TSV

‘UNIVERSITY OF LITAH RESEARCH INSTITUTE

May 25, 1994 i

ING. SAUL VENEGAS SALGADO » -
Jefe del Departamento de: Exploracion
GERENCIA‘DE PROYECTOS.GEOTERMOELECTRICOS
COMISION FEDERAL DE ELECTRICIDAD

Morelia Michoacan

Mexico

Dear Sr'. Venegas:

Thank you for your .FAX of 20 May 1994 1nform1ng me of the
transmittal of the Ceboruco Geothermal Reconnaissance Area
geoscience data. We received the data package in good condition
from United Parcel Service (via AEROFLASH). The reports and data
seem to be well organized. I intend to begin a review of these
data and reports in June. :

Dr. Wannamaker will be ‘in the field throéough early July but
should be able to begin a review of the ‘magnetotelluric data
after his return to Salt Lake city. Please inform Ing. José
Francisco Arellano Guadarrama of this schedule. We will contact
you for additional 1nformat10n when questlons arise,

Sincerely,

Howard P. Ross
Section Head/Applled Geophysica.

cc: P.M. Wright
P.E. Wahnamaker
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FAX

ENTREGUESE A:

NOMBRE: HOWARD P. ROSS

CIA.O DEPTO.: SECTION UEAD/APPLIED GEOPHYSICS-UNIVERSITY OF UTAE
— SEARCH INSTITUTE

CIUDAD: SALT LAKE CITY, UTAH, U.S.A,
FAXNo.: - (801) 584-4453

DE PARTE OE: .
NOMBRE: ING. GERMAN R. RAMIREZ SILVA ~
DEPARTAMENTO: DE EXPLORACION ° OFNA. DE GEOLOGIA

FECHA: 11 HAYO 1994

MENSAJE ADICIONAL:

[ FAX:81-43-14-47-35 |

: ELENVIOCONTIENE 2 PAGINAS INCLUYENDO ESTA PORTADA. SI TIENE
! PROBLEMAS EN LA RECEPCION, CCMUNIQUESE AL TEL.: 91-43- 14-49-40 MORELIA MICHOACAN




RECIBIDD DE: GPG 43144735 11.05.94 14110 NR. 02

COMISION FEDERAL DE ELECTRICIDAD

GERENCIA DE PROYECTOS BEOTEHMG_ELEOTRIMEE

Offc. No. J3111/GRRS/003/94.

Morelia, Mich., may 10th, 1394,

HOWARD P, ROSS

SECTION HEAD/APPLIED GEQPHYSICS.
UNIVERSITY OF UTAH RESFARCH INSTITUTE
SALT LAKE CITY, UTAH

D.8.A,

Dear Howard:

We really appreciate your interest in evaluating remote gensing
data from an specific area, into the Mexican Geothermal Exploration Program.

The Ceboruco geéothermal zone 1s the chogen area, at the Mexico
western part, which i1z delineated by next coordinates:

Latitude:  20°50’ - 21°30’
Longitude: 104°30" - 105°00"

Please, let us know the data cost, that will allow us to review
our options and define the project starting.

Sincerely jtmrs s

Vit
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COMISION FEDERAL DE ELECTRIC!DAD
\ GERENCIA DE PROYECTOS GEOTERMOELECTRICOS

FAX

ENTREGUESE A:

. NOMBRE: E HOWARD P, ROSS
ClA. O DEPTO.:gECTION AHEAD/APPLIED GEOPHYSICS (UURI)
CIUDAD: SALT LARE CITY, UTAE-USA
FAX No.: (801) 584-4453.

DE PARTE DE: "
NOMBRE: ING. SAUL VENEGAS SALGADO

. DEPARTAMENTO: DE EXPLORACION -

FECHA: 20 MAYO 1994

[MENSAJE ADICIONAL:

Ol -524- 314/ %
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[ FAX:91-43-14—-47-35 |

ELENVIO CONTIENE 2 PAGINAS INCLUYENDOQ ESTA FORTADA. SITIENE
PROBLEMAS EN LA RECEPCION, COMUMNIQUESE AL TEL.: 91-43~14-49-40 MOREUA MICHOACAN
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: GERENCIA DE PROYECTOS GECTERMOELECTRICOS

Ofic. No. J3110/SVS/ 047 /94.

Morelia, Mich., may 20th, 1994.

JOSEPH N. MOORK

SECTION HEAD/APPLIED GEOPHYSICS

UNIVERSITY OF UTAH RESEARCH INSTITUTE

SALT LAKE CITY, UTAR

U.S.A. : .

