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GEOCHEMISTRY OF VOLCANIC SERIES OF THE LOS AZUFRES
GEOTHERMAL FIELD (MEXICO)
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RESUMEN

El campo geotérmico de Los Azufres (Micho_acén, México) se localiza en el Cinturén Volcanico Mexicano (CVM).
Las series volcdnicas consisten en acumulaciones de flujos andesiticos, cubiertos por domos y flujos de riolita y
dacita. La mayorfa de las rocas muestreadas en superficie son del Pleistoceno Tardio. La mineralogfa y la natu-
raleza calco-alcalina de todas estas series muestran una buena coherencia con otras series de volcanes del CVM,
pero algunos anilisis relacionados con la tendencia quimica magmdtica indican relaciones complejas y ambiguas
entre las unidades estudiadas.

ABSTRACT

The Los Azufres Geothermal Field (Michoacdn, México) is located in the Trans-Mexican Volcanic Belt (MVB).
The volcanic series consists of a pile of andesitic flows, overlained by rhyolitic and dacitic domes and flows.
Most of the rocks sampled from surface outcrops are of Late Pleistocene age. The mineralogy and the calc-
alkaline nature of the whole series show a good coherence with other suites of the MVB volcanoes, but an anal-
ysis of the magmatic chemical trends indicates complex and ambiguous relationships between the studied units.
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INTRODUCTION

The Los Azufres Geothermal Field in the Sierra de San Andrés (Michoacdn, México)
is the third geothermal resource in Mexico to undergo development, after Pathé
(Hidalgo) and Cerro Prieto (Baja California) fields. It is located in the Trans-Mexic-
an Volcanic Belt (MVB, after Pal et al,, 1978). This belt (Fig. 1) extends from the
Gulf of Mexico to the Pacific Coast, and comprises Late Tertiary to Quaternary vol-
canic activity (Mooser, 1972, 1975; Demant, 1978, 1981). This recent activity has
superimposed a large number of cinder cones, domes and stratovolcanoes, along an
approximate east-west axis, on an earlier volcanic belt axis (oriented NNW-SSE).
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Fig. 1. Location of study area in the Mexican Volcanic Belt (MBV) (simplified after Verma, 1983).

The superficial activity, fumaroles and hot springs (Bldsquez, 1961) observed in
the Los Azufres area represent one of the evidences of Quaternary volcanic activity,
better known by works on the eruptions of the Colima and Paricutin volcanoes
(Foshag and Gonzdlez, 1956; Demant et al., 1976).

The study of the water-rock interactions in the geothermal field (Gutiérrez and
Aumento, 1982; Cathelineau et al, 1983; Combredet, 1983; Cathelineau and Nieva,
1985; Cathelineau et al., 1985) require a detailed knowledge. of the *““fresh-rock’ pe-
trology and geochemistry.

Very few studies, apart from the regional work on the MVB (Demant, 1981) or
Michoacdn (Mora, 1979) concern the geology of the Los Azufres area. Data are
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available mainly from work- performed during field
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exploration for geothermal pros-

pecting and development (Camacho, 1976; Garfias and Gonzdlez, 1978 ; Aumento
and Gutiérrez, 1980a ;Gutiérrez, 1980; Gutiérrez and Aumento, 1982 ;Dobson,1984).

GEOLOGY

A simplified geologic map is proposed here (Fig. 2), modified from maps established
by the “Comisidon Federal de Electricidad”. Surface relations between the four main
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Fig. 2. Generalized geologic map of the Los Azufres area. (B) drilled

well, (C) surface emission, (D) major fault,

(E) tuffs; (F) vitreous thyolite (Rz), (G) flow rhyolite (R;), (H) andesite, (I) dacite. The numbers adjacent to
them refer to the sample numbers of Table 2 when considered in conjunction with LA 0; e.g. 8 is LA 08,
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geologic units can be explained by the following sequence of volcanic events, which
does not differ significantly from the one proposed by Gutiérrez and Aumento (1982):

(1) The local basement consists of a sequence of andesites and minor basalts. Lava
flows dominate largely and a few pyroclastic materials are observed. Ages of these
andesites are not well-constrained at present because of the lack of suitabie geo-
chronological data. Andesites which form the basis of the San Andrés dome (Eas-
tern part of the field) are interpreted as part of an Oligocene paleorelief (Mora,
1979), but without any field evidence or geochronological support. Using K-Ar rad-
iometric dating and paleomagnetic investigations, Aumento and Gutiérrez (1980b)
obtain an age of 5.9 + 0.6 Ma for the andesites.

