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ABSTRACT

The Los Azufres volcanic center, located 200 km northwest of Mexico

City, is one of a number of Pleistocene silicic volcanic centers with

active geothermal systems that lie north of the axis of the Mexican

Neovolcanic Belt. This calc-alkal ine suite overlies a thick pile of

Miocene to Pliocene volcanic rocks dominated by andesitic lava flows.

Three main episodes of volcanism have been documented at the Los Azufres

center. Silicic volcanism began approximately 1 m.y. ago with eruption

of the Aqua Fria rhyodacite to high-silica rhyolite lava domes and

flows. They are covered by rhyodacite and dacite lava domes and flows

of the San Andres volcano. One of the San Andres dacites has been dated

at 0.3 m.y. All these lavas are cut by high-angle normal faults. A

north- to northeast-trending set is cut by a younger and more prominent

east-trending set that parallels the principal regional structural

trend. These faults do not cut the youngest volcanic rocks of the

center, the Yerbabuena rhyodacites to high-silica rhyolites. These

morphologically well-preserved lava domes are dated at approximately

0.15 m.y. and are probably associated with air-fall tuffs that blanket

the western portion of the volcanic center.

Los Azufres is the site of a producing geothermal system. Comparison

of the results of thermodynamic calculations, observed geochemical

water-rock relations, and stable-isotope systematics in several wells

suggests that partial equilibrium conditions existed in the Los Azufres

system in its preproduction state.
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The alteration assemblages of five drill-core samples from

stratigraphic levels corresponding to measured temperatures between 200°

and 300° Cof the wells Az-1 and Az-6 contain quartz, Mn-rich calcite,

and septachlorite; the two deepest samples (1685 and 1827 m) contain

epidote, and all but the deepest sample contain sericite.

Data for chemical analyses on gas and water from the wells Az-1 and

Az-5 were recast into species to model downhole conditions using an

iterative program based on the ionasable proton total. The aquifer

water compositions and the observed mineral assemblages are in agreement

with the theoretically predicted mineral-fluid phase relations of

Helgeson and his coworkers.

Isotopic data for meteoric waters and well discharges suggest that

recharge to the system occurs both locally and regionally. Isotopic

evidence further indicates that boiling occurs within the reservoir,

causing steam to separate at depth and mix in varying amounts with the

liquid phase. This process results in well discharges that range from

steam-only to liquid-only.

The calculated oxygen isotope composition of reservoir water (-4.5

permil) is in equilibrium at 300°Cwith calcite and quartz separates

from the two deepest drill-core samples. The 6 180 values for separates

of secondary calcite and quartz in samples taken from depths of 594 to

875 m are isotopicallyheavier than would be predicted by the

calci te-water and quartz-water fractionation curves. This relation

suggests that mineral-water equilibration took place at these

intermediate depths at lower temperatures than those presently observed.
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VOLCANIC STRATIGRAPHY OF THE LOS AZUFRES GEOTHERMAL AREA
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I

1.1 INTRODUCTION

The purpose of this chapter is to outline the geology of a silicic

volcanic center associated with an important geothermal field for which

there are numerous internal reports but little published information.

The Los Azufres area has long been recognized for its thermal

manifestations (Waitz, 1906; Maldonado, 1956; Alonso et. al., 1964;

Mooser, 1964), but only recently has its geothermal potential prompted

further study. Regional mapping and petrologic studies by Demant et al.
(1975) and Silva Mora (1979) have been augmented by more detailed

investigations of the geothermal area itself under the auspices of

Mexico's Comision Federal de Electricidad (CFE) (Garfias and Gonzalez,

1978; Camacho, 1979, de la Cruz et. al., 1982). CFE has drilled over

30 wells to depths of up to 2900 m, providing good subsurface geologic

information. Five well-head generators were installed in August of 1982

and are currently producing a total of 23 megawatts of electricity.

1.2 REGIONAL SETTING OF T_HE LOS AZUFRES VOLCANIC FIELD

The Los Azufres volcanic center is located along the northern edge of

the east-west-trending Mexican Neovolcanic Belt, 200 km northwest of

Mexico City (Figure 1). It is one of a number of Pleistocene silicic

volcanic centers, including Los Humeros, La Primavera, Huichapan, and

Amealco, that lie behind the zone of active andesitic stratovolcanoes

(Ferriz and Mahood, in press). The nearest exposures of prevolcanic

basement are 35 km southwest of Los Azufres and consist of gently folded

shales, sandstones, and conglomerates of Eocene to Oligocene age
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1

(Mauvois et al., 1976). Extensive Neogene volcanic rocks dominated by

basaltic and andesitic lavas unconf ormably overlie these sedimentary

rocks. Two K-Ar dates of 18 and 13.5

on andesite flows from the upper part

flows, comprised mostly of phenocryst

basement for the Los Azufres center,

intercalated pyroclastic deposits and

m.y. (Table 1) have been obtained

of this sequence. Similar lava

poor andesite, form the local

These andesite lavas, with minor

basalt, porphyritic andesite, and

dacite lava flows, have a minimum aggregate thickness of 2900 m as

measured in well Az-20 (Garfias and Casarrubias, 1979c). A minimum age

of 10.2 ± 0.6 m.y. for the oldest volcanic rocks underlying the Los

Azufres center is based upon a K-Ar whole-rock date on a drill-core

sample from well Az-20 at 2700 m depth. Drill-core samples collected

from higher stratigraphic levels yieldedK-Ar dates of 5.9, 5.0, and 3.

m.y. A whole-rock sample from a surface lava flow gave a K-Ar age of

1.0 ± 0.2 m.y. (Table 1), thus providing a minimum upper age limit for

this dominantly andesitic volcanism.



4

FIGURE 1: Regional location map.
Stippled pattern: Mexican Neovolcanic Belt (modified from
Oemant and Robin* 1975; Demant, 1978); Quaternary calderas:
La Primavera CLP)» Amealco (A), Huichapan (H) and Los Humeros (LH);
M: Mexico City. Box gives location of Fig. 6.
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TABLE 1: Summary of K-Ar dates for the Los Azufres region.

40. *
40A atm,Ar Ar

Eruptive unit Locality Material Sample wt.(g) K2ot (10 nol/g) <Z) age(a.y)

value in parentheses gives depth below surface for drill-core samples.

Caaacho, 1979 (old decay constants). Dash Indicates data not reported.
Deaant et al., 1975 (old decay constants).
Auaento and Gutierrez, 1980. Dates recalculated using new decay constants.

This study. Decay constants are:
-

0.581 zlO yr

4.692 z lo'^yr"1
*°K/K

-
1.161 x 10"*Aatoa/atom

6PDIA 82-50 (Table 3)
7POLA 82-52 (Table 3)

18*

1.722 66.0 13.8+ 0.73

1.648 87.5 10.2 +0.6*

2.129 95.2 5.9 + 0.4A

2.167 87.7 5.0 +0.4*

4.260 93.7 3.1+0.2*

2.68
2.89

41.3 69.6 1.03 + 0.205

4.401 94.6 1.2 +0.4*
4.67
4.71

69.6 47.1 1.03 + 0.025
'6

4.50
4.66

61.1 87.0 0.93+ 0.045

4.66
4.70

56.9 49.7 0.84+ 0.025

1.87
1.81

8.66 95.5 0.33 + 0.075

6.85
7.27

31.0 96.8 0.30 + 0.075

6.64 14.0 98.5 0.15 + 0.055'7

4.72
4.73

9.61 81.7 0.14 + 0.025

"Basement"
rocks

near
—

Querendaro,
Mlchoacan

19°39' WR(?)
100°57'
19°45'23" WR
100o41'10"
(2700 ■)

unknown WR
drill bole

19°46'47" WR
100 4000"
(900 a)

19045
,
23w HE

100 41*10" ,
.(720-1000 ■)

19°49'48" WR
100O38'll"

2.6500

Ague Frla
Rhyolites

unknown WR

19°46'21" glass
100 3926"

4.1217

19°46'58" *
WR100°39'46" 6.6280

19°48'46" glass
100 4022"

4.1003

San Andres
Dacltes

19°46'38" plagioelase
100 37 30"

9.9638

Yerbabuena
Rhyolites

19°45'32" biotlte
100 4252"

2.0765

19°47'41" biotite
100°42'27"

0.3525

19°48'05" glass
100 43*15"

6.4385
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1.3 VOLCANIC HjSIOM OF THE LOS AZUFRES VOLCANIC CENTER

Silicic volcanism began shortly after eruption of the last andesites.

Three major eruptive groups have been identified at Los Azufres: the

Aqua Fria rhyolites, the San Andres dacites, and the Yerbabuena

rhyolites (Figures 2 and 3).

The Aqua Fria rhyolites consist of lava domes and stubby flows

totalling approximately 10-15 km3 in volume that cover 35 km2 in the

central part of the Los Azufres center. Outcrops of the lavas are

typically blue-gray, flow-banded, and devitrified, with well-developed

spherulites. A remnant of pumiceous carapace was observed at Cerro

Pizcuaro, one of seven topographically expressed domes (Figure 2). The

domes vary in composition from rhyodacite to high-silica rhyolite, and

contain phenocrysts of plagioclase>sanidine=quartz> biotite>Fe-Ti oxides

± hornblende ± orthopyroxene. The principal phenocrysts range in size

from 1 to smm and comprise 1-15% of the rock, with the more mafic

compositions being more crystal rich. Nonhydrated obsidian samples from

Cerro El Gallo and Cerro Chinapo yieldedK-Ar dates of 0.84 ± 0.02 and

1.03 ± 0.02 m.y.; these glass dates provide a minimum age range for the

Aqua Fria volcanics. Three sets of paleomagnetic measurements on lavas

gave reversed field orientations, corresponding well with the K-Ar

dates. A fourth set of measurements,

dome dated at 0.93 ± 0.04 m.y. (whole

orientation, which corresponds to the

m.y. (Tables 1 and 2).

on the porphyritic Las Humaredas

rock), gave a normal field

Jaramillo subchron of 0.92
- 0.97
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FIGURE 2: Geologic map of the Los Azufres volcanic center.
Heavy lines with hachures indicate high-angle normal faults. Cerro
El Gallo (EG)» Cerro El Chino (CEO, Cerro Pizcuaro (CP), Cerro
La Providencia (CLP), Cerro Las Humaredas (LH), Cerro El Jilguero
(CEJ), and Cerro Chinapo (CCH) are Aqua Fria rhyolite domes. Mesa
El Carpintero (NEC), Mesa El Bosque (MEB), Mesa El Rosario (MER) and
Cerro El Guangoche (CEG) are Yerbabuena rhyolite domes. Cerro de
San Andres (CSA) is a vent complex for the San Andres dacites. Stars
mark hot springs and fumaroles. A-B-C-D and E-F mark cross section

locations.