Dear Joseph:

I'm sending to you rock samples from 10-1200 m deépth, from LV-3
well, of Tres Virgenes Geothermal project.

I think with this information, you are able to start the joint -
study on petrographic and fluid inclusion analysis, to allow us to develope
a better understanding of altered rocks and their significance, permeability
structure of the reservolr and characteristics of thermal system.

Sincerely yours,’

JEFE DEL DEPTO DE EXPLORACION

C.c.p. Archivo.
Minutario.

SVS/GRS/rdlb.
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.GERENCIA DE PROYECTOS GEOTERMOELECTRICOS

FAX

ENTREGUESE A:  opapp p. ROSS.-SECTION HEAD/APPLIED GEOPHYSICS

NOMBRE:

" CIA.O.DEPTO.  UURI

CIUDAD: SALK LAKE CITY _

FAXNo: (801) 584-4453 , K
DE PARTE DE: '

nomre:  ING. SAUL VENEGAS SALGADO

OEPARTAMENTO:  JEFE DEL DEPARTAMENTO DE EXPLORACION.

FECHA:

. MAYO 20 DE 1994.

MENSAJE ADICIONAL:

oIl B4 4314 4735

U FAX:‘QL-43-14—47-35 )

ELENVIO CONTIENE _4 _ PAGINAS INCLUYENDO ESTA FORTADA. St TIENE
FAOBLEMAS EN LA RECEPCION, COMUNIQUESE ALTEL: 14 49 40 EN MOREUA MICHOACAN
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GERENCIA DE PROYECTOS GEOTERMOELECTRICOS

SUBGERENCIA DB ESTUDIOS
DEPARTAMBNTC DE EXPLORACICN
OFICINA DE GEOFISICA

HOWARD P. ROSS
SECTION m’”’hm GEOPHYSICS

UORI

EARTH SCIENCE LABORATORY
391 CHIPETA WAY, STE C
SALK LAKE CITY

UT 84109-1295

PHONE: (801) S584-4422
FAZXZ: (801) S84-4453

In connection with the geophysical studies at the
Ceboruco Geothermal Reconnaissance Area, we inform you, that we
prepared the information listed in the attached relation.

Thir infaormatinn was Rent n vyNM hy P¥DTPRR SPTVIirs.
AEROFLASH, date May, 19 and parcel number 1009499.

The information is according with your plan to begin a
review analisis in orden to define the especific future actions
with Wannamaker, when you define the best date.

If you have any question about that don’t hesitate to
contact us. :

Ccp. Figs. José Luis Quijano Leén.

Subgerente de Estudios.

Ccp. Ing. José Francisco Arellano Guadarrama.
jefe de la Oficina de Geofisica.
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. RELACION DE INFORMACION PARA EL PROYECTO CFE-DOE
- EL CEBORUCO, NAY.

, :
~ PLANO DE ANOMALIA. DE BOUGUER.

\g CARACTERISTICAS GENERALES DEL LEVANTAMIENTO GRAVIMETRICO.

”\/— CINTA MAGNETICA CON LA BASE DE DATOS MAGNETOTELURICOS, UTILIZANDO SOFTW
GEOTOOLS, EN HARWARE SUN SPARC.

.\

COLUMNA LITOLOGICA (POZO CB-1).
REGISTROS DE TEMPERATURA (POZO CB-1).
/ GEOLOGIA REGIONAL DEL GRABEN TEPIC-IXTLAN, NAY. (INFORME 04/91).

V- “PROYECTO GEOTERMICO EL CEBORUCD, NAY.” -ESTADO ACTUAL DE LA EXPLORACION.
(INFORME DEX/CEB/002/92.).

i~

INTEGRACION DE LOS ESTUDIOS GEOELECTRICOS DE RESISTIVIDAD EN “EL CEBORUCO,
NAY.*. (INFORME No. 02/92).

A

INTERPRETACION CUALITATIVA DEL ESTUDIO MAGNETOTELURICO, REALIZADO EN EL --
CEBORUCO, NAY. (INFORME 04/93).

ESTUDIO AEROMAGNETICO REGIONAL DEL SE DE NAYARIT. (EL CEBORUCO-SAN PéDRO—-
TEPETILVIC). PROCESAMIENTO DIGITAL Y DESCRIPCION CUALITATIVA.
{ INFORME 15/91).

N

'\

ESTUDIC MAGNETOTELURICO DE LA REGION DEL CEBORUCO DOMO SAN PEDRO DEL ESTADO
DE NAYARIT. INFORME FINAL  (NOYIEMBRE — 1992).

