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E1l campo geotérmico de Los Azufres representa
para el estado actual de México el segundo campo de desarro-
1llo, debido a ello se han hecho necesarios estudios mds deta
llados para conocer el modelo conceptual de este. Se reali-
zaron estudios en dreas bien precisadas que ayudaron a efec-
tuar observaciones en el basamento relativo y cubierta. -
Ellas fueron: Tzitzio, Sierra de Santa Inés, Tlalpujahua, Cd.
Hidalgo-Zitdcuaro y Cuitzeo, de este ltimo se obtuvieron da
tos trascendentales en la evolu01on estructural.

Basamento geoldgico .

Se emplea el término de basamento relatlvo de
bido a que a pesar de constituir el basamento del campo geo-
térmico de Los Azufres, la posicidn actual de este, se debe
a un proceso de aloctonia (Campa et al., 1975; Tardy M. 1981;
Campa y Coney 1981; Israde y Martinez, 1986, etc.). Este ba
samento aflora en tres de los sectores estudiados: Tzitzio,
Tlalpujahua y Zitdcuaro.

Basamento relativo de Tzitzio

Se compone de una secuencia sedimentaria te-
rrigena metamorfizada a veces afectada por metamorfismo de
contacto. E1l protolito de esta secuencia corresponde a un

- * P .
paquete tipo flysch intensamente deformado, y petrografica-
mente corresponde a un metamorfismo a facies de esquistos -
verdes y clase quimica cuarzo feldespatlca, evidenciando ade
mas metamorfismo regional.

Basamento relativo de Tlalpujahua-Zitdcuaro

Corresponde a una secuencia vulcano-sedimenta
ria metamorfizada, dentro de la cual se pueden observar pro-
ductos andesiticos en forma de derrames o bien formando "Pi-
llow-lavas", calcoesquistos, intrusivos y rocas terrigenas -
con influencia volcdnica metamorfizadas. Este paquete co-
rresponde a la secueéncia granitizada y metamorfizada prove-
niente de las zonas internas.



Este basamento relativo contiene una cubierta
sedimentaria, mesozoica y/o terciaria. El paquete mesozoico
se constituye en su base por una secuencia volcdnico sedimen
taria de edad neocomiense y que pasa progresivamente a una -
alternancia sedimentaria donde se desarrollan bancos de cali
zas del Albiano-Cenomaniano.

Con las edades obtenidas por Israde y Marti-
nez (1986) y por las Amonitas reportadas por Camta et al.,
1974; la secuencia del basamento relativo se le asigna una
edad Jurdsico Tardio-Neocomiano.

En el sector de Zitdcuaro,Israde y Martinez -
(op. cit.) reportan un intrusivo dioritico que puede relacio
narse con el magmatismo del Cretdcico Medio-Inferior?

Capas Rojas (Molasas) Post-Cenomanianas

En los tres sectores donde aflora el basamen-
to relativo se encontraron descansando sobre este, una serie
de Capas Rojas, que reposan siempre en forma discordante so-
bre las unidades del Cretdcico-Jurdsico. En Tlalpujahua las
molasas solo estdn representadas por un paquete muy "timido"
de ellas; no asi, en las areas de Zitdcuaro y Tzitzio (Fig.
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En el &rea de Zitdcuaro dentro de los clastos
de las Capas Rejas, se encontraron fragmentos del intrusivo
dioritico datado del Cretdcico Medio. En Tzitzio, en fragmen
tos de caliza del conglomérado somital se encontrd fauna del



Albiano-Cenomaniano. Por lo anterior se ha considerado que
la edad de las Capas Rojas es del Post-Cenomaniano. El espe
sor de las molasas no fue nunca superior a los 500 m. Ade-
mids, hacia el norte su espesor es muy reducido y tienden a -
ser mds arcillosas.

Complejos Volcdnicos Terciarios

Sobreyaciendo a las rocas mesozoicas y a las
molasas Post-Cenomanianas, se encuentra un paquete andesiti-
co cuya base se compone de conglomerados, brechas y derrames,
ellos descansan en discordancia angular sobre las Capas Ro-
jas. Este paquete andesitico se considera como la prolonga-
cién del magmatismo de la Sierra Madre Occidental hacia el -
oriente, la cual tiene una migracidén en espacio y tiempo que
la hace mds joven hacia el oriente.

En el sector de Tzitzio se encontrd un derra-
me que se corrid sobre las Capas Rojas y que fue datada del
Mioceno Inferior (20 m.a.). Este paquete andesitico fue di-
vidido en dos secuencias; la inferior, constituida de bre-
chas, derrames, tobas y conglomerados de composicién andesi-
tica y la superior, de la misma composicidn pero dé caracter
mds &cido. '

El espesor de ambas llega a sobrepasar los -
3,000 metros y su edad se queda dentro del Mioceno, es de-
cir, de 20 a 5 m.a.

Entre 4 y 3 m.a., se detectd un hiatus volcéd-
nico que separa el magmatismo de la Sierra Madre Occidental
(S.M.0.) y del Cinturdn Vulcano Mexicano (C.V.M.). Este -
hiatus se hace mis antiguo al occidente y mds joven hacia el
oriente. ' '

Vulcanismo del Cinturén Vulcano Mexicano

En el sector de estudio este fendmenc se en-
cuentra concentrado dentro de la Caldera de Los Azufres y el
colapso de Cd. Hidalgo. Ellos instalados en la interseccidn



de dos sistemas estructurales regionales NW-SE y E-W.

Caldera de Los Azufres

La estructura de la caldera fue propuesta por
vez primera por Robin y Pradal (1985), de la cual, por sus -
consideraciones la clasifican del tipo resurgente. Por otro
lado Pasquaré (1986) también apoya la idea de esta caldera,
solo que con geometria y edad diferente.

Durante el desarrollo de este trabajo se con-
cluyé que dicha caldera es de edad pleistocénica, no resur-
gente y cuyo borde sur se enmascara por el sistema de fallas
regionales activas E-W.

Los eventos volcanicos que podemos separar -
son los siguientes:

Vulcanismo de volcanes y macizos andesiticps
que van de 1 a 3 m.a. ‘

Vulcanismo ante-caldera: Representado por do-
mos rioliticos de Zinapécuaro y Agua -
Fria, cuya edad varia entre 1.6 y 1 -
m.a.

Abombamiento, explosién de ignimbritas, colap
so y depSsito de lacustres: Elevacién
de los productos lacustres del colapso
de Cd. Hidalgo y salida de las ignim-
britas de Santa Inés y Maravatio tipo
plineano. ) '

Vulcanismo post-caldera: Domos daciticos y -
rioliticos con edades menorés a 1 m.a.
y que llegan hasta 28 mil afios (Domo
El Guangoche). Flujos plinianos acompa
flan el nacimiento de estos domos.

Contempordneos a los Gltimos domos rioliticos
(La Yerbabuena, Carpintero, Guangoche, etc.) se produce un -
vulcanismo de tipo bdsico que da lugar a conos cineriticos y



compuestos con explosiones vulcanianas. Estos aparatos son
gobernados por los principales sistemas de fallamiento que -
afectan al basamento.

Al sur de la Caldera de Los Azufres de edad -
pleistocénica, se encuentra el Colapso de Cd. Hidalgo donde
se instala el domo riolitico mds joven de los existentes en
este sector. Este colapso se relaciona con las ignimbritas
que afloran en Mil Cumbres y que fueron cortadas en los po-
z0s de Los Azufres debajo de los mil metros sobre el nivel
del mar. Este paquete explosivo se considera del Plioceno y
se encuentra descansando sobre el Complejo Volcanlco Supe~- -
rior (5 m.a.) en forma discordante.

Geologia Estructural

Los estudios efectuados en relacién a este te
ma solo han tenido un enfoque local que ha evitado tener un
conocimiento regional de evolucidn y formacién de fracturas.
Son tres los sistemas principales, del mds antiguo al mas re
ciente:

Sistemas de Cuencas y Sierras NNW-SSE y NW-SE

Este sistema es el que provoca el Graben de -
Cd. Hidalgo y los bloques escalonados de Mil Cumbres. En el
Graben de Cd. Hidalgo se alinean una serie de aparatos volcé
nicos obedeciendo a esta direccidén. Algunas de estas estruc
turas, en el sector de Tzitzio, se encuentran afectando al -
pliegue de fondo con movimiento de tipo lateral derecho.

Dentro del campo geotermlco de Los Azufres es
te sistema afecta a las andesitas de'l a 3 m.a. y eventual-
mente a los domos rioliticos de Agua Fria. Este fendmeno se
origina debido a que las estructuras antiguas son reactiva-
das cuando se generan las fallas NE-SW y E-W.

La edad de nacimiento de - este sistema corres-
ponde al Mioceno y Plioceno Inferior. |



Sistema NE-SW

Se encuentra muy marcado en el sector del La-
go de Cuitzeo provocando un escalonamiento hacia el NW. Es-
te mismo sistema da lugar a el Corredor Tarasco donde se em-
plaza el vulcanismo cuaternario de Michoacdn y Guanajuato. -
El fracturamiento de este se encontrd cuando se realizd el -
andlisis estructural .del campo geotérmico.

En Cuitzeo las fallas conjugadas otorgaron -
una componente lateral izquierda, que fue corroborada con al
gunas fallas que afectan a lacustres e ignimbritas.

Sistema E-W

Es el sistema de fallas mas 1mportante que go
glerna las estructuras y que provoca un mlnlmo regional gra-
vimétrico con esta direccidn.

El borde sur de la Caldera de Los Azufres y -
el borde norte del Colapso de Cd. Hidalgo, se encuentran seg
mentados, provocando que ambas estructuras sean enmascaradas.
Dentro del campo de Los Azufres el sistema E-W es el que go-
bierna el termalismo, el cual tiene una dlrecc1on E-W y un -
posible sentido del oeste hacia el este.

Los mecanismos focales de este sistema, el pa
leomagnetismo y las microestructuras traducen también un mo-
vimiento lateral izquierdo que parece ser heredado de los -
primeros movimientos de las microplacas actuantes.

La fase distensiva que origina a estas estruc
turas no pudo quedar ajena a las estructuras antiguas, por -
ello, estas rejuegan con esta tectdnica y afectan al paquete
cuaternario, llegando hasta dividir en dos a los aparatos an
de51t1cos.

Al oeste y este de la caldera existen alinea-
mientos de aparatos de afinidad basdltica que guardan|la di-
reccidn de las estructuras mayores E-W.



Condiciones de Yacimiento

Los estudios realizados revelan que el yaci-
miento se encuentra alojado en un medio donde se combinan -
las siguientes caracteristicas fisicas:

- Contactos de coladas (discordancias).
- Niveles de brechas.

- Diaclasado.

- Fracturamiento y

- Matriz

Esto provoca la presencia de un yacimiento -
con permeabilidad que puede ser superior al 12%. No asi, -
. S, -
en los casos en que la alteracidn intervenga.

El yacimiento se localiza en el Complejo Vol-
cédnico de Sierra Madre Occidental con una edad que puede ir
desde los 20 a los 5 m.a. Con un espesor de mds de 3,000 m
y que en los pozos Az-20 y Az-4U4 estuvieron a punto de atra-

vesdar.

El sistema estructural E-W controla el compor
tamiento del flujo geotérmico. Los estudios de Geofisica, =~
Geoquimica, Minerales dé alteracidn y vulcanolégico revelan
que este tiene dos posibles caminos de circulacién del oceste
hacia el este y del norte al sur o del sureste al noroeste,
con un drea de descarga en la zona norte (Az-4) y en la zona
sur (Az- ) ayudados por las fallas Maritaro y Agua Frla res
pectivamente y los sistemas antiguos NW-SE.

El yacimiento geotérmico es producto de la ca
mara magmatlca de la Caldera de Los Azufres, qQue aprovecha -
las zonas débiles del occidente del campo; permitiendo el em
plazamiento de los dltimos domos rioliticos y en fin, aprove
chando las fallas E-W y NW-SE, el flujo y descarga del yaci-
miento.
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GEOLOGIA

GEOLOGIA

QUE SE ESPERABA PARA LA 4a. REUNION:

Haber terminado el levantamiento geoldgico regional.
Haber terminado el modelo conceptual del campo.

Tener dataciones de algunas unidades en el campo y sus -
alrededores.
Contar con los resultados de UURI relacionados con los -
analisis de elementos y tierras raras constituyentes de -
las rocas del subsuelo muestreadas en pozos.

Haber iniciado parte del reporte preliminar.

Tener la carta geoldégica actualizada.

Se
do
Se
Se
Se

" QUE SE HIZO:

termind el
el reporte
elaboré la
termind el

levantamiento geoldégico regional incluyen-
correspondiente .

carta geolédgica actualizada del campo.
modelo conceptual del campo.

obtuvo parte de la informacidén de geoquimica de rocas
(pozos AZ-28, AZ-48 y AZ-51), por UURI.

Se obtuvieron las dataciones de rocas, por UURI.

Se inicid la elaboracién del reporte preliminar.

QUE SE PRETENDE PARA LA PROXIMA REUNION:

Tener la tarea éompleta integrada. en un reporte.

INTERACCION AGUA-ROCA

QUE SE ESPERABA PARA LA PROXIMA REUNION:

Haber identificado los minerales secundarios en muestras

de tres pozos.

La identificacidon de venas de minerales y su relacién --
con las temperaturas.

_Haber identificado en inclusiones fluidas las temperatu-

ras de formacidén'y el contenido salino en las mismas pa-

ra tres pozos.
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Comparar e integrar en el estudio los datos de minerales
secundarios e inclusiones fluidas, obtenidos preéviamente
por ‘el IIE para la CFE.

QUE SE HIZO:

Se efectuaron los estudios de inclusiones fluidas en las
muestras de los tres pozos, obteniéndose las temperatu--
ras de formacién y contenido salino.

Se inicidé la comparacidén de las temperaturas de forma---
cion en inclusiones fluidas y las actuales calculadas en

los pozos.
Se inicié la interpretacién del modelo de flujo hidroter

mal en el campo, tomando en cuenta cuatro pozos (AZ-28,
AZ-48, AZ-51 y AZ-3).
Se inicidé el informe.

QUE SE PRETENDE PARA LA PROXIMA REUNION:

Haber terminado los estudios y tener integrado el repor-
te final.
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TAREA 2 : GEQFISICA

2.1 INTERPRETACION DE DATOS GEOFISICOS.

(P.Wright (UURI), F.Arellano y G.Garcia E.(CFE)
{antes 0.Campos E.)

1. QUE SE ESPERABA PARA LA 4a. REUNION:

1.1 En base al modelado bidimensional, sin correccidn. topografd
ca, de dos lineas E-W y una N-8, haber procesado los datos
de resistividad en UURI con programas de dicho instituto.
Esta se iba a realizar en la visita programada en mayo de
1988 a Salt Lake City.

