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Abstract

The Los Azufres volcanic center, located 2080 km northuest of Hexico_

City, 1is one of a number of Pleistocene silicic volcanic centers uwith

active geothermal systems that 1lie north of the axis of the Hexican

Heovolcanic Belt, This calc—-alkaline suite oaverlies a thick pile of

Miccene to Pliccene volcanic rocks dominated by andesitic lava flous.

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

center. Silicic volcanism began approximately 1 m.y. =age uith erupiion

of the Agusz fria rhyodacite to high-silica rhyolite lava demes and

flous. They are covered by rhyvodacite and dacite lava domes and flows

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

at 0.37 m.y. A1l these lavas are cut by high-angle nermal faults. A

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

east-itrending set that parallels the principal regional structural

trend, These faults de not cut the youngest volcanic rocks of the
center, the Yerbabuena rhivodacites to high-silica rhyolites. These
marphelogically well-preserved lava domes are dated at 0.5 m.y. and are

prohably asseciated with air-fall tuffs that blanket the western portion

of the volcanic center.

the site of a producing geothermal system. Tuo

Las Azufres s

cpisodes of high heat flow suggested hy studies of drill-core samples

and fluids from  the Los Arutres geothermal field may correspend to fuso

difierent episcdes of magma injection to high levels, uith the most

recent one resultipg in eruption of the Yerbabuena lavas 0.15 m.y. ago,

Introduction

The purpose of this short communication is te outline the gerology

of o siticic velcanic center associated with an important geothermal
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field for uwhich there is 11ttle published information. The Los Azufres

area has leng been recognized for i1ts thermal manifestations {(Haitz,

1906; Maldomade, 19%6; Alonso et. al., 1964; Hooser, 1964), but onty

recently has its geothermal potential prompted further study. Regional

mapping and peirolegic studies by Demant et al. (1875} and Silva fora

(1979) have been augmented by more detailed dnvestigations of the

geothermal area itself under the auspices of Mexico’s Comisiocn Federal

de Electricidad (CFE) (Gariias and Sonzalez, 1978; Camacho, 1879, de la

Cruz et. =al., 1982). CFE has drilled over 30 wells to depths of up io

2908 m, providing gozd subsurface geologic infermation, Five well-head

generators were installed in Avgust of 1982 and are currently preoducing

a total of 23 megawatis of electricity.

=

Regicnal Setiting of the los Azufres ¥olecanie Field

o3

The Los Anufres volecanic center is  located along the northern edge

of the east-west-trending Mexican MNeovoloanic felti, 45 km east ot

Morelia, HMichoagan (Figure 1), 1t {s one of a number of Pleisticcence
|

silicic wvolecanic centers, including Los Humeros, La Primavera,

Huoichapan, and Amealco, that lie behind the zone of active andesitic

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

pPrevoicanic basement, gentiy tolded shales, sandstones, and

conglomerates of Eocene to Aligecene aze (Mauvaois ot al .,

km southwest of Los Anufres. txtensive Necgens volcocanic rocks

by basaltic and andesitic lavas unconformably overlie these sedimenis,

Tuo K-Ar dates of 18 and 13.5 m.y. {Table 1) have beern obtained on

capping andesife flous. Similar Miocene to Plioccene iava flous,

comprised primarily of phenocryst-poor andesite, form the local basement

for the Los § s genter. These andesite Tavas, with minor
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intercalated pyroclastic horizons 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. 1979). A minimum age

of 10.2 * 0.6 m.y. for the oldest wvolcanic rocks undertying the Los

Azufres center 1is based upon a K-Ar uhole-rock date on 2 drill-core

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

from higher stratiyraphic levels yielded XK-Ar dates of 5.2, 5.0, and 3.1

m.y. A uhole-rock sample from a surface tava flow gave a X-Ar age of

1.35 £ 0.26 m.y. (Table I3}, thus providing a minimum upper age limit for

this dominantly andesitic volcanism.