.05
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COMISION FEDERAL DE ELECTRICIDAD

GERENCIA DE PROYECTOS GEOTERMOELECTRICOS

Ofic. No. J3111/GRRS/003/94.

Morelia, Mich., may 10th, 1994.

HOWARD P. ROSS

SECTION HEAD/APPLIED GEOPHYSICS
UNIVERSITY OF UTAH RESEARCH INSTITUTE
SALT LAKE CITY, UTAH

U.S.A.

Dear Howard:

We really appreciate your interest in evaluating remote sensing
data from an specific area, into the Mexican Geothermal Exploration Program.

The Ceboruco geothérmal zone is the chosen area, at the Mexico
western part, which is delineated by next coordinates:

Latitude: 20°50' - 21°30'
Longitude: 104°30' - 105°00"'

Please, let us know the data cost, that will allow us to review
our options and define the project starting.

Sincerely yours,

i

ING. GERMAN R. RAMIREZ SILVA
JEFE DE LA OFNA. DE GEOLOGIA

C.c.p. Archivo.
Minutario.

GRRS/rdlb.
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COOPERATIVE GEOTHERMAL STUDIES - 1994
U.S. DEPARTMENT OF ENERGY and COMISION FEDERAL DE ELECTRICIDAD

INTRODUCTION

Under the current DOE-GD and CFE Cooperative Agreement, the
University of Utah Research Institute (UURI) will complete
studies on three tasks described below, in cooperation with CFE
colleagues and discuss the results in joint reports.

SCHEDULE

The tasks described in the Statement of Work will be completed in
the period June 1 to December 31, 1994.

STATEMENT OF WORK
Task 1. Ceboruco Geothermal Reconnaissance

UURI will review existing geologic, geophysical, and drilling
data and interpretations for the Ceboruco Reconnaissance area,
and critique this work and the overall exploration strategy.

UURI will review the magnetotelluric (MT) survey data and
interpretations, and will work with CFE geophysicists to complete
numerical interpretations of selected MT data.

UURI studies will be conducted by Drs. P.E. Wannamaker and H.P.
Ross.

Task 2. Ceboruco Geothermal Area - Remote Sensing Study

UURI will evaluate existing Landsat 5, Thematic Mapper, or other
appropriate spectral data available for the Ceboruco area and
recommend its purchase to CFE. CFE will send a scientist to UURI
to become familiar with UURI remote sensing interpretation
procedures and to assist in the interpretation of the Ceboruco
data. The interpretation will consist of: 1) Data downloading
from 9~-track tape; 2) Preprocessing (atmospheric correction and
rectification; 3) Hydrothermal alteration mapping; 4) Lineament
mapping; and 5) Data input and characterization in a GIS
environment.

UURI studies will be conducted by Greory D. Nash.

Task 3. Geochemical Studies of the Tres Virgenes Geothermal Field
UURI will collaborate with CFE geologists on geologic and
geochemical studies of the Tres Virgenes field by completing
petrographic and fluid-inclusion analyses in support of CFE
studies.

UURI studies will be conducted by Dr. J. N. Moore



STATEMENT OF WORK - REMOTE SENSING

The following work will be performed using Landsat 5, Thematic
Mapper data, or other appropriate spectral data for the Ceboruco,
Mexico geothermal area.

1. Data downloading from 9-track tape.

2. Preprocessing (atmospheric correction and rectification).
3. Hydrothermal alteration mapping.

4. Lineament mapping.

5. Data input and characterization in a GIS environment.



UNIVERSITY OF UTAH RESEARCH INSTITUTE

391 CHIPETA WAY, SUITE C
SALT LAKE CITY, UTAH 84108-1295
TELEPHONE 801-524-3422

May 25, 1994

ING. SAUL VENEGAS SALGADO

Jefe del Departamento de Exploracion
GERENCIA DE PROYECTOS GEOTERMOELECTRICOS
COMISION FEDERAL DE ELECTRICIDAD
Morelia Michoacan

Mexico

Dear Sr. Venegas:

Thank you for your FAX of 20 May 1994 informing me of the
transmittal of the Ceboruco Geothermal Reconnaissance Area
geoscience data. We received the data package in good condition
from United Parcel Service (via AEROFLASH). The reports and data
seem to be well organized. I intend to begin a review of these
data and reports in June.

Dr. Wannamaker will be in the field through early July but
should be able to begin a review of the magnetotelluric data
after his return to Salt Lake City. Please inform Ing. José
Francisco Arellano Guadarrama of this schedule. We will contact
you for additional information when questions arise.