1.2 En base a los resultados, hacer una intérpretacidn estruc-
tural y tFner el reporte preliminar.

2. QUE SE HIZO:

Debido a qué el personal de CFE encargado de la tarea (0.
Campos) 5alid de la instituciédn y por falta de tiempo, el
procesddo de la informacion de resistividad en UURX no se
realizé durante la visita gue 1llevé a cabo el personal de
la CFE a UURI en el mes de agosto ppde.

Sin embargo si obtuvo de UURI copia del programa para el -
procesado en 2 dimensiones de los datos de resistividad --
‘con correccién topografica, no fue posible obtener el de 3
dimensiones.

3. QUE SE PRETENDE PARA LA 5a.REUNION EN MARZO:

Con el Software puesto a disposicién de la CFE y el proce-
sado de interpretacidn preliminar bidimensienal de tres 1i
neas de resistividad en Los Azufres, se pretende que pre--
via adaptacidén de los programas en la computadora de la --
CFE, procesar nuevamente los resdltades, efectuar una in--
terpretacidn estructural del campo y tener el informe a --
tiempo para su impresidn antes de la prdxima reunidn en ---
marzo de 1088§.
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. VUELO AEROMAGNETICO.

(P.Wright UURI), G.Garcia y F.Arellano (CFE)

QUE SE ESPERABA PARA LA 4a. REUNION:

Haber realizado un vuelo aeromagnético bajo con helicop
tero de CFE y un. vuelo aeromagnético alto en avioneta.

Tener el procesado de los vuelos, haber realizado su in
terpretacién preliminar y tener un reporte también pre-
liminar. :

QUE SE HIZO:

Del 4 al 9 de mayo se efectud el vuelo aeromagnético ba
jo, utilizando un helicéptero de CFE.volando, a una altu,
ra promedio de 70 m, en 47 lineas de orientacién N4SW y
5 lineas E-W, con las que se cubridé un area de 72 Km2.

Del 10 al 16 de mayo se efectué el vuelo alto, a una al
tura promedio sobre el nivel del mar de 3,500 m, levan-
tandose 34 lineas N-S y 3 'lineas E-W, para cubrir una -
superficie de 2,000 Km2.

CON ELLOS SE OBTUVO Y ENTREGO A UURI:

Los registros magnéticos originales.

Las cintas de video para el control de las lineas aero-
magnéticas.

Un fotomosaico con las lineas del vuelo bajo.

Un fotomapa con las lineas programadas para el vuelo ba
jo (Escala 1:10,000).

Un mapa base a escala 1:50,000 del area del vuelo alto.
Copias de los registros de campo cen las variaciones --
del campo magnético monitoreado en Los Azufres entre el
19 de abril y el 26 de mayo de 1988.

Una copla del reporte del levantamiento de susceptibili
dad magnética en 23 sitios de Los Azufres y de las mues
tras de canal de 2 pozos. :
Cuatro hojas topograflcas a escalar1:10,000.

Un plano topografico a escala 1:20,000.
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CON LA INFORMACION DE LOS VUELOS AEROMAGNETICOS, DE LOS
CUALES RETUVO COPIA LA CFE, SE EFECTUO:

El trazado de lineas y ubicacién de éstaciones de los -

vuelos bajo y alto, para su andlisis y comparacion con

el trabajo realizado por UURI en Salt Lake City.

DURANTE LA VISTSTA DE PERSONAL DE LA CFE A UURI EN EL -
MES DE AGOSTO PPDQT_SE'EFECTUOT_

La comparaclon de los planos con las lineas de vuelo y
se thleron algunas rectificaciones de trayectorias.

Se acordd que en la 4a. Reunién CFE presentarla una ver
si6n definmitiva del plano con las trayectorias y esta--
ciones del vuelo bajo. Para después de octubre se en--—
tregaria la del vuelo alto,

CFE nqcibig varios programas para procesados de datoes -
magnéticos, gravimétricos y magnetoteluricos. 7Posterior .
mente UURI envid mas informacidn de datos aeromagnéticos
grabados en cinta.

QUE SE ESPERA PARA LA PROXIMA REUNION:

Completar el procesado de los datos de campo, realizar -
los planos de anomalias magnéticas, interpretar y elabo-
rar el reporte final.
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TAREA 9 : INTERCAMBIO DE INFORMACION

9.1 LEVANTAMIENTO DE POTENCIAL NATURAL EN CERRO PRIETO

- QUE SE ESPERABA PARA LA 4a. REUNION:

Presentar un réporte del levantamiento de SP en Cerro --=
Prieto.

- QUE SE HIZO:

Se efectud el levantamiento de 95 Km lineales distribui-

dos en 7 lineas, que deberan -ser las mismas del leévanta-

miento de Corwin en 1978, .
H 1

Se elabord un reporte preliminar_ ¢on los datos de campo,

sefialando las diferencias con respecto al levantamiento

previo.

- QUE SE PRETENDE PARA LA PROXIMA REUNION:

Revisar los dates de campo, configurar las lineas de SP,

de contar con un modelo, inténtar el modelado del campo,
correlacionar los datos ¢on la infermacidn geoldgica y -
geotermlca interpretar y elaborar el informe final. :



Dear Gerardo,

The files written or this tape are the high and
low altitude magretic files from the VHS tapes. The first six
files are rniamed HIGH#.DAT, the # refers to the tape numbers 1 thru
&. The rmext three files are the low survey and arve named LOW#.DAT,
where # are tape vumbers 1 thru 2. The tape was written on a PRIME
2655 sup@rmini computer, the tape is formated as ASCII, 16@@ bpi,
with 3 blocking. The record length is variable for each file,
and the following table should be used to read each file
on the tape.

RECORD LENGTH

HIGH1. DAT 121
HIGHZ. DAT 157
HIGHZ. DAT 96
HIGH4. DAT B5
HIGHS. DAT 3E
HIGHE. DAT : 48
L.OW1, DAT 144
LOWE. DAT 145
LOW3. DAT _ 144

1 hope that you can rvead this tape, if rcot,
I have sent along the hardcopies from each tape
titled with the same riames as those on the tape.
Thank you for your patienceg, and it was a pleasure
working with you and ywour oolleagues this past weeld.

Sincerely,

‘R. Douglas Ramsey
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OK,

OK,

mggnat
[MAGNET Rev. 13.4.5 Copyright (c) Prime Computer, Ing., 19853

D)

MTU # = @

File # = 1

Logical record length = 121
Blocking factodr = 1

/ASC1t, EBCDIC, BCD or EBINARY? a
Disk file: highl.dat

Object rame = SDUMMYZE & Dperatien complete.
Obgject rname = $DUMMYZ 1291 logiecal records read.
Object name = $DUMMY1 : 1281 Physical blocks written.
Dbject name = $DUMMY?D - 1231 Logical records written.
}ow
MTU # = @
File # = &
Logical record length = 157

Blccking factor = 1 ’
ASCII, EBCDIC, BCD or BINARY? a
Disk file: bighZ.dat

Object name = $DUMMYZ : Operation complete.

Gbject name = $DUMMYZ : 998 Logical records read.
Dbject wname = $DUMMYL = ‘9398 Physical blocks writtern.
Obgect rname = SDUMMYD 998 Logiral rvecords writter.
Y ow
MTU # = @

File # = 3

Logical record lerigth = 96

Rlocking factor = 1
ASCII, ERCDIC, BLCD or BINARY? a
Disk file: bigh3idat

Object name = $DUMMYZ = Operation compliete.
Obgect name = $DUMMYZ : 977 Logical récords read.
Object name = $DUMMY1 : 977 Physical blocks writter.
Object hame = $DUMMY1 : 977 Logical records written.
Y w
MTU # = O
File # = 4

Legical record length = 85
Blocking factor = 1

ASCII, EBCDIC, BCD or BINARY? a
Disk file: high4.dat

Obyéct name = sDUMMYZS : Operation complete.

Object name = $DUMMY2 : 931 Legical records read.

Object name = $DUMMY1 : 951 Physical blocks written.

Obgect name = $DUMMY1 : 951 Logical records written.
> w )
MTU # = @

File # = 15

Logical record length = 96

Blocking factor = i

ASCI1, EBCDIC, BCD o BINARY? a

Disk file: high43.dat

Object name $DUMMYZ » Operation complete.
Object hame £DUMMYR 986 Logical records read.
Object name $DUMMY1 ¢ 386 Physical hlocks written.
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Object name = $DUMMYL : 986 Lopical records written.
Y ow
MTU # = @

File # = &
lLoegical record length = 52

Blocking factor = 1
ASCII, ERCDIC, BCED or BINARY? a

Disk file: highé6.dat

Object name = $DUMMYZ = Opervatiorr complete.

Objyect name = $DUMMYZ : 919 Lobgical reeoords read.
Obgect name = SDUMMYI1 : 919 Physical Blochks wiritten.
Object nanie = $DUMMYL - 213 Lopical records written.
Yow

MTU # = @
File # = 7

Legical record length

Elocking factor

=1

144

ASCII, EBCDIC, EBCD or BINARY? a

Disk file: lowl, dat .
Obgect wname = $DUMMY2S : Operation complete.

Object rame = $DUMMYZ : 1268 Logical records read.
Object name = $DUMMYL 1768 Physical blocks written.
Obgject rame = $DUMMYL : 1@E8 Lopgical records written.
Yow

MTL # = @

File # = 8

Logical record length =

Bloeking factor = 1

ASCII, ERCDIC, ECD oo~ BINARY? a

Disk file: lowZ.asdat

ODbject rviame = SDUMMYZ - Operation complete.
Gbject name = $DUMMYZ : 1192 Lopgical records read.
Object name = $DUMMY1 :. 1192 Physical blocks written.
Objgect name = $DUMMY1 = 1192 Lonical records written.
) ow

MTU # = @

File # = 3

Logical record lerngth 144

Blooking factor = 1

ASCII, EBCDIC, RCD or BINARY? a

Disk file: low3.dat

Obgect name = $DUMMYZ = Operation complete.

Dbject rname = $DUMMY2 : 1386 Logical records read.
Object name = $DUMMY!L : 1386 Physical blocks written.
Object name = sDUMMYL @ 1386 Lopgical vecords written.
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H. MEXICO

RESTAUHANT "WAR JARDIN “-LA CALESA "

- ITEAK HOUSE®, COCINA [NTERNACIONAL .
i MEJOR EN "CARNES .PARA EL MAS EIIGLNTE SARIAR,
HUSICA EN YIVD A DIARIOD.

STEMK. HOUSE, . 1NIERI‘IATIUNM CULSINE
‘TH{ BEST NEP-TS FOR THE MOST DEMANUTHG: PALAT.

LIVE KUSIC EVERY DAY . -
RANCTSE0 : - SERVIEID DE L3 A 2730
|Ft UNA CUADRA DEL "ACUEDUCTd OOMINGO -DE 13 A, 13 HORAS
TEL. 4-97-80

MARTES DESCANSAMOS.

Isudru Huarteino. 7imA
Col. h."cnlura Puznu_

nrsmumm BAR TEL. 2-4n-B}
Lo MEJOR DE LA ; CQC]NA NORTERA THE nEST OF MEXICDS NORTHERN CUISINE
CABRITO AL PASTGR ROASTED KID

C.M!NE:S HERFORD HE:RF(JRD CUTS

GUCIHA IMTERNACIONAL INTERN&TIONAL CUISINE

BENVENUTI AL AUTENTICO SABOR. ITALIANG.
TUTTA PASTA E PIZZA,
\ ¥ ALGO MAS.ermsrennraeens
WELCOME TO THE AUTHENTIC ITALIAN TASTE!
; ALL PASTA AND PIZZA, o L
AND SOMETHING MORE.+.... BUON APPETITO
AY: LAZAWRO CARDENAS NO. 22?6
TEL. 489586 BE ;2 A 12 Piil

\ . <A v BN PLAZA LAS AMERICAS:
f { E)ICLUS]E\JAHEIT{ITE PIZZAS )

A 10 P LM,

LAZARD CARLENAS. ¥ WATALLUN
L I'J\TN‘-OROS Ho. 50
TEL, 4-17-30

desde 1753 hasta despuss delcine [TV A

PISFRUTE DE NUESTRA VARIEDAD DE PLATILLOS Y PASE™UN RATQ .»\GRADABI.E
CoM HUESTR{? vIpED TACO UNTCE EN MORELIA.
ENTtY OUR VARTETY OF DISHES ANT.FAVE A GOOD TINE IN OUE VEBED-TAGY, UNTQUE TN LIORELIA,

- RESTALRANT AUTHENTIC, CHARBROTLED MEATS.
) 3MTR, -SALAD BAR
5 [P BARRA'DE_ENSALADA DE 3. HETROS: NEW SYSTEH OF BUFFET g
é\w— z JB: HUESTRO-STSTEMA - INNOVADOR, DE A LA"CARTE COMBINED
& ___[’\l BUFFETE- ¥ CARTA mua.mp,na SERVED FROM THE PORTASLE STOVE
SERVLDD.DEL ANAFRE A7SH PALADAR, TO YOUR PALATE-, UI‘iTlL TOU ARE
FULLY SATISEIED.

-BUTENTICAS CARNES . ASRDAS
AL CARBON.

HASTA SATISFAGER-S1F. APETITO.

LA POSTA BLVD. CARCIA DE LEON 1035
DE DE 13- &433 HORAS.

GALLO TEL., 4:89-35

AMPLIO SURTIDD EN ARTESANIA DE. COBRE Rustico, Puuuo ¥ DECORADGD £n
LAMINA DE DRO. TRABAJOS SOBRE DISENO SURTIMDS Mmronho Y MEI\UD::U
AMPLE. ASSORTMENT OF RUSTIC DECORATED .AND POLISHED COOPER CRAFTS.
LAMINATED GOLD' DECORATIONS. MADE TO ORDER WORK; WHOLESALE AND RETAIL:

OE 10 & & F,1, ,
TEE{DI{—?EREI{]A DF. LEU” HO. ]555 DOMINGOS - SUND;\\(,S.,? hNZ2 PN

Tevie. ¥ LA SE SEGUTROS: HALTENDD,
civvee. AND WE BRE STILL MAKIHG 1T

DISFRUTE DEL MEJOR MENU DE MORELIA
ig M.RS NUEYD, ER DIVERSION ¥ EL
MEIDR AMBIENTE,

ENJOY THE BEST WENU OF MORELIA,
THE LATEST IN, FUN AND THE BEST
J’\TMDSPHERE

mvm@m;m

INFORMES ¥ RESERYACTONES' EL RETAJD O 90,C0. VISin 2. 37-50
4-38-51 A 6'HIN, DEL CENTRD D CONYENCIGURS. BELLA TELS. 4-5-94 , 4-37.50

CRISTALINAS AGUAS TERMALES DE MANANTIAL (28-30%C)
GIGANTESCAS ALBERCAS, BELLOS IARDINES., TOBOGANES
-, d ’ TANCHAS DEPORYIVAS, |
Heinode UN VERDADERC PARAISO TERRENAL .