8

1
ffVnff

FIGURE 3: Geologic cross sections of the Los Azufres center.
No vertical exageration. Vertical scale in meters above sea level.
Symbols as in Fig. 2. Numbers mark well locations; data from Garfias
(1981), Garfias and Casarrubias (1979a, b, c), Garfias and Gonzalez

(1978), Garfias and Rivera (1980a, b, c), Izaguirre and Garfias (1981),
and Rodriguez and Garfias (1981).
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TABLE 2: Results of flux-gate magnetometry measurements.

Eruptive Unit Location # Samples Field Orientation Interpreted Polarity Chron/Subchron

samples were measured using alternating field demagnetization. The measured
inclinations correspond with the flux-gate deflections observed in the field.

"Basement"
rocks

19°45*49"
100 41*43"

5 reversed unknown

19°45*51"
100 41* 32"

5 reversed unknown

Aqua Fria
Rhyolites

19°47*16"100°37'47" 5 reversed Matuyama

19°48*33"
100°38'55"

5 reversed Matuyama

19?48*06*100°40*44" 6 reversed Matuyama

19°46*58"100°39*46" 5 normal Matuyama/Jaramillo

San Andres
Dacites

19°44*49"
100 3314"

5 normal Brunhes

19°47*37"
100 36*09"

6 normal Brunhes

19°48*23"
100°36*23"

6 normal Brunhes

Yerbabuena
Rhyolites

19°47*41"100°42*27"
5 normal Brunhes
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The next major eruptive group is the San Andres dacite and rhyodacite

lava domes and flows. These lavas cover 70 km2 east of the Aqua Fria

rhyolites and comprise an estimated volume of 15-20 km3. In contrast to

the other volcanic edifices of the Los Azufres center, the San Andres

lavas form a large vent complex, the 700-m-high Cerro de San Andres.

These porphyritic hornblende dacites and rhyodacites are dark gray to

blue gray in color and commonly display flow-banding. They consist of

20-40% phenocrysts of plagioclase (1 cm in size), hornblende,

cl inopyroxene, orthopyroxene and minor biotite and quartz (1-5 mm), and

Fe-Ti oxides (<1 mm). Rounded grayish-red aphyric inclusions up to 4cm

in diameter are common, and may be altered andesite from the "basement".

Plagioclase from one of the San Andres lavas yielded a K-Ar date of 0.33

± 0.07 m.y., which agrees with the normal field orientation measured at

two sites (Tables 1 and 2).

The Yerbabuena rhyolite forms the youngest major eruptive group of

the Los Azufres center. It consists of five biotite-bearing high-silica

rhyolite to rhyodacite domes and associated air-fall tuffs. The dome

fiald covers 40 km2 west of the older Aqua Fria rhyolites and has an

estimated volume of 8 km3. The domes are well-preserved with pumiceous

carapaces still intact. The lavas are light gray in color, with 5-15%

phenocrysts of plagioclase, quartz, sanidine, biotite, orthopyroxene,

Fe-Ti oxides, and minor hornblende set in a glassy pumiceous matrix.

The more mafic lavas are richer in phenocrysts. A glass separate from

the dome El Carpintero yielded a K-Ar age of 0.14 ± 0.02 m.y., and

biotite separates from the domes Mesa El Bosque and Mesa El Rosario

yielded less precise dates of 0.15 ± 0.05 and 0.30 ± 0.07 m.y.,
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respectively, all in agreement with the normal field magnetization

(Tables 1 and 2). Associated air-fall tuffs are at least 15 m thick

near the domes and thin outward. The tuffs have been reworked, forming

tuffaceous sediments that crop out south of the domes.

1.4 COMPOSITIONS OF LOS AZUFRES VOLCANIC ROCKS

The Los Azufres eruptive products can be classified as calc-alkal ine

they fall within the calc-alkalic field of an AFM diagram (Figure 4) and

satisfy the major-element and Ba/La-ratio criteria of Gill (1981, p.

139) for a high-K suite. Possible mafic end-members of the Los Azufres

suite are approximatedby samples of the youngest "basement" andesites

as well as a basaltic andesite from an outlying Pleistocene cinder cone.

The relativelyhigh Ti concentrations of the andesites are comparable to

those observed elsewhere in the Mexican Neovolcanic Belt (Gunn and

Mooser, 1970, Gill, 1981, p. 111). Chemical analyses from selected

samples of the Los Azufres center are presented in Table 3.

It is not possible to model dif feretiation mechanisms for the Los

Azufres suite because of lack of control on parental compositions. We

simply note that concentrations of A120 3,FeO*, MgO, MnO, CaO, Ti02,

P205 and V all decrease with increasing Si02,while Rb and X increase

(Figure 5). Drops in Sr and Ba concentrations after initial increases

may reflect the importance of plagioclase and sanidine, respectively, as

separating phenocryst phases. Declines in FeO*, Ti02,and V

concentrations are consistent with the presence of Fe-Ti oxides in all

of the Los Azufres volcanic units. Rb is the most incompatible element
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FIGURE 4: AFM diagram.
Oashed line marks boundary between calc-alkal ine and tholeiitic
fields of Irvine and Barager (1971). Squares: basaltic andesite
and andesites; circles: Los Azufres volcanics; triangles: outlying
ash-flow tuffs. Analyses from Table 3 recalculated to 100% anhydrous.
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Chemical analyses of Los Azufres volcanic rocks.

Outlying
anat.lt. "9a»«aent" aadailt.t San Andre,baa fgjj d.

»DIA 82-29
19°42'09"100°34*03"

TOLA 82-37

100°37'46"

55
Mc4s'2r100*41'15"

PES 82-24
l*04.'02"100*37'18"

PUS 82-34
19*47'32"100*36'ir

9*l
19**2'10"
100*35"58"

—
*ts

—
19*52'10"
100 3700"

fblA'iS-M
19*48'33"
100*38'55"

MB 82-48
19*46'16"
100*38'53"

PDLA 82-50
19*46*21"
100 3926"

6102
T102
41,0,
r.2o3
.

-54.4
1.77

16.7
9.17

59.0
0.92

17.0
4.27

96.6
1.98
17.7

1.50
9.47

49.4
0.43

14.9
3.33

67.0
0.45

15.5
9.44

65.8
0.79

14.5
1.50
2.57

46.1
0.67

15.2
1.50

2.47

76.2
O.OS

12.7
1.01

71.2
0.22

14.1
2.24

73.5
0.06

13.5
1.60

NnO 0.17 0.13 0.14 0.07 0.07 0.07 0.06 0.03 0.05 0.05
"c© 9.98 4.51 5.46 0.76 1.09 1.97 1.47 0.10 0.40 0.10
CaO 7.56 4.73 6.17 2.99 2.80 5.97 9.48 0.34 1.31 0.54

-2°
*2°
r2°s
LOI

V*HjO*

9.47
1.63
0.32
0.66

9.68
1.74
0.24
0.14

4.22
2.03
0.33

0.93
0.07

9.97
3.59
0.11
0.35

9.71
9.43
0.13
1.91

4.12
9.01
0.17

0.93
0.13

4.29
2.95
0.16

0.48
0.33

3.62
4.55
0.05
0.89

3.86
4.22
0.07
1.11

4.39
4.61

0.05
0.26

Total 99.90 99.93 100.03 99.28 99.51 99.50 99.14 99.53 98.77 96.65

? 200 120 140 30 99 75 45 10 11 10

n> 43 46 94 119 100 75 79 169 140 136
tr 456 451 900 241 927 969 459 12 141 23
T 92 22 90 26 29 94 41

Zr 203 194 191 192 120 197 267
Ob 14 10 13 13 21 17 22
■a 490 490 995 790 960 468 20 920 990

20 91 90 20 31 _2!_

Air-fall
tuff***** Tarbabaaaa 4gaa Aah-flew tuffaaj Fr:

»DU 82-6*

19%7'er100°»'36"
h>LA *2->0
M°47'l3"H»°39" SI-

MS 82-52

W**7'*l"ioo*«'2r
TOLA 42-74

huH"loo'uur

95
100®41'l."

447
W^S'Jl"
100°43*01"

m*. $2-i9*

»*44*4r
100%0'2O"

A-ao-s
nPyfvr
tmrmtr'

A-SO-7
18*42'54'
100*44*57"

SIO,
T»2
41,0,
r,

20,.
FeO

70.1
0.96

14.*
9.02

71.5
0.16

13.7
0.95

72.9
9.07

12.4
1.25

7*.7
0.08

12.5
1.17

73.7
C.12

12.7
0.15

i.19

74.7
0.90

12.9
0.19
9.97

71.1
0.15

12.8
1.43

72.8
0.05

12.2
1.02

74.6
0.09

11.8
1.17

NnO t.OS 0.04 0.04 9.04 9.06 0.04 9,95 9.04 0.04

"V 0.3S 9.10 0.15 9.19 099 0.99 9.25 0.10 0.12

CaO I.OS 9.57 0.53 0.52 0.01 9.46 9.72 0.98 0.50

""2°
V
till

9.83
4.21
5.05
1.94

5.14
4.66
9.05
4.55

1.32
4.29
9.05
4.97

9.44
4.74
9.95
2.02

9.90
4.68
0.03

2.55
0.20

9.97
«.99
9.01

1.69
0.16

2.90
4.68
9.05
4.68

2.07
5.93
0.05
4.87

3.19
4.87
0.05
2.20

fatal 99.41 99.40 99.05 99.57 99.93 100.70 98.89 99.49 98.61

9 21 10 10 19 14 10 10 10

■k 134 I*7 198 219 264 196 215 236

Sr
T
Zr

120
M

254

"2
35

208

91
94

124

27
97

192

10 74
90

148

19
45

110

26
37

122

aft
■a
I*

19
900

42

20
990

♥a

18
I*o

28

21
120

22
158

14
510

29

22
59
22

19

100
28

T~ ~" Z I~T ._.. ZZI toad fci ««■ f,Ba. and U *.t«rmio*i ay aalaaloa apartrocraphlc aaalyala.te^Tlg'lSMlirr^^"g**Wat^rJS 4*7 fra.lU*.««. (1979)) parlaf-a a, 0.0.0.9. -*�*******. «b.
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of those analysed, showing a five-fold increase in concentration with

increasing differentiation.
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1.5 STRUCTURAL ASPECTS OF THE LOS AZUFRES VOLCANIC FIELD

The Los Azufres center is structurally bound on the north by a large

east-trending graben presently filled by Laguna de Cuitzeo (Figure 6).