Sincerely,
?%;xaz£4/f7427¥? -

Howard P. Ross
Section Head/Applied Geophysica

cc: P.M. Wright
P.E. Wannamaker




UNIVERSITY OF UTAH RESEARCH INSTITUTE

391 GHIPETA WAY, SUITE C
SALT LAKE CiTY, UTAH 841081295
TELEPHONE 801-584.4422

March 10, 1994

Ing. José Francisco Arellano Guadarrania
Tefe de la Oficina de Geofisica

Comisién Federal de Electricidad
Morelia, Michoacan

Mexico

Dear Francisco:

Thark you for your FAX of March 3rd. Enclosed is a copy of our Project Plan for
the joint DOE-CFE study of the Ceboruco data (mamly MT) Dr. Philip Wannamaker is be-
ginning-a substantial MT survey effort inthe southeastern United States this month and will be
away much of the time until June, He will be able to review the CFE MT data in late June
and July. I propose that you send the available gravity, aeromagnetic, geology, MT, and drill-
ing data with reports to me, 'so that I can begin my review as time permits. I will then be able
to help Dr. Wannamaker focus his efforts for the detailed MT review. :

Dr. Mike Wright agrees this is the best way to proceed in Viéw of everyone's other
commitments.

Sinoer,el)‘r;‘

Howar&i P. Ross
‘Section Head/Applied Geophysics

HPR/je

Enclosure




PROJECT SUMMARY
DOE-CFE GEOTHERMAL AGREEMENT
. 15 FEBRUARY 1994

GEOPHYSICAL STUDIES
CEBORUCO GEOTHERMAL RECONNAISSANCE AREA

™~

Phillip E. Wanamaker Jose Francisco Arellano Guadarrama
R ‘Howard P. Ross Senior Geophysicist
UURI Gerericia
DOE CFE
Background:

UURI and CFE completed cooperative geophysical studies of
the Los Azufres geothermal area in an earlier DOE~-CFE Cooperative
Agreement, and these were reported in the 1989 DOE~CFE Research
Proceedings. The Ceboruco area, within the western Neovolcanic
Belt, was identified as a promising geothermal area for
additional geophy51ca1 studies during the 1989-1994 agreement
CFE completed extensive grav1ty, aeromagnetic, and
magnetotelluric (MT) studies in the greater Ceboruco area (30-40
¥m N-S by 40-50 Xm E-W) but UURI was unable to participate due to
lack. of project funding. Initial drilling results, including a
‘test hole 1800 m deep sited on MT results, have been
disappointing and CFE geophy5101sts have.requested a review of
contractor geophy51ca1 data, interpretations, and exploration
strateqgy.

Objective:

This ]olnt study will review the exploratlon strategy in
general, and the MT data and interpretation in.particular in the
Ceboruco area of the prospective western Neovolcanic Belt. The
identification of any problem areas will improve exploratlon
results within this pro 1nce and perhaps the Cascades 1n the
western<Un1ted States.. '

Program for 1994"‘

nam To proceed An thls research Wlth the most efflclency, CFE :
,wi;;ffixSt.sgbmitﬁgraV1ty aeromagnetlc, geologic;
er n hardcopy for UURT" rev1ew_and study

i g -CFE: w111 select cey | digital’
supportlngxlnformatlo “and” brlng these’ to UURI: -
qgophy31c1st~ui11 spend .6ne. to two: weeks at . UURT rev1ew1ng MT ﬂﬁ_v{
data:with-Phil:Wannamaker ‘and completlng'new 1-D(and 2-D,if . -
practical) 1nterpretatlons. CFE and UURI geophysicists w1ll -
complete a report describing new results and recommendations for
future studies and improved exploration efforts.




:;-altered areas.fThe processed data will then be:added:to ai{GIS.
..~ database;to-allow the easy 1ntegratlon of . other: geologlc andf

~ PROJECT SUMMARY
DOE-CFE GEOTHERMAL AGREEMENT _ )
15 FEBRUARY 1994 o A

THE JOINT TESTING OF REMOTE SENSING
TECHNIQUES AND EQUIPMENT FOR USE IN GEOTHERMAL EXPLORATION

Gregoxry D. Nash Jose Francisco Arellano Guadarrama
UURI Senior Geophysicist
DOE Gerencia
CFE
Background:

UURI and CFE conducted a joint remote sensing study for the
Los Azufres Geothermal Field in an earlier DOE-CFE Cooperative
Agreement with the findings being reported in the 1989 DOE-CFE
Research Proceedings. This study led to the conclusion that
remote sensing techniques can be useful in geothermal
exploration. It was shown that remote sensing can be effective in
the early phases of exploration, particularly in determining
hydrothermally altered zones and geologic structures conducive to
hydrothermal fluid circulation. It was also stated that remote
sensing data can be an important addition to a total exploration
program when added as a correlative component to other geologic
and geophysical data.