Sl bt Bt Bﬁ CRIGTALINE, MINERAL THERMAL WA. ]"ERS {82; =88 G°F )
GIGANTIC PODLS , BEAUTIFUL GARDENS, WATER SLIDES
. P.I’.AY COQURTS.

BALNEARID: TRUE TERRENAL PARADISE.

CAMPAMENTD
HOTEL
A 35 MIN. DE HGRELIE TEL. §1-455-5005( DE &4 19 HAS.

' RISERUTE SU. EAFE FAVORITH SCON NUESTRI\
a DELICEOSA REFDSTERIA FRANCESA

folJOy YOUR FAYOURTTE ,COFFEE WITH

1 OLIR DELEEIDUS FRENCH PASTHIE.

LE MOUSSE
LAZARD CARDLN’)%S r2a0

ESPECIALIDAD ER PASTAS SECAS
CURSSPECIALTY  SWISS BUTTER COOKIES:

(. ; SABOR GALIDAD ¥ PRECIO
A / foenn ol

FLAVOUR ., QUALITY AND PRICE.
a3 AM.. TO 10 P.hi
JERWCENTRO)LAS AMERICAS  LOCAL 35 qa). n-80e47

Agencia de Viajes Erandeni, $. A. de C. V.

Av. LaZaro Céedenas Mo. 1965- 2% Pisp
tel. 5-95-1¢
NUESTRO LEMA ATENCION X EFICACIA
OUR THE“E . SERVICI: AND EFFICIENCV
LA UNICA ﬂ.GEI‘CCIA DE VTAJES PROMDTORA DEL . EST!\DD DE H]CHOACAN Eil EKCURS]UNES Y <PASEDS,

ASL COMO DRGAMTZAGION D CONVENCIONES |, EBHGRESU DRHADAS ETE, LUN SEH,"-‘[EID TJITERGRAL
FARA SUS EVENTOS'Y CDNVEKCIUNES :

THE' UNLY “TRAYEL AGENEY THAT ‘PROMDTES: THE¢ STME OF HlEHOﬂCHN THROUGH EXCURSIONS, At -

TRIPS 4E DFFER’\‘UU IJUR FULL SERYILE FGR foud CUWENTIOHS CONGRESSES, " JOURNEYS ETC.

PLATILLGS NMICIIHF.LfS« TAPICGS E THTERNAGIONALES, EN UN
ARBIENTE FAMICIAR, ¥ PARA-SU DELEITE, ANEXQ.EL MEJOR BAR
BE WORELTA, (COM SU VARIEDAT DE BOTANAS iGRATIS !
VISITENOS DE LAS-12 AM. A 23 Pi.

INTERNATIONAL ANO. TIPICAL DISHES,” ENIQY QUR.KONE
. L nTmspHEan AMD FOR YOUR ERJOYMENT , BHWEY W HAVE THE
Av. GAMELINGS HooyTy BEST BAR LN MORFLIA, WITH FREE COCKTAIL SWATES..
P TanAnn DREN FROM 12-V0. 11 PH.
TEL 4:40-47

 CERAMICA ALTA TEMPERATURA STUNEN&RE .
- Y — VAJTLLA PARA HOTELERIA - VAJILLA PARA €L MQGAR;

LAMPARAS , FLOREROS, [SCULTURAS EN CERAMICA .
O CONTIERE PLOMO ; Y ES.REFRACTARIG.
ACCESORI0S- DE COC [HA.

STOMEMARE, , HOTEL CROCKERY HOME ‘CROCKERY, LakeS
653555 CERAMIC SCULPTURES.

oo ESK'T CONTAIN LEAD AND IS ARPROPRIATE FOR DUER
WIS =S¢ -AND MICROMAVE USE. KITCHEM ACLESOREES.
slezemare EREIRS  JABIERTO DE, 0-2 ¥ ¥-8
DESC#NSAMOS DQMINCUS
WE REST SUNBAYS

S“FEL. #-33-Ba
A¥. LAIARD CARDENAS 1314

FONUUE'S  DE CARNE ¥ QUEST

CORTES AMERICANDS,
WMEAT ANDCAEESE FONUULE /s

AMERICAN CUTS

CHAMORRD TJPO ALEMAN
CHRN’DRRO
LERMAN STYLE

MARIZCOS

REA FQ_QLi

PARA BANQUETES ¥ REUNIGNES ESPECIALES . NUESTRO SALON

RESERVE AL TEL. 4-80-02. "GENQYA "

artilleros=del 47 § 15240 céntho gastrondmico servicentra lag amdricas:

PaRA SATISTACER SU BUEN GUESTO WE UBSEQUTAR

MU&HLES’ RL!STICUS Cdl{)NMLEh LANPARAR: E¥. CERAMICA
¥ NTQUEL CEIST»\J’.ER’H ESPU:.HDA ¥ J.DGR\I‘(?:.
NEQUELADOS -

T SATISFY V{}uk oo HSTE TH GLFTS,
disane i RUSTTC COLONTAL FURNTTURE , CAMPS TN CERAIIC: AND
. WIQUEL . NTARDRED GRASSUARE, AND MiTUEL
ART It GIFTS. DECORATTON, LAZARD CAROENAS 2857
DE 10,30'A 2.¥ 4.3 A.8:30-  CHAPLLTEPEG MORIE

ARTE €N REGALGS I SCANS A0 Dom L 50S TEL.-4-26-59°

gxﬂwupnléanov ‘q?uu*hcﬂ

(:'faﬂadrafk!’ J ""?df C’ q"'

8 IAZ.‘\RG CARDENAS: No- 1566 20., iSO, TEL: 47883

o - -0 UHCSERVICID TURISTICO-ESPECTALTZADD,, ABRE SUS
FUERTAS . PARA LA C{)HUD[DAE} D Su vI%$E TWRISTICO, DE Rt.ER{lJ 0 IE N[GDCIDS EM:EL
ESTADG -+ EN TODO EL PAIS

A TOURISTICAL SPECIALIZED-SERYICE, THAT THANES T YOUR PREFCRENCE, GF’EF &
FT5-DOORS, FOR YOUR LONFORT, WETHER ¥OU WISH A& RECREMIGI‘ML , TOURLSTIC R,
hH&AgEES ég{?cuﬁ"ngEgﬁnggi OR 1§ THECOUNTRY.

H RO PR NG |, MORELLA COLDN]HL + URUAP 5

E INIGUALABLES. AN ¥ BELLEZAS HATURALES




HOTELES -HOTELS, RESTAURANTES--RESTAURANTS,

W GDBIEHNO DE MICHOACAN
st b " !ECHEYAHIA !sru&l.‘l:ll TuRIARD:
- . ‘el 2737-10

EL TURISTA ES 81 EN MIGHOACAN

THE TOURIST 15, =1 (N SICHOAGAN

SERVICIOS-~SERVICES.

‘50 habitaciones doﬁles cen telzfono

T:V./a cofor y F.M.
Elevadar
Restaurants
Bar “Sancha Paniza®
Cafleteria
Meveria

HOTEL CASlNO

mﬂ. HIDALGO 279 TEL a-m-m LADA@!-!Q'

“Dan Quijole"

"Los Portales!!

50 double rooms’ with™ telephone
coler TV, and F:M
Elevalor

* Don Quijote ® Rcslaurant
" Sinchg Panza * Ba
" Lps Poftales » Ca!‘(_tena
Ice Cream Parlor

CALLE PATEIMBA S{N €9-guites’y cudrtos, tcrrua con bar,
TEL. 4-02-21 reamurnm ¥ piarlo bnr. serviclo de

4=g1-73 b
. [P 2 cosrta de
TELEX 53624 -HOVIME  juogas v, 1, v alliercs ¥ ‘canche 42 tenis

’ h 0t el ) ‘89 suites md To0ms, outdoor Acgrade .
VILLAMONTANA

wlth bnr. reslaumm and piano ber,
‘CATEGORIA ESPECIAL SPECIAL CATEGORY.

bnnquel secvice and” mnventmn Tacilitics,
game andl tiv] root,; pool and tennis
cnurt‘mdoor parking -
i LA MEJ!JR 7] STA DE ,MOGRELTA !
i THE BEST YIEW [ H(!REL]A 1

.30 HABITACIONES 30 ROOMS

SERVICIO DE CONVENCIONES. CLOSED £IRCUIT Tv.
TIRCUTY CERRADO TV CONVENTION FACILITIES
EN EL CERTRO DOWNTOWN ]

[Py

RQUILES SERDAN NO. 647
ESQ, M"IAU N RY0

TELEX nsg' A LDEHMFC

16 HABITACIONES TIPO
4 HABITACIONES JR.

16 MODEL ROOM‘S
L] JR SUITES

@mnm.s

TELEVISION
TELEFORO Ze¥ py, Camelinns 2783 Tel, 46058 TELEFHONE
RESTAURANTE Maérdlls, Midh. RESTAURANT
BAR’ P BAR
TABAGUERI A TABACO- SHOP
CAFETERIA ] CAFETERIA
‘su mncor@@&) M@@@@Jms INVITA,

MUSICA PARA SAILAR JUEVES VIERNES ¥ SABADC,

SHOW DE 2:30 A.5Y 8 A 11
Hotel Mansién SR

s la Calle ﬂcol

SALADE

TELS,

m 65 LUJDSAS HABITACIONES
TV, A COLDRES.

ANTENA PARAEOL 1CA
RESTAURANT * RINCON REAL"
BAR ™ LA LUQIERHRGA"
ESTACIONAMIENTD CUBLERTD

AV. MADERD.'OTE. 266 ESTUINA ISIDRO t-iu_AR.TE
4-208-56

65 LURURTOUS RODMS
COLOR_T.

Fﬂ.RAEULIC ANTEH!‘.
RESTALURANT AND: BAR
COVERED PARKING 10T
CONYENTION. RODM

COMVENCIQHES

3-29-55 3-29-23

e MOTEL POSADA
4% yi2TA BELLA

CANMIND A STA. MARLASIN-
© CAPDO. POSTAL 135
MORELIA, MICH.

TELS. 46284 y 40336

HABITACIONES :CON TELEROND, E.M.
¥ T.W. COLOR  RESTAURANT BaR ,
PIANG BAR , ALPTRCA CUN  JARDINES.,
SALONES PARA FIESTAS, BANQUETES
¥ SEMIMAKIOS.

P
ROOMS WITH TLLI—.PHU#\E F.M. AND
COLOR T.v! RLSTAURANT BAK .
PLAKD BAR | POOL AND CARDENS
rACILiTIES FOR CONYENTIONS,
BANGUETS, AND SPECIAL ‘EVENTS.

Lisfrute & Sarisfaceitin Je,

Convivic can ia Nalumkza

_ ¢ Fiznia i Cantepdén dé:
um Nuevo Estiio

HABITACIONES COM: TERRAZA,
T.v., TELEF(NG, F.M.
RESTAUBANT , BAR, Y CAFETEREA
SALON DE JUNTAS  { AUDIGVISUAL }
ESTACIONARIENTD, AREAS JARDINADAS-
ALBERCA TON cnumgcmu.

torremolinos

RESERVACIONES AL .
‘TEL 9l [451] 36811 roo 3 linea.
o 2558

4ot |5 eASA EN LA CIUDAD OE MORELIA
YOUR  HOME 1 HORELA!

ROO#S WITH: TERRACE: T.¥.
RESTAURANT, BAR, MNU CRFETERIA
PRIVATE.PARKING , GARDENS, HEATED - POGL
COI‘WENTIUN FACILITIES-{ F\UDIDVISUQL}I

- AN} PHOKE

v . hotel
Y villa capri

] I'.STHEI..LASt

* 79 HABITAGIONES

“T\I‘ CULOR\’FH

* HESTAURANT =HAR wancRO RTE. 2058

£ BARSLON Vﬂﬂlhmsamm A cuABALAJARAL
& ALPERCA RESERV 3-°72-93

* ESTACLUNAMIENTO T 2-51-37

* JARDIREE

.

/& wore,

REAL VICTORIA

= 4 ESTRELLAS

4 |10 RABITAGIONES-

+ Ty, COLOR Y F.H.
- RESTAURANT CUADALUPE. VICTORIA FLH

*’,.onnv Bag RESERV. “3-23 100

* BLANO HAH 3-25-11

& CENTRG HOCTURND * ESTACIDHAMEENTO

SALORESS BE. CORVERCLDNES ¥ BANGQUETES.

= SALONES. 7% CONVENCIONES \' BANQUETES

RESTAURANT BAR, CANCHA DE TEN!S,,&LEERCA SALONI:S FARA CONVENCIONES
REST‘)\URANT BAR, TENNIS.COURT, SWIMMING: POOL. CONVENTION FACILITIES.

AV, TECHOLOOICO Mo, IOI 1.
{SALIDA & GHMAJ{IAIB!

HOTEL
VILLA D€L S&:L

Acinca mlmmu ug]::nlm el mis tercans of v epiai o

e owq

“MORELIA, MICHOATAN, MEXICO

Acla orilla: del lago. de Pitzcuare. Muelle prépio, estacmnnmlento &ancha de |uegos.
paséa- y €aza, ‘alberca. con agua lemplada, cocina infegral con rgfrlgerador recAdmara
cori -dos camas matrlmunlales, Yo und adicfonal, area. de descnnsa LY cnmednr bang,
chiménaa, *T.V. sabie_ térraza v ssador. to13imente Smusbisdos: canacldad <5 peresnas:

e

CABANAS DE - Atsthesedge of the ldhe of T Phtzcvars. Prlvate
1 Pigr. parking game court, fish and gama: Poal

TZINTZUNTZAN At amhbient lemperature, ‘tabins with integraf

- kitcher and reffigersiler , one room “with two
T ' matrimonisl ‘beld; and an additional bed , rest

CARRETERA, GRERCGS-PATECUARS Ko & Aarea and dmmg‘room. bathroom A kul:hen .

SRESERVACIONES! HOTEL CAMND, MORILIA T

terrace.and griil ~iattaly furnished
ty for 5 persgni.

TACOS &.CHURRDS
GRf AV, LAZARO TARDENAS 2279 [ 19 A 2 AM.)
¥ PLAIA LAS AHERICAS|LDCAL 53,1 11 A°23.45)
TEL. 8- ‘12 55‘
TAZOS*AL PASTOR , BISTEE, COSTILLA, QUESADILLAS, ETC.
ME[‘J’-\P-'E CHEESE TACGS‘

ATEIL LGN PERSOMAL DE SUS DUERDS
‘PERSUNAL ATTENTION FROM THE OMIERS.

