid t h e  
p o s s i b l y  most u s e f u l  i n - s i t u  gas  comporierit, 
radon, has riot heeri measured s u f f i c i e n t l y  of- 
teri t o  a f f o r d  a mearis t o  e v a l u a t e  t h e  e x t e n t  
of chariges i r i  r e s e r v o i r  thermal p r o p e r t i e s .  
The mean six-morithly productiori d a t a  do show 
a s teady  flow of f l u i d  f o r  w e l l  Az-6, wi th  
s t e a d i l y  d e c l i n i n g  steam f r a c t i o r i  arid 
en tha lpy  sirice t h e  two-phase w e l l  Az-16AD was 
added t o  e l e v a t e  t h e  steam supply.  Flowrates  
i n  wel l  Az-17 have dec l ined  s lowly a s  the  
system is  opera ted  a t  cons tan t  s e p a r a t o r  
p r e s s u r e ,  poss ib ly  i r idicat i r ig  an i r icrease i r i  

b o i l i n g  i n  t h e  formatiorl around t h e  wel l .  
Kruger e t  a l .  (1985b) have rioted from the  
wel lbore  s i m u l a t o r  developed by O r t i z  (1983) 
based O I I  t h e  Orkiszewski (1967) method o f  
e s t i m a t i n g  p r e s s u r e  drop i n  v e r t i c a l  p ipes  
t h a t  t h e  hottom-hole steam f r a c t i o r i  i n  w e l l s  
Az-6 and Az-17 was 100 percerit. The d a t a  f o r  
these w e l l s  i m p l y  t h e  rieerl f o r  c a r e f u l  reser- 
v o i r  matiagemerit when t h e  next  s t e p  i n  f i e l d  
developmeot occurs  i r i  1 9 8 7 / 8 8  with sustair ied 
product ion  from 15 w e l l s  f o r  t h e  f i r s t  55-MTJ 
c e n t r a l  power p l a n t  i n  t h e  Tejamariiles zone. 

The t h r e e  ur i i t s  i n  t h e  riortherri Mar i ta ro  
zorie, wi th  t h e  growirig da tabase  of 30 o r  more 
chemical samples a t  each w e l l ,  can be evalu-  
a t e d  i r i  terms of both productiori arid chemical 
da ta .  The d e c l i n e  i r i  wellhead p r e s s u r e  a t  
t h e s e  ur i i t s  are rioted a s  t h e  s e p a r a t o r  steam 
q u a l i t y  changes,  s lowly a t  w e l l  Az-5 arid 
more r a p i d l y  a t  w e l l s  Az-13 arid Az-19+Az- 
28. The chemical d a t a  i n  Table  2 do riot 
r e f l e c t  t h e s e  thermal d e c l i n e s ,  where except  
f o r  w e l l s  Az-19+Az-28 i r i  which cold water  is  
known t o  be iriflowirig, t h e  major comporierit 
coricentratiorrs have remairied e s s e n t i a l l y  
t h e  same w i t h i n  t h e  l a r g e  startdard devia- 
tioris. The i m p l i c a t i o n  is  t h a t  the  rep lace-  
Qerit water  from f u r t h e r  out  i r i  t h e  formattori 



has e s s e n t i a l l y  t h e  same g r o s s  chemical com- 
pos i t i on .  However, t h e  thermal. p r o p e r t i e s  of 
t h e  f l u i d  seem t o  be changing ove r  t h e  
fou r  yea r s  of production. The t r e n d s ,  sup- 
po r t ed  by t-Test s t a t i s t i c s ,  show For w e l l  
Az-5 a 3.5 'C/yr i r icrease i n  t h e  Na-K-Ca tem- 
p e r a t u r e ,  a mean anriual i r icrease of 2.6 kJ/kg 
in f l u i d  en tha lpy ,  bu t  no s i g n i f i c a n t  chariRe 
in Si02  temperature .  On t h e  o t h e r  harid, w i t h  
a l a r g e r  r a t e  of i n c r e a s e  of 4 OC/yr i r i  t h e  
Na-K-Ca temperature ,  t h e  change i n  both f l u i d  
e n t h a l p y  arid Si02 t empera tu re  f o r  t h e  
40 t o t a l  riumber of samples is riot s i g n i f i -  
can t .  Even f o r  w e l l  Az-19, where cold water 
is e n t e r i n g ,  t h e  chemical composition of 
t h e  produced f l u i d  does not  appear  t o  have 
changed, but  t h e r e  is ari a lmost  s ig r i i f i ca r i t  
i n c r e a s e  i r i  t h e  Na-K-Ca temperature  arid 
a s i g n i f i c a n t  dec rease  in t h e  S i02  ternpera- 
t u r e  arid a s s o c i a t e d  r e s e r v o i r  f l u i d  enthalpy.  