Objective:

This study will evaluate remote sensing data for an area
chosen by CFE. The area will be delineated by the CFE with a
universal coordinate system such as -latitude and longitude or
UTM. UURI personnel will then determine the availability, quality
and cost of the data. This will allow CFE to revievw their options
and request the data of their choice. One or more representatives
of CFE .will then travel to UURI for interactive work with UURT -
personnel in processing and 1nterpret1ng the data. This will also
allow the CFE personnel to evaluate various remote sen51ng and
GIS hardware and software platforms - for potentlal 1ntegratlon
into the CFE system in the future.

L}
<

Program for 1994°

Do :.The data for the chosen 1ocat1on(s)w111‘be'1nteract1ve1y
processed by both UURI and CFE personnel: to ‘determine geomorphic

- indications of.subsurface structure*and to map- hydrothermally

‘”geophy51cal data for correlation purposes. In addltlon, the CFE
personnel will be given an introduction to the use of:. .
hyperspectral (high spectral resolution) data in exploratlon. A
report will then be written jointly by participating UURI and CFE
investigators describing the results of the study and
recommendations for future studies.



Geochemical Studies
Tres Virgenes Geothermal Field

Joseph N. Moore Saul Venegas Salgado
UURI Gerencia
DOE CFE

~

Background:

Tres Virgenes is one of several potential high temperature geothermal
resources that is currently being explored by CFE. This geothermal system, which
is associated with young volcanic activity, is developed within the granitic
--basement rocks. One deep exploratory well has been drilled but the well was not
productive. A second well is currently being drilled.

Objectives:

Granitic host rocks throughout the world have proven to be difficult to
explore and develop because of their inherently low permeabilities. Exploration of
these reservoirs is further hindered by the common presence of multiple
hydrothermal events that make the normally utilized mineralogic indicators of
permeability difficult to interpret. Despite these difficulties, granitic reservoirs
have proven to be attractive targets in the Unites States (e.g. Coso, Steamboat
Hot Springs, Roosevelt Hdt._‘Springs, The Geysers) and Guatemala.

The joint study we propose has two major objectives. First, it will directly
assist CFE in their exploration program of Tres Virgenes. Secondly, it will provide
DOE and the U. S. industry with important new data on the physical and chemical
characteristics of granitic reservoirs. These data will assist in both the
development of our existing fieids and in the exploration of new systems where U.
S. interests are involved (e.g. Meager Creek, British Columbia).

Prograrﬁ for 1994:

We propose to jointly collaborate on geolpgic and geochemical studies of
Tres Virgenes. UURI will work with CFE geologists to determine the mineralogies
of the altered rocks and their significance, develop a better understanding of the : -
permeability structure of the reservoir, and characterize the chemical evolution and
characteristics of the thermal system. CFE will provide samples of the rocks and
fluids to UURL. We will conduct petrographic (thin section, X-ray diffraction, and - .
SEM) and fluid inclusion analyses in support of the work being conducted by CFE.
CFE and UUR! will jointly prepare a report on the resuits of this work upon -~
completion of the studies.
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COKISION FEDERAL BDE ELECTRICIBAR
GERENCIA DE PROYECTOS GEDTERMOELECTRICOS

Morelia, Mich., March 3 th, 199%94.

UNIVERSITY OF UTAH RESEARCH INSTITUTE
FAX (801) 584-4453,
SALT LAKE CITY, UTAM, USA.

Dear Ross:

Recent results provided by the CB-1 borehole at El Ceboruco geothermal field, moke
necessary a reinterpretation of geophsical date, particuvlarly MT. Do you know if

Wonnomaker will be available to cooperate with us in this task?.

As we talked in Mexicali this could be part of o new DOE -CFE agreement, but we can

look for an clternative way.

If Wonnamaker is ovailable what should be the next step to follow?.

\\
N

Best regards for Mike Wirght and Joseph Moore.

Singerely
ING. JOSE FRANCI ARELLANO GUADARRAMA
' JEFE DE LA OFICINA DE GEOFISICA
C.C.P.: 1ING. SAUL VENEGAS SALGADO.-JEFE DEPTO. DE EXPLORCION.
ARCHIVO.
MINUTARIO.