V%@i/! i @n%rnda{mv

STAURANT _BAR-

EL.LUGAR MAS BONITC: RA - BIEN COMER ¥ BUEN BEB[R‘
THE NICEST PLACE FOR CODD EATING AND DRINKING

LAS: HEGIRES CARWES APARVE De LO QUE UD. YA EOHD[‘.E
THE"BEST MEATS PLUS WHAT .YOL-ACREADY. KNOW.

DE 1.30.A 24.00 DESCANSAMOS LUNES
WE, REST MONDAYS.

TEL. -5-02-58
BOULEWARD GARCIS DE EEON Na. &2

LYD, GAREIA GF LEOM I610.._.

L iRUMBG A LAS AMERICAS

EL MEIOR SABOR. LEL MEJOR AMBIENTE.....
THE BEST FLAVOUR ..... THE BEST ATMOSPHERE..

DISFRUTE NUESTRA CRAR VkRIEDAD DE PLATILLOS:.
ANTOIITOS, CARNES FOORTE: AMER | CANDY ., MARISCDS,
PEIC.&DOS ALMUERICS RANCHERDS DESAYUNQS

RESTALRANT. ¥ .BAR
MUSIC& EN VIVO TODOS.LOS DIAS, ¥ LA HORA FELII
DE" 1. A DE LA TARDE. HORARIO DE 81,

ENJOY UUR LREAT \".RR]I—.TY OF DISHES , TIPIGAL
ACKS,. AMERICAN CUTS, SEA FOOD, FISH
OUNTRY STYLE BREAKEAST 'AND; LUNCH ", DINNER

LIVE MUSIC EVERY DAY ,. HAPPY HOUR FROM 2 TG 3
PL.M. FAGM. B A.M.. TO 12 °P.M:

CALZ, LA HUERFA ¥ AV: COSMOS. SALIDA A PATICUARO

MORELIA, MIC

e
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Azufres geothermal area in central Mexico.
Many mapped faults are clearly expressed
in the detailed magnetic data because
these faults penetrate to the surface and
many are reflected in the topography.
East-trending faults are often cut by
younger north- to -northwest trending
structures whicih can be interpreted from
the magnetic data. A large zone of mapped
nydrothermal alteration is apparent in the
magnetic data as an area of unusually low
(0-50 nT) magnetic relief. Interpreted
structures trend NW into this area and are
weakly expressed within the alteration
zone. The regional survey records several

major volcanic - intrusive ‘complexes as
large, positive magnetic anomalies,
including the Los Azufres area. The

source of the Los Azufres magnetic high
appears to be bounded by northwest- and
north-trending regional structures.

RESUMEN

Levantamientos detallados y regionales
aeromagnéticos fueron completados sobre el
sistema geotérmico Los Azufres en la parte
central de Mexico. Muchas fallas de las
cuzales se han hecho mapas estan claramente
expresadas en los datos magnéticos, pues
estas fallas penetran 1la superficie vy
muchas se reflejan en la topografia. Las
fallas con direccé¢idn a2l oriente suelen ser
cortadas por estructuras mas recientes con
orientacidén norte a noroeste, las cuales

se pueden interpretar atravez de datos
magnéticos. Hay cerca de 18 faccidnas
magnéticas que estdn correlacionan con
falles ubicadas en mapas y otras
estructuras probables. Varias fallas

ubicadas en mapas pueden ser extendidas
con una interpretacién de los datos
magneticos y ademas mas de 12 estructuras

L0S AZUFRES GEOTHERMAL AREA,

ESL-89019-TR
DOE/ID/12489-54

MICHOACAN

Wright
Earth Science Laboratory

Utah 84108-1295

Francisco Arellano G.
Luis Guerrero G.

Mexico

Comisidén Federal de Electricidad
B. C., Mexico

que no han sido ubicados en mapas.

Una zona - amplia de alteracidn
hidrotermal y ubicada en mapas aparece en
los datos magneticos como una zona de bajo
(0-50 nT) relieve magnético. - Estructuras
interpretadas en esta area son de.
direccidn Noroeste y aparecen poco dentro
de la zona de alteracidn. .Los datos
indican la posible relacidn del complejo
volcdnico Los Azufres con la intersection
del sistema estructural Noreste-Sureste
(Basin and Range?) con estructuras Este-~
Oeste. El levantamiento regional registra
varios complejos de volcdnicos-intrusivos
mayores como anomalias magnéticas
positivas que 1incluyen el arceca de Los
Azufres. El origen del alto magnetismo de
Los Azufres pareciera se limitado por
estructuras regionales orientadas por el
norte y el Noroeste.
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ABSTRACT
Detailed and regional aeromagnetic
surveys were completed over the Los

INTRODUCTION

As part of a cooperative agreement
between the United States Department of
Energy (DOE) and the Mexico Comision
Federal de Electricidad (CFE), two
aeromagnetic surveys were completed over
the Los Azufres . geothermal area in
Michoacan, central Mexico. The goals of
this work were to determine the
effectiveness of specialized aeromagnetic
surveys for determining structural control
and alteration areas in geothermal
resources related to fractured volcanic
systems. Other data obtained in support
of the aeromagnetic surveys included the
collection of magnetic susceptibility data
for geologic units at Los Azufres and
recording the diurnal variation of the
earth's magnetic field.

DATA ACQUISITION

The aeromagnetic surveys are classified
as detailed (low-altitude survey) and



rezional (high-altitude .survey}. Thé
deualled survey was completed over the Los
Azufres rJﬂothermal area using a Llama
heﬁlcopte% operated by CFE. Approximately
527 line-km were flown in-an area of 96 sq
¥m, for an average line spacing of 0.18

Km. Survey lines weérad flowh morthwest-
southeast at  an attempted terrain
clzarance of 100 m. The recording

ecuipment included & Geometrics Model G-
803 Airborne (proton) Magnetometer, a
Bonzar Mark 10X radar altimeter, a
Pznasonic color TV camera, and.a Panasonic
43 Poftable. Vidéeo Cassetté Recorder.
Boih analeg and digital ‘magnetic dnd
sltimeter data were rgcorded,

The high-altitude survey covered an
arzz of approximately 1500 sq k¥m in which
the Los Azufres geothermal f{ield was
sahbrally located. Approximately 1599
line-km were flown north-south at a nearly
constant altitude of 11,300 £t (3,44d my

.=xamnt over parts of 3San Andres volcano.

whare altitude. réached 12,500 Tt (3,810

m). This survey was flqwn in & Prpbr
Chereokee fixed-uing airplane chartered by
CFL. Dense 3moké and haze reésulting from

numerous fires restricted flying  ahd
complicated navigation, resulting in non-
uniform .survey daté covérage.

Both surveys -were completed in Hay,
1998 by a four man-crew which included -2
pilot. and navigator fréom CFE, &ad a
megnaztometer operator and videa
syatem/recorder operator from UURI. The
variation of bthe earih's. magnetic fleld

wzs recorded with a Secintrex Base-Station .

vecnetometer, Model MBS-2 for the period
1S, April to 26 Hay 1988 These
veriations, ‘which have o noermal

dlSurlbUtlon, have a mean value of U2,THD:

geamas. Tne goal of this magnebtic field
mohitoring was to détermine the diurnal
corrections to be applied in the ré&duction
of the aeromagnetlc data.
diurnal variatiens did otcur durlng Lhe
1ow=- altltude survey.

DATA COMPILATION AND PROCESSING
The flight-path recovery utilized VHS

tapes of the flight path which were
replayed many bLimes 0 locate points

ideniifiable on aerial protos,
photomosales, and topographic maps. The
“‘predominance of Forest cover and

‘incomplete photographic coverage limited
the humber of recoveréd points on both
surveys.

& first-generafion magnetic map of the
low=-altitude data Wwas
removing a base level of 42,000 'nanoteslas
(riT) from all .observed vgiu35~and applying

varidtion,

and dcwnxard gontinuation.

Slgnlflcant

«wompleted Dby

diurnal odrrections to. each flight- line.
The. diurngdl adjusts all recorded data %o
the "norwmal® value of 42,740 nT observed
at the CFE monitor station 'during the
survey ‘period, (Campds E. and Herrera B.,
1988). The final magnetic map. includes
additional corrections to entire lines or:
portiens of 1lirnes based on &tie-line
intersections and altitude variations.
This map of total magnetic intensity also
inéorporates smoothing to reduce flight-
lihe effaéts and to emph351ze geolegic
information,

During the initial  -qualitative
interpretation " it becdme evident that
additiomal computer processing iwould
reduce the effects of -terrain clearance
remaining fllght pesition
errors and other High-frequency nolse:
The asromagnetic . map was  manually
digitized by CFE for a square grid of 250
m intervdl. With digital data the
following . processes could later be
employed: reductlon to 'thé pole; upward
continuatiohn; second vertlcal derivative;
Dependlng on
the results obtained two-dimensional ‘and
three-dimensional ‘modellng will be
completed ak a later date. T

Compilation of the high-altitude data
included diurrdal corréctions {generally’

less than 10 nT according to Cdmpoes E. and
Herrera B., 1988) and removal of a 42,000

nT Ubase level. Because the diurnal

changes wére smsll and well-located tie-

line intesrsectlens ‘were generally less
than +/- 10 nT, no further tie-line
adjustments vwere made. Nonconforming data
for poorly located portions- of -several-
flight lines were ignored in contourlng
the f‘1na1 map.

INTERPRETATION - LOW-ALTITUDE SURVEY

An initial qualitative 1nterpretatlon of”
the low-zltitude map was cofpléted by the
correlation of fgeological -and geophysieal
data, including; lithology, structure,
susceptibility samples, paleomagnetic
data, gravity, and ground magnetics.
Linear wmagnetié - ¢rends -and .dipolar
magnetdic anomalies resulting from distinét
5ources with induced magnetizaticn were
identified from these data. 1In ‘general,
the detailed map (Plate. I) shows wellw
defined regional trends with an E-W
oriéntativd which predominate in the
northern sectdr, and WY-SE trends which
predominate in the south and west paortiocns
of the area. Qther trends of minor
importande; with 2an approximate N-3
orlentatlon, ‘ceeur in thie €astern sector.
These magpetic trends -correspond to
erientations associated with a system of



structures observed at the surface. The
NW-SE trends may be of major importance as
they coincide with trends observed in the
regional gravity meap. The detailed
(1:10,000) geologic mapping (CFE, 1986)
provides a basis for evaluation of the
magnetic data. Figure 1 illustrates the
form of magnetic anomalies for two
characteristic models as computed for the
magnetic-field parameters of the Los
Azufres area.

Inspection of the low-altitude survey
map, Plate I, reveals several interesting
features.

1. Humerous short-wavelength highs and
lows, less than 0.5 %¥m in long dimension,
occur on portions of the periphery of the
surveyed area. Many of the small closed
anomslies result from data acquisition or
compilation problems (i.e. terrain
clearance variation, flight path recovery
inaccuracies). Terrain clearance
variztions are most severe when the
magnetometer 1is less than 100 m above the
ground surface. Many anomalies result as
the irregular topography rises to, or
falls sway from, the smoother flight path.
Anomealies of this type can be evaluated by
correletion with topographic maps and
review of the radar sltimeter data.

2. There is . a northwest-southeast
elongztion of contours, some of which may
result from flight-line position and data
leveling errors. Manual smoothing has

reduced these compilation effects. Much
of the remaining NW-SE elongation results
from the topographic grain and

magnetization contrasts due to northwest-
trending faults, fractures, and geologic
contacts. Diserimination between
compilation errors and valid geologic
contrasts is difficult, and ‘interpreted
NW-SE structures must be regarded as
somewhat uncertain.

3. Magnetic field variations of 300 nT to
more than 1200 nT per kilometer are common
along all borders of the survey. An area
of perhaps 5 km (N-S) by 1-3 km (E-W) in
the center of the survey, and largely
coincident with the zone of hydrothermal
alteration between the north and south
production zones, 1is characterized by only
long-wavelength .variations between 640 nT
and 750 nT. This 1limited variation
indicsates very minor . magnetization
contrasts in near-surface rocks (0-1000 m
depth) which may arise from different
geologic models.

4. Numerous positive anomalies are
associated with the San Andres dacite
(Qdp) to the -east, the Mil Cumbres

andesites (Tma) and dacite cinders (Qve)
in the north.

5. Several negative anomalies occur
over rhyolitic rocks (Qrf). The near-
surface depth estimates to the source
rocks along with correlation with hilltop
topography and reduced terrain clearance
(from the radar altimeter) suggest
reversely polarized units within these
Quaternary rhyolites. Several of these
reversed sources are identified by (R) on
the interpretation map, Plate II.
Additional reversely polarized volcanic
sources may be present but have not been
positively identified. Flux-gate
magnetometry measurements. by Dobson and
Mahood {1985) document reversed
magnetizations in "basement rocks" and in
the Agua Fria rhyolites at Los Azufres.

Interpretation of the low-level data to
date has focused upon: 1) an evaluation
of the utility of this detailed, low-
level survey 1in helping to map this
volcanic-hosted, fracture-dominated
geothermal system; and 2) a preliminary
magnetic/geometric model of the
production zones and adjacent areas of
the geothermal system. A more complete
interpretation of the survey will result
from subsequent CFE processing " and
numerical modeling. The results of the
present interpretation are summarized on
Plate II, an overlay to the magnetic data
or geologic 'maps, and are discussed
below.

Fault and Freacture Delineation
The magnetic contour map is deominated

by the expression of faults and
fractures. These structures are well
expressed. for several reasons. Many

.faults penetrate to the surface and are

reflected in the surface topography. The
faults place volcanic rocks of different
magnetization in lateral contact,
providing the necessary magnetization
contrasts. ) Magnetic susceptibility
contrasts within the Los Azufres area
have been documented by Campos and Abad
(1988) and confirm a substantial range of
susceptibility variation (10 E-6 to 2047
E-6 cgs for individual measurements).
The variation in remanent magnetization
is probably greater. The low 1level of
the helicopter flight provided a small
distance between the magnetization
contrasts and the sensor, enhancing the
anomalies.

Major portions of more than 18 mapped
faults and several second-order
structures are expressed in the magnetic
data (Plate II, Table I). The faults and
fractures are expressed in various ways.



