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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.
at 0.3 m.y.

One of the San Andres dacites has been dated

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
permil) is in equilibrium at

(-4.5

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 isotopically heavier 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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Chapter I

VOLCANIC STRATIGRAPHY OF THE LOS AZUFRES GEOTHERMAL AREA

2

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;
Mooser, 1964),

I

Alonso et. al., 1964;

but only recently has its geothermal potential prompted

further study.
(1975)

Maldonado, 1956;

Regional mapping and petrologic studies by Demant et al

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

1978;

1982).

Camacho, 1979,

de la Cruz et. al.,

30 wells to depths of up to 2900
information.

m, providing

and Gonzalez,

CFE has drilled over

good subsurface geologic

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,
(Ferriz

that lie behind the zone of active andesitic stratovolcanoes

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

3
(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 m.y.

(Table 1)

have been obtained

on andesite flows from the upper part of this sequence. Similar lava
flows, comprised mostly

of phenocryst poor andesite, form the local

basement for the Los Azufres center,

These andesite lavas, with minor

intercalated pyroclastic deposits and 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 yielded K-Ar dates of 5.9, 5.0, and 3.1
m.y.

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

1.0 ± 0.2 m.y.
this

dominantly

(Table 1),

thus providing a minimum upper age limit for

andesitic volcanism.
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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.
,Ar
Eruptive unit Locality

"Basement"
rocks

Sample wt.(g)

Material

—

near

K2ot

(10

40Ar
A atm

nol/g)

<Z)

age(a.y)

18*

Querendaro,
Mlchoacan

19°39'
100°57'

WR(?)

1.722

66.0

13.8 + 0.73

19°45'23"
o

WR

1.648

87.5

10.2 +

unknown
drill bole

WR

2.129

95.2

5.9 + 0.4A

19°46'47"

WR

2.167

87.7

5.0

HE

4.260

93.7

3.1 +

100 41'10"

0.6*

(2700 ■)

100 4000"
(900
0

+ 0.4*

a)

,

19 45 23w
100 41*10"

,

0.2*

.(720-1000 ■)

19°49'48"
O

WR

unknown

WR

100 38'll"

Ague Frla

Rhyolites

19°46'21"

100 3926"

19°46'58"
100°39'46"
19°48'46"

2.6500

2.68
2.89

41.3

69.6

1.03 + 0.205

94.6

1.2

4.1217

4.67
4.71

69.6

47.1

+ 0.4*
'
1.03 + 0.025 6

WR

6.6280

4.50
4.66

61.1

87.0

0.93 + 0.045

glass

4.1003

4.66
4.70

56.9

49.7

0.84 + 0.025

9.9638

1.87
1.81

8.66

95.5

0.33 + 0.075

4.401

glass

*

100 402 2"

San Andres
Dacltes

19°46'38"

Yerbabuena

19°45'32"

biotlte

2.0765

6.85
7.27

31.0

96.8

0.30 + 0.075

19°47'41"
100°42'27"
19°48'05"

biotite

0.3525

6.64

14.0

98.5

'
0.15 + 0.055 7

glass

6.4385

4.72
4.73

9.61

81.7

0.14 + 0.025

Rhyolites

plagioelase

100 37 30"
100 4252"

100 43*15"

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:

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

*°K/K

-

-

0.581 zlO yr
4.692 z lo'^yr"1
1.161 x 10"* Aatoa/atom
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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 km 3 in volume that cover 35 km 2 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 yielded K-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, on the porphyritic Las Humaredas

dome dated at 0.93 ± 0.04 m.y.
orientation,

(whole rock),

gave a normal field

which corresponds to the Jaramillo subchron of 0.92

m.y. (Tables 1 and 2).

- 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.