JFAG/mfd"




PROJECT SUMMARY
DOE-CFE GEOTHERMAL AGREEMENT
15 FEBRUARY 1994

GEOPHYSICAL STUDIES
CEBORUCO GEOTHERMAL RECONNAISSANCE AREA

~

Phillip E. Wanamaker Jose Francisco Arellano Guadarrama
Howard P. Ross Senior Geophysicist
UURI Gerencila
DOE CFE
Background:

UURI and CFE completed cooperative geophysical studies of
the Los Azufres geothermal area in an earlier DOE-CFE Cooperative
Agreement, and these were reported in the 1989 DOE-CFE Research
Proceedings. The Ceboruco area, within.the western Neovolcanic
Belt, was identified as a promising geothermal area for
additional geophysical studies during the 1989-1994 agreement.
CFE completed extensive gravity, aeromagnetic, and
magnetotelluric (MT) studies in the greater Ceboruco area (30-40
km N-S by 40-50 km E-W) but UURI was unable to participate due to
lack of project funding. Initial drilling results, including a
test hole 1800 m deep sited on MT results, have been
disappointing and CFE geophysicists have.requested a review of
contractor geophy51cal data, interpretations, and exploration
strategy. :

Objective:

This joint study will review the exploratlon strategy in
general, and the MT data and interpretation in.particuiar in the
Ceboruco area of ‘the prospective western Neovolcanic Belt. The
identification of any problem areas will improve exploratlon
results within this pro nce, and perhaps the Cascades 1n the
westerniUnlted States.; ST : . s

Program for 1994.‘

-geophys101st°w1ll spend .one. to* two weeks at? UURIs ev1ew1ng;MT:
-datawith”Phil® Wannamaker -and completing new*1-D(ind 2-D, if -
practical) - 1nterpretat10ns. CFE and UURI geophysicists w111 S
complete a report describing new results and recommendations for
future studies and improved exploration efforts.




ff‘*{altered ‘areas i The. processed data willithen:be® ‘added:to :a:GIS
;J_”database to allow the .easy- 1ntegratlon ofeother geologlc and“

~ PROJECT SUMMARY
DOE-CFE GEOTHERMAL AGREEMENT
15 FEBRUARY 1994 '

THE JOINT TESTING OF REMOTE SENSING
TECHNIQUES AND EQUIPMENT FOR USE IN GEOTHERMAL EXPLORATION

Gregory D. Nash Jose Francisco Arellano Guadarrama
UURI Senior Geophysicist
DOE Gerencia
CFE

Background:

UURI and CFE conducted a joint remote sensing study for the
Los Azufres Geothermal Field in an earlier DOE-CFE Cooperative
Agreement with the findings being reported in the 1989 DOE-CFE
Research Proceedings. This study led to the conclusion that
remote sensing techniques can be useful in geothermal
exploration. It was shown that remote sensing can be effective in
the early phases of exploration, particularly in determining
hydrothermally altered zones and geologic structures conducive to.
hydrothermal fluid circulation. It was also stated that remote
sensing data can be an important addition to a total exploration
program when added as a correlative component to other geologic
and geophysical data.
Objective: S T

NN -

This study will evaluate remote sensing data for an area
chosen by CFE. The area will be delineated by the CFE with a
universal coordinate system such as -latitude and longitude or S
UTM. UURI personnel will then determine the avallablllty quality . e
and cost of the data. This will allow CFE to review their options = "=~ e
and request the data of their. choice. One or more representatives :

- GIS hardware and software platforms for potentlal 1ntegratlon
into the. CPE system 1n the future.¢ 5 *”j_' .

.%alndlcatlons of”subsurface structure and- to map hydrotﬁermally

personnel will be given an 1ntroduct1on to the use of: 1 =
hyperspectral (high spectral resolution) data in exploratlon. K'
report will then be written jointly by participating UURI and CFE
investigators describing the results of the study and
recommendations for future studies.



Geochemical Studies
Tres Virgenes Geothermal Field

Joseph N. Moore Saul Venegas Salgado
UURI Gerencia
DOE CFE

Background:

Tres Virgenes is one of several potential high temperature geothermal
resources that is currently being explored by CFE. This geothermal system, which
is associated with young volcanic activity, is developed within the granitic
basement rocks. One deep exploratory well has been drilled but the well was not
productive. A second well is currently being drilled.

Objectives:

Granitic host rocks throughout the world have proven to be difficult to
explore and develop because of their inherently low permeabilities- Exploration of
these reservoirs is further hindered by the common presence of multiple
hydrothermal events that make the normally utilized mineralogic indicators of
permeability difficult 1o interpret. Despite these difficulties, granitic reservoirs
have proven to be attractive targets in the Unites States (e.g. Coso, Steamboat
Hot Springs, Roosevelt Hot Springs, The Geysers) and Guatemala.