Detailed studies would be necessary to solve the problem of geochronological
ages. Ages of volcanism in the MVB have often been put into question. Several ex-
amples for the Michoacdn area can be given: Miocene age has been obtained (De-
mant et al., 1975) on andesitic lavas of Mil Cumbres area, considered Oligocene from
field analogies; ignimbritic tuffs of Tlalpujahua are interpreted as Quaternary by
Fries et al. (1965) and Miocene by Mora (1979). Similar discrepancies can be re—-
lated in the case of the last great volcanic cycles considered initially as Pliocene
(Mooser, 1961; Bloomfield and Valastro, 1977), and dated Quaternary (Steele, 1971 ;
' Heine and Heide-Weiss, 1973). In the case of the Los Azufres area, a Quaternary
age for the andesite flows located immediately below the rhyolites is most likely. Ol-
der andesites (Pliocene, may be Oligocene) can be encountered further below in the
stratigraphic sequence.

(2) The *“‘acidic series” overlies the andesites in the main area of the geothermal
field. These consist of the following formations from oldest to youngest.

a) A partially to completely vitreous rhyolite (R,); b) Dacitic (DA) domes and
flows (Cerro de San Andrés); c¢) A rhyolitic dome (R,), with associated aerial de-
posits of ashes and pumices. All these units have been reworked and overlaid by a
volcanosedimentary sequence of heterogeneous conglomerates and tuffs.

This second cycle is dated using K-Ar radiometric dating. The vitreous rhyolite
(R;) dated as Upper Pleistocene with measured ages of 1.2 £ 0.6 Ma (Aumento and
Gutiérrez, 1980b); and 1.57 = 0.15 Ma (Demant et al., 1975). The dacitic domes
have measured ages of 0.7 Ma (Aumento and Gutiérrez, 1980b) and 0.38 Ma + 0.01
Ma (Demant et al., 1975).
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(3) Recent basaltic veins intersect the rhyolites and andesites; also basaltic cinder
cones constitute the last important activity in the area.

PETROGRAPHY AND MINERALOGY

a) Basalts, andesites and dacites

Numerous variations have been registered in the mineralogy from basalts and ba-
saltic andesites, to andesites and dacites. Significant changes in texture and minera-
logy can occur in each type within distances of a few centimeters. Among other var-
iations the following could be mentioned:

- Increase in the amount of phenocrysts which show local accumulation and sedi-
" mentation by gravity.

- Variation in the nature of phenocrysts are observed from the basaltic andesites
to the dacites, as follows: plagioclase - olivine; plagioclase; plagioclase - orthopyroxene;
plagioclase - orthopyroxene - clinopyroxene; plagioclase - orthopyroxene - clino-
pyroxene - amphibole.

- Mesostasis is microlitic; the amount of glass is variable. Textures vary rapidly.
In some cases, the regular orientation of microlites give a strong magmatic foliation
which serves as a major plane for fractures.

Mineral compositions of andesites, characterized by plagioclase phenocrysts (An
80 - 40), microlites (An 70 - 50), olivine (Fo = 75 - 65) and pyroxenes (Fig. 3), are
very similar to those of Plio-Pleistocene andesites described by Mora (1979) in
Northeastern Michoacédn.

Ortho- and clinopyroxene compositions (Table 1) follow a flat trend in the Ca-
Mg-Fe diagram, with a regular increase of the Fe-content (Fig. 3) similar to the
trends described for calc-alkaline series by Best and Mercy (1967). The trend also
correlated with an increase of the rock acidity, a phenomenon described frequently
(Aoki, 1964, for instance).

