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Abstrrict 

The Los A~ufres 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 

Heovolcanic Belt. This calc-alkaline suite overl ies a thick pile of 

Miocene to PI iocene 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 Agua fria rhyodacite to high-sil ica rhyol ite 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 0.37 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 faul ts do not cut the youngest volcanic rocks of the 

center, the Yerbabuena rh}'odClci tes to high-si I ica rhyol i tes. These 

morphologically well-preserved lava domes are da:ed at 0.15 m.Y. and are 

probably associated with air-fall tuffs that blanket the western portion 

of the volcanic center. 

Los Azufres 15 the site of a producing geothermal system. T\.Jo 

episodes of high heat flow suggested by studies of dril I-core samples 

and fluids from the Los A2ufres geothermal field may correspo~d to two 

different episodes of magma injection to high levels, with the most 

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

Introduction 

The purpose of this short communication is to outl ine the geology 

of a silicic volcanic center associated with an important geothermal 
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field for which there is little publ ished information. The los Azufres 

area has long been recognized for its thermal manifestations (Waitz, 

1906; Maldonado, 1956; Alonso et. a1., 1964; Mooser, 1964), but only 

recently has its geothermal potential prompted further study. Regional 

mapping and petrologic studies by Oemant 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) CGarfias and Gonzalez, 1978; Camacho, 1979, de I a 

Cruz e t. al., 1982), eFE has drilled over 30 weI Is to depths of up to 

2900 m, providing good subsurface geologic information. Five loIell-head 

generators were installed in August of 1982 and are currently producing 

a total of 23 me9a~atts of electricity. 

Regional Settina QJ. the los Azufres VolCrtnic Fielc! 

The los Azufres volcanic center is located along the northern edge 

of the east-Iolest-trending Mexican Neovolcanic Belt, 45 km east of 

Morelia, Michoacan (Figure 1). It is one of a number of Pleistocene 

silicic volcanic centers, including los Humeros, la Primavera, 

Huichapan, and Amealco, that I ie behind the 20ne of active andesitic 

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

I 
1 • prevo/can,c b<lsemen t, gently folded shales. s<ll1dstones. 

conglomerates of Eocene to oj igocene age (l1auvois et al .. 1976), 1 i e 35 

km southwest of los Azufres. Extensive Neogene volcanic rocks dominated 

by basaltic and andesitic lavas unconformably overl ie these sediments. 

Two K-Ar dates of 18 and 13.5 m.y. (Table I) have been obtained on 

capping andesite flows. Similar Miocene to Pliocene lava flous, 

comprised primarily of phe'nocryst-poor andesite, form the local basement 

for the Los Azufres center. These andesite lavas, \.Jith minor 
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intercalated pyroclastic horizons and basalt. porphyritic andesite. and 

dacite lava flo~s. have a minimum aggregate thickness of 2900 m as 

measured in ~ell Az-20 (Garfias and Casarrubias. 1979) . A minimum age 

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

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

sample from ~ell 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 ~hole-rock sample from a surface lava flo\.l gave a K-Ar age of 

1.35 :t 0.26 m.y. (Table I), thus providing a minimum upper age limit for 

this dominantly andesitic volcanism. 

Volcanic Histor~ of the los Azufres Volcanic Center 

Sil lcic volcanism began shortly after eruption of the last 

andesites. 

Azufres: 

Three major eruptive groups have been identified at Los 

the Agua Fria rhyol i tes. the San Andres dacites, and the 

Yerbabuena rhyolites (Figures 2 and 3). The Agua Fria rhyolites consist 

of lava domes and stubby flo\.ls totall ing approximately 10-15 km 3 in 

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

outcrops of the lavas are typicallY blUe-gray, flow-banded, and 

devitrified, ~ith Well-developed spherulites. A remnant of pumiceous 

carapace \.las observed at Cerro Pizcuaro, one of about seven 

tOPO~F~phical1>' expressed domes (Figure 2). The domes vary in 

composition from rhyodacite to high-silica rhyo)ite, and contain 

phenocrysts of plagioclase)sanidine=quartz) biotite)Fe-Ti oxides :t 

The principal phenocrysts range 1n size hornblende:t orthopyroxene. 

from i to 5 mm and comprise 1-15X of the reck, with the ~ore mafic 

compositions being more crystal rich. Honhydrated obsidian samples from 

Cerro El Gallo and Cerro Chinapo yielded K-Ar dates of 0.85 ~ 0.02 and 
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1.03 ~ 0.02 m.y.i these glass dates provide a minimum age range for the 

Agua 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 0.94 ~ 0.02 m.y. (~hole rock), gave a normal field 

orientation, which corresponds to the Jaramillo subchron of 0.92 - 0.97 

m.Y. (Tables and II). 