The joint study we propose has two major objectives. First, it will directly
assist CFE in their exploration program of Tres Virgenes. Secondly, it will provide
DOE and the U. S. industry with important new data on the physical and chemical
characteristics of granitic reservoirs. These data will assist in both the
development of our existing fieids and in the exploration of new systems where U.
S. mterests are involved (e. g Meager Creek Brmsh Columbia}.

.
~

Program for’ 1994

We propose to jointly collaborate on geolpgic and geochemical studies of
Tres Virgenes. UURI will work with CFE geologists to determine the mmeralogles
of the altered rocks and their s:gmﬁcance develop a better understanding of the -
permeability structure of the. reservou', and charactesize the chemical evolution and
characteristics of the thermal system CFE will provide samples of the rocks and ~
fluids to UURI. We will conduct petrographlc (thin section, X-ray diffraction, and -
SEM) and fluid inclusion analyses in support of the work being conducted by CFE. -
‘CFE and UURI will jointly prepare a report on the results of this work upon -~
completion of the studies.
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United States Government Department of Energy

memorandum

DATE: February 14, 1994

REPLY TO :

aivor: EE-122 (John E. Mock, 6-5340)

susecT: Summary of Proposed DOE/CFE Project Due February 28, 1994
10. Distribution

I appreciated your participation in the recent joint DOE/CFE meeting in
Mexicali, Mexico. The meeting was an excellent example of cooperation among
our two countries, an achievement that will set the stage for similar future
success, )

It was agreed at the meeting that by the end of February, you woulq provide a
summary of a proposed project for our proceedings. An example project summary
is enclosed to help in the preparation of your submission.

To ensure timely progress of our efforts, please provide me with your summary
by February 28, 1994.

'Once again, thank you for your participation and ongoing efforts.

Jod.

John E. Mock, Director

Geothermal Division

Office of Renewable Energy Conversion
Energy Efficiency and Rehewable Energy

DISTRIBUTION: (FAX)

J. Dunan (SHL) (505) 844-3952
M, Fioravanti (SGP) i415 725-8662
M. Gulati (Unocal) 213} 977-6333
P. Kruger (SGP) 418) 725-8662
J. Lovekin (CECI) 619) 499-2308
J. Lund (OIT) 503) 885-1754
J. Moore (UURI) 801) 584-4453
6. Nash {UURI; 801) 584-4453
H. Ross (UURI 801) 584-4453
B. Robinson (LANL) 505) 667-8487
M. Wright (UURI) 801) 584-4453

cc:

415) 855-2954
510) 486-5856
510) 486-5856
208) 526-0969
208) 526-0969

E. Hughes (EPRI%

. M. Lippman (LBL
A, Truesdell (LBL)
J. Renner (INEL)
M. Shook (INEL)
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, PROJECT SUMMARY
POE-CFE GEOTHERMAL AGREEMENT

BRI ARG (A

CHEMICAL RESERVOIR ENGINRERING AT SELECTED
LOS AZUFRES PRODUCTION WELLS

Paul Kruger ' Hector Gutierrez
8SGP Gerencia
DOE CPE

Background?

* The joipt study hae peen underway since the 1982 gtartup of
the initial 5~MWe Units at Los Azufres to examine thermal drawdown
in the production zones based on combined analyses of the
thermodynamic and chemical behavior during production. Analyses
were prepared for several wells after 2.%, 4, &nd 5 yesara of
production. analysis of theseé wells were continued with data

‘through 1292. New data on sustained production at meveral wells
prior to generator startup have been acquired. The re-avaluation

of the results for the asdditional &ata schould be of value in
comparing the effects of the early drawdouwn.

objactive:

The Jjoint study svaluatee the extent of the .changes observed
around five production wells in three structural zones where S-Nwe
Unite are in service In the potentially large Los Azufres
geothermal fleld., The evaluation provides information concerning
the extent of thermal decline in production fluld and hydraulic
drawdown in the reservolr.

Program for 1984:

' The study consists of each-sample and sémaster-averagaed
analysie of £luid produotion with respect to temperature, enthalpy,
and thermal extraction rate, chemical characteristios with respect
to nesr-well and far~field gecochemical temperatures, and drawdown
evaluation based on saturation temperatures and total production

. volume. For the study, evaluation will be completed for wells Az-5

and Az-13 in-the Maritaro gone, well Az-9 4n the. El Chino zohe, and

wells Azg-16AD and Ag422 in the Tejamaniles zone at Los Azufres.

bd




DOE-CFE GEOTHERMAL AGREEMENT

‘Second Technical Meeting
25-26 January 1994
Mexicali, B.C.