Volcanic Center

lia

Volcanic History of the lLos Azufre

Silicic wvolcanism beagan shortly after eruption of the last

andesites. Three major eruptive groups have been identified at Los

rufres: the Agua Fria rhyolites, the San Andres dacites, and the

Yerbabuena rhycltites {Figures 2 and 3}. The Agua Fria rhyolites consist

of lava domes and stubby flows totalling approximately 10-15 km? in

volume that cover 35 km? in the central part of the Los Azufres center.

Outcrops of +the lavas are typically blue-gray, flou-banded, and

devitrified. with weli-developed spherulites. A remnant of pumiceous

Carapace Was chserved at Cerro Pizcudro, one of about seven

topograpghizcaliy expresszsed daeomes (Figure 23, The domes wvarvy in
=] } =f

composition from rhyodacite e high-3ilica rhyolite, and contain

phenocrysts of plagioclasersanidinezquartz? biotitedFe-Ti oxides &

phenocrysts range in size

hornhlende * orthopyroxene, The principal
from 1 fo 5 mm and comprise 1-154 of the reck, with the more mafic

compositions being more crystal rich. HNonhydrated obsidian samples from

Cerroc EY Gallo and Cerro Chinapo yielded K-Ar dates of 0,85 2 (.02 and
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1.03 £ 0.02 m.v.; these glass dates provide a minimum age range for the

Aqua Fria velcanics. Three sets of paleomagnetic measurements on lavas

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

dates. A fourth set of measurements, on the porphyritic Las Humaredas

dome dated at 6.94 * 0.02 m.y. (uhole rockl), gave a normal {field

orientation, which corresponds to the Jaramillo subchron of 0,92 - 0.97

m.¥. {(Tables I and 11},

The next majer eruptive group is the San Anhdres dacite and

riwodacite lava domes and flous. These tavas cover 70 km? east of the

Agua Tria rhyelites and comprise an estimated volume of 15-20 km?, In

contrast to the other volcanic edifices of the Leos Atufres center, the

San Andres lavas form a large vent complex, the 788-m-high Cerro de San

Andres. These porphyritic haornblende dacites and rhyodacites are dark
gray to blue gray in color and commanly display flou-banding. They

consist of 20-407% phenocrysts of plagicclase (1 cm in size), hornblende,

clinopyroxene, ortheopyroxene and minor biotile and guartz (1-5 mm), and

Fe-T1 oxides ({1l mm). Rounded grayish-red aphyric inclusions uo to

in diametfer are common, and may be alttered andesite from the “bhasement”.

Plagiociase from one of the San Andres javas yielded a ¥X-Ar date of 037

+ 0.07 m.y., uwhich agrees with the normal field crientation measured at

iun sites {Yables ! znd 117,

The Yerbabuena rihivolite forms fhe  voungest major ceruptive oroup of

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

S

rhyolite to rhyodaciie domes and associnted air-fall tuifs. The dome

fictd covers 40 km? uest of the older Agua Ffria rhyclites and has an

estimated volume aof & km?. The demes are well-preserved with pumiceous

carapaces st111 infact, The lavas are light gray in color, with 5-15¥%
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phenccrysts of plagioctase, 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

* in

the dome El Carpintero yielded a K-Ar age of 0.5 * 0.01 m.y..,

agreement uWith 4iis normal field magnetization (Tables 1 and 1II).

Associated air-fall tuffs are at 1least 15 m thick near the domes and

thin outuard. The tulfs have been reuorked, forming tuffaceous

sediments that crop out scuth of the daomes.