The next major eruptive group is the San Andres dacite and 

rhyodacite lava domes and flows. These lavas cover 70 kmz east of the 

Agua Fria rhyolites and comprise an estimated volume of 15-20 km 3 • 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 em in size), hornblende, 

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

Fe-Ti oxides «I mm). Rounded grayish-red aphYric inclusions up to 4 em 

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 0.37 

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

two sites (Tables I and II). 

The Yerbabuena rhyol ite forms the youn9~st major eruptive group of 

the Los Azufres cent2r. It consists of five biotite-bearing high-sil ica 

rhYol ite to rhyodacite domes and associated air-fall tu ff s. The dome 

field covers 40 km z west of the older Agua Fria rnyol ites and has an 

estimated volume of 8 km 3 • The domes are well-preserved with pumiceous 

carapaces sti 11 intact. The lavas are 1 ight gray in color, \oJ i t h 5- 1 5;~ 
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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 0.15 ~ 0.01 m.Y., in 

agreement ~ith its normal field magnetization (Tables and II). 

Associated air-fal I 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. 

Compositions Qi los Azufres Volcanic Rocks 

The los Azufres eruptive products can be classified as calc

a;~3.line; they fall within the calc-alkalic field of an AfM diagram 

(figure 4) 

Gill (1981> 

and satisfy the major-element and Ba/la-ratio criteria of 

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

Azufres suite are approximated by samples of the youngest "basement" 

andesites as well as a basaltic andesite from an outlying Pleistocene 

cinder cone. The relatively high Ti concentrations of the andesites 

are comparable to those observed elsewhere in the Mexican Heovolcanic 

Belt (Gunn and Mooser. 1970. Gill, 1981. p. 111 ), Chemical analYses 

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

I I 1 . 

Lack of control on a parental Qagma for the Los Azufres suite makes 

modeling very speCUlative. We simply note that concentrations of AlzOJ. 

FeO*. MgO. MnO. CaO. Ti0 2 • PzOs and Vall decrease with increasing SiO z • 

while Rb and K increase (figure 5). Drops in Sr and oa concentrations 

after initial increases may reflect the importance of plagioclase and 

sanidine. respectively. as separating phenocryst phases. Decl ines in 

feO*. Ti0 2 • and V concentrations are consistent ~ith the presence of Fe-
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Rb is the most 

incompatible element of those analysed, sho~ing a five-fold increase in 

concentration with increasing differentiation. 

structurc;l Asoects Qi the los Azufres Volcanic Fielg 

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 Agua Fria rhyolite and the San Andres dacite 

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

major episode of fault movement occurred between approximatelY 0.37 and 

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

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

faults. Movement is mainly dip-slip; 

units is observed. 

little lateral offset of volcanic 

The principal faults cut and partially obscure an older set of 

high-angle normal faults that strike north to northeast. 

faults serve as primary conduits for hydrothermal fluids, 

al ignments of hot springs and fumaroles (Figure 2). 

Both sets of 

as sho~n by 

The los flzufres silicic volcanic center differ~, in both eruptive 

style and magma compositions erupted from the well-studied Pleistocene 

silicic centers within the Mexican Heovolcanic Belt, La Primavera and 

los Humeros. 

Guadalajara. 

la Primavera rhyol itic center is located just west of 

It is dominated by an l1-km-diameter caldera that formed 
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95.000 years ago on eruption of 40 km J 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. 1932; 

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

Three caldera-forming eruptions have occurred. the largest of ~hich 

produced the 115 kmJ rhyodacite to rhyolite Xaltipan ash-flou tuff 0.50 

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

general trend to~ard eruption of increasingly mafic mag~as as volumetric 

eruption rates increased ~ith time. 

The Los A2ufres center is older than these t~o systems and magma 

compositions sho~ a different evolution over At Los Azufres, 

approximately 10-15 km J of rhyodacite to high-silica rhyolite lavas ~ere 

erupted between approximately 1.03 and 0.85 m.y. ago, followed by 15-20 

km 3 of dacitic to rhyodacitic lavas at about 0.4 m.Y .• and finally an 

additional 8 k m 3 0 f r h y 0 d a cit e t 0 h i 9 h - s iIi car h y 0 lit e mag m a .~ ere 

erupted around 0.15 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 dril I-core data (Figures 2 and 3). 