Table T
Magnetic Expression of Known Faults

Magnetic ¥Type of Length(Km) Trend

Falla Expression Expression Expressed Direction
Falla Fio Agrio Weak GR + AD 1 NNW
Falla Maritero Strong GR + AD 6 E
Falla Nopalito Adeak AD 0.5 NE
Falla Espinzzo del Diablo Hone - -- E
Falla Los Ccyotes loderate AD 3 E
Falla La Presa (N) Moderate GR + AD 3 NNW
Falla Lagunz Verde (N) Yoderate GR + AD 3 NNW
Falla La Cumbre Weak - 1 E
Falla La Hiobba Hoderate GR + AD 1 N;NNE
Falla La Presa (3) Strong GR 3 NNW
Falla Dorads Hone L - - NE
Falla El Chino Weak AD 0.7 E
Falla Lagune Larga Hoderate AD 2.5 E
Falla San Aizjo Weak GR + AD 0.7 E
Falla Agua Fria tioderate GR + AD 3.5 E
Falla El Vampiro Weak AD 0.8 NE
Falla El1 Viejon Hoderate GR + AD 2 NE
Falla Ejamaniles Moderate GR + AD 2 SE;E
Falla Los Azufres toderate GR + AD 0.8 E
Falla Agua Ceniza Hoderate GR + AD 1 NE
Falla E1 Cninapo Strong GR + AD 2.5 E
Falla Laguna Verde (S) Moderate GR + AD 1.7 MNW

' Magnetic expression type: GR = gradient; AD = alignment of
discontinuities .
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Figure 1. Characteristic magnetic model responses, Los Azufres,
Michoacan arza. Rectangular bodies 1 x 1.5 km trending N20W and N50E.
Susceptibility contrasts 0.002 cgs, depth to top 200 m, thickness 600
m. Declination 9°E, inclination 48°, TF = 42,740 nT. Contour interval
20 nT.
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A linear gradient 0.5 to several km long
(e.g. Falla La Presa, Falla Maritaro) is
the most obvious expression. More common
in these data are the truncation of
magnetic highs and lows and changes in
anomaly amplitudes along a linear
alignment. Many known faults are revealed
by combinations of the above.

Not all faults are well expressed in
the magnetic data, and only rarely can the
entire fault be interpreted from the
magnetic data. Because the surface
geology has been mapped in detail and many
drill holes have been completed, the
opportunity for identifying major new
features from the magnetic data 1is
somewhat limited. Using the criteria
discussed earlier, and in conjunction with
the CFE geologic map, several mapped
faults may be extended with some
confidence based on the magnetic . data.
These include Falla Laguna Verde, Falla La
Hiobba, Falla El1 Chinapo, and other
unnamed features.

More than 12 previously unmapped
structures are also interpreted from the
magnetic data, as snown on Plate II.
Several of these interpreted structures
trend N60OW to N20W, at a relatively small
angle to the flight lines and hence could
arise from compilation problems in areas
of poor flight path recovery, or a
coincidental alignment of magnetic
gradients of anomalies. Perhaps the most
important of these trends northwest near
the eastern margin of the South Production
Zone. The recognition of these NW-SE
structures is a useful contribution to the
knowledge of Los Azufres at this stage of
qualitative interpretation. These
intarpreted features should be verified by
geological mapping or surface geophysical
surveys before being accepted as faults.

Los Azufres Geothermal System

A preliminary interpretation of the
Los Azufres area is shown on Plate II.
This interpretation, supported by
numerical modeling of the high-altitude
survey, Figure 2, indicates that a large
body of relatively uniform bulk
magnetization extends from Falla El
Chinapo on the south to Falla Los Coyotes
on the north. The body is truncatzsd by
Falla Laguna Verde and Falla La Presa on
the east, and extends west beyond Presa
Laguna Larga. This broad, positive source
appears to be the 1000 m plus thickness of
andesites contrasting with San Andres
dacite and La Yerbabuena rhyolite domes on
the east, and La Yerbabuena rhyolite domes
on the west, Superimposed on this domin-
antly low-relief feature are minor
anomalies due to topographic effects,

faulting, and locally, reversely
magnetized rhyolites which may outcrop.
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Figure 2. Preliminary magnetic model for
Los Azufres geothermal area, from high
altitude data. Major source body with
susceptibility contrast 0.001 Cgs,
outcropping, with thickness of 2300 m.
Body borders are probably defined by
regional structures. Contour interval 10
nT.

Thin, layered rhyolites overlie
andesites in the central portion of the
positive source body. A broad areaza of
hydrothermal alteration is expressed by
subdued magnetic variations, and appears
to be oriented along the trend of two
poorly defined structures interpreted from
the magnetic data. We do not observe a
detailed correlation between the diverse
lithologic units and the magnetic
contours, except that in the areas of high
susceptibility (andesites and dacites) the
magnetic relief 1is much more irregular
than where the surface cover are tuffs,
rhyolites and altered rocks, even though
the average value of the field 1is
approximately the same.

The structures indicated may have some
significance as controls for the South



Production Zone. The significancs of
structures and magnetic sources near the
North Production Zone 1is unclear at
pra2sent.

INTERPRETATION - HIGH ALTITUDE SURVEY

The nigh altitude residual magnetic
intensity map is presented as Plate III.
The interpretation of this survey will be
somawhat limited by flight-path recovery
problems, principally in the southern
third of the survey area, and by several
wide gaps. in flight line sepearation. 1In
four areas, the spacing Dbetween flight
lines exceeds three km. In these areas
the frequency content of the mapped data
is lower than that of the true magnetic
field =at this elevation, and anomaly
shepes may be somewhat incorrect.

Several major west and west-northwest
trending structures can be inferred from
the contour map. Positive magnetic
sources, 4 to 20 sq km in aerial .extent,
suggest major volcanic-intrusive
complexes. Some of the more prominent
sources occur at the eastern end of Laguna
Cuitzeo, north of Presa Pucuato, near Mesa
El Cantor, and at Uripitio. Geothermal
fields are associated with two of these
large sources: Araro, southeast of the
Cuitzeo source, and Los A&zufres. The
volcano San Andres, less than 400 m below
the flight altitude, occurs as a positive
magnetic anomaly with amplitude 300 nT
above background. The inferred source
position includes an area of approximately
12 sq km, much of which is zbove 3000 m in
elevation.

The low-frequency magnetic anomalies,

and the magnetic sources which can be
inferred from these anomalies, form a
large somewhat-circular area perhaps 25 km
in diemeter in the southeastern portion of
the survey area. Any interpretation
relating this near-circular appearance to
a caldera complex will require more
interpretation and considerable geologic
input.

The only specific interpretation of
the high-altitude data reported here is
first-pass modeling of a low-amplitude
positive anomaly which encompasses 20 sgq
km and 1is centered over the Los Azufres
geothermal area. A simplified model of
this source (Figure 2) corresponds to the
broad magnetic source identified from the
low-2ltitude survey which includes the Los
Azufres geothermal system. The
interpreted susceptibility contrast for
this body, contrasted with bordering, less
magnetic blocks, is approximately 1000 E-
6 cgs, assuming a finite depth extent of

the order of 2300 m, for this
magnetization contrast. This may relate
to a thicker section of andesites
downfaulted with respect to surrounding
dacites, rhyolite domes and other rocks
and/or intrusive rocks Dbeneath the
andesite units,

CONCLUSIONS

The hrigh-altitude aeromagnetic survey
mzaps a&an arcuate area of over 500 sq km
which -includes severzl 1large magnetic
sources suggestive of volcanic-intrusive
complexes. One of these sources includes
the entire area of the Los Azufres
geothermal system. This source is
bordered on three sides by major mapped
faults. The positive magnetic source may
correspond to a thicker section of Mil
Cumbres andesites, and/or intrusives at
depth, and contrasts with rhyolite and
dacite domes to the west and east.
Several regional structures may Dbe
inferred from this survey but they have
not yet been studied in detazil.

On the basis of the preliminary
interpretation, it appears that the low-
altituce . survey is only partially
successful for reflecting the known
geologic characteristics at Los Azufres,
but contributes indications of a regional
kind which shed new information and permit
making hypothesis for later studies. The
most important are the possible relation
of the Los Azufres volcanic complex with
the 1intersection of a NW-SE structural
system (Basin and Range?) with more recent-
E-W structures. These data. also suggest
that the hydrothermal alteration
observzble at the surface 1is largely
restricted to shallow units and decreases
notably with depth.

The detailed, low-level magnetic survey
shows numerous linear magnetic trends and
discontinuities not present on the high
altituce data, at 1least 18 of which
correlate with mapped faults and other
probable structures. Several mapped
faults may be extended with an
interpretation of the magnetic data, and
more than 12 previously unmapped
structures are interpreted from these
data. Some of these structures may be
important to a better understanding of
structural controls for the South
Production Zone. With more study, this
structural information will lead to a
better understanding of this fracture-
controlled geothermal system. The cost-
effectiveness of the regional survey is
still being evaluated.



Magnetic surveys of similar
structurally controlled volcanic
geothermal systems should utilize a close
flight 1line spacing (200-300 m) and a
smoothly draped flight path somewhat
hizher than the minimum and mean terrain
clearance of this survey. Depending on
local relief and helicopter performance, a
mean terrain clearance o2f 100 to 200 m
should be considered.

Further interpretation of the detailed
survey may benefit from low-pass digital
filtering to reduce noisy data due to
varying terrain clearance and flight-line
position errors. Additional numerical
modeling of the geothermal area should
then be completed. Numerical modeling and
structural interpretation of the high-
altitude survey can bs completed on a
lovier priority basis.
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ABSTRACT
Detailed and regional aeromagnetic
surveys vere completed over the Los

Azu’res geothermal area in central Mexico.
Manv mapped faults are clearly expressed
in the detailed magnetic data because
these faults penetrate to the surface and
many are reflected in the topography.
East-trending faults are often cut by
younger north- to -northwest trending
structures which can be interpreted from
the magnetic data. A4 large zone of mapped
nydrothermal alteration is apparent in the
magnetic data as an area of unusually low
(0-30 nT) magnetic relief. Interpreted
structures trend NW into this area and are
weexly .expressed within the alteration
zons. The regional survey records several
mejor volcanic -~ intrusive complexes as
larze, positive magnetic anomalies,
inciuding the Los Azufres area. The
source of the Los Azufres magnetic high
appsars to be bounded by northwest- and
north-trending regional structures.

RESUMEN

Levantamientos detallados y regionales
aeromagnéticos fueron completados sobre el
sistema geotéfmico Los Azufres en la parte
ceniral de Mexico. Muchas fallas de las
cuzles se han hecho mapas estan claramente
expresadas en los datos magnéticos, pues
estzs fallas penetran 1la superficie vy
muchas se reflejan en 1& topografia. Las
fallas con direccidn al oriente suelen ser
cortadas por estructuras mas recientes con
.orisntacidén norte a noroeste, las cuales

se pueden interpretar atravez de datos
magnéticos. Hay cerca de 18 faccidnas
magaéticas que estdn correlacionan con
fallas ubicadas en mapas y .otras
estructuras probables. Varias fallas

ubicadas en mapas pueden ser extendidas
con una interpretacidén de los datos
magneticos y ademas mas de 12 estructuras

hidrotermal y ubicada en mapas aparece en
los datos magneticos.'como una zona de bajo
(0-50 nT) relieve magnético. Estructuras
interpretadas en esta area son de.
direccidn Noroeste y aparecen poco dentro
de la zona de alteracidn. Los datos
indican la posible relacidn del complejo
volcdnico Los Azufres con la intersection
del sistema estructural Noreste-Sureste
(Basin and Range?) con estructuras Este-
Oeste. El levantamiento regional registra
varios complejos de volcdnicos-intrusivos
mayores como anomalias magnéticas
positivas que 1incluyen el area de Los
Azufres. El origen del alto magnetismo de
Los Azufres pareciera se 1limitado por
estructuras regionales orientadas por el
norte y el Noroeste.

INTRODUCTION

As part of a cooperative agreement
between the United States Department of
Energy (DOE) and the Mexico Comision
Federal de Electricidad (CFE), two
aeromagnetic surveys were completed over
the Los Azufres geothermal area in
Michoacan, central Mexico. The goals of
this work were to determine the
effectiveness of specialized aeromagnetic
surveys for determining structural control
and alteration areas in geothermal
resources related to fractured volcanic
systems. Other data obtained in support
of the aeromagnetic surveys included the
collection of magnetic susceptibility data
for geologic units at Los Azufres and
recording the diurnal variation of the
earth's magnetic field.

DATA ACQUISITION

The aeromagnetic surveys are classified
as detailed (low-altitude survey) and



regional (high-altitude survey). The
detailed survey was completed over the Los
Azufres geothermal area using a Llama
helicopter operated by CFE. Approximately
527 line-km were flown in an area of 96 sq
km, for an average line spacing of 0.18

km. Survey lines were flown northwest-
southeast at an attempted terrain
clearance of 100 m. The recording

equipment included a Geometrics Model G-
803 Airborne (proton) Magnetometer, a
Bonzar Mark 10X radar altimeter, a
Panasonic color TV camera, and a Panasonic
VHS Portable Video Cassette Recorder.
Both analog and digital magnetic and
altimeter data were recorded.

The high-altitude survey covered an
area of approximately 1500 sq km in which
the Los Azufres geothermal field was
centrally located.
line-km were flown north-south at a nearly

constant altitude of 11,300 ft (3,444 m)

2xcept over parts of San Andres volcano
where altitude reached 12,500 ft (3,810
m). This survey was flown in a Piper
Cherokee fixed-wing airplane chartered by
CFE. Dense smoke and haze resulting from
numerous fires restricted flying and
complicated navigation, resulting.in non-
uniform survey data coverage.

Both surveys were completed in May,
1988 by a four man-crew which included a
pilot and navigator from CFE, and a
magnetometer . operator and . video
system/recorder operator from UURI. The
variation of the earth's magnetic field
was recorded with a Scintrex Base-Station
Magnetometer, Model MBS-2 for the period

19 April to 26 Hay 1988. These.
variations, which. have . a normal
distribution, have a mean-value of 42,740
gammas. The goal of this magnetic field

monitoring was to determine the diurnal
corrections to be applied in the reduction
of the aeromagnetic data. Significant
diurnal variations did occur during the
low-altitude survey. '

DATA COMPILATION AND PROCESSING

The flight-path recovery utilized VHS
tapes of the flight path which were
replayed many times to 1locate points
identifiable ~ on aerial photos,
photomosaics, and topographic maps. The
predominance of forest cover and
incomplete photographic coverage limited
the number of recovered points on both
surveys,

A first-generation magnetic map of the
low-altitude data was completed by
removing a2 base level of 42,000 nanoteslas
{(nT) from all observed values and applying

Approximately 1590

- three-dimensional

diurnal corrections to each flight 1line.
The diurnal adjusts all recorded data to
the "normal" value of 42,740 nT observed
at tne CFE monitor station 'during the
survey period, (Campos E. and Herrera B.,
1288). The final magnetic map includes’
additional corrections to entire lines or
portions of 1lines: 'based on tie-line
intersections and altitude variations.
This map of total magnetic intensity also
incorporates smoothing to reduce flight-
line effects and to emphasize geologic
information.

During the initial qualitative
interpretation " it became evident that
additional computer processing would
reduce the effects of terrain clearance
variation, remaining. flight position

“errors and other high-frequency noise.

The aeromagnetic map was manually
digitized by CFE for a square grid of 250
m interval. With- digital data the
following processes. could later be
employed: reduction to the pole; upward
continuation; second vertical derivative;
and downward continuation. Depending on
the results obtained two-dimensional and

modeling will be-
completed a2t a later date.