The orientation and style of faulting at the Los Azufres center are

similar to large-scale regional features. East-striking high-angle

normal faults cut the Aqua Fria rhyolite and the San Andres dacite

units, but do not disturb the younger Yerbabuena domes. Thus the last

maior episode of fault movement occurred between approximately 0.4 and

0.15 m.y. ago. Minimum offsets as determined by scarp heights within

the Los Azufres center are on the order of 100 m for the principal

faults. Movement is mainly dip-slip; little lateral offset of volcanic

units is observed.

The principal faults cut and partially obscure an older set of

high-angle normal faults that strike north to northeast. Both sets of

faults serve as primary conduits for hydrothermal fluids, as shown by

alignments of hot springs and fumaroles (Figure 2).
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FIGURE 6: Regional structural map.
Heavy lines with hachures indicate high-angle normal faults. Stippled
areas show locations of towns. Box gives location of Fig. 2.

,



18

1.6 COMPARISON OF J_HE LOS AZUFRES VOLCANIC CENTER HITH OTHER SILICIC
CENTERS JJf THE MEXICAN NEOVOLCANIC BELT

The Los Azufres silicic volcanic center differs in both eruptive

style and magma compositions erupted from the well-studied Pleistocene

silicic centers within the Mexican Neovolcanic Belt, La Primavera and

Los Humeros. La Primavera rhyolitic center is located just west of

Guadalajara. It is dominated by an 11-km-diameter caldera that formed

95,000 years ago on eruption of 40 km3 of magma as ash-flow tuffs

(Mahood, 1980, 1983). The tuff and succeeding lava domes are all mildly

peralkaline,high-silica rhyolites (Mahood, 1981). The Los Humeros

system (Yanez and Casique, 1980; Ferriz and Yanez, 1981; Ferriz, 1982;

Ferriz and Mahood, in press) is located 180 km east of Mexico City.

Three caldera-forming eruptions have occurred, the largest of which

produced the 115 km3 rhyodacite to rhyolite Xaltipan ash-flow tuff 0.50

m.y. ago. Since silicic volcanism began 0.51 m.y. ago, there has been a

general trend toward eruption of increasingly mafic magmas as volumetric

eruption rates increased with time.

The Los Azufres center is older than these two systems and magma

compositions show a different evolution over time. At Los Azufres,

approximately 10-15 km3 of rhyodacite to high-silica rhyolite lavas were

erupted over a period of at least 200,000 years starting 1 m.y. ago,

followed by 15-20 km3 of dacitic to rhyodacitic lavas perhaps one half

m.y. later, and finally an additional 8 km3 of rhyodacite to high-silica

rhyolite magma were erupted around 0.15 m.y. ago. These estimates of
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magma volumes are based on areal distribution and thickness of the

volcanic units as determined by field mapping and drill-core data

(Figures 2 and 3). These calc-alkal ine products differ substantially

from the slightly peralkaline, high-silica rhyolite products of the

Primavera system, and do not span the wide range of compositions that

includes significant amounts of mafic lavas at the Los Humeros center

During the course of this reconnaissance field study, no caldera was

identified. Ash-flow tuff does, however, crop out in the vicinity of

the Los Azufres center. We were not successful in dating the

phenocryst-poor, pumiceous ash-flow tuffs. Chemical analyses of samples

from two outcrops located north and west of the center (A-80-5 and

A-80-7 in Table 3) indicate that the ash-flow tuffs are more evolved

than any of the Los Azufres rhyolites sampled, having higher Rb and

lower Ba, Cv, and Zr concentrations than either the Aqua Fria or the

Yerbabuena rhyolites. Ash-flow tuffs are commonly more evolved than

oogenetic domes (e.g. Smith, 1979), thereby making Los Azufres a

chemically plausible source. Significant accumulations of ash-flow tuff

are not seen at the surface within the Los Azufres area proper and have

not been identified in drill holes. Although an unusual thickness

01000 m) of rhyolite was cut by well Az-23 (Figure 3), thin sections

from drill core samples do not exhibit the vitroclastic textures, lithic

inclusions, or broken phenocrysts typical of densely welded ash-flow

tuffs. We interpret it as a feeder for the Cerro La Providencia dome.

One important feature shared by these three centers is the presence

of an associated active geothermal system. The fact that all three
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centers have undergone significant silicic volcanism within the last 0.2

m.y. emphasizes that high-level silicic magma chambers are important as

heat sources for the corresponding geothermal systems (Smith and Shaw,

1975). The reservoirs for all three of these geothermal systems are

hosted by andesitic rocks that are capped by younger, altered, silicic

volcanic rocks which act as a seal for the geothermal system (Ferriz,

1982, Mahood et al., 1983). The centers have fracture-controlled

permeability, a feature demonstrated by the localization of hot springs

and fumaroles along major faults, and by the close correlation of

resistivity anomalies with principal structural features (Palma, 1982;

Ferriz, 1982; Templos, 1982). The deep fluids of all of these systems

are boron-rich chloride waters. Measured downhole temperatures of

approximately 300° Cin the Los Azufres system (Dobson and Janik, in

prep.) are comparable to the deep water conditions of La Primavera

(Mahood et al.,1983, Dominguez and Lippmann, 1983) and Los Humeros

(Ferriz, 1982).

1.7 LINKS BETWEEN GEOTHERMAL ACTIVITY AND VOLCANISM Al LOS AZUFRES

The active geothermal field currently being exploited by the Comision

Federal de Electricidad is centered within the highly fractured Aqua

Fria rhyolites and their underlying andesitic basement rocks.

Hydrothermal activity is noticeably absent from the zone of most recent

silicic volcanism, the Yerbabuena rhyolites.

Gutierrez and Aumento (1982) found that most alteration minerals in

drill-core samples form two or more distinct zones that are spatially
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subparallel. They take this as evidence for two periods of hydrothermal

activity which they attribute to two magmatic cycles. Oxygen isotope

data on secondary quartz and calcite in drill-core samples supports an

earlier stage of hydrothermal activity at Los Azufres (Janik and Dobson,

1983). These hydrothermal minerals are significantly out of isotopic

equilibrium with present-day geothermal fluids at all but the lowest

stratigraphic levels. Equilibration probably took place with an

isotopicallyheavier fluid and at lower temperatures than are presently

observed.

Abundant Pleistocene basaltic cinder cones that surround the Los

Azufres center but do not occur within it are suggestive of a basaltic

"shadow zone" within the Los Azufres center, implying that a high-level

silicic magma chamber is currently present. A new influx of silicic

magma to high levels between 0.4 and 0.15 m.y. could have rejuvenated

the hydrothermal system and and culminated in eruption of the Yerbabuena

rhyolite domes. Faulting appears to be a prerequisite for the movement

of hydrothermal fluids. This may explain the absence of geothermal

activity in the zone of the unfaulted younger domes.



Chapter II

THERMODYNAMIC, ISOTOPIC, AND CHEMICAL EVIDENCE FOR
EQUILIBRIUM IN THE LOS AZUFRES GEOTHERMAL SYSTEM
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2.1 INTRODUCTION

The Los Azufres geothermal field is located within the Pleistocene

Los Azufres volcanic center, 200 km northwest of Mexico City (Figure 7).

Rocks in the geothermal reservoir are composed of Miocene to Pliocene
andesites, which are overlain by Pleistocene dacitic to rhyolitic lavas

(Dobson, 1983, Dobson et al.,submitted). High-angle normal faults cut

all but the youngest volcanic units and consist of a prominent set

striking east-west and a subordinate and older set striking north to

northeast. The alignment of acid-sulfate hot springs along these faults

and the intersection of production zones with the faults at depth

indicate that fluid movement is largely fracture-controlled.

Chemical and isotopic analyses of geothermal fluids and drill-core

samples taken from several wells before production began in August of

1982 provide a test of thermodynamic models of mineral-solution

interaction. Geothermal fluid samples from the wells Az-1, Az-2, Az-4,

Az-5, Az-6, Az-13, Az-17, and Az-19 (Figure 7) were collected in August

1982. Comision Federal de Electricidad (CFE)

supplied five drill-core samples from the wells Az-1 and Az-6. Oxygen

isotope compositions from carbonate, quartz, and total silicate

separates from these drill cores were compared with experimentally

determined fractionation curves. The alteration mineral assemblages of

the drill-core samples were studied by petrographic, X-ray diffraction,

and microprobe techniques.
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i

FIGURE 7: Location map of the Los Azufres geothermal field.
Only wells sampled in this study are shown; over 35 wells have
been drilled to date by CFE.
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2.2 ALTERATION MINERALORY

Quartz, calcite, chlorite, sericite and epidote were identified in

the drill-core samples through petrographic and X-ray diffraction

analyses. A summary of the alteration mineralogy is given in Table 4.

The assemblages are consistent with those found during the more

comprehensive alteration studies of Gutierrez and Aumento (1982) and

Cathlineau et al. (1983). X-ray analysis revealed 7A chlorite; 14A

peaks were generated after a 12 hour heat treatment at 550°C.