These calc-alkaline products differ !Jubstantially from the slightly 

peralkaline, high-silica rhyolite products of the PrimRvera system, and 

do not spRn the wide range of compositions that includes significant 

amounts of mafic lavas at the Los HUmeros center. 

During the course of this reconnRissance field study, no caldera 

was identified. Ash- f I O\.l tv f f does I 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 s3r.1ples 
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from two outcrops located north and ~est of the center (A-SO-S and 

A-SO-7 in Table III) indicate that the ash-flow tuffs are more evolved 

than any of the Los A:!ufres rhyolites sampled, havil1g higher Rb and 

lower Sa, Cu, and Zr concentrations than either the Agua Fria or the 

Yerbabuena rhyol ites. 

cogenetic domes (e.g. 

Ash-flow tuffs are commonly more evolved than 

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 

()1000 m) of rhyol ite was cut by well Az-23 (Figure 3), thin sections 

from drill core samples do not exhibit the vitroclastic textures, 1 ithic 

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 

centers have undergone significant silicic volcanism within the last 

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

important as heat sources for the corresponding geothermal systems 

(Smith and Sha~, 1975), The reservoirs for all three of these 

geothermal systems are hosted by ancesitic rocks that are capped by 

younger, nltered, silicic volcanic rocks I-ihich act as C1 seaT for the 

geothermal system (Fel-riz, 1982, Muhood et C11., 1933). The centers hC1ve 

f rac ture-con tro II ed permeab iIi ty, a feature demonstrated by the 

localization of hot springs and fumaroles along major faul ts, and by the 

close correlation of resistivity anomal ies with principal structural 

features (Palma, 1982; Ferriz, 1982; Templos, 1982). The deep fluids of 

al I of these systems are boron-rich chloride ~aters. tleasured downhole 
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temperatures of approximately 300°C in the Los A~ufres system (Dobson 

and Janik, in prep.) are comparable to the deep ~ater conditions of La 

Primavera (Mahood et al., 1983, Dominguez and Lippmann, 

Humeros (Ferriz, 1982). 

1983) and Los 

Links between Geothermal Activity and Volcanism Ai Los Azufres 

The active geothermal field currently being exploited by the 

Comision Federal de Electricidad is centered within the highly fractured 

Agua 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 min~rals in 

drill-core samples form two or more distinct zones that are spatially 

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, Dobson and Janik, in prep.). These hydrothermal minerals are 

significantly out of isotopic equilibrium with present-day geothermal 

fluids at all but the lowest stratigraphic levels. Equi I ibration 

probablY took place with an isotopically heavier fluid and at lc~er 

temperatures than are presently observed. 

Abundant Pleistocene basal tic cinder cones that surround the Los 

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

effect withi-n the Los Azufres center, implying that a high-level silicic 

magma chamber is currently present. A new infiux of silicic magm<l 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 
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rhyo lite 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. 
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;[;,.lllarv of K-At" dates for the Los Azufres re,don 
.~----.------"------------------------------

:uptive uni t 

lasement" 
rocks 

ua Fria 
yoli tes 

n Andres 
acites 

rba~Uc2na 

yolites 

. 1 
LocalJ.. ty 

near 
Querendaro, 
Michoacan 

19°45'23" 
100°41' 10" 
(2700 m) 

unknown 
drill hole 
(? m) 

19°46'47" 
100° 40' 00" 
(900 m) 

19°45'23" 
100° 41 ' 10" 
(720-1000 m) 

19°49'48" 
100°38' 11" 

unknown 

19°46'21" 
100°39'26" 

19°46'58" 
100°39'46" 

19°48'46" 
100°40'22" 

Haterial 

WR(?) 

HR 

w'R 

glass 

glass 

19°46'38" 
100°37'30" 

?lagioclase 

glass 

40 * _d r 
00 mol/g) Sample wt.(g) 

1. 722 

1.648 

2.129 

2.167 

4.260 

2.6500 2.790 52.3 

4.401 

4.1217 4.69 69.5 

6.6280 4.5 60. 7 

4.1003 4.68 57.0 

9.9638 1. 8395 9.83 

6 I ~r'\-

• ...;.:,0) 4.725 10.1 

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

amacho, 1979 (old decay constants). Dash indicates data not reported. 

emant et al., 1975 (old decay constants). 

40 atm 
Ar 
(%) age(m.y) 

66.0 

87.5 

95.2 

87.7 

93.7 

86.8 

94.6 

46.6 

87.0 

49.1 

95.0 

80.9 

3 
13.8 + 0.7 

10.2 + 0.6
4 

5.9 + 0.4
4 

4 
5.0 + 0.4 

3.1 + 0.2
4 

1. 35 + 0.26 5 

4 
1.2 + 0.4 

1.03 + 0.02 5 ,6 

0.94 + 0.02 5 

0.85 + 0.02
5 

0.37 + 0.07
5 

~ 

0.15 T O.Ol~ 

~mento and Guteirrez, 1980. Dates recalculated using new decay constants. 