~In the case of the dacites, heterogeneous mineralogy has been observed. All
dacites contain plagioclase, hornblende (pargasite), quartz, orthopyroxene, clino-
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pyroxene and magnetite. However, the composition of plagioclase phenocrysts (An
80 - 50) differs largely from the composition of microlites (An 30 - 45), Pyroxenes
could be distributed in four types, according to their composition: augite and clino-
enstatite, similar to those of andesites (Table 1), and Fe-augite and Fe-hyperstene

(Fig. 3).

GEOFISICA INTERNACIONAL

Tabie 1 - Microorobe analvsis of ortho-and clinopvroxenes of
- andesite (LA 06) and dacite (LA 01).

LE)

: LA 06 La 01 !
| 2 5 5 33 2 !
! e ame}
! Na20 0.07  0.31 0.27  0.00 0.20!
! K20 9.00  0.00 0.03 0.03 o0.02
? Fed 12,13 6.9, 6.83 27.79 17.62
! Ml 0.25  0.20 0.00 0.97  C.60
; §i02  54.35 52.80 52,66 50.20 51.18!
! Lal 1.80 19.79 19.57 1.23 19.12!
! NiD 0.00 .00 0.00  9.00  0.00!
: 1203 2.03 - 2.5 1.5 0.24 0.53
i Ti02 0.27 0.5 0.24  0.10 .09
! KaG 29.29 17.28 18.24 1156 10.90!
! Cr203 5.02  0.14 0,08 9.07  0.04!
! z 100,21 100.48 99.46 102,14 100,30
H . t
* Si 1,93 193 194 L9 .04 1.9
! 1 0,07 0.07 0.0 G.06  0.00  0.03!
' K 802 0.04 0.02 0.01 G010 000
! Fe 0.35  G.21 6.3 021 L11 0.57!
! #a 1.9 0.9 153 L.00 0.70  0.63!
@ i 0.0 0.01 0,01 0.00 0.0 0.02!
' 13 0.01 0.01 6.01 0.01 0,00 0.00!
! ir 6.0 0,00 0,01 0.00 .00 0.00!
' Ca 0.07 0.77 0,06 0.77 005 0.79!
! 0.00 * 0.0z 0.01 0.02 ©.00 0.01'
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Fig. 3. Compositiona.l evolution of pyroxenes of andesites (1a) and dacites (1d) from Los Azufres, compared to
pyroxenes analyzed in samples from regional series. Oligocene (2), Pliocene (3), Quaternary (4), after Mora,
1979. Solid lines connect points corresponding to co-existing pyroxenes.

b) Rhyolites

Rhyolites are mainly glassy (60 to 100 percent of glass) or pumiceous. Different
textures encountered include those of flow rhyolite with oriented microlites and
spherulitic rhyolite (recrystallization of the glass). Phenocrysts are oligoclase, sani-
dine, quartz, rare Fe-biotite, and in minor amounts, apatite, zircon and allanite.

GEOCHEMISTRY

Major oxide abundances and CIPW norms are given in Table 2 which also includes
some data from the literature (Aumento and Gutiérrez, 1980a; Mora, 1979).

The plot of K,O versus SiO, (Fig. 4) shows that volcanic rocks from Los Azufres
belong to a quite regular trend of evolution from basaltic andesites to rhyolites (ac-
cording to the classification of Peccerillo and Taylor, 1976). The trend is located on
the boundary limit between the calc-alkaline and high-K calc-alkaline series. A linear
regression of the data plotted in Fig. 4 gives a good. correlation of K,O and SiO,
(regression coefficient r = 0.98, n = 27) but a slight break is observed in the slopes
of the two trends defined by the basalt - andesites and the dacite - thyolite groups.
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Table 2: Major element chemictry and C1PW nors of Los Azufres series.
LA, LAS, ‘A = this work; AUK = Ausento and Gutierrez (1960a).
CIP¥ norm have been calculated on anhydrous basis using 3
computer proaram writton by S.F. Verma (Verma et al., 1986)
following the method of Kelsey (1965).