Microprobe analyses of epidote from the drill core Pl-3 yielded an

average composition of pistacite 30.6 (Table 5), and qualitative EDS

scans suggest that as much as 10 percent MnC0 3 is present in carbonate

veins. The downhole alteration mineralogy from the production zone of

well Az-5 was reported by Gutierrez and Aumento to be calcite, chlorite,

epidote, quartz, and oxides.
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TABLE 4: Alteration mineralogy.

Sample Depth(m) Rock type Alterationminerals

Az-1

Pl-2 594 andesite cc., qtz., oeptachlorite, oericite, hematite
Pl-3 1685 andesite cc., qtz., septachlorite, aericite, epidote, tr. pyrite
Pl-4 1827 basalt cc. qtz., septachlorite, tr. epidotecc, qtz., septachlorite, tr. epidote

Az-6

604 andesite cc, qts.t septachlorite, sericite
875 andesite cc, qtz., septachlorite, sericite

P6-1

P6-2

*
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TABLE 5: Microprobe analyses of epidote from vein of drill-core
sample Pl-3, well Az-1.

31 2

37.8SiO- (percent)
A1203

38.2 39.4
21.622.2 21.8

15.* 15.114.8Fe203
MnO .02 .05"08

.05.10 .07
MgO
CaO

21.822.06 22.5

96.499.2Anhydrous total 97.5

*
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2.3 THERMODYNAMIC ANALYSIS OF MINERAL-ELECTRO! YTF SOLUTION
INTERACTIONS

Thermodynamic modeling of water-rock equilibria has been applied in

studies of the Sal ton Sea, Cerro Prieto, and Broadlands geothermal

fields to determine if equilibrium has been attained in these systems

(Bird and Norton, 1981; Truesdell and Henley, 1982, Seward, 1974).

These models involve the comparison of experimentally determined

mineral-fluid relations to observed mineral assemblages and their

corresponding fluid compositions. This study similarly uses available

chemical analyses of geothermal fluids, the mineral assemblages observed

in drill cores, and the predicted mineral-fluid phase relations from

calculated equations and data reported by Helgeson et al. (1978, 1981)

to evaluate fluid-mineral reactions.

Chemical analyses of Los Azufres gas and water samples are presented

in Tables 6 and 7. Data for well Az-1 (Molina et. al., 1978, Molina and

Templos, 1978a,b) and an analysis from well Az-5 were furnished by CFE.

Gas data for the wells Az-5, Az-6, and Az-17 are for samples collected

in 1982 and analysed at the U. S. Geological Survey in Menlo Park,

California. These analyses indicate that the separated liquid phase is

a chloride-rich, near-neutral water with unusually high boron levels.

Early gas analyses by CFE show much lower C0 2 gas contents and

correspondingly higher steam/gas ratios than 1982 samples. The very low

C02 /H2S ratio of the CFE Az-1 analysis strongly suggests that the C0 2

value is incorrect, due either to analytical error or to improper
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sampling. This value has been recast using the C02/H2S gas ratio

obtained for the analysis of Az-5 to predict downhole fluid
compositions. The 1982 analyses are similar to those reported for Cerro

Prieto, New Zealand, and Krafla (Nehring and D'Amore, 1984; Giggenbach,

1980; 1982).

The chemical data in Tables 6 and 7 were used to calculate reservoir

conditions using an iterative calculator program, pH (Henley et al.,

1984). This program uses analyses of well-discharge fluids to calculate

pH as well as aquifer concentrations and activities of species for high

temperature electrolyte solutions. For concentrations of species such

as Na+ and K+, a simple calculation of aquifer fluid compositions was

made based on the steam fraction. The calculated aquifer compositions

are shown in Table 8.

Activity diagrams of log aK*/aH+ vs. log aSi02 and log aCa++ /(aH*)2

vs. log aSi02 were constructed for 300° C(the maximum measured downhole

temperature) using the data of Helgeson et al. (1978, 1981). Microprobe

data for epidote in the core Pl-3 were used to calculate the

clinozoisite activity using the equations of Bird and Helgeson (1980).

The calculated water compositions plot near the quartz-saturation line

within the muscovite and epidote solid solution stability fields shown

in Figures 8 and 9, respectively.

Calculated compositions of the geothermal fluids on a calcite

solubility diagram indicate that the fluids are supersaturated with

respect to calcite (Figure 10). The chemical affinity for the reaction,

CaC03 +H+ = Ca++ + HC0 3
-

is -9.3 kcal/mol at the calculated pH of 5.9
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i

co2
H2S

NO,
He

H2
Ar

°2
N2
CH4
Steam/gas

TABLE 6: Gas analyses: total dry gas, mole percent.

Az-1°Az-1 Az-5 Az-6 Az-17
16 Aug. 19827 Apr. 1978« 16 Aug. 1982 16 Aug. 1982

68.07
14.40

98.14
1.41

97.74 98.65
0.80

98.13
1.40 1.23
0.03 0.02 03

1.45xi0*3 5.06x10"* 5.82x10"*
0.62 0.06 0.29 0.14 24

4.44x10~3 1.20x10"3 1.97x10~3

0.00 0.00 0.00 0.00 0.00

3.70 0.36 0.43 0.34 33

0.31
2378

0.03
232

0.09 0.05 03

73.5 48.7 67.0

aye. of two analyses performed by CFE.
b
recast analysis using CO /H-S ratio of Az-5 to correct for low C02 analysis by CFE

Samples from wells Az-5, Az-6, and Az-17 ttere analyzed by C J. Janik.



31

TABLE 7 Water analyses by CFE.

Az-1 Az-5
aye. of 5, 7 Apr. 1978

ppm
22 July 1982

ppm

Na
X

2268 2376

596 711
Li 39
Ca 9.6 9.1

Si02
NH3
S04
Rb

1117 1195

9.3 .19
34.013.6
8.8
4.0

426
Cs
B 290

32.8As
13.5V 1.3F

44003859CI
119 454total C as HC03

pH 6.98 7.24
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TABLE 8: Recalculated downhole water compositions

Molalitiesdetermined by "pH" iterative program

Temperature dependent dissociationconstants are from
Arnorsson et al. (1980). Activity coefficienta are
determinedusing the extended Debye-Huckel equation.

Az-5Az-1

1.68 x 10"2
1.25 x 10"2
4.80 x 10"3
1.27 x 10"2

7.75 x 10"2
1.48 x 10"2
4.20 x 10"3
2.00 x10~4

HS"
B03
SiO(OH)

3
NH,4

3.17HC03
co3

0.708

4.46 x 10"6
5.90

2.10 x 10"5
5.94pH

Molalities determinedby a simple concentration assumption

Downhole concentration
-

Xw(surface concentration)

Az-1 Az-5

<X
-

0.58) (*w

-
0.44)

sio 1.08 x 10~2 «.75 x 10"
X*K
* 2

8.83 x 10"3 8-00 * *0~
Na

+ 5.71x 10"2 *-55 » "~*
2* j.39 x io"A 1.01 x 10"Ca
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SATURATION PRESSURE T=3o08C iaH o=l

FIGURE 8: Activity diagram of KVH+ versus Si02.
Diagram constructed using the data of Helgeson et al. (1978, 1981)
assuming unit activities for mineral phases. Mater compositions
from Table 8.
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SATURATION PRESSURE T=3oo'C aun/l

FIGURE 9= Activity diagram of Cj**/H«* versus SiO,

Diagram constructed using the data of Helgeson et al. (1978. 981).

Expanded clinozoisite stability field has been constructed using

equations of Bird and Helgeson (1980) and average measured epidote
s ... '.„4 « t-.4te 0 306; all other mineral phases are assumedcomposition of pistacne «.■»«.> «

T.. ,
to have unit activities. Mater compositions from Table 8.
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for Az-1 at 300°C(based on thermodynamic data from Helgeson et al.
(1978, 1981)). Considering the observed MnC03 component and assuming 10

mole percent MnC0 3 and an ideal mixing model, the affinity (-AG

reaction) would be only slightly changed. Supersaturation with respect

to calcite has also been observed at Cerro Prieto (Truesdell and Henley,

1982), and is attributed to loss of C02 gas by boiling in zones near the

well, causing the pH of the fluids to rise and calcite supersaturation

to increase. Discharge from well Az-1 has a lower steam fraction then

does Az-5, which shows greater calcite supersaturation. These results

are consistent with the observed calcite scaling in the steam well,

Az-17, at Los Azufres.

Using the fluid data in Table 8, the partial pressures of CO2 for the

wells Az-1 and Az-5 were calculated to be 6.5 and 7.6 bars,

respectively, from the reaction: 2H+ + CaC03
= Ca++ + H2O + C0 2 ( log X

= 8.404 at 300° C(Helgeson et al., 1978, 1981)). The calculated

fugacities of C02 for the two wells are 6.9 and 28 bars, respectively,

using the equation:

with V = molar gas/steam ratio

Xs = steam fraction

(sC)i= mole % of C0 2 gas and using a Henry's Law constant (Kh) for

C02 at 300° Cof 3890 bars/mole fraction (Glover, 1982). Considering

that the saturation pressure of H2O at the reservoir temperature of

fC0 2
= KhX(C0 2), where:

xu° 2) iooO+ YXs)
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FIGURE 10: Calcite saturation curve.
Diagram constructed using data of Helgeson et al. (1978, 1981)
assuming unit activity for calcite. Water compostions from Table 8.
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300° Cis only 86 bars, the higher P(C0 2) value seems unreasonable (e.g.

Grant, 1982).

Because many of the well discharges contain excess steam,

temperatures calculated from enthalpy data are unreal istical ly high.

Therefore, aquifer temperatures were calculated using chemical and

isotope geothermometers (Table 9). The Si02 temperature (conductive

cooling) for the well Az-1 and the sulfate-water 8180 temperature for

the well Az-5 are in good agreement with the maximum downhole

measurement of 300°C. The Na-K-Ca and Na/K temperatures are somewhat

higher for both wells. Quartz geothermometers may yield anomalously low

temperatures (e.g. well Az-5) for high temperature (> 250°C) fluids with

correspondingly high silica contents due to the rapid precipitation of

amorphous silica as the fluid rises and cools. Calculated Na-K-Ca

temperatures that are too high may result from boiling in the aquifer

which causes loss of C0 2 and subsequent removal of aqueous Ca++ as CaC03

is precipitated. Gas geothermometers commonly yield high temperatures

because of their slow reaction rates (Fournier, 1981; Henley et al.,

1984).
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TABLE 9: Geothemometry results, T(°C).