Compilation of the high-altitude data
included diurnal corrections (generally
less than 10 nT according to Campos E. and
Herrera B., 1988) and removal of a 42,000
nT base level. Because the diurnal
changes were small and well-located tie-
line 1intersections were generally less
than +/- 10 nT, no further tie-line
adjustments were made. Nonconforming data
for poorly’ located portions of several
flight lines were ignored in contouring

" the final map.

INTERPRETATION - LOW-ALTITUDE SURVEY

An initial qualitative interpretation of.
the low-altitude map was completed by the
correlation of geological and geophysical
data, 1including; 1lithology, structure,
susceptibility samples, ' paleomagnetic
data, gravity, and ground magnetics.
Linear magnetic ‘trends and . dipolar
magnetic anomalies resulting from distinct
sources with induced magnetization were
identified from these data. 1In general,
the detailed map (Plate I) shows well-
defined regional trends with an E-W
orientation which predominate in the
northern sector, and NW-SE trends which
predominate in the south and west portions
of the area. Other trends of minor
importance, with an approximate N-S
orientation, occur in the eastern sector.
These magnetic trends correspond to
orientations associated with a system of



structures observed at the surface. The
NW-SE trends may be of major importance as
they coincide with trends observed in the
regional gravity map. The detailed
(1:10,000) geologic mapping (CFE, 1986)
provides a basis for evaluation of the
magnetic data. Figure 1 illustrates the
form of magnetic anomalies for two
characteristic models as computed for the
magnetic-field parameters of the Los
Azufres area. .

Inspection of the low-altitude survey
map, Plate I, reveals several interesting
features.

1. Mumerous short-wavelength highs and
lows, less than 0.5 km in long dimension,
occur on portions of the periphery of the
surveyed area. Many of the small -closed
anomalies result from data acquisition or
compilation problems (i.e. terrain
clearance variation, flight path recovery
inaccuracies). Terrain clearance
variztions are most severe when the
magnetometer is less than 100 m above the
ground surface, Many anomalies result as
the irregular topography rises to, or
falls away from, the smoother flight path.
Anomalies of this type can be evaluated by
correlation with topographic maps and
review of the radar altimeter data..

2. There is a northwest-southeast
elongation of contours, some of which.may
result from flight-line position and data
leveling errors. Manual smoothing has
reduced these compilation effects. Much
of the remaining NW-SE elongation results
from the topographic grain and
magnetization contrasts due to northwest-
trending faults, fractures, and. geologic
contacts. Discrimination between
compilation errors and valid geologic
contrasts is difficult, and interpreted
NW-SE structures must be regarded as
somewhat uncertain.

3. Magnetic field variations of 300 nT to
more than 1200 nT per kilometer are common
along all borders of tne survey. An area
of pernaps 5 km (N-S) by 1-3 km (E-W) in
the center of the survey, and largely
coincident with the zone of hydrothermal
alteration between the north and south
production zones, is characterized by only
long-wavelength variations between 640 nT
and 750 nT. This limited variation
indicates very minor magnetization
contrasts in near-surface rocks (0-1000 m
depth) which may arise from different
geologic models.

4, Numerous positive anomalies are
associated with the San Andres dacite
(Qdp) to the east, the Mil Cumbres

andesites (Tma) and dacite cinders (Qvc)
in the north.

5. Several negative anomalies occur
over rhyolitic rocks (Qrf). The near-
surface depth estimates to the source
rocks along with correlation with hilltop
topography and reduced terrain clearance
(from the radar altimeter) suggest
reversely polarized units within these
Quaternary rhyolites.
reversed sources are identified by (R) on
the interpretation map, Plate II.
Additional reversely polarized volcanic
sources may be present but have not been
positively identified. Flux-gate
magnctometry measurements by Dobson and
Mahood (1985) document reversed
magnefizations in "basement rocks" and in
the Agua Fria rhyolites at Los Azufres.

Interpretation of tne low-level data to
date has focused upon: 1) an evaluation
of the utility of this detailed, low-
level survey 1in helping to map this
volcanic-hosted, fracture-dominated
geotharmal system; and 2) a preliminary
magnetic/geometric model of the
production zones and adjacent areas of
the geothermal system. A more complete

" interpretation of the. survey will result

from subsequent CFE processing and
numerical modeling. The results of the
present interpretation are summarized on
Plate II, an overlay to the magnetic data
or geologic maps, and are discussed
below. :

Fault and Fracture Delineation
The magnetic contour map is dominated

by the expression of faults and
fractures. These structures are well
expressaed for several reasons,. Many

faults penetrate to the surface and are
reflected in the surface topography. The
faults place volcanic rocks of different
magnetization in lateral contact,
providing the necessary magnetization
contrasts. Magnetic susceptibility
contrasts within the Los Azufres area
have been documented by Campos and Abad
(1988) 2nd confirm a substantial range of
susceptibility variation (10 E-6 to 2047
E-6 cgs for individual measurements).
The variation in remanent magnetization
is probably greater. The low level of
the helicopter flight provided a small
distance'™ between the magnetization

contrasts and the sensor, enhancing the

anomalies.

Major portions of more than 18 mapped
faults and several second-order
structures are expressed in the magnetic
data (Plate II, Table I). The faults and

-fractures are expressed in various ways.

Several of these .



Table I
Magnetic Expression of Known Faults

Magnetic *Type of Length(Xm) Trend
Falla Expression Expression Expressed Direction
Falla Fio Agrio Weak GR + AD 1 NNW
Falla Maritaro trong GR + AD 6 E
Falla Nopalito Weak AD 0.5 NE
Falla Espinazo del Diablo None -——— -- E
Falla Los Coyotes Moderate AD 3 E
Falla La Presa (N) Moderate GR + AD 3 NNW
Falla Laguna Verde (N) Moderate GR + AD 3 NNW
Falla La Cumbre Weak —— 1 E
Falla La Hiobba Moderate GR + AD 1 N;NNE
Falla La Presa (3S) Strong GR 3 NNW
Falla Dorada Hone L e - NE
Falla El1 Chino Weak AD 0.7 E
Falla Laguna Larga Moderate AD 2.5 E
Falla San Alejo Weak GR + AD 0.7 E
Falla Agua Fria tioderate GR + AD 3.5 E
Falla El1 Vampiro Weak AD 0.8 NE
Falla El Viejon Moderate GR + AD 2 NE
Falla Ejamaniles Moderate GR + AD 2 SE;E
Falla Los Azufres Moderate GR + AD 0. E
Falla Agua Cenizs Moderate GR + AD 1 NE
Falla E1 Chinapo ) Strong GR + AD 2.5 E
Falla Laguna Verde (S) Moderate GR + AD 1.7 NNW
% Magnetic expression £GType: ‘GR = gradient; AD = alignment of

discontinuities
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Figure 1. Characteristic magnetic model responses, Los Aéufres,

Michoacan area. Rectangular bodies 1 x 1.5 km trending N20W and NSOE.
Susceptibility contrasts 0.002 cgs, depth to top 200 m, thickness 600

m. Declination 9°9E, inclination 48°, TF = 42,740 nT. Contour interval
20 nT.
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A linear gradient 0.5 to several km long
(e.g. Falla La Presa, Falla Maritaro) is
the most obvious expression. More common
in these data are the truncation of
magnetic highs and lows and cnanges in
anomaly amplitudes along a linear
alignment. Many wxnown faults are revealed
by combinations of the above.

Not all faults are well expressed in
the magnetic data, and only rarely can the
entire fault be interpreted from the
magnetic data. Because the surface
geology has been mapped in detail and many
drill holes have Dbeen completed, the
opportunity for 1identifying major new
features from the magnetic data 1is
somewhat limited. Using the criteria
discussed earlier, and in conjunction with
the CFE geologic map, several mapped
faults may be extended with some
confidence based on. the magnetic -data.
These include Falla Laguna Verde, Falla La
Hiobba, Falla E1 Chinapo, and other
unnamed features.

More +than 12 previously unmapped
structures are also interpreted from the
magnetic data, as shown on Plate 1II.
Several of these interpreted structures
trend N60OW to N20W, at a relatively small
angle to the flight lines and hence could
arise from compilation problems in areas
of poor flight path recovery, or a
coincidental alignment of magnetic
gradients of anomalies. :Perhaps the most
important of these trends northwest near
the eastern margin of the South Production
Zone. The recognition of these NW-SE
structures is a useful contribution to the
knowledge of Los Azufres at this stage of
qualitative interpretation. These
interpreted features should be verified by
geological mapping or surface geophysical
surveys before being accepted as faults.

Los Azufres Geothermal System

4 preliminary interpretation of the
Los Azufres area 1is shown on Plate II.
This interpretation, supported by
numerical modeling of the high-altitude
survey, Figure 2, indicates that a large
body of relatively uniform bulk
magnetization extends from Falla El
Chinapo on the south to Falla Los Coyotes
on the north. The body is truncated by
Falla Laguna Verde and Falla La Presa on
the east, and extends west beyond Presa
Laguna Larga. This broad, positive source
appears to be the 1000 m plus thickness of
andesites contrasting with San Andres
dacite and La Yerbabuena rhyolite domes on
the east, and La Yerbabuena rhyolite domes
on the west. Superimposed on this domin-
antly low-relief feature are minor
anomalies due to topographic effects,

faulting, and locally, reversely
magnetized rhyolites which meay outcrop.
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Figure 2. Preliminary magnetic model for
Los Azufres geothermal aree, from high
altitude data. Major source body with
susceplibility . contrast 0.001 cgs,
outcropping, with thickness of 2300 m.
Body borders are probably defined by
regional structures. Contour interval 10
nT.

Thin, layered rhyolites overlie
andesites in the central portion of the
positive source body. A broad areaz of
hydrothermal alteration is expressed by
subdued magnetic variations, and appears
to be oriented along the trend of two
poorly defined structures interpreted from
the magnetic data. We do not observe a
detailed correlation between the diverse
lithologic units and the magnetic
contours, except that in the areas of high

* susceptibility . (andesites and dacites) the

magnetic relief is much more irregular
than where the surface cover are tuffs,
rhyolites and altered rocks, even though
the average value of the field is
approximately the same.

The structures indicated may have some
significance as controls for the South



Production Zone. The significance of

structures and magnetic sources near the

Morth Production Zone 1is unclear at

present.
INTERPRETATION - HIGH ALTITUDE SURVEY

The hnigh altitude residual magnetic
intensity map is presented as Plate III.
The interpretation of this survey will be
somewhat limited by flight-path recovery
problems, principally in the southern
third of the survey area, and by several
wide gaps in flight line separation. In
four areas, the spacing between flight
lines exceeds three km. In these areas
the frequency content of the mapped data

is lower than that of the true magnetic

field at this elevation, and
shzpes may be somewhat incorrect.

anomaly

Several major west and west-northwest
trending structures can be inferred from
the contour map. Positive magnetic
sources, 4 to 20 sq km in aerial extent,
suggest major volcanic-intrusive
complexes. Some of the more prominent
sources occur at the eastern end of Laguna
Cuitzeo, north of Presa Pucuato, near Mesa
El Cantor, and at Uripitio. Geothermal
fizlds are associated with two of these
large sources: Araro, southeast of the
Cuitzeo source, and Los Azufres. The
volcano San Andres, less than 400 m below
the flight altitude, occurs as a positive
magnetic anomaly with amplitude 300 nT
above background. The inferred source
position includes an area of approximately
12 sq km, much of whieh is above 3000 m in
elevation.

The low-frequency magnetic anomalies,
and the magnetic sources which can be
inferred from these anomalies, form a
large somewhat-circular area perhaps 25 km
in diameter in the southeastern portion of
the survey area. Any interpretation
relating this near-circular appearance to
a caldera complex will require more
interpretation and considerable geologic
input.

The only specific interpretation of
the high-altitude data reported here 1is
first-pass modeling of- a low-amplitude
positive anomaly which encompasses 20 sqg
km and is centered over the Los Azufres
geothermal area. A simplified model of
this source (Figure 2) corresponds to the
broad magnetic source identified from the
low-altitude survey which includes the Los
Azufres geothermal system. The
interpreted susceptibility contrast . for
this body, contrasted with bordering, less
magnetic blocks, is approximately 1000 E-
6 cgs, assuming a finite depth extent of

the order of 2300 m, for this
magnetization contrast. This may relate
to a thicker section of andesites
downfaulted with respect to surrounding
dacites, rhyolite domes and other rocks
and/or ~ intrusive rocks beneath the
andesite units.

CONCLUSIONS

The high-altitude aeromagnetic survey
maps an arcuate area of over 500 sq km
which includes several large magnetic
sources suggestive of volcanic-intrusive
complexes. One of these sources includes
the entire area of the Los Azufres
geothermal system. This source is
bordered on three sides by major mapped
faults. The positive magnetic source may
correspond to a thicker section of Mil
Cumbres andesites, and/or intrusives. at
depth, and contrasts with rhyolite and
dacite domes to the west and -east.
Several regional structures may be
inferred from this survey but they have
not yet been studied in detail.

On the basis of the preliminary
interpretation, it appears that the low-
altitude survey ' 1is .only partially
successful for - reflecting the known
geologic characteristics at Los Azufres,
but contributes indications of a regional
kind which shed new information and permit
making hypothesis for later studies. The
most important are the possible relation
of the Los Azufres vdlcanic complex with
the intersection of a NW-SE structural
system (Basin and Range?) with more recent
E-W structures. These data also suggest
that the hydrothermal alteration
observable at .the surface 1is largely
restricted to shallow units and decreases
notably with depth.

The detailed, low-level magnetic survey
shows numerous linear magnetic trends and
discontinuities not oresent on the high
altitude data, at 1least 18 of which
correlate with mapped faults and other
probable structures. Several mapped
faults may be extended with an
interpretation of the magnetic data, and
more + than 12 previously unmapped
structures are interpreted from these
data. Some of these structures may be
important to a better understanding of
structural controls for the South
Production Zone. With more study, this
structural information will 1lead to a
better understanding of this fracture-
controlled geothermzl system. The cost-
effectiveness of the regional survey is
still being evaluated.



Hdagnetic surveys of similar
structurally controlled volcanic
geothermal systems should utilize a close
flight 1line spacing (200-300 m) and a
smoothly draped flight path somewhat
higher than the minimum and mean terrain
clezrance of this survey. Depending on
local relief and helicopter performance, a
mean terrain clearance of 100 to 200 m
should be considered.