: '
LA 08 A9 1705 AUM 8 LAS 06 A9 1600 A9 2359 A9 1440 AUN 11 AUM 5!
1
$i02 49.90 S50.70 S4.10 §7.81 5873 59.57 60.60 60.10 60.30!
1i02 .61 1.6 1.28 0.93 0.89 0.73 0.76 1.07 1.02!
#1203 16.73  16.86 16.80 17.23 16,15 17.31 16.41 16.10 16.70!
Fe203 4.67 440 9. 255 351 188 24 873 7.8

Fe0 5.4 402 0.00 327 218 264 L9 0.00 0.00
#nl 0.17 017 0.0 90.09 0.0 0.1 0.09 0.08 0.100
0 3.87 505 3.9% 429 318 302 2.02 L73 2.35!
Ca0 8.25  6.87 6.60 654 6.03 5.28  5.93 4.53 5.9
N30 370 414 354 357 387 127 373 398 3.7
K20 L7 0.52 1% .77 211 257 193 .27 2.3
110 0.45 047 0.00 0.21 0.5 0.15 0.18 0.00 ¢.00
2ot 0.89 431 0.00 1.00 2,04 2.97 2.21 0.00 0.00!
Ho~ 0.47  0.22 0.00 0.49 0.20 0.09 0.28 0.00 .00
L.0.1. 106 3.50 0.89 1.30 2.3 1.98  2.64 0.25 0.3
z 99.82 99.44 98.15 99.7% 99.32 99.%9 99,14 98.84 99.21t

£t/ !
(EeOt HiqD) 0.63 0.62 0.68 0.36 0.63 0.59 070 0.82 0.7}
Felt/Heb .71 160 212 130 168 1.43 2,33 454 275!
Hq-value 53.65 55.31 48.27 60.42 54,12 57.99 45.84 30.36 41.87

CIPS nors . !
q 0.00 431 9.41 10.64 13.28 14.8%5 18.19 16,089 16.33!
C 0.00 0,00 0.00 0.00 0.00 €.00  0.00 0.00 0.000
ok 7.62 3,24 9.3 10.64 12.85 15.73 11.80 13.61 13.22t

AB 31.80 36.91 30.80 30.74 3376 20.66  32.64 34.16 31.83
L] 3569 2,27 .12 26.22 21.10 25.86 23.10 19.64 22.53

NE 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.0
b-Mg 813 3.84 2.62 3.57 627 0.16 476 0.00 0.63
DI-Fe 2.19  0.42 0.00 0.74 0.00 0.04 0.00 0.00 0.6
Hy-Ha 8.45 11.47 892 9.22 5.2 7.72 3.00 4.37 5.63!
Hy-Ee 2.62  1.45 000 218 0.00 235 0,00 0.00 0.00
01-fo 1.4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00!
01-fa 0.63  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.50!

n 6.88 6.72 0.00 3.76 4.92 2.82 4.3 0.00 0.00!

1L 341322 022 180 LM LM L9 017 0.22

a 1.d  L17 0.00 051 0.61 0.37 0.44 Q.00 0.00!

L] 0.00 0.00 9.60 0.00 0,22 0.00 0.24 8.8 7.26!

.M. 2.9 .22 2.2%
99 85.10 65.72 84.29 84.02!

SALIC 65.11 71.73 75.69 78.24 @0,
EENIC W97 1830 2631 2.7 19 14.90 1429 15.71 15.99¢
C.1. 50.98 43,59 38.03 40.37 38.31 31.62 35.46 22.70 27.84!
b.I. 0.2 M6 09,57 5202 59.89 59.24  62.62 64.65 61.4
S.1. .50 .70 .54 22,77 2.4l 2,57 15.88 10.35 1S.1%¢
Ao 150 L9 L9 L% 1L 170 Les 1,87 174

- [

etk e mm e A PGS S i e cmm G e YER am P e e tml CNB e A Lew S e < mm MR e cmm e e e e M e e e e e e e e tem o
o
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TABLE 2 (continuation)

(Eor more details, refer to Verma and Lopez-M., 1982). Location ot
samples LA, LAS and A are qiven in Fig. 2. LA 01, 02 = Dacite of
San Andres; LA 03 = Spherulitic fluidal rhyolite; LA 0Ab = Andesite;
LA 06 = Hicrolitic andesite showing stronq mageatic foliation.