Geotbermometer Az-1 Az-5 Az-6 Az-17 Reference

SiO (conductive cooling) 299 264
SiO. (adiabatic cooling) 257 233

Fournier and Potter, 1982

Fournier and Potter, 1982
Fournier, 1979

257 233

Ma/X 317 333
Ma/X 322 346
Na-K-Ca 311 321

White, 1970
Fournier, 1981

Methane
-

335 349 362 Henley et al., 1984
Henley et al., 1984Nl^

-
333 341 345

«18q (S04-H20)
-

304 McKenzie and Trueadell, 1977

*
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2.4 SIABLE jSOIOPE SYSTEMATICA OF THE LOS A7.IFRFS GEOTHERMAL SYSTEM

Stable isotope studies of active geothermal fields have been used to

examine equilibrium states between hydrothermal fluids and alteration

minerals (Clayton et al., 1968; Clayton and Steiner, 1975; Eslinger and

Savin, 1973; Blattner, 1975; Lambert, 1975; Olson, 1979; Truesdell et

al., 1979, 1984; Williams and Elders, 1981, 1984; Williams, 1982).

These studies have compared experimentally determined fractionations of

oxygen isotopes between minerals and water to isotopic analyses of

alteration minerals and geothermal fluids which are constrained by

downhole temperature measurements.

Table 10 contains chloride and isotopic analyses on steam and water

samples as well as physical data specific to the collection.

The analytical results have been converted to total well discharge

compositions for Cl-, 6180, and 8D(also shown in Table 10) using the

equations:

where E6^o = 9.2
-

0.04t

and ED = 68
- 0.4t

at temperatures Ct) from 80c to 10G°C CSiggenbach, pers. comm., 1983)

with Xs = steam fraction, Xw = water fraction, td = total discharge, and

w ~ measured water composition.

S tBotd = S lBow -
XsE8180

Dwtd = Dw
-

XsED
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The isotopic composition of the reservoir fluids exhibit an apparent

oxygen isotope shift of +5 to 6 permil from local meteoric waters, as

illustrated in a plot of SD versus 6 ,80 (Figure 11). The linear trend

of the well discharge compositions which parallels the meteoric water

line is possibly due to a mixture of recharge fluids that are derived

from both local and regional sources. The scatter of data points along

this trend may result from admixture of deep steam to the liquid phase.

The composition of high-enthalpy fluids at Los Azufres appears to be

most affected by aquifer boiling and underground steam separation. This

deep steam may feed wells directly, forming vapor-enriched,

high-enthalpy discharges (e.g. wells Az-6 and Az-17), or may mix in

variable amounts with the liquid phase. Wells that discharge

vapor-depleted, low-enthalpy discharges (e.g. wells Az-2, Az-4, and

Az-19) are fed primarily by the deep liquid.

Underground steam separation and addition of deep steam are

illustrated by the the relation of enthalpy and isotope data with

chloride compositions of the total discharges (Figure 12). Dilution of

deep fluids by meteoric waters and addition of deep steam are modeled

with mixing lines using the average composition of the local meteoric

waters (8D = -68, 8 180 = -9.7, CI < 10 ppm (Giggenbach and Quijano,

1981; Combredet, 1982)) and the isotopic fractionation between steam and

water at 300° C(Aws (6180) = 0.94, Aws(SD) = -3.4 (Truesdell et al.,
1977)). The mixing lines for the addition of deep steam were calculated

assuming a temperature of 300°C. However, the fact that some data

points fall off of the mixing lines suggests an addition of steam



42

FIGURE 11: Relationship between 6D and B,eo8 ,e0 for Los Azufres geothermal
fluids. Calculated total discharge of separated and ueirbox waters
CO#D) and separated steam (0,B) and meteoric waters are from
Giggenbach and Quijano (1981) and this study. Two groups of meteoric
waters consist of local waters (&) from the high Los Azufres region
and waters of the low-lying Laguna de Cuitzeo area (A).
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separated at temperatures between 220° C (where 8D (H20 liquid
-

H2O

vapor) = 0) and the discharge temperature. This process results in
anomalously light D values for the total discharge fluids. Removal of

steam from the reservoir causes heavier oxygen isotope compositions in

the remaining liquid, and if this loss occurs between 220° and 300°C,

the deuterium concentrations would not shift more than -4 permil. Other

data scatter may be due to evaporation of water between the time of

flashing and collection in the weirbox.

Temporal changes in isotope and CI compositions of well discharges

resulting from removal of reservoir fluids may be determined by repeated

sampling. Changes are observed for the Los Azufres geothermal system by

comparing 1982 data with 1980 and 1981 analyses reported by Giggenbach

and Quijano (1981). A significant change is the shift of the liquid

phase towards heavier S lBO values possibly due to removal of steam from

the reservoir (see discussion below). Using our 1982 fluid data, the

deep liquid phase has CI = 1600 ppm, 6180 = -3.8, and 6D = -65, whereas

Giggenbach and Quijano (1981) calculated values of 1800 ppm, -4.2 and

-65, respectively. Nieva et al. (1983) estimated an average reservoir

chloride composition of 1650 ppm.

Fluid-mineral isotopic equilibria can be determined by comparing

downhole fluid and alteration mineral compositions with predicted

fractionations. Oxygen isotope compositions of quartz and calcite

separates from the drill core Pl-4 indicate deep water compositions of

-4.4 and -4.6, respectively, using the experimental fractionation curves

of O'Neil et al. (1969) and Clayton et al . (1972) at 300°C. Therefore,
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FIGURE 12. Plots of enthalpy, 6'»o. and SO values versuschlorides for Los Azufres uell discharges. Predicted effects .* .♥.addition and dilution are indicated uith modeling Ha.*! »£. Jrl.Giggenbach and Quijano M9SIHO) and this studyCDK Filled «v»h!i.indicate estimated deep fluid and steam compositions. "wools
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a 6,80 value of -4.5 is estimated for the waters that equilibrated with

this deepest mineral assemblage, and is assumed to represent the fluid

composition at the time of drilling in 1977. The apparent .shift in deep

fluid composition from -4.5 to -3.8 permil between 1977 and 1982 may

reflect increasing water-rock interaction in combination with steam

removal as a boiling front expands into the reservoir resulting from

drop in aquifer pressure with initial flow.

Quartz and carbonate 6180 values are plotted against 1/T2 in Figure

13 using measured downhole temperatures (Garfias and Gonzalez, 1978;

Garfias and Casarrubias, 1979b). Linear trends with 1/T2 are observed

for 8 ,80 of both carbonate and silicate samples. However, the 8180

trend fcr both calcite and quartz is much steeper than that predicted by

the experimental fractionation curves of O'Neil et. al. (1969) and

Clayton et. al. (1972), suggesting significant deviations from

equilibrium for all but the deepest, highest-temperature samples. The

difference may be partially due to isotopic fractionation between steam

and water as the fluid boils upon rising through the reservoir (Bottinga

and Craig, 1968; Truesdell et al., 1977), but water moving from the

lower part of well Az-1 to the 200° Clevel should change in 6180 by

only + 0.6 permil (Truesdell et. al., 1977), This effect might be

explained by interaction between the geothermal fluids and the wall rock,

causing the water to shift towards higher 6180 values, depending on the

water/rock ratios and whether the system is open or closed (Craig, 1963;

Taylor, 1974; 1977). However, this process cannot explain the

relativelyheavy oxygen isotope compositions of the minerals.

Water-rock reactions cause reservoir fluids to become enriched with 180
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with time, and earlier episodes of equilibrium deposition would yield

minerals that have lighter 6180 values, assuming present thermal

conditions.

A probable cause for the high 6180 values of calcite and quartz is

that the samples reflect earlier equilibrationat lower temperatures.

The 6180 values of quartz samples from depths of 594 to 875 m are much

too high to indicate a residual primary igneous quartz signature, as

Clayton and Steiner (1975) suggested for Wairakei. The observed

isotopically heavy calcite and quartz from the shallower samples could

only result from low-temperature (<l5O°C) equilibration, and perhaps

with isotopically heavier waters than are currently detected. The

observed large calci te-quartz fractionation indicates that, over time,

secondary calcite has partially reequilibrated1 ibrated with the warmer

geothermal fluids. The two-stage model of hydrothermal activity at Los

Azufres, as proposed by Gutierrez and Aumento (1982) based on multiple

subparallel alteration mineral zones, is compatible with these

observations.

A plot of S tBo versus 6 t3C for calcite separates (Figure 14, data

in Table 11) illustrates a general trend towards lighter isotopic

compositions with increasing depths and temperatures. A similar

correlation has been observed for samples from the Cerro Prieto field

(Williams, 1982). Within the production zone, 813 C content is

relatively independent of changes in 6 180 content for samples taken from

the well bottom.
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*

FIGURE 13. Oxygen isotope compositions of calcite and quartz separates.
Values are plotted against measured downhole temperatures.
Experimental calci te-water and quartz-water fractionation trends for
8180 water values of -4.5 (solid line) and -3.8 (dot-dash line)
are indicated.
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TABLE 11i Isotopic data for drill-core samples.

Sample Depth Temp CaC03 « 180
"C Z Cc.

«13c « 180 « 180
Cc. wh. rk. sil. Qtz.B

Az-1
Pl-2
Pl-3
Pl-4

594 206 5.0 6.9 -7.3
-7.5
-7.7

9.8 19.2

1685 280 4.8 1.3 2.1 5.6

1827 292 4.5 1.0 0.3 3.8

Az-6

P6-1 604 232 10.0 3.6 -7.1
-7.5

7.5 14.8

P6-2 875 248 10.6 3.5 5.3 9.4

Temperatures are from Acero (1977), Garfias and Gonzalez (1978), and Garfiaa and

Casarrubias (1979). Quartz was separated from the drill-core camples by methods of
Kiely and Jackson (1965) and Syers et al. (1968). Samples were analyzed by C.