Compositions of Los Azufres ¥olcanic Rocks

The Los Azufres eruptive products can be classified as calc-

aikaline; they fall within the galc-alkalic field of an AFM diagram

(Figure 4) and satisfy the major-element and Basla-ratio criteria of

Gill (1981) for a high-¥ suite. Possible mafic end-members of the Los

Azufres suite are approximated Dy samples of the vyoungest “hasement”

andesites ss uwell as a basaltic andesite frem an outlying Pleistocene

cinder cone. The relatively high Ti conceniratiens of the andesites

are comparahle o those observed elsewhere in the PMexican Keovolcanic

Belt {Gunn and Mooser, 1270, G311, 1981, p. 111, themical 2nalyses

from selecied samples of the Los Azufres center are presented in Table

ITTL.

fack of control on a parental magma for the Los Azuires suite makes

modeling very speculative, He simply note that cencentrations of AV.04,

FeQ*, Mg, MnQ, £a0, TiD;, P;0: and ¥ all decrease Wwith increasing Si0;,

while Rh and K increase (Figure 5}, Drops in Sr and 8a concentrations

after initial idncreases may reflect ‘the importance of plagiociase and

sanidine, respectively, as separating phenocryst phases. Declines in

FeD¥, Ti0;, and ¥ concentrations are consistent with the presence of Fe-
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Ti oxides in all of the Los Azufres volcanic units. Rb is the most

incompatible element of those analysed, shouwing a five-fold increase in

concentration with increasing differentiation.

Structural Asvects of the los Arufres ¥olecanic Field

The Los Azufres center 13 structurally bound en the north by a

large east-trending graben presently filled by Laguna de Cuitzeo (Figqure

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

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

nermal faults cut the Agua Fria rhyetite and the San Andres dacite

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

majer episode of fault movement occurred belueen approximately 0.37 and

0.5 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. HMovement is mainly dip-siip; 1little lateral offset of volcanic

units is observed.

The principal faults cut and partially cbscure an olider set of
high-angle normal faults that strike nerth to northeast. Both sets of
faults serve as primary conduits for hydrothermal fluids, as shcun by

alignments of hot springs and fumaroles (Figure 27.

Lomparison of the Los Atvfres Volcanic fenter with Dther Silicic Lenters

in the Hewican Neovolcanie Belt

The Los Azufres si1licic volcanic center differs in both eruplive

siyvle and magma compositions erupted from the well-studied Pleistocene

silicic centers uithin  the Mexican Heovolecanic Belt, ta Primavera and

Las Humeros. ta Primavera rhyolitic center is Jlocated just west of

Guadatajara. It is dominated by &n 1l1-km-diameter caldera that {ormed
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95,000 vyears ago on eruption of 40 %m? of magma as ash-flou tuffs

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

peralkaline, high-silica rhyeolites (Mahood, 19812}, The Los Humeras

system (Yanez and Casigue, 1980; Ferriz and Yanez, 1931; Ferriz, 1932;

Ferriz and Hahood, in press) is located 130 km east of HMexico City,

Three caldera-forming eruptions have occurred, the largest of w«hich

produced the 115 km? rhyeodacite to rhyolite Xaltipan ash-flou tuff 0,50

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

general trend toward erupticen of increasingly mafic magmas as volumelric

eruption rates increased with time,

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

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

approximately 10-15 km? of rhyodaciie te high-silica rhyolite lavas were

erupted between approximately 1,03 and 0.35 m.y. ago, followed by 15-20

km? of dacitic to rhyodacitic lavas at about 0.4 m.y., and finally an

additional & km? of rhyodacite to high-silica rhyolite magma uere

erupted around 0.13 m.y. ago. These estimates of 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).

products differ gubstantially from the sltightly

These cale-alkaline

peralkaline, high-silica rhyvolife products of the Primavera syvsiem, and

do not span the uide range of compositions that includes significant

amounts of mafic lavas at the Los Humeros center.