!
LAS 07 A9 2288 LA 01 SM 943 SN 960 SN 455 LA 4B AUM 9 AUM 10!
!

Si02  60.19 60.45 66.30 65.77 66.11 67.59 69.35 70.80 71.70!
1im 113 0.82 0.5 0.7 0.67 0.67 0.8 0.17 0.23
M203  17.43  16.67 16.24 14.50 15.07 15.06 15.03 13.40 13.201
Fe203  3.08  2.40 1.40 1.50 1.50 0.31 2.61 2.05 2.39¢
Fed 293 2.9 2.2 57 247 266 033 0.00 0.00!
nD 0.10 0.10 0.07 0.07 0.06 0.06 0,05 0.04 0.04'
Me0 1§ 263 132 L9 L7 098 0.09 0.26 0.21!
cal 503 491 330 3.97 3.48 2.81 0.5/ 0.90 0.9
Na20 42 A0 402 412 029 3.8 3.87 3.43  3.400
K20 235 24¢ 3.7 .01 2.95 3.8 430 4.59  4.480
P205 0.2¢ 031 0.08 017 0.16 0.2 0.00 0.00 0.00!
ot 0.89 222 0.74 093 0.48 1.8 1.5L 0.00 0.00!
w2y 0.57 031 034 0.17 0.33 0.16 0.7 0.00 0.00!

L.0.1. 135 2.7 0.9 225 278 2.57
b 99.81 99.63 99.86 99.50 99.14 100.05 99.43 98.42 99.25!
£e0t/ !

(EeQt +igD) 0.79  0.63 0.73 0.66 0.72 0.75 0.97 0.88 0.90!
FeOt/Nqd 3.68  1.69 2.64 1.99 2.60 2.9 29.75 7.09 8.9%!
tig-value H00 5393 42,83 49.88 43.25 39.77 6.24 21.82 18.10

CiP¥ nore ) !
Q 13.83 14,33 20.86 19.97 20.57 21.96 30.49 32.38 33.08!
C 0.00 0.00 0.28 0.00 0.00 0.00 3.06 1.21 0.99
(1] 1412 15.09 19.56 18.07 17.73 23.39 26.15 28.36 27.38!

AB 37.17 3521 3444 35.41 36,92 33.58 33.70 30.35 30.46
[} 21,58 20.62 16.04 12.37 13.65 12.42 2,91 4.67 47!

NE 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
DI-¥q .39 160 0.00 3.73 150 0.37 0.00 0.00 0.00!
DI-Fe 0.3 0.23 0.00 1.53 0.2 0.48 0.00 0.00 0.00!
ly-Hy 328 5.98 333 3.26 3.03 232 0.2 0.68 0.6
Hy-Fe 0.98 0.9 2.19 1.53 1.90 3.45 0.00 0.00 0.00!
01-Fo 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00!
01-fa 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

L) ¢ 450 3.58 2.05 221 2.21 0.6 0.13 0.00 0.00!

1L .18 .60 1.06 1.52 1.29 1.30 0.74 0.09 0.09

AP 0.58  0.76 0.19 0.41 0.39 0.29 0.00 0.00 0.00

L] 0.00 0.00 0.00 0.00 0.00 0.00 2.60 2.J4 2.4N
SALIC 86.70 8525 91.19 85.92 88.87 91.34 96.30 96.9h 96.63t
EENIC 1.2 1477 8.82 14.18 1114 B8.66 370 3.4 337!
C.I. 26,88 20.37 16.38 22,70 19.00 14.83 3.07 S.14 S5.15!
b.1. 65.11  £4.63 74.86 73.45 75.22 78.93 90.33 91.09 90.92!
5.1 10.89  19.00 10.78 14.96 11.59 8.3 0.80 2.52 2.27
A.R. 184 1.87 219 .26 2.27 254 3.0 3.55 3.58¢
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TABLE 2 (continuation)

LA 07, 08 = Microlitic ardesite; LA 10 =  Glassy rhyolite.
A9-1705, 1600, 2395, 1440 and 2248 refer to drill cores of well
A% sampled at 1705, 1600, 2359, 1440 and 2288 meters. In the table
sanples LA 0B to A9 2288 correspord to andesites, LA 01 to LA 02 to
dacites and AUM 7 to LA 03 to thyolites.