These o b s e r v a t i o n s  may be considered t o  be i n  
accord wi th  t h e  views of T r u e s d e l l  e t  a l .  
(1984) and Grant e t  a l .  (1984) about 
t h e  s i l i ca  based temperatures  rioted 
e a r l i e r .  It may be p o s s i b l e  t o  examine t h e  
thermodyuamic changes i n  t h e  r e s e r v o i r  in a 
s imple way by c o n s i d e r i n g  t h e  r e s e r v o i r  
around each w e l l  as a hydro log ic  system wi th  
a j u s t - p e n e t r a t i n g  w e l l .  Under t h i s  assump- 
t i o n  t h e  arinual i n t e g r a t e d  flow € o r  each we l l  
call be considered a s  a s e r i e s  of couceri t r ic  
hemispheric  s h e l l s .  Muskat (1937) rioted t h a t  
f o r  a w e l l  which j u s t  t a p s  t h e  productiori  
zoue i n  a porous medium, t h e  flow regime can 
be expressed a s  a hemisphe r i ca l  flow system 
i r i  which t h e  Laplace equa t ion  f o r  t h e  poteri- 
t i a l  f u n c t i o n ,  = -k/u(p-pgz), has  a s  i t s  
so lu t io r l  

where k = p e r m e a b i l i t y ,  p = v i s c o s i t y ,  p = 
p r e s s u r e ,  p = de i i s i t y ,  g = g r a v i t a t i o r i a l  
cor is tant ,  arid t h e  s u b s c r i p t s  w arid e r e f e r  t o  
t h e  w e l l  l o c a t i o n  arid t h e  e f f e c t i v e  ex te r r i a l  
houiidary where p r e s s u r e  is unchanged by draw- 
down. For j u s t - p e n e t r a t i n g  w e l l s ,  t h e  annual  
productioti  volumes can be c a l c u l a t e d  by 

Vi = 3.lhx1O7*Qi/p$ 

arid t h e  o u t e r  e f f e c t i v e  r a d i u s  by 

Ro = (3Vi/2r + Ri 3 ) 113 

To obtair i  an i d e a  of t h e  dimensioris of t h e  
r e s e r v o i r  s i z e  s u p p o r t i n g  t h e  two 5-MW ur i i t s  
a t  w e l l s  Az-5 arid Az-13, t h e  success ive  r a d i i  
were c a l c u l a t e d  based OII a F lu td  d e n s i t y  of 
920 kg/m3 a t  formation temperature  arid a mean 
p o r o s i t y  e s t ima ted  by t h e  Los Azufres s t a f f  
a s  8 pe rcen t .  The c a l c u l a t i o r i s  are g iven  
i r i  Table  5 .  

The r e s u l t s  show t h a t  f o r  t h e  e s s e n t i a l l y  
equa l  mean aritiual f l o w r a t e s  f o r  both wells,  
t h e  dimerisioris of t h e  r e s e r v o i r  e x t r a c t i o n  

Tahle 5 

Annual Reservoir DeDletions from AI-5 and Az-13 
as Just-Penetrating Vells 

Cuter 
Mean Annual Depletion Shell Shell 

Well Plow Rate V o l  me Radius Thickness 
No. Year (kK/S) ( l O y m )  (m) (d 

Az-5 1 26.5 1.13 175 175 
2 26.6 1.16 221 46 
3 29.3 1.25 256 35 
4 29.2 1.25 283 27 

- ---_- ----- --- ------- 

Az-13 1 28.0 1.20 179 179 
2 28.0 1.23 226 47 
3 32.3 1.39 263 37 
4 31.2 1.33 291 28 

over  t h e  f o u r  y e a r s  a r e  OF the  o r d e r  of 300 
m, wi thout  accourit ing f o r  e i t h e r  f l u i d  
recharge o r  bo i l i ng .  The i m p l i c a t i o n  of 
t h e s e  va lues  is t h a t  small  ger ierator  ur i i ts  011 

p o t e n t i a l l y  l a r g e  geothermal f i e l d s  i n d i c a t e  
e f f e c t s  on t h e  f i e l d  on ly  w i t h i n  t h e  zone of 
drawdown in f luence .  

'Iii usirig a model of just-per ie t ra t i r ig  wells, 
i t  is rioted t h a t  re is almost always ve ry  
l a r g e  w i t h  r e s p e c t  t o  rw, arid thus  t h e  Flow 
from a hemisphe r i ca l  system v a r i e s  l i r i e a r l y  
w i t h  rw compared t o  t h e  much slower l o g a r i t h -  
m i c  dependence of rW on flow from a r a d i a l  
system. With t h e  f u r t h e r  assumptioris t h a t  
g r a v i t y  is no t  important  i t i  t h e  r e s e r v o i r  arid 
t h a t  t h e  w e l l  j u s t  p e n e t r a t e s  i n t o  a s u f f i -  
c i e n t l y  f r a c t u r e d  system t o  resemble porous 
media, t h e  Flowrate  should he l i n e a r l y  
r e l a t e d  t o  t h e  p r e s s u r e  drawdown arid t h e  
we l lho re  r ad ius .  S t u d i e s  OIL t h e  a b i l i t y  t o  
examine t h e s e  r e l a t i o n s h i p s  a r e  underway. 
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