Buring the course of this reconnaissance field study, no caldera

was identified. Ash-flou tuff does, houwever, crop out in the vicinity

of the lLos Azufres center. e Mere not successful  in dating the

phenocryst-poor, pumiceous ash-flow tuffs. Chemical analyses of samples
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from tuo outcrops located north and west of the center (A-80-5 and

A-80-7 in Table 111) indicate that the ash-flou tufis are more evolived

than any of the Los Arufres rhyelites sampled, having higher Rbh and

Zr concentrations than either the Agua Ffria or the

tower Ba, Cu, and
Yerbabuena rhyolites, Ash-flouw tuffs are commonliy more evolved than
cogenetic domes (e.g. Smith, 1979}, thereby making Los Azufres a

chemically plausible source. Significant accumulations of ash-flou tuff

are not seen at the surface uithin the tos Azufres area proper and have

net been identified 1in drill holes. Although an unusual thickness

(21000 m) of rhyoelite was cut by well Az-23 (Figure 3), thin sections

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

inclusions, or broken phenocrysts typical of densely wuwelded ash-flou

tuifs. MWe interpret it as s 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

centers have undergone significant silicic velcanism within the last

150,000 yrs. emphasizes that high-level silicic magma chambers are

important a5 heat sources for the corresponding geothermal systems

{(Smith and Shau, 18757, The reservoirs for all three of these

geothermal sysiems are hosted by andesitic rocks that are capped by

younger, &sltered, siticic volcanic rocks which act as a  seal for the

geothermal system {(Ferriz, 1952, Mahcod et al., 13322, The centers have

fracture-controlled permeability, a feature demonstrated by  the

localization of hot springs and fumaroles along majcr faults, and by the

close correlation of resistivity anomalies with principal structural

features (Paima, 19&2; Ferriz, 1982; Templos, 1982). The deep fluids cof

all of these systems are boron-rich chloride waters. tteasured dounhole
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temperatures of approximately 350%C in  the Los Azufres system (Dobson

and Janik, in prep.} are comparable to the deep water conditions of La

Primavera (Mahood et al., 1983, DUominguez and Lippmann, 1383) and Los

Hiumeros (ferriyz, 1982).

The active geothermal field currently heing exploited by the

is centered within the highty fractured

Comisjen Federal de Electricidad

Agua Fria rhyolites and their wunderlving andesitic basement rocks.

Hydrothermal activity is noticeahly absent from the zone of mest recent

silicic voleanism, the Yerbabuena rhyolites.

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

drill-core samplies form iwo or more distinct zones that are spatially

subparallel. They take this as evidence for tuwo periods of hydrothermal

activity wuhich they atiribute to tuo magmatic cycles. Oxyqgen isoctope

data on secondary guartz arnd calcife in drill-core  samples supporis an

eartier stage of hydrothermal activity at Los Azufres (Janik and Dohson,

1983, Dobson and Janik, in pres.). These thydrothermal minerals are

significantly out of isotopic equilibrium with present-day geothermal

fluids at all but the louest stratigraphic levels. Equilibration

probably toox place with an isstopically heavier fluid and at  laouder

tomperatures (han are nresontly ohservoed,

Abundant Pleistocene basaliic cinder cones  that surrcund  {he Los

Azufres center but do net coour Within i1 are suggestive of & shadouw

effect within the Les Azufres center, implying that s high=level silicic

magma chamber 15 currently present. A new infiux of =iliciec 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 Yerbahuena
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rhyolite domes. Faulting appears to be a preregquisite for the movement

of hydrothermal {luids. This may explain the alisence of geothermal

activity in the zone of the unfaulted younger domes,
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BLE L