LA 02!

LAO2 AUN7 AU G SH U3 SN A47 LA 10 AU 1 AUN2
1
$il2 71.70 72.80 73.80 73.74 74.71 74.73 T4.60 75.70 75.50¢
Tin 0.65 0.01 0.00 0.12 0.30 0.03 0.00 0.00 (.09
Al203 12,19 14.20 13.80 12.65 12.78 12.60 12.23 12.10 13.28!
Fe203 1.04 176 2.54 0.3% 0.19 0.5z 3.02 2.61 0.78
{31] 0.00 0.00 0.00 1.15 0.97 0.65 0.00 0.00 0.14!
¥n0 0.08 0.04 0.02 0.06 0.04 0,04 0.0 0.03 0.0
Hq0 0,03 0.1 0.10 0.5 033 0.3t 0.33 0.15 0.0%
Cal 0.07 0.8 0.87 0.001 0.66 0.37 1.47 0.83 0.08!
Na2) .30 3.78 .77 380 3.97 379 365 3.68  3.53
Ly 1} 445 A0 425 468 4.89 443 464 468 4.70!
105 0.11 0.00 0.00 0.03 0.01 0.00 0.00 0.00 0.00
wot 3.58 0.00 0.00 2,55 1.69 1.31 0.00 0.00 0.97!
W20~ 2,73 000 0.00 0,26 0.16 0.45 0.00 0.00 ¢.33!
L.0.k 6,10 2.08  0.65 1.9 0.82 0.03 1.40!
I 99.93 99.86 99.81 99.93 100.70 99.19 100.80 99.81 99.45!
Felt/ t
(Felt +iqD) 0.97 8.94 0.9¢ 0.71 0.78 0.84 0.89 0.94 0.97!
Fe0t/Me0 31,21 14.40 22,86 2.48 3.46 5.32 8.23 15.66 28.03!
Mq-value 5,97 12.09 7.97 4437 3%.42 27.11 19.39 11.23 6.59!
CIPW nors !
Q 38.02 33.35 33.88 33.0% 30.96 35.22 32.85 34.77 37.46!
C . 222 191 1.43 1.43 0.00 0.92 0.00 0.00 2.28!
ok 28.09 25.68 25.33 28.46 29.23 26.87 27.43 27.72 28.30!
AB 29.83 32.71 32.17 33.09 33.98 32,92 30.89 31.21 30.43
M 4.21 435 2.64 1.88 3.20 2.68 0.40!
NE 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.00!
DI-Ng 0.00 0.00 0.00 0.00 0.22 0.00 1.77 0.81 0.00!
0i-fe 0.00 0.00 0.00 0.00 0.29 0.00 0.00 0.00 .00
Hy-No 0.08° 0.28 0.25 1.51 0.73 0.54 0.00 0.00 0.08!
Hy-Fe 0.00 0.00 0.00 1.79 1.07 0.71 0.00 0.00 0.00
01-Fo 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.00!
01-Fa 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00!
)¢ 0.00 0.10 o0.0¢ 0.52 0.20 0.77 0.10 0.10 0.26!
L 0.18 0.02 0.02 0.23 0.58 0.18 0.00 0.00 0.17!
AP 0.28 0.00 0.00 0.07 0.02 0.00 0.00 0.00 0.00
L] 111 173 2,54 0,00 0.00 0.00 2.95 2.55 0.62!
SALIC 9.76 97.87 97.16 95.87 96.82 97.81 94.45 96.38 98.8H!
EEMIC 2.3 2.13 2.84 413 3.18 2.19 5.5 3.62 1.1¥
C.I. 4.41 453 091 3.63 2.26 7.11 4.42 0.46!
D.1. 95.93 91.74 91.38 94.60 94.18 95.00 91.17 93.69 96.19
S.1. 0.34 I.11 0,94 55 319 2.19 2.4 1.35 0.3%
Ak, .44 3,30 3.4 5.06 4.87 446 4,07 466 4,210
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v 1 .