Turther interpretation of the detailed
survay may benefit from low-pass digital
filtering to reduce noisy data due to
varying terrain clearance and flight-line
position errors. Additional numerical
modeling of the geothermal area should
then be completed. Numerical modeling and
structural interpretation of the high-
altitude survey can be completed on a
lower priority basis.
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ABSTRACT
Detailed . and regional aeromagnetic
surveys were completed over the Los

Azufres geothermal area in central Mexico.
Many mapped faults are clearly expressed
in the detailed magnetic data because
these faults penetrate to the surface and
many are reflected in the topography.
East-trending faults are often cut by
younger north- to -northwest trending
structures which can be interpreted from
the magnetic data. A large zone of mapped
hydrothermal alteration is. apparent in the
magnetic data as an area of unusually low
(0-50 nT) magnetic relief. Interpreted
structures trend NW into this area and are
weaxly expressed within the alteration
zone. The regional survey records several

major volcanic - intrusive -complexes as
large, positive magnetic anomalies,
including the Los Azufres area. The

source of the Los Azufres magnetic high
appears to be bounded by northwest- and
north-trending regional structures.

RESUMEN

Levantamientos detallados y regionales
aeromagnéticos fueron completados sobre el
sistema geotdrmico Los Azufres en la parte
central de Mexico. Muchas fallas de las
cuales se han hecho mapas estan claramente
expresadas en los datos magnéticos, pues
estas fallas penetran 1la superficie vy
muchas se reflejan en la topografia. Las
fallas con direccidn al oriente suelen ser
cortadas por estructuras mas recientes con
orientacidn norte a noroeste, las cuales
se pueden interpretar atravez de datos

magnéticos. Hay' cerca de 18 faccidnas
magnéticas que estdn correlacionan con
fallas ubicadas en mapas y otras
estructuras probables. Varias fallas

ubicadas en mapas pueden ser extendidas
con una interpretacién de los datos
magneticos y ademas mas de 12 estructuras

B. C.,

Mexico

que no han sido ubicados en mapas.

Una zona amplia de alteracidn
hidrotermal y ubicada en mapas aparece én
los datos magneticos como una zona de bajo
(0-50 nT) relieve magnéticd. Estructuras
interpretadas en esta area son de.
direccidn Noroeste y aparecen poco dentro.
dé la zona de alteracidn.  Los datos
indican la posible.relacidn. del complejo
volednico. Los Azufres con la intersection
del sistema estructural Noreste-Sureste

. (Basin and Range?) con estructuras Este-

Oeste. El1 levantamiento regional registra
varios complejos de volcanicos-intrusivos
mayores como anomalias magnéticas
positivas que incluyen el area de Los
Azufres. El origen del .alto magnetismo de
Los Azufres pareciera se limitado por
estructuras regionales orientadas por el
norte y el Noroeste. .

INTRODUCTION

As part of a cooperative agreement
between the United States Department of
Energy (DOE) and the Mexico Comision
Federal de Electricidad (CFE), two
aeromagnetic surveys were completed over
the Los Azufres geothermal area in
Michoacan, central Mexico. The goals of
this work were to determine the -
effectiveness of specialized aeromagnetic
surveys for determining structural control
and alteration areas in geothermal
resources related to fractured volcanic
systems. Other data obtained in support
of the aeromagnetic surveys included the
collection of magnetic susceptibility data
for geologic units at Los Azufres and
recording the diurnal variation of the
earth's magnetic field.

DATA ACQUISITION

The aeromagnetic surveys are classified
as detailed (low-altitude survey) and



regional . (high-altitude survey). The
detailed survey was completed over the Los
Azufres geothermal ares using a Llama
helicopter operzted by CFE. Approximately
527 line-km were flown in an area of 96 sq
km, for an averags line spacing of 0.18

km. Survey lines were f{lown northwest-
southeast at en attampted terrain
clearance of 100 m. The recording

equipment included a Geometrics Model G-
803 Airborne., (proton) Magnetometer, a
Bonzar Mark 10X radar altimeter, a
Panasonic color TV camera, and a Panasonic
VHS Portable Video Cassette Recorder.
Botn analog and digitel magnetic and
altimeter data were recorded.

The high-altitude survey covered an
area of approximately 1500 sq km in which
the Los Azufres geothermal field was
centrally located. Approximately 1590
line-km weré .flown north-south at a nearly
constant altitude of 11,300 ft (3,44% m)
2xcept over parts of San Andres volcano
where altitude reazched 12,500 ft (3,810
m). This survey was flown in a Piper
Cherokee fixed-wing airplane chartered by
CFE. Dense smoke and haze resulting f{rom
numerous fires restricted flying and
complicated mavigation, resulting in non-
uniform survey data coverszge.

Both surveys were ccmpleted in HMay,
1988 by a four man-crew which included a
pilot and navigetor from CFE, and a
magnetometer operator and video
system/recorder operator from UURI. The
variation of the earth's magnetic field
was recorded with 2 Scintrex Base-Station
Magnetometer, Model M3S-2 for the period
19  April to 26 HMay 1988. Tnese
variations, which have & normal
distribution, have a mean value of 42,740
gammas. Tne goal of this magnetic field
monitoring was to determine the diurnal
corrections to be zpplied in the reduction
of the aeromagnetic data. Significant
diurnal variations did occur during the
low-altitude survey.

DATA COMPILATION AND PROCESSING

The flight-path recovery utilized VHS
tapes of the flight path which were
replayed many times to locate points
identifiable on aerial photos,
photomosaics, and topogrzphic maps. The
predominance of forest cover and
incomplete photographic coverage 1limited
the number of recovered points on both
surveys. '

A first-generation magnetic map of the
low-altitude data was completed by
removing a base level of 42,000 nanoteslas
(nT) from all observed values and applying

diurnal corrections to each flight 1line.
The diurnal adjusts all recorded data to
the "normal" value of U2,740 nT observed
at the CFE monitor. station during the
survey period, (Campos E. and Herrera B.,
1988). The final magnetic map includes
additional corrections to entire lines or
portions of 1lines based on tie-line
intersections and altitude variations.
This map of total magnetic intensity also
incorporates smoothing to reduce flight-
line effects and to emphasize geologic
information.

During the initial qualitative
interpretation "it Dbecame evident that
additional computer processing would
reduce the effects of terrain clearance
variation, remaining flight position
errors and other hnigh-frequency noise.
The aeromagnetic map was manually
digitized by CFE for a square grid of 250
m interval. With digital data the
following processes =~ could later be
employed: reduction to the pole; upward
continuation; second vertical derivative;
and downward continuation. Depending on
the results obtained two-dimensional and
three-dimensional modeling will . be
completed at a later date. . '

Compilation of the high-altitude data
included diurnal corrections (generally
less than .10 nT according to Campos E. and
Herrera .B., 1988) and removal of a 42,000
nT base level.: - Because the diurnal
changes were small and well-located tie-
line intersections were generally "less
than '+/- 10 nT, no further' tie-line
adjustments were made. Nonconforming data
for poorly located portions of several
flight lines were ignored in contouring
the final map.

INTERPRETATION - LOW-ALTITUDE SURVEY

- An initial qualitative interpretation of
the low-altitude map was completed by the
correlation of geological and geophysical
data, 1including; 1lithology, structure,
susceptibility samples, paleomagnetic
data, gravity, and ground magnetics.
Linear - magnetic trends and dipolar
magnetic anomalies resulting from distinct
sources with -induced magnetization were
identified from these data. 1In general,
the detailed map (Plate I) shows well-
defined regional trends with an E-W
orientation which predominate in the
northern sector, and NW-SE trends which
predominate in the south and west portions
of the area. Other trends of minor
importance, with an . approximate N-S
orientation, occur in the eastern sector.
These ‘magnetic trends correspond to
orientations associated with a system of



structures observed at the surface. The
NW-SE trends may be of major importance as
they coincide with trends observed in the
regional gravity map. The detailed
(1:10,000) geologic mapping (CFE, 1986)
providias a basis for evaluation of the
magnetzic data. Figure 1 illustrates the
form of magnetic anomalies for two
charzcteristic models as computed for the
magnezic-field parameters of the Los
Azufres area,.

Inspection of the low-altitude survey
map, 2late I, reveals several interesting
features.

1. liumerous short-wavelength highs and
lows, less than 0.5 km in long dimension,

occur on portions of the periphery of the:

surveyed area. Many of the small closed
anomzlies result from data acquisition or
compilation problems (i.e.
clearance variation, flight path recovery
inaccuracies). Terrain clearance
varistions are most severe when the
magnetometer is less than 100 m above .the

ground surface. Many anomalies result as

the irregular topography rises to, or
falls away from, the smoother flight path.
Anomzlies of this type can be evaluated by
corrzlation with topographic maps and
review of the radar altimeter data.

2. There is a northwest-southeast
elongation of contours, some of which may
resuit from flight-line position and data
leveting errors. Manual smoothing has
reduced these compilation effects. Much
of the remaining NW-SE elongation results
from the "topographic grain and
mnagnatization .contrasts due to northwest-
trending faults, fractures, and geologic
contects. Discrimination between
compilation errors and valid geologic
contrasts is difficult, and interpreted
NW-Sz structures must be regarded as
somewhat uncertain. . : )

3. Hagnetic field variations of 300 nT to
more than 1200 nT per kilometer are common
along all borders of the survey. An area
of perhaps 5 km (N-S) by 1-3 km (E-W) in
the center of the survey, and largely
coincident with the zone of hydrothermal
alteration between the north and south
production zones, is characterized by only
long-wavelength variations between 640 nT
and 750 nT. This 1limited variation
indicates very minor magnetization
contrasts in near-surface rocks (0-1000 m
depth) which may arise from different
geologic models.

4. Humerous positive anomalies are
associated with the San Andres dacite
(Qdp) to the weast, the Mil Cumbres

terrain.

andesites (Tma) and dacite cinders (Qve)
in the north.

5. Several negative anomzlies occur
over rhyolitiec rocks (Qrf). The near-
surface depth estimates to the source

.rocks along with correlation with hilltop

topography and reduced terrain clearance
(from the radar altimeter) suggest
reversely polarized units within these

Quaternary rhyolites. Severzl of these
reversed sources are identified by (R) on
the interpretation map, Plate II.

Additional reversely polarized volcanic
sources may be present but have not been
positively identified. Flux-gate
magnetometry measurements by Dobson and
Mahood (1985) document ‘reversed
magnetizations in "basement rocks" and in
the Agua Fria rhyolites at Los Azufres.

Interpretation of the low-level data to
date has focused upon: 1) an evaluation
of the utility of this detziled, 1low-
level survey in helping to map this
volcanic-hosted, fracture-dominated
geothermal system; and 2) a preliminary
magnetic/geometric model of the
production zones and adjacent areas of

‘the geothermal system. A more complete

interpretation of the survey Wwill result
from subsequent CFE processing and
numerical modeling. The results of the
present interpretation are summarized on
Plate II, an overlay to the magnetic data
or geologic maps, and are discussed
below.

Fault and Fracture Delineation
The magnetic contour map is dominated

by the expression of . faults and
fractures. These structures are -well
- expressed for several reasons. Many

faults penetrate "to the surface and are
reflected in the surface topography. The
faults place volcanic rocks of different
magnetization in lateral contact,
providing the necessary magnetization
contrasts. Magnetic susceptibility
contrasts within the Los Azufres area
have been documented by Campos and Abad
(1988) and confirm a substantial range of
susceptibility variation (10 E-6 to 20u7
E-6 cgs for individual measurements).
The variation in remanent magnetization
is probably greater. The .low level of
the helicopter flight provided a small
distance between the magnetization
contrasts and the sensor, enhancing the
anomalies.

‘Major portions of more than 18 mapped
faults and several second-order
structures are expressed in the magnetic
data (Plate II, Table I). The faults and
fractures are expressed in various ways.



Table I
Magnetic Expression of Known Faults

Hagnetic ¥Type of Length(Km) Trend
Falla Expression Expression Expressed Direction
Falle Fio Agrio Weak GR + AD 1 NNW
Falla Maritaro trong GR + AD 6 E
Falla Nopalito Weak AD 0.5 NE
Falla Espinazo del Diablo None - -- E
Falla Los Coyotes Moderate AD 3 E
Falla La Presa (N) Moderate GR + AD 3 NNW
- Falla Laguna Verde (N) Moderate GR + AD 3 NNW
Falla La Cumbre Weak -—— 1 E
Falla La Hiobba Moderate GR + AD 1 N;NKRE
Falla La Presa (S) Strong GR 3 NNW
Falla Dorada tione L - - NE
Falla El Chino Veak AD 0.7 E
Falla Laguna Larga ifoderate AD 2.5 E
Falla San Alejo vleak GR + AD 0.7 E
Falla Agua Frie tioderate GR + AD 3.5 E
Falla El Vampiro Weak AD 0.8 NE
Fzlla E1 Viejon Moderate GR + AD 2 NE
Fella Ejamaniles Moderate GR + AD 2 SE;E
Fazlla Los Azufres Moderate GR + AD 0. E
Falla Agua Ceniza Moderate GR + AD 1 NE
Falla E1 Chinapo Strong GR + AD 2.5 E
Falla Laguna Verde (S) Moderate GR + AD 1.7 NNW
* Magnetic expression type: GR = gradient; AD = alignment. of
discontinuities
Y .
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Figure 1. Characteristic magnetic model responses, Los Azufres,

Michoacan area. Rectangular bodies 1 x 1.5 km trending N20W and NSOQE.
Susceptibility contrasts 0.002 cgs, depth to top 200 m, thickness 600

m. Declination 9°E, inclination 48°, TF = 42,740 nT. Contour interval
20 nT.
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A linear gradient 0.5 to several km long
(e.g. Falla La Presa, Falla Maritaro) is
the most obvious expression. More common
in these data are the truncation of
magnetic highs and lows and changes in
anomaly amplitudes along a linear
alignment. Many xnown faults are revealed
by combinations of the above.

Not all faults are well expressed in
the magnetic data, and only rarely can the
entire fault be interpreted from the
magneftic data. Because the surface

geology has been mapped in detail and many

drill holes have been completed, the
opportunity - for identifying major new
features from the magnetic data 1is
somewhat 1limited. Using the "criteria
discussed earlier, and in conjunction with
the CFE geologic map, several mapped
faults may be extended . with some
confidence based on the magnetic data.
These include Falla Laguna Verde, Falla La
Hiobba, Falla El1 Chinapo, and other
unnamed features.

More than 12 previously unmapped
structures are also interpreted from the
magnetic data, as shown on Plate II.
Several of these interpreted structures
trend N60OW to N20W, at a relatively small
angle to the flight lines and hence could
arise from compilation problems in areas
of poor flight path recovery, or a
coincidental alignment of ‘magnetic

gradients of anomalies. Perhaps the most-

important of these trends northwest near
the eastern margin of the South Production
Zone. The recognition of these NW-SE
structures is a useful contribution to the
knowledge of Los Azufres at this stage of
qualitative interpretation. These
interpreted features should be verified by
geological mapping or surface geophysical
surveys before being accepted as faults.