:1is study. Decay constants are: A£ = 

\s= 
40K/ K = 

-10 -1 0.581 y. 10 yr 
-10 -1 

4.962 x 10 yr-
-4 

1.161 x 10 atom/atom 
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Eruptlve UnLt 

"Basement" 
rocks 

Agua Frla 
Rhyolites 

San Andres 
Dacites 

Yerbabuena 
Rhyolites 

Location II 

19(1/f5'/f9" 

10 0 
0 

/f 1 ' 4 3" 

1 9 0 /f 5 ' 5 1" 
lOOo 41' 32" 

1 9
0 

Lf 7 ' 1 6" 
lOllo37' 117" 

19
0

L18'33" 
100°38'55" 

19
u 

{d)' 06' 
1 00 () 4 0 ' Lf 4 " 

19
u

L16'58" 
lOOo39' L,6" 

19
O

U,'49" 
100°33' Itt" 

1 ') () II 7 ' 3 7 " 
100°36' 09" 

19
U
4g'2J" 

lOOo36'23" 

1 9 0 II 7 t II 1" 
10 () U LI 2 t 27" 

Samp 1 es Field Orientation Interpreted Polarity Chron/Subchrol1 

5 reversed unknown 

5 reversed unknown 

5 reversed Hatuyama 

5 reversed ~!atuyama 

6 reversed 
1 

}!atuyallla 

5 normal Matuyama/Jaramillo 

5 normal 
1 

Brunhes 

6 normal Hrunlles 

6 norl1wl Brunhes 

5 normal Brunhes 

lAJdl.tional ~';)lIlpl(;s \-Jere lllcaSlIt-ed using alternating field demagnetizntion. The measured 
inclinations COr.rc>l;POllll with the flux-gate deflections observed in the field. 
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Outl1 1n, 
ano~~lte 

rOLA cl~-lq 
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Figure 1 .:. Regional location ~. 

stippled pattern: Mexica~ Neovolcanic Belt (modified from Oemant and 

Robin, 1975; Oemant, 1978); QuaternarY calderas: La Primavera (LP), 

Amealco (AL Huichapan (10 and Los Humeros (UO; M: Mexico City. Box 

gives location of Fig. 5. 

Fioure 2. .:. Geologic ~ 21 the Los Azufres volc(lnic center. 

Heavy I ines ~ith ~achures indicate high-angle normal faults. Cerro EI 

Gallo (EG), Cerro El Chino (CEC), Cerro Pizcuaro (CP), Cerro La 

Providencia (CLP), Cerro Las Humaredas (LH), Cerro El Jilguero (CEJ), 

and Cerro Chinapo (CCH) are Agua Fria rhyolite domes. Mesa E I 

Carpintero (MEC), Mesa EI Bosque (MEB), Mesa El Rosario (MER) and Cerro 

EI Guangoche (CEG) are Yerbabuena rhyol ite 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. 

Fioure .} - Geoloaic cross sections.Ql the loos Azufre~ ce!lter. Ho 

vertical exageration. Vertical scale in meters above sea level. 

Symbols as in rig. 2. Numbers mark well loc(ltions; data from Garfias 

( 1981) , Garfias and Casarrubias (1979a, 

(1973), Garfias and Rivera (1930a, b, c), 

and Rodriguez and Garfias (1981). 

Figure j, .:. ArM diaqr(lnl. 

b, c) , Garfias and Gonzalez 

Izaguirre nne Garfius (1981), 

Dashed 1 ine marks boundary bet~een calc-alkal ine and tholeiitic fields 

of rrvine and Barager (1971). Squares: basaltic andesite and 



andesites; circles: Los A:ufres volcanics; triangles: outlying ash-

flow tuffs. Analyses from Table III recalculated to 100% anhydrous. 

Analyses from Table III recalculated to 100% anhydrous (with FeZ03* 

recalculated to FeO and FeZ03 assuming Fez+/(Fe z + + fe 3+) = 0.8 for 

samples for ~hich feD was not determined). Symbols as in Fig. 3. 

Fiaure Q = Roaional struc~L2l map. 

Heavy lines with hachures indicate high-angle normal faults. 

areas show locations of towns. Box gives location of Fig. 2. 

Stippled 
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