50 60 70 Si0p

Fig. 4. K,0-Si0; relationship for Los Azufres volcanic rocks (boundaries and nomenclature from Peccerillo and
Taylor, 1976): 1: arc tholeiitic series, II: calc-alkaline series, III: high-K calc-alkaline series. Symbols represent
three main series: 1: basalts and andesites, 2: dacites and rhyodacites, 3: rhyolites. Data from the literature (A,
N. Aumento and Gutiérrez, 1980a;M-Mora, 1979 ;T. W. - our data).

The piot of total alkalis (Na,O + K,0) versus SiO, is shown in Fig. 5. According
to boundaries defined by Schwarzer and Rogers (1974), the rocks under study be-

10

2

K20 + N020

Si0,

50 60 70

Fig. 5. Total alkali-SiO; diagram (Kuno, 1966) for Los Azufres volcanic rocks. Boundaries dividing the fields
of the tholeiitic (1), high alumina (2) and alkaline (3) basaltic series. Symbols are the same &s those in Fig. 3.
A-A'= Line of Schwarzer and Rogers (1974).
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long typically to the calc-alkaline series. Also points are located in the boundary of
hyperstene series (Kuno, 1959) and of high alumina basalts (Kuno, 1966).

Only two analyses of basalts (LA 08 and A9-1705; Table 2 and Fig. 5) are located
slightly above the boundary between high alumina and moderately alkaline series.

The AFM diagram (not presented here) confirms the calc-alkaline nature of the
series. The trends are similar to those of hyperstene series of Japan (Kuno, 1968).

The occurrence of such magmas (lavas rich in alumina and alkalis) in the Los Azu-
fres area is coherent with the dominant calc-alkaline feature of the MVB (Pal et al.,
1978; Aguilar-y-Vargas and Verma, 1987). These magmas are characteristic of oro-
genic lavas of continental margins (Kuno, 1966).

DISCUSSION AND CONCLUSIONS

The studied rocks are considered to belong for the most part to the same group of
Quaternary events. The relationships between the different units are discussed be-
low from the petrographic and geochemical data.

The main features of andesites and dacites are:

(a) an evolution of pyroxene compositions with increasing silica, in the rock,
going from magnesium to iron pyroxenes.

(b) quasi-linear correlations between contents of major elements.

This suggests that andesites and dacités belong to the same suite of differentiation
from a co-magmatic source. The relationships between the rhyolites and the basic
rocks have been examined using the R R2 diagram (La Roche et al, 1980). This
diagram shows that (Fig. 6).

(a) The quasi-linear trend of evolution of basalts to andesites does not follow a
typical differentiation suite. More samples of the most evolved units are needed, but
the available data indicate that the rhyolites do not belong to the same evolutionary
suite of the basalts and andesites.

(b) The alignment of dacites between the andesites and rhyolites suggests mixing
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Ro = 6Ca + 2Mg +Al
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Fig. 6. R1R, diagram (La Roche et al., 1980) applied to Los Azufres volcanic rocks. Dashed lines depict the
boundaries between basalts (B), basaltic andesite (A B), andesite (A), dacites (D) and rhyolites (R). Solid curve
indicates a possible trend of differentiation. Arrows show the evolution of the compositions of dacites and rhyo-
lites.

of magmas as a more viable process than a simple magmatic evolution. This point is
suggested by the heterogeneous mineralogy of some of the dacites, which exhibit

mixing of two mineral paragenesis , one typical of andesites and the other typical of
more differentiated rocks.

Further analysis of the geochemical data on andesites, dacites and rhyolites of the
last cycle shows three small suites of differentiation. Some dacites can result by

fractional crystallization from the same liquid which has generated the andesites, as
discussed below.

Table 3 gives the major-element composition of the least-differentiated basalt
from Los Humeros (HF 117, in Verma, 1984) and the average compositions of ba-
salts to rhyolites from Los Azufres. Details of the complete data are reported in
Table 2. Unfortunately, no data are yet available on olivine basalt of Los Azufres.
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TABLE 4: Major-elesent composition of, (1} dacite LA 01;
(2) andesite LA 06} (3) rhyolite LA 037 (4) CPX
of andesite LA 06 and (5) biotite of rhyolite,
All data are adjusted to a total of 100 % and are
on water and L.0.I. {loss on ignition) free basis.
(1), (2}, (3}, and (4) = This work, (5) = Mora
{19793,

i

!