Johnson, P. F. Dobson, and J. Drotleff at the U. S. Geological Survey, Menlo Park,
Calif.
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The average 613 C of C0 2 in the three steam samples is -7.0 +/- 0.1. An

equilibrium fractionation between this C0 2 and the deepest calcite

sample indicates an unreasonable temperature of 205°C. Therefore, it

appears that the calci te-oxygen in the production zone is nearly in

equilibrium with the deep liquid, but calci te-carbon is not in

equilibrium with reservoir CO2.
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6"o

10

FIGURE 14: Relationship between 8180 and S,3C for calcite separates
Data from Combredet (1982) and this study. Sample depth given in
meters next to symbol.
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2.5 CONCLUSIONS

Isotopic and chemical data from several wells of the Los Azufres

geothermal field indicate that the shallow, lower temperature levels of

the system are in a state of disequilibrium. Thermodynamic mineral

relationships, as expressed by activity-activity diagrams, correspond

well with the observed alteration mineralogy and help constrain possible

downhole pH and f(C02 ) values. Observed isotopic fractionations,

however, suggest that the secondary calcite and quartz equilibrated

during an earlier hydrothermal regime at lower temperatures than are

presently observed. Changes in the isotopic compositions of the well

discharges between 1980 and 1982 are probably due to steam loss.



REFERENCES

Acero, M. A., 1977. Temperaturas de equilibrio,pozo A-1, Los Azufres,
Michoacan, Mexico. Comision Federal de Electricidad, Mexico, D.F.
(internal report), 64 pp.

Alonso, H., DeAnda, L. F., and Mooser, F., 1964. Focos termales en la
republica mexicana. 801. Asos. Mex. Geol. Petrol., 16(7-8):145-152.

Svavarsson, H., 1982. The chemistryArnorsson, S., Sigurdsson, S., and
of geothermal waters in Iceland
tion from 0° to 370°C. Geochim

I. Calculation of aqueous specia-
Cosmochim. Acta, 46:1513-1532.

Aumento, F., and Gutierrez, A.,
Michoacan. Comision Federal de
3-80 (internal report), 6pp.

1980. Geocronologia de Los Azufres,
Electricidad, Mexico, D. F., Informe

Bird, D. X., and Helgeson, H. C, 1980. Chemical interaction of aqueous
solutions with epidote-feldspar mineral assemblages in geologic sys-
tems. I. Thermodynamic analysis of phase relations in the system
Cao-Feo-Fe203 -Si02-H20-C02,Amer. Jour. Sci., 280:907-941.

Bird, 0.X., and Norton, D. L., 1981. Theoretical prediction of phase
relations among aqueous solutions and minerals: Salton Sea geother-
mal system. Geochim. Cosmochim. Acta, 45:1479-1493.

Blattner, P., 1975. Oxygen isotopic composition of fissure-grown quartz,
adularia, and calcite from Broadlands geothermal field, New Zealand.
Amer. Jour. Sci., 275:785-800.

Bottinga, V., and Craig, H., 1968. High temperature liquid-vapor frac-
tionation factors for H2O-HDO-H2018 (abstract) Eos Trans., A.G.U.,
49:356-357.

Camacho, F., 1979. Geologia de la zona geoterraica de Los Azufres, Mich.
(Mexico). Comision Federal de Electricidad, Mexico, D.F., Informe
6-79 (internal report), 18pp.

Cathelineau, M., Oliver, R.» Izquierdo, G., Garfias, A., Nieva, D., and
Iziguirre, 0., 1983. Mineralogy and distribution of hydrothermal min-
eral areas in Los Azufres (Mexico) geothermal field. 9th workshop
Geothermal Res. Eng., Stanford, CA.

Clayton, R. N., Muffler, L. J. P., and White, D. E., 1968. Oxygen iso-
tope study of calcite and silicates of the River Ranch No. 1 well,
Salton Sea geothermal field, California, Amer. Jour. Sci.,
266:968-979.



53

Clayton, R. N., O'Neil, J. R., and Mayeda, T. X., 1972. Oxygen isotope
exchange between quartz and water. Jour. Geophys. Res.,
77:3057-3067.

Clayton, R. N., and Steiner, A., 1975. Oxygen isotope studies of the
geothermal system at Wairakei, New Zealand. Geochim. Cosmochim.
Acta, 39:1179-1186.

Combredet, N., 1982. Informe del avance en los estudios petrologicos del
campo geotermico de Los Azufres, Michoacan. Univ. Calif., Riverside
(unpublished report), 21 pp.

Craig, H., 1963. The isotopic geochemistry of water and carbon in geoth-
ermal areas. In Nuclear Geology in Geothermal Areas (cd. E. Ton-
giori) pp. 17-53, Consiglio Nazionale delle Ricerche, Laboratorio de
Geologia Nucleare, Pisa, Italy.

de la Cruz, V., Aguilar, J., Ortega, D., and Sandoval, J. M., 1982.
Estudio geologico-estructural a detalle del campo geotermico de Los
Azufres, Mich. Comision Federal de Electricidad, Morel ia, Mich., Mex-
ico, Informe 9-89 (internal report), 41pp.

Demant, A., 1978. Caracteristicas del Eje Neovolcanico Transmexicano y
sus problemas de interpretacion. Inst. Geol., UNAM, Rev.,
2(2):172-187.

Demant, A, Mauvois, R., and Silva-Mora, L., 1975. Estudio geologico de
las hojas Morel ia-Maravatio, Edo. de Michoacan. Inst. Geol., UNAM,
(unpublished report), 40pp.

Demant, A., and Robin, C, 1975. Las fases del vulcanismo en Mexico;
una sitesis en relacion con la evolution geodinamica desde el Creta-
cico. Inst. Geol., UNAM, Rev., 1(1):70-83.

Dobson, P. F.j 1983. Stratigraphy of the Los Azufres volcanic center,
northeastern Michoacan, Mexico. Geol. Soc. Amer. Abstr. Programs,
15:558-559.

Dobson, P. F., Mahood, G. A., and Metz, J. (submitted). Volcanic stra-
tigraphy of the Los Azufres geothermal area. Jour. Volcan. Geotherm.
Res.

Dominguez, 8., and Lippmann, M. J., 1983. Some comments on the La Pri-
mavera geothermal field, Mexico. Proc. Ninth Workshop Geotherm.
Reservoir Eng., Stanford Univ., Stanford, CA.

Eslinger, E. V., and Savin, S. M., 1973. Mineralogy and oxygen isotope
geochemistry of the hydrothermally altered rocks of the Ohaki-Broad-
lands, New Zealand geothermal area. Amer. Jour. Sci., 273:240-267.

Ferriz, H., 1982. Geologic and preliminary reservoir data on the Los
Humeros geothermal system, Puebla, Mexico. Proc. Eighth Workshop
Geotherm. Reservoir Eng., Stanford Univ., Stanford, CA., pp. 19-24.



54

Ferriz, H., and Yanez, C, 1981. Mapa geologico del centro de Los
Humeros, estados de Puebla y Veracruz, Mexico

—
Edicion preliminar.

Comision Federal de Electricidad, Mexico, D. F. (unpublished map).

Ferriz, H., and Mahood, G. A. (in press). Eruption rates and composi-
tional trends at Los Humeros volcanic center, Puebla, Mexico. Jour.
Geophys. Res.

Fournier, R. 0., 1979. A revised equation for the Na/K geothermometer.
Trans. Geotherm. Res. Coun., 3:221-224.

Fournier. R. 0., 1981. Application of water geochemistry to geothermal
exploration and reservoir engineering. In Geothermal Systems: Prin-
ciples and case histories (eds. L. Rybach and L. P. J. Muffler) pp.
109-143, John Wiley and Sons, New York.

Fournier, R. 0., and Potter 11, R. W., 1982. A revised and expanded sil
ica (quartz) geothermometer. Geotherm. Res. Coun. Bull., 11:3-12.

Garfias, A., 1981. Resumen geologico del pozo Azufres No. 23. Comision
Federal de Electricidad, Mexico, D.F. (internal report), 13 pp.

Garfias, A., and Casarrubias, Z., 1979a. Resumen geologico del pozo
Azufres No. 5. Comision Federal de Electricidad, Mexico, D.F.
(internal report), 15 pp.

Garfias, A., and Casarrubias, Z., 1979b. Informe geologico del pozo
Azufres No. 6. Comision Federal de Electricidad, Mexico, D.F.
(internal report), 16 pp.

Garfias, A., and Casarrubias, Z., 1979c. Resumen geologico del pozo
Azufres No. 20. Comision Federal de Electricidad, Mexico, D.F.
(internal report), 16 pp.

Garfias, A., and Gonzalez, A., 1978. Resultados de las exploracionesen
la zona geotermica de Los Azufres, Michoacan. Comision Federal de
Electricidad, Mexico, D.F. (internal reports, 42pp.

Garfias, A,, and Rivera, 0., 1980a. Resumen geologico del pozo Azufres
No. 13. Comision Federal de Electricidad, Mexico, D.F. (internal
report), 7 pp.

Garfias* A.> and Rivera, 0., 1980b. Resumen geologico del pozo Azufres
No. 17. Comision Federal de Electricidad, Mexico, D.F. (internal
report), 6 pp.

Garfias, A., and Rivera, 0., 1980c. Resumen geologico del pozo Azufres
No. 18. Comision Federal de Electricidad, Mexico, D.F. (internal
report), 9 pp.

Giggenbach, W. F., 1980. Geothermal gas equilibria. Geochim. Cosmochim
Acta, 44:2021-2032.



55

Giggenbach, W. F., 1982. "Geothermal mineral equilibria" Reply to
comment by M. A. Grant. Geochim. Cosmochim. Acta, 46;2681-2683.

Giggenbach, W. F., and Quijano, L., 1981. Estudio isotopico de las aquas
del campo geotermico de Los Azufres. Comision Federal de Electrici-
dad, Mexico, D.F. (internal report).

Gill, J. 8., 1981. Orogenic Andesites and Plate Tectonics. Springer-
Verlag, New York, pp. 390.

Glover, R. 8., 1982. Determination of the chemistry of some geothermal
environments. N.Z.D.5.1.R.,Chem. Div. Report CD2323.