:mmarv of K-Ar dates for the Los Azufres rezion -

o 40 * 40 atm
1 _1;r AT
ruptive unit  Locality Material Sample wt.(g) xzoz (10 "“mol/g) £ age{m.v)
[} 2
lasement near e - - - - 18
rocks Querendaro,
Michoacan
19089' WR(?) - 1.722 -~ 66.0 13.8 + 0.73
100757
Fi
19%5" 23" WR - 1,648 - 87.5  10.2 + 0.6
1607417 10"
{2700 m)
unknown WR —— 2.129 -— 5.2 5.9 j_O.l;Z+
drill hole
(7 m}
o i " - _ &
1% 36 47 WR - 2.167 —-— 87.7 5.0 + 0.4
100740'00"
{900 m)
G t t . 4
19745723 WR - 4.260 - 93.7 3.1+ 0.2
100417 10"
(720-1000 m)
19039'48" WR 2.6500 2.790 52.3 86.8 1.35 + 0.265
100738 11"
¢,
ua Fria unknown WR - 4.401 - 94.6 1.2 +0.4°
volites o 5 6
19 gé'Zl” glass 4.1217 4,69 63.5 he b 1.03 + 0.027°
1007392567
19°46 ' 58" WR 6.6280 4.5 60.7 87.0  0.94 + 0.02°
100739 46"
19743746 glass 4.1003 4.68 57.0 49.1  0.85 + 6.02°
100740 22"
y Andres 19%46'38"  plagioclase  9.9638 1.8395 9.83 95.0  0.37 + 0.077
cites 100737 30"
babuena 1974805 glass 6.4385 4.725 10.1 80.9  0.15 + 0.01°
olites 100 430 15"

lue in parentheses gives depth beleow surface for drill-core samples.

macho, 1979 (0ld decav constants). Dash indicates data not reported.

mant et al., 1975 {(old decay constants).

Dates recalculated using new decav constants.

mento and Guteirrez, 1980.
—10y_—1

T

10 -1
Ng= %.952 x 10 Dyr

is study. Decay constants are: Ag= 0.581 % 10

40 —4
K/¥ = 1.161 = 10 atom/atom

Q7o A Taam1,. TTTY



TABLE 11

Lesults of

lux-pate magnetometry measurements

Eruptive Unlrt

"Basement'
rocks

Agua Fria
Rhyvolites

San Andres
Dacites

Yerbabuena
Rhyolites

Location

19”35‘&9”
100741 43"

19035'51“
100 412"

Ja“g?'ls“
1007377 47"

19038'33“
100°387 55"
15748 06"
100740 447

19%467 58"
100°%39 1 46"

197447 490
100°331 14"

1924737
100%36' 09"

1948 23"
100°367 23"

199471 41"
100742727

# Samples

5

{9

L

Field Orientation

Interpreted Polarity Chron/Subeliron

reversed

reversed

reversed

reversed

1
reversad

normal

normal

normal

normal

normal

unknown

unknown

Matuyama

Matuyama

Hatuyama

Matuyama/Jaramillo

Brunhes

Brunhes

Brunhes

Brunhes

lAddltiona]

samples were weasured uslog alternating field demagnetization.
inclinations corresvond wilth the flux-~gate deflections observed in the fleld.