! LAOl LAO6 LA O3 CPX 06 BIO S '!
! {h (2) (3) (4) (5) !
1 1
! Si02 67.21 958.98 76.99 92.62 35.99
i Ti02 0.56  ¢.9%  0.09  0.51  4.45!
! A1203 16.46 17.59 13.54 .51 11.4%!
! Febt 354 5.8 0.86 6.91 3199
! #nl 0.07  0.0%  0.02  §.20  0..81
!
!
!
i
!
i
f

¥Mql .34 438 0.03 17.22  6.19¢
Cad 3.35  6.67  0.08 1972 0.13
Na20 4.07 3.64 3.60 0.31  0.57!
K20 .32 1.8l 479 Q.00  8.9%!

F205 6.08 0.21  0.00 0.00  0.00!

i

z 100,00 100.00 100.00 100,00 lO0.00i

: 1

Furthermore, many important mineral compositions are also unknown for Los Azu-
fres. Therefore, there are certain difficulties in undertaking precise major-element
modeling of Los Azufres magmas by mass-balance calculations (Bryan et al., 1968).
Nevertheless, such least-squares approximations can be carried out by taking mineral
compositions for clinopyroxene (CPX) of the andesite LA 06, and average composi-
tions from the literature for other minerals. Thus, if plagioclase (PLA), olivine
(OLI) and clinopyroxene (CPX) are the fractionating phases, the average basalt com-
position can be successfully modeled from the olivine basalt (HF 117) by separating
a total of about 43wt % of these minerals (about 21% PLA, 17% OLI and 5%
CPX; T Residuals? = 1). On the other hand, modeling of the major-element chem-
istry of average andesite indicates that about 59 wt 9% of these minerals need to be
separated (about 41% PLA, 5% OLI and 13% CPX). But the residuals for this es-
timate are large especially those for CaO, Na,0, K,0 and P,05 (2 Residualsz = 6).
This residual could be considerably lowered (£ Residuals? = 2) by incorporating
(about 6%) titanomagnetite among the separating phases. The production of aver-
age dacite from average andesite by fractional.crystallization needs about 44 wt %
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of these minerals to be separated from the andesitic magma (about 319% PLA, 3%
OLI, 6% CPX and 4% TMT (titanomagnetite); £ Residuals? = 0.5). Finally, the
average rhyolite composition can be modeled from average dacite by separating
about 15.5 wt % of total minerals (13% PLA, 1% OLI, 0.5% CPX and 1% TMT;
T Residuals? = 0.1) from the dacitic magma.

But the dacites may also result from a hybridization of the andesitic magma vith
the rhyolitic one. Table 4 shows the major-element composition of the andesite LA
06 and rhyolite LA 03 of Los Azufres, clinopyroxene (CPX) of andesite LA 06 and
biotite (BIO) of rhyolite taken from the literature. The modeling of the major-
element data indicates that 100 mean units of andesitic magma need to mix with
nearly 56.9 mean units of rhyolitic magma, and 10.3 and 1.8 mean units of CPX and
‘biotite, respectively, need to be separated (£ Residuals® = 0.9) in order to produce a
dacitic magma.

In conclusion, in spite of relatively well defined features, the Los Azufres series is
complicated in many aspects. Field evidence, geochemical data (particularly trace
elements) and geochronology would be necessary to obtain a clearer idea of the re-
lationships between the different units and their genetic history. The identification
of earlier volcanic cycles (Oligo-Pliocene andesites) and their structural relationships
with the recent one, remain to be investigated. The search for the evidence of a cal-
dera structure may also be the major point of understanding of the Los Azufres series.

In spite of the uncertainties, it is emphasized that this Quaternary cycle shows
features similar to those observed in numerous other volcanic activities of the MVB
(Demant, 1981; Robin, 1982; Verma and L6pez-M., 1982; Verma, 1983).
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