Los Azufres Geothermal System

A preliminary interpretation of the
Los Azufres area 'is shown on Plate II.
This interpretation, supported by
numerical modeling of the high-altitude
survey, Figure 2, indicates that a large
body of relatively uniform bulk
magnetization extends from Falla E1l
Chinapo on the south to Falla Los Coyotes
on the north. The body is truncated by
Falla Laguna Verde and Falla La Presa on
the east, and .extends west beyond Presa
Laguna Larga. This broad, positive source
appears to be the 1000 m plus thickness of
andesites contrasting with San Andres
dacite and La Yerbabuena rhyolite domes on
the east, and La Yerbabuena rhyolite domes
on the west. Superimposed on this domin-
antly low-relief feature are minor
anomalies due to topographic effects,

faulting, and locally, reversely
magnetized rhyolites which may outcrop.

LY T

1Y)

7
/I
7

ATHHUA &

Ak

2

[T

L

/
£

AN
SR
. —'\\N\\ =
SN
] SN

Kllomaetsts
o 1
————a————x

Figure 2. Preliminary magnetic model for
Los Azufres geothermal area, from high
altitude. data: Meajor source body with
susceptibility contrast 0.001 cgs,
outcropping, with thickness of 2300 m.
Body borders are probably defined by
regional structures: Contour interval 10
nT.

Thin, layered rhyolites overlie
andesites in the central portion of .the
positive source body. A broad area of
hydrothermal alteration 1is expressed by

‘subdued magnetic variations, and appears

to be oriented along the trend of two
poorly defined structures interpreted from
the magnetic data. We do not observe a
detailed correlation between the diverse
lithologic units and the magnetic
contours, except that in the areas of high
susceptibility (andesites and dacites) the
magnetic relief is much more irregular
than where the surface cover are tuffs,
rhyolites and altered rocks, even though
the average value of the field 1is
approximately the same,

The structures indicated may have some
significance  as controls for the South



Production Zone. The significance of
structures and magnetic sources near the
North Production Zone 1is unclear at
present.

INTERPRETATION - HIGH ALTITUDE SURVEY

The nigh altitude residual magnetic
intensity map is presented as Plate III.
Tne interpretation of this survey will be
somewhat limited by flight-path recovery
problems, principally in the southern
third of the survey area, and by several
wide gaps in flight line separation. In
four areas, the spacing between flight
lines exceeds three km. In these areas
the frequency content of the mapped data
is lower than that of the true magnetic
field at this elevaztion, and anomaly
shapes may be somewhat incorrect.

Severazl major west and west-northwest -

trending structures can be inferred from
the contour map. Positive magnetic
sources, 4 to 20 sq km in aerial extent,
suggest major volcanic~intrusive
complexes., Some of the more prominent
sources occur at the eastern end of Laguna
Cuitzeo, north of Presa Pucuato, near Mesa
El Cantor, and at Uripitio. Geothermal
fields are associated with two of these
large sources: Araro, southeast of the
Cuitzeo source, and Los Azufres. The
volcano San Andres, less than 400 m below
the flight altitude, occurs as a positive
magnetic anomaly with amplitude 300 nT
above background, The inferred source
position includes an arcea of approximately
12 sq km, much of which is above 3000 m in
elevation.

The low-frequency magnetic anomalies,
and the magnetic sources which can be
inferred from these anomalies, form a
large somewhat-circular area perhaps.25 kn
in diameter in the southeastern portion of
the survey area. Any interpretation
relating this near-circular appearance to
a caldera complex will require more
interpretation and considerable geologic
input.

The only specific interpretation. of
the high-altitude data reported here is
first-pass modeling of a low-amplitude
positive anomaly which encompasses 20 sq
km ancd 1s centered over the Los Azufres
geotnermal area. A simplified model of
this source (Figure 2) corresponds to the
broad magnetic source identified from the
low-altitude survey which includes the Los
Azufres geothermal system. The
interpreted susceptibility contrast for
this body, contrasted with bordering, less
magnetic blocks, is approximately 1000 E-
6 cgs, assuming a finite depth extent of

the order of 2300 m, for this
magnetization contrast. This may relate
to a thicker section of andesites
downfaulted with respect to surrounding
dacites, rhyolite domes and other rocks
and/or ° intrusive rocks beneath the
andesite units.

CONCLUSIONS

The high-altitude aeromagnetic survey
maps an arcuate area of over. 500 sgq km
which includes several 1large magnetic
sources suggestive of volcanic-intrusive
complexes. One of these sources includes
the entire area of the Los Azufres
geothermal system. This source is
bordered on three sides by major mapped
faults. The positive magnetic source may
correspond to a thicker section of Mil
Cumbres andesites, and/or intrusives at

depth, and contrasts with rhyolite and
dacite domes to the west and east.
Several regional structures may be

inferred from this survey but they have
not yet been studied in detail.

On the basis of the preliminary
interpretation, it appears that the low-
altitude survey is only partially
successful for reflecting the known
geologic characteristics at Los Azufres,
but contributes indications of a regional
kind which shed new information and permit
making hypothesis for later studies. The
most important are the possible relation
of the Los Azufres volcanic complex with
the intersection of a NW-SE structural
system (Basin and Range?) with more recent
E-W structures. These data also suggest
that the hydrothermal alteration
observable at the surface 1is 1largely
restricted to shallow units and decreases
notably with depth.

The detailed, low-level magnetic survey
shows numerous linear magnetic trends and
discontinuities not present on the high
altitude data, at least 18 of which
correlate with mapped faults and other
probable structures. Several mapped
faults may be extended with an
interpretation of the magnetic data, and
more than 12 previously unmapped
structures are interpreted from these
data. Some of these structures may be
important to a better understanding of
structural controls for the South
Production Zone. With more study, this
structural information will lead to a
better understanding of this fracture-
controlled geothermal system. The cost-
effectiveness of the regional survey is
still being evaluated.



Magnetic surveys of similar
structurally controlled volcanic
geothermal systems should utilize a close
flight line spacing (200-300 m) and a
smoothly draped flight path somewhat
higher than the minimum and mean terrain
clearance of this survey. Depending on
local relief and helicopter performance, a
mean terrain clearance of 100 to 200 m
should be considered.

Further interpretation of tne detailed
survey may benefit from low-pass digital
filtering to reduce noisy data due ¢to
varying terrain clearance and flight-line
position errors. Additional numerical
modeling of the geothermal area should
then be completed. Numerical modeling and
structural interpretation of the high-
altitude survey can be completed on a
lover priority basis.
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Plate I. Residual Magnetic Intensity, Los
Azufres Geothermal Area. Detailed
helicopter survey, scale 1:20,000.

Plate II. Structural Interpretation, Los
Azufres Geothermal Area. Scale 1:20,000.

Plate III. Residual #agn=tic Intensity,
Acambaro-Ciudad Hidalgo Area. High
altitude regional survey, scale 1:100,000.
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Michoacan area. Rectangular bodies i x 1.5 km trending
N20W and NSOE. Susceptibility contrast 0.002 cgs,
depth to top 200 m, thickness 600 m. Declination 9°E,
inclination 48°, TF=42,740 nT. Contour interval 20 nT.
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Figure 1. Characteristic magnetic model responses, Los Azufres,

Michoacan area. Rectangular bodies 1 x 1.5 km trending

N20W and NSOE. Susceptibility contrast 0.002 cgs,
depth to top 200 m, thickness 600 m. Declination 9°E,
inclination 48°, TF=42,740 nT. Contour interval 20 nT.
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Characteristic magnetic model responses, Los Azufres,
Michoacan area. Rectangular bodies 1 x 1.5 km trending
N20W and NSOE. Susceptibility contrast 0.002 cgs,
depth to top 200 m, thickness 600 m. Declination 8°E,
inciination A8’3 TF=42,740 nT. Contour interval 20 nT.
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Figure 1. Characteristic magnetic model responses, Los Azufres,
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MEMORANDUM

TQO: Ing. Antonio Razo M.
Jefe, Del Depto. De Exploracion
Gernecia De Proyectos Geotermoelectricos, CFE

FROM: Howard P. Ross
Earth Science Lab/UURI

SUBJECT: Aeromagnetic Survey Data Iltems

Transmitted herewith are the digital aeromagnetic data from
the Los Azufres high altitude and low altitude aeromagnetic
surveys. We have delayed in shipping these items until now so
that | could identify the line numbers for the data that Douglas
Ramsey has blocked out, and so that | could perform a comparison
of analog records and the digital data.

Due to occassional noise encountered during the survey there
are some gaps in the time record (seconds) and corresponding
digital magnetic data values. These have been identified in the

data printout. The data can be recovered from the analog records
in most cases.

Identification of magnetic maxima and minima values along a
flight line, and comparison of the analog fiducial numbers (1
fiducial/2 seconds) indicates a shift effect of a few seconds for
the digital values with respect to the analog record. The
relationship between the magnetic data samples should be:

Digital sample no. = 2 x analog no. (seconds),
or, D = 2 x A.
Instead of this the relationship varies from
D=2x A+ 0, to D=2 x A - 4.
Approximately 75 % of the time the comparison is
D=2 x A - 3,

which seems to apply for the entire line unless there are gaps in
the digital data. :



Since the tflight path recovery is based on the analog
fiducial number the digital data must be adjusted to correspond
to this position. Most commonly the adjustment of the digital
samplie number to the analog position number is

A = (D + 3)/2.

We have completed our low altitude flight path recovery,
gaining many more points with the better quality 1:10,000 scale
photo mosaic. We must rely on CFE for the positions of bordering
areas where we only have topographic coverage. A copy of our
present Low Altitude Flight Path map is enclosed.

We have revised our flight path recovery for the high
altitude survey using the preliminary (unnumbered) flight paths
which CFE personnel had completed using photographs. With this
assistance we have recovered many more specific points have have
identified the line numbers. A copy of this map is also
enclosed.

UURI is looking forward to the meeting in Mexicali where we
can discuss the flight path and aeromagnetic maps in detail. We
are beginning to post the low altitude magnetic data. We will
then contour the map in a preliminary manner and determine
additional leveling corrections.
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Figure 1.
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Characteristic magnetic model responses, Los Azufres,
Michoacan area. Rectangular bodies 1 x 1.5 km trending
N20W and NS50E. Susceptibility contrast 0.002 cgs,
depth to top 200 m, thickness 600 m. Declination S9°E,
inclination 48°, TF=42,740 nT. Contour interval 20 nT.
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Figure 2.
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Preliminary magnetic model for Los Azufres geothermal
area, from high altitude data. Major source body with
susceptibility contrast 0.001 cgs, outcropping, with
thickness of 2300 m. Body borders are probably defined
by regional structures. Contour interval 10 nT.
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Figure 1. Characteristic magnetic model responses, Los Azufres,
Michoacan area. Rectangular bodies 1 x 1.5 km trending
N20W and NSQOE. Susceptibility contrast 0.002 cgs,
depth to top 200 m, thickness 600 m. Declination 9°E,
inclination 48°, TF=42,740 nT. Contour interval 20 nT.



?_km

4

E
N
g : x-5E

—
_—-.--._-__‘-.."
—
" =
e —

[y

\\\\

THH L/ \m_m\\\\

i
\\\\\\\\\\\ iy




R ™~



A

HV/@\W = Jlile

Ny////////\\\\\\\\\

PN AE T 4
v T

hvsaaaie
N\

&7 /4

A ——"

PPPPP
Q

< & 0 «

0
ssssss
LLLLL

@ 0 >N P
mmmmmm

llllll

lllllll
e

e >
PPPPPPP




v

\
)l

¢/
&n )
A .d I
\/‘

N
i

Figure 1. Characteristic magnetic mode! responses, Los Azufres,
Michoacan area. Rectangular bodies 1 x 1.5 km trending
N20 W and NS5O E. Susceptibility contrast 0.002 cgs,
depth to top 200 m, thickness 600 m. Declination 9 E,
inclination 48 , TF = 42,740 nT. Scale 1:20,000.
Contour interval 20 nT.
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SUBJECT: Biographical Sketch for Drs. P.M. Wright & H.P. Ross
Dr. Phillip M.Wright

Dr. Phillip M. Wright is Director of the Earth Science Laboratory

and Technical Vice President of the University of Utah

Research Institute. 1In this capacity'Dr. Wright provides
technical and programmatic guidance to scientists working on the
U.S. Department of Energy’s Geothermal Programs as well as other
governmental and private projects. Dr. Wright is a recognized
authority on the application of geophysical techniques to
geothermal exploration and in the numerical modelling of
geophysical data.

Dr. Wright will serve as coordinator of joint U.S. - Mexican

scientific teams studying the geophysical characteristics of the
Los Azufres and Cerro Preito geothermal fields established under
the recently signed U.S. - Mexico cooperative geothermal program.

The purpose of the trip is two fold. 1) Dr. Wright will prepare
detailed plans with Mexican scientists for an aeromagnetic survey

of the Los Azufres geothermal field. The purpose of this survey
is to test the applicability of using aeromagnetic data as an
exploration technique and as a method of developing a better
understanding of the fault distributions in mountainous volcanic
terrains. 2) Wright will also review existing geophysical data
from Los Azufres and Cerro Prieto, and formulate specific plans
for numerical modelling of the data. He will obtain copies of
the data for distribution to other members of the working groups
and for the initial modelling efforts.

The results of the joint research will be published in the U.S.
literature where it will be available to the U.S. geothermal
industry. The results of these studies will be of particular
importance to the U.S. geothermal industry currently involved in
exploration of volcanic systems which occur in the northwestern
U.s.

Dr. Howard P. Ross

Dr. Howard P. Ross is Section Head, Applied Geophysics of the
University of Utah Research Institute. 1In this capacity Dr. Ross

manages and directly participates in geophysical studies which
are part of the U.S. Department of Energy’s Geothermal Programs
as well as other governmental and private projects. Dr. Ross is
a recognized authority on the application of geophysical



techniques to geothermal exploration and in the numerical
modelling and interpretation of geophysical data.

Dr. Ross will assist Dr. Wright in the design, preparation for,
and in-flight completion of an aeromagnetic survey of the Los
Azufres geothermal field. The purpose of the trip is to assist
in the installation and testing of the aeromagnetic survey
equipment, and in the in-flight data recording during the
aeromagnetic survey. Dr. Ross will supervise the data recovery
and compilation operations. The purpose of this survey is to
test the applicability of using aeromagnetic data as an
exploration technique and as a method of developing a better
understanding of the fault distributions in mountainous volcanic
terrains. Dr. Ross will also review existing geophysical data
from Los Azufres and Cerro Prieto, and formulate specific plans
for numerical modelling of the data. He will assist team members

in data interpretation efforts.

The results of the joint research will be published in the U.S.
literature where it will be available to the U.S. geothermal
industry. The results of these studies will be of particular
importance to the U.S. geothermal industry currently involved in
exploration of volcanic systems which occur in the northwestern
U.S.

Timing: Intended travel dates - 1 March to 11 march, 1988
.end

.send
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