The measured



FABILE HIL

Chewical wnalvees of lon Arulres wolcsnic rocks e
urlying
Anoetige “Tazenent” andegiten 540 Andren lavis Adud Fria dosey
[V S I TV R PR H EET I TN PR T T . F-T'S RETY FOLAET-34  poia 31--a 7 FOLA AI-%0
1951 ety 1efestrrm e%ietnet rs%ertirt 13firtiot sTiztiat 9%t 1e%etist et
10301 100 1itesr o0t t1st acairirat qoetaetiet toa”13vse tooSirtoar tee”iatist ettt 1oty
s, ERU 5.6 56,6 63.4 61.0 65,4 86,1 6.1 1.2 1.8
Tio, Lo 8.%2 13 0,43 6.4} .79 .62 0.0% .12 .06
R .7 1.0 TS .9 15.5 6.3 13,2 12.1 P 3.3
Fe s 5417 512 1,30 33 3.4t P30 1,50 1.01 7.14 1.40
Fel - —— 5.47 —- R 1,57 147 —_ - —_
A3 a.17 0.11 0.14 0.97 o.o7 .07 [+I+1.Y 0.03 0.as 0.09
Hed 1.98 450 .ie 0.14 1.09 1.97 1.7 D14 .60 G2
Cal T.56 .71 B ET L .40 3.97 i il -} .1 49,5
NAJU 1.4 1.68 L ¥ A7 1.7 .12 i1 J.R2 .86 ER)
L4 1.41 i.re .81 3.5% .4l 3.4 1.9% 4,53 422 b
r;r}s 2.1 0.t .13 2.1% .11 012 o.th ¢.01 o0 a0
Lot .6 0.1 . 0.3% 1.51 — — 0.3¢ bl 2.1
v - - 2.93 — — 0.%3 £.18 - - P
u:n' — —- 5,07 -—- -—= 2.1 0.13 — -— -
Tmcal 3505 9%.1) 108,03 93,18 99,51 93,50 23,18 99,53 9,17 98,45
v e 120 140 36 ] s 55 19 i io
ETS 4 T 58 L9 198 75 ] 189 14 i
sr i34 851 500 48 327 569 59 12 ta1 22
v 2 1z — 10 % -— —_ 8 34 a1
ir 29} 194 — 19t te2 — — i10 197 67
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Fed — — — - L.1s 0,97 — — -
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HzO 6,33 0.:0 d.1% 9.1 [T .31 L. D.10 n.12
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Fiaqure Captions

Figure 1 - Regional locali
Stippled patiern: Mexica
Robin, 1875; Oemant, 1978
Amealco (A), Huishapan (H)
gives lecation of Fig. 5.

Fiaure 2 - Geoologic map of

Heavy lines with hachures
Gallo (£6), Cerro £l Ch
Providencia {CLP}, Cerro

and Cerro  Chinape {(LTH)

Carpintern (MEC), HMesa Ei

El Guangoche (CESY are Ye
(CSA) is a vent compleyx

springs and  fumarcles.

locations.

Fioure 32 = Geolaoaic coros
vertical exageration.

Symbols as in Pig. 2. M
t148Y), Garfias and Cassar
(197&8), Sarfiras and Rivera

and Rodriguez and Garfias

4 - AfM diaocam.

Figure

K baundar

S

fashed line mar

Trvine  and  Barager

2

N map.

n MNeovelcanic Belt (modified from Oemant and

Y; GQuaternary calderas: La Primavera (LP),

Bax

and Los Humeros {LH}; M Mexico City.

Azufres volcanpic center.

.

Pofaul

rmi:

5

indicate high-angle ne ts. Cerro

ing (CEC), Cerro Pizcuare {CP), Cerro La

Las Humaredas (LH), Cerro E1 Jilguero (CEJD,

1

are Agua Ffria rchyolite domes, Mesa  Ed

Bosque (MIB}, Mesa El Rosario (MER} and Cerro

rbabuena rhyolite domes. Cerro de San Andres

for the San Andres dacites. mark hot

B, C, it and b, F mark cross seciion

ﬂf

Azuires genler. Ho

Log

)

a3

Vertical meters ahove sea leovel,

vmbers mark Well locations: datae from Sarfios

rubtas (197 4a, b, ©l, Garfias and Sonruier
(193Ca, b, ), lIzaguirre and Garfias (19817,

{1931},

v between calc-alkaline and tholeittic fields
(159717, Squares: hasaltic &andesite and



andesites:  circlies: Los Arufres voicanics; triangles: outtying ash-

flou tuffs. Analyses from Table 110 recalculated to 100X anhydrous.
Figure 5 - Harker diagrams.

Analyses  from Tanle 111 recalculated +to 100Y anbydrous (kith Fe,04%

recalcutated to Fel and Fe;0q assuming fel*/(Fe2* 4 fed*) = 0.8 for

samples for which Fe0 uwss not determined).  Symbols as in Fig, 3.

Fiaure 6 = Reaionsl structural map.

Heavy lines With hachures indicate high-angle normal faultis. Stippled

areas show locations of touns. Box gives location ef Fig, 2.
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