Grant, M. A., 1982. On the lack of a unique relation between C0 2 partial
pressure and temperature in geothermal systems. Comment on "Geother-
mal mineral equilibria" by W. F. Giggenbach. Geochim. Cosmochim.
Acta, 46:2677-2680,

Gunn, B. M., and Mooser, F., 1970. Geochemistry of the volcanics of cen
tral Mexico. Bull. Volcanol., 34:577-616.

Gutierrez, A., and Aumento, F., 1982. The Los Azufres, Michoacan, Mex-
ico, geothermal field. In: J. Lavigne and J. B. W. Day (Guest-Edi-
tors), Hydrogeothermal Studies, 26th International Geological Con-
gress, Jour. Hydrology, 56:137-162.

Helgeson, H. C, Delany, J. M., Nesbitt, H. W., and Bird, D. X., 1978.
Summary and critique of the thermodynamic properties of rock forming
minerals. Amer. Jour. Sci., 278A:1-229.

Helgeson, H.C., Kirkham, D. H., and Flowers, G.C., 1981. Theoretical
prediction of aqueous electrolytes at high pressures and tempera-
tures: IV. Calculation of activity coefficients, osmotic coeffi-
cients, and apparent molal and standard and relative molal properties
to 600° Cand 5 kb. Amer. Jour. Sci., 281:1249-1516.

Henley, R. W., Truesdell, A. H., and Barton, P. 8., 1984. Fluid-Mineral
Equilibria in Hydrothermal Systems. Rev. Econ. Geol., v. 1, Soc.
Econ. Geol.

Irvine, T. N., and laragar, W. R. A., 1971. Chemical classification of
the common volcanic rocks. Can. Jour. Ear. Sci., 8:523-548.

Izaguirre, 0., and Garfias, A.» 1981. Resumen geologico del pozo
Azufres No. 25. Comision Federal de Electricidad, Mexico, D.F.
(internal report)* 16 pp.

Janik, C. J., and Dobson, P. F., 1983. Thermodynamic, isotopic, and
chemical evidence for equilibrium in the Los Azufres geothermal sys-
tem. Geol. Soc. Amer. Abstr. Programs, 15:603.

Kiely, P. V., and Jackson, M. L., 1965. Quartz, feldspar, and mica
determination for soils by sodium pyrosulfate fusion, Soil Sci.
Amer. Proc, 29:159-163.



56

Lambert, S. J., 1975. Stable Isotope Studies of Some Active Hydrothermal
Systems. Cal. Tech., Ph.D. thesis.

Mahood, G. A., 1980. The geological evolution of a Late Pleistocene
rhyolitic center: the Sierra La Primavera, Jalisco, Mexico. Jour.
Volcanol. Geotherm. Res., 8:199-230.

Mahood, G. A., 1981. Chemical evolution of a Pleistocene rhyolitic cen-
ter: Sierra La Primavera, Jalisco, Mexico. Contrib. Mineral.
Petrol., 77:129-149.

Mahood, G. A., 1983. Discussion of "The Rio Caliente Ignimbrite: Analy-
sis of a compound intraplinian ignimbrite from a major Late Quater-
nary Mexican eruption", by J. V. Wright. Bull. Volcanol.
46:103-106.

Mahood, G. A., Truesdell, A. H, and Templos, L. A., 1983. A reconnais-
sance geochemical study of La Primavera geothermal area, Jalisco,
Mexico. Jour. Volcanol. Geotherm. Res., 16:247-261.

Maldonado, M. (Editor), 1956. Vulcanismo Terciario y Reciente del Eje
volcanico de Mexico. Formaciones andesiticas de las sierras de Las
Cruces y Ozumatlan. Formaciones basalticas de las sierras de Zita-
cuaro, Morel ia, Paracho, y alrededores de Paricutin. Fenomenos
post-paroxismales de la sierra de San Andres y el lago de Cuitzeo y
estructura c historia del nuevo volcan Paricutin. 20th Inter. Geol.
Cong., Excur. A-15, Mexico, 74 pp.

Mauvois, R., Demant, A., and Silva, L., 1976. Estructuras Terciarias en
la base del Eje Neo-volcanico (Ejemplo de la depresion Tzitzio-Hue-
tamo, estado de Michoacan). Resumenes, 111 Cong. Latinoamer. Geol.,
Acapulco, Mexico:B7.

McKenzie, W. F., and Truesdell, A. H., 1977. Geothermal reservoir temp-
eratures estimated from the oxygen isotope compositions of disv:fate
and water from hot springs and shallow drill holes. Geothermics, v.
5, pp. 51-61.

Molina, R., Garcia, G.* and Ortega, A. R.» 1978. Interpretacion geoqui-
mica del aqua separada en el silenciador y tomada en la salida del
vertidor y por la tuberia de descarga de 2" de diametro, 2173 m. pro-
fundidad, pozo A-1. Comision Federal de Electricidad, Mexico, D.F.
(internal report), 34 pp.

Molina, R., and Templos, L. A., 1978a. Pozo Azufres No. It Observa-
ciones geoquimicas del aqua de descarga. Comision Federal de Elec-
tricidad, Mexico, D.F. (internal report), 6 pp.

Molina, R., and Templos, L. A., 1978b. Interpretacion geoquimica y cal-
culo de temperaturas de fondo por medio de los analisis quimicos de
los gases muestr^ados en el pozo A-1, utilizando el equipo para sepa-
rar de la mezcla: aqua, vapor y gases, profundidad 2173 m. Comision
Federal de Electricidad, Mexico, D.F. (internal report), 22 pp.



57

Mooser, F., 1964. Provincias geotermicas de Mexico. 801. Asoc. Mex.
Geol. Petrol., 16(7-8):153-161.

Nehring, N. L., and D'Amore, F., 1984. Gas chemistry and thermometry of
the Cerro Prieto geothermal field. Geothermics, 13:75-90.

Nieva, D., Quijano, L., Garfias, A., Barragan, R. M.,and Laredo, F. C,
1983. Heterogeneity of the liquid phase, and vapor separation in Los
Azufres (Mexico) goethermal reservoir. 9th Workshop Geotherm. Res.
Eng., Stanford, CA.

Olson, E. R., 1979. Oxygen and carbon isotope studies of calcite from
the Cerro Prieto geothermal field. Geothermics, 8:245-251.

O'Neil, J. R., Clayton, R. N.» and Mayeda, T. X., 1969. Oxygen isotope
fractionation in divalent metal carbonates. Jour. Chem. Phys.,
51:5547-5558.

Palma, P., 1982. Estudio geoelectrico de detalle del modulo Tejaman-
iles-Los Azufres, Mich. Comision Federal de Electricidad, Morel ia,
Mich., Mexico, Informe 42-82 (internal report), 11 pp.

Rodriguez, A., and Garfias, A., 1981. Resumen geologico del pozo Azufres
No. 26. Comision Federal de Electricidad, Mexico, D.F. (internal
report), 13 pp.

Seward, T. M., 1974. Equilibrium and oxidation potential in geothermal
waters at Broadlands, New Zealand. Amer. Jour. Sci., 274:190-192.

Silva-Mora, L., 1979. Contribution a la connaissance de I'Axe Volcanique
Transmexicain. Etude geologique et petrologie dv Michoacan Nord-Ori-
ental, doctoral thesis, Univ. Aix-Marseille VI, Marseille, France,
145 pp.

Smith, R. L.# and Shaw, H. R., 1975. Igneous-related geothermal systems.
In: Assessment of Geothermal Resources in the United States

- 1975,
D. E. White and D. L. Williams (Editors), U. S. Geol. Sur. Circ,
726:58-83.

Smith, R. L., 1979. Ash-flow magmatism. Geol. Soc. Amer. Spec. Pap.
#180:5-27.

Syers, J. X., Chapman, S. L., Jackson, M. L., Rex, R. W., and Clayton,
R. W.> 1968. Quartz isolation from rocks, sediments and soils for
determination of oxygen isotopic composition, Geochim. Cosmochim.
Acta, 32:1022-1025.

Taylor, H. P., Jr., 1974. The application of oxygen and hydrogen isotope
studies to problems of hydrothermal alteration and ore deposition.
Econ. Geol., 69:843-883.

Taylor, H. P., Jr., 1977. Water/rock interactions and the origin of H2O
in granitic batholiths. Jour. Geol. Soc. Lond., 133:509-558.



58

Templos, L. A., 1982. Resultados de las exploraciones en el campo
geotermico de La Primavera, Jalisco; Mexico. Comision Federal de
Electricidad, Guadalajara, Jal.,Mexico (internal report), 15 pp.

Truesdell, A. H., Nathenson, M.,and Rye, R. D., 1977. The effects of
subsurface boiling and dilution on the isotopic compositions of Yel-
lowstone thermal waters. Jour. Geophys. Res., 82:3694-3704.

Truesdell, A. F., Nehring, N. L., Thompson, J. M., Janik, C. J., and
Coplen, T. 8., 1984. A review of progress in understanding the fluid
geochemistry of the Cerro Preito geothermal system. Geothermics,
13:65-74.

Truesdell, A. H., Rye, R. 0., Pearson, F. J., Olson, E. R., Nehring, N.
L., Huebner, M. A., and Coplen, T. 8., 1979. Preliminary isotopic
studies of fluids from the Cerro Prieto geothermal field, Baja Cali-
fornia, Mexico. Geothermics, 8:223-229.

Truesdell, A. H., and Henley, R. W., 1982. Chemical equilibria in the
Cerro Prieto hydrothermal field. Proceedings of the Fourth Symposium
on the Cerro Prieto Geothermal Field, Baja California, Mexico, Law-
rence Berkeley Lab. (in press).

Waitz, P., 1906. Phenomenes post-paroxysmiques dv San Andres. Mexico,
10th Inter. Geol. Cong., Excur. 10, 29 pp.

White, D. E., 1970. Geochemistry applied to the discovery, evaluation,
and exploitationof geothermal energy resources: Rapporteur's report.
Geotehrmics, Spec. Iss. 2, 1:58-80.

Williams, A. E., 1982. Stable isotope systematics of oxygen and carbon
in and around the Cerro Prieto geothermal anomaly, Baja California,
Mexico. Proceedings of the Fourth Symposium on the Cerro Prieto
Geothermal Field, Baja California, Mexico, Lawrence Berkeley Lab.
(in press).

Williams, A. E., and Elders, W. A., 1981. Oxygen isotope exchange in
rocks and minerals from the Cerro Prieto geothermal system: Indica-
tors of temperature distribution and fluid flow. Proceedings of the
Third Symposium on the Cerro Prieto Geothermal Field, Baja Califor-
nia, Mexico, Lawrence Berkeley Lab. LBL 11967, pp. 149-158.

Williams,A. E., and Elders, W. A., 1984. Stable isotope systematics of
oxygen and carbon in rocks and minerals from the Cerro Prieto geoth-
ermal anomaly, Baja California, Mexico. Geothermics, 13:49-63.

Yanez, C, and Casique, J., 1980. Informe geologico del proyecto geoter-
mico Los Humeros-Derrumbadas, estados de Puebla y Veracruz. Comision
Federal de Electricidad, Mexico, D. F. (internal report), 96pp.


	Unknown
	Unknown
	FRONT
	Statement section
	Untitled

	ABSTRACT
	ACKNOWLEDGEMENTS
	CONTENTS
	LIST OF FIGURES
	LIST OF TABLES

	MAIN
	Chapter I  VOLCANIC STRATIGRAPHY OF THE LOS AZUFRES GEOTHERMAL AREA
	1.1 INTRODUCTION
	1.2 REGIONAL SETTING OF T_HE LOS AZUFRES VOLCANIC FIELD
	FIGURE 1: Regional location map.  Stippled pattern: Mexican Neovolcanic Belt (modified from Oemant and Robin* 1975; Demant, 1978); Quaternary calderas: La Primavera CLP)» Amealco (A), Huichapan (H) and Los Humeros (LH); M: Mexico City. Box gives location of Fig. 6.
	Untitled
	Untitled

	1.3 VOLCANIC HjSIOM OF THE LOS AZUFRES VOLCANIC CENTER
	FIGURE 2: Geologic map of the Los Azufres volcanic center. Heavy lines with hachures indicate high-angle normal faults. Cerro El Gallo (EG)» Cerro El Chino (CEO, Cerro Pizcuaro (CP), Cerro La Providencia (CLP), Cerro Las Humaredas (LH), Cerro El Jilguero (CEJ), and Cerro Chinapo (CCH) are Aqua Fria rhyolite domes. Mesa El Carpintero (NEC), Mesa El Bosque (MEB), Mesa El Rosario (MER) and Cerro El Guangoche (CEG) are Yerbabuena rhyolite domes. Cerro de San Andres (CSA) is a vent complex for the San Andres dacites. Stars mark hot springs and fumaroles. A-B-C-D and E-F mark cross section locations.
	Untitled
	Eruptive Unit Location # Samples Field Orientation Interpreted Polarity Chron/Subchron  samples were measured using alternating field demagnetization. The measured inclinations correspond with the flux-gate deflections observed in the field.

	1.4 COMPOSITIONS OF LOS AZUFRES VOLCANIC ROCKS
	FIGURE 4: AFM diagram.  Oashed line marks boundary between calc-alkaline and tholeiitic fields of Irvine and Barager (1971). Squares: basaltic andesite and andesites; circles: Los Azufres volcanics; triangles: outlying ash-flow tuffs. Analyses from Table 3 recalculated to 100% anhydrous.
	Untitled
	Untitled

	1.5 STRUCTURAL ASPECTS OF THE LOS AZUFRES VOLCANIC FIELD
	FIGURE 6: Regional structural map.  Heavy lines with hachures indicate high-angle normal faults. Stippled areas show locations of towns. Box gives location of Fig. 2.

	1.6 COMPARISON OF J_HE LOS AZUFRES VOLCANIC CENTER HITH OTHER SILICIC CENTERS JJf THE MEXICAN NEOVOLCANIC BELT
	1.7 LINKS BETWEEN GEOTHERMAL ACTIVITY AND VOLCANISM Al LOS AZUFRES
	Chapter II  THERMODYNAMIC, ISOTOPIC, AND CHEMICAL EVIDENCE FOR EQUILIBRIUM IN THE LOS AZUFRES GEOTHERMAL SYSTEM
	2.1 INTRODUCTION
	i  FIGURE 7: Location map of the Los Azufres geothermal field. Only wells sampled in this study are shown; over 35 wells have been drilled to date by CFE.

	2.2 ALTERATION MINERALORY
	2.3 THERMODYNAMIC ANALYSIS OF MINERAL-ELECTRO! YTF SOLUTION INTERACTIONS
	FIGURE 8: Activity diagram of KVH+ versus Si02.  Diagram constructed using the data of Helgeson et al. (1978, 1981) assuming unit activities for mineral phases. Mater compositions from Table 8.
	FIGURE 9= Activity diagram of Cj**/H«* versus SiO, Diagram constructed using the data of Helgeson et al. (1978. 981). Expanded clinozoisite stability field has been constructed using equations of Bird and Helgeson (1980) and average measured epidote  s ... ' . „4«t-.4te 0 306; all other mineral phases are assumed  composition of pistacne «.■»«.> « T.. ,  to have unit activities. Mater compositions from Table 8.
	FIGURE 10: Calcite saturation curve.  Diagram constructed using data of Helgeson et al. (1978, 1981) assuming unit activity for calcite. Water compostions from Table 8.

	2.4 SIABLE jSOIOPE SYSTEMATICA OF THE LOS A7.IFRFS GEOTHERMAL SYSTEM
	Untitled
	400 800 1200 1600  CI (ppm)  FIGURE 12. Plots of enthalpy, 6'»o. and SO values versus  chlorides for Los Azufres uell discharges. Predicted effects .* .♦.  addition and dilution are indicated uith modeling Ha.*! »£. Jrl.  Giggenbach and Quijano M9SIHO) and this studyCDK Filled «v»h!i. indicate estimated deep fluid and steam compositions. "wools
	FIGURE 13. Oxygen isotope compositions of calcite and quartz separates. Values are plotted against measured downhole temperatures. Experimental calcite-water and quartz-water fractionation trends for 8180 water values of -4.5 (solid line) and -3.8 (dot-dash line) are indicated.
	FIGURE 14: Relationship between 8180 and S,3C for calcite separates Data from Combredet (1982) and this study. Sample depth given in meters next to symbol.
	Untitled

	2.5 CONCLUSIONS
	REFERENCES



	Illustrations
	Untitled
	FIGURE 1: Regional location map.  Stippled pattern: Mexican Neovolcanic Belt (modified from Oemant and Robin* 1975; Demant, 1978); Quaternary calderas: La Primavera CLP)» Amealco (A), Huichapan (H) and Los Humeros (LH); M: Mexico City. Box gives location of Fig. 6.
	FIGURE 2: Geologic map of the Los Azufres volcanic center. Heavy lines with hachures indicate high-angle normal faults. Cerro El Gallo (EG)» Cerro El Chino (CEO, Cerro Pizcuaro (CP), Cerro La Providencia (CLP), Cerro Las Humaredas (LH), Cerro El Jilguero (CEJ), and Cerro Chinapo (CCH) are Aqua Fria rhyolite domes. Mesa El Carpintero (NEC), Mesa El Bosque (MEB), Mesa El Rosario (MER) and Cerro El Guangoche (CEG) are Yerbabuena rhyolite domes. Cerro de San Andres (CSA) is a vent complex for the San Andres dacites. Stars mark hot springs and fumaroles. A-B-C-D and E-F mark cross section locations.
	Untitled
	FIGURE 4: AFM diagram.  Oashed line marks boundary between calc-alkaline and tholeiitic fields of Irvine and Barager (1971). Squares: basaltic andesite and andesites; circles: Los Azufres volcanics; triangles: outlying ash-flow tuffs. Analyses from Table 3 recalculated to 100% anhydrous.
	FIGURE 6: Regional structural map.  Heavy lines with hachures indicate high-angle normal faults. Stippled areas show locations of towns. Box gives location of Fig. 2.
	i  FIGURE 7: Location map of the Los Azufres geothermal field. Only wells sampled in this study are shown; over 35 wells have been drilled to date by CFE.
	FIGURE 8: Activity diagram of KVH+ versus Si02.  Diagram constructed using the data of Helgeson et al. (1978, 1981) assuming unit activities for mineral phases. Mater compositions from Table 8.
	FIGURE 9= Activity diagram of Cj**/H«* versus SiO, Diagram constructed using the data of Helgeson et al. (1978. 981). Expanded clinozoisite stability field has been constructed using equations of Bird and Helgeson (1980) and average measured epidote  s ... ' . „4«t-.4te 0 306; all other mineral phases are assumed  composition of pistacne «.■»«.> « T.. ,  to have unit activities. Mater compositions from Table 8.
	FIGURE 10: Calcite saturation curve.  Diagram constructed using data of Helgeson et al. (1978, 1981) assuming unit activity for calcite. Water compostions from Table 8.
	Untitled
	400 800 1200 1600  CI (ppm)  FIGURE 12. Plots of enthalpy, 6'»o. and SO values versus  chlorides for Los Azufres uell discharges. Predicted effects .* .♦.  addition and dilution are indicated uith modeling Ha.*! »£. Jrl.  Giggenbach and Quijano M9SIHO) and this studyCDK Filled «v»h!i. indicate estimated deep fluid and steam compositions. "wools
	FIGURE 13. Oxygen isotope compositions of calcite and quartz separates. Values are plotted against measured downhole temperatures. Experimental calcite-water and quartz-water fractionation trends for 8180 water values of -4.5 (solid line) and -3.8 (dot-dash line) are indicated.
	FIGURE 14: Relationship between 8180 and S,3C for calcite separates Data from Combredet (1982) and this study. Sample depth given in meters next to symbol.

	Tables
	Untitled
	Untitled
	Eruptive Unit Location # Samples Field Orientation Interpreted Polarity Chron/Subchron  samples were measured using alternating field demagnetization. The measured inclinations correspond with the flux-gate deflections observed in the field.
	Untitled
	Untitled
	Untitled