Draft Agenda
(draft pk+hgp:21Jan94)

I. Review of Prior Joint Studies
Principal Investigators

DOE CFE
1. Los Azufres: Tracers B. Robinson (LANL) H. Gutierrez
2. Los Azufres: ChemResEngr P. Kruger (SGP) H. Gutierrez
3. Tres Virgenes: Exploration J. Moore (UURI) S. Venegas
4. Ceboruco: Exploration M. Wright (UURI) F. Arrellano
5 Direct Uses J. Lund (0OIT) M. Rangel
6. Geothermal Hydrogen M. Fioravanti (SGP) M. Rangel
7. Cerro Prieto: Injection M. Lippmann (LBL) H. Gutierrez

M. Ribo

8. Cerro Prieto: B-Reservoir A. Truesdéll (Cons) L. Quijano

II. Review of New Proposed Joint Studies (1993)

1. Slim-hole drilling . J. Dunn (SNL) ??

2. H,S Abatement G. Horton (Unocal) B. Terrazas
3. Seismic Surveying ?? . ?2?

4. Silica brick manufacture E. Yearsley (CECI) ??

5. Cerro Prieto: Modeling M. Shook (INEL) . M. Ribo

E. Yearsley (CECI)
B. Barker (Unocal)

III. Suggestions for New Joint Studies (1994)

IV. 26 January.9%4 am

Meeting between Principal Investigators of the Joint
Projects to prepare plans for 1994 efforts and Summary Reports
(1-2 pages) of the current status of the joint study.
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MEMORANDUM
TO: P.M. Wright
FROM: H.P. Ross

SUBJECT: Modifications to Existing DOE-CFE Agreement for Joint
Geothermal Research, Next Five Years

DATE: January 31, 1994

Ted Mock requested a program plan for the next round of DOE-CFE
geothermal research. He wants to recieve this from U S research
groups by the end of February. Here is my input, written while
the discussions are still fairly fresh.

CFE asked for specific help from UURI in three areas:

geophysical interpretation for the Ceboruco area; geologic (&
fluid inclusion) studies by Joe Moore; and advice and
recommendations for developing a remote sensing capability. UURI
may be able to modify its existing agreement with CFE to include
these study topics.

1. Geophysical Interpretations for Ceboruco

Background

Francisco Arrellano described the Ceboruco area as an exploration
area of 30~-40 km (N-S) by 40-50 km (E-W) which includes the
intersection of the northwest-trending Sierra Madre Occidental
with the east-trending Neovolcanic Belt, in western Mexico. This
reconnaissance area includes recent volcanoes and thermal springs
with temperatures as high as 43 C. CFE acquired regional gravity
and aeromagnetic coverage for this region, and then cotracted to
EMI to acquire 90 MT sites well distributed throughout the area.
TDEM data (Geonics 47 and 37) was also recorded at the MT sites
but as much as 25 percent of these data are considered to be poor
quality. The MT data are available in the GEOTOOLS package
(Arnold Orange et al.) format. Following inversion of the MT
data, two areas of thick conductive zones were identified. A
drill hole to 1800 m located on the flanks of a young volcano
penetrated a shallow aquifer (45 C) and recorded a maximum
temperature of 62 C at depth. Other drill holes to lesser depths
were also disappointing to CFE. CFE considers a reinterpretation
of the MT data, (and this exploration program as a whole) their
highest priority for UURI to address.

Project Plan
Limited funding is available for this and other CFE research, and

Phil Wannamaker's time is already tightly scheduled. Therefore I
propose the following plan.




1. CFE will first submit gravity, aeromagnetic, geologic, and
other data to UURI in hardcopy for review and study.

2. UURI will complete a preliminary review of these data, form
an initial evaluation, and perhaps identify specific MT and TDEM
data for reinterpretation.

3. CFE will select key digital data and other additional
information, and bring these to UURI.

4, A principal CFE geophycisit will spend one to two weeks at
UURI reviewing MT and TDEM results with Phil Wannamaker in
detail, and complete new 1-D (and 2-D, if practical) inversions
to address any problems with earlier interpretations.

5. CFE and UURI geophysicists will prepare a preliminary draft
report of these studies and their results at UURI, and complete
the report at their respective institutions, corresponding as
necessary.

2. Geologic Studies, Tres Virgenes

(to be addressed by Joe Moore)

3. Remote Sensing Studies

CFE scientists are interested in developing a remote sensing
capability for use in reconaissance geothermal exploration.

Ingr. Luis Quijano indicated that CFE would be interested in
purchasing equipment for a remote sensing laboratory, if the cost
was not excessive (i.e. much greater than $10,000), and would
need UURI help and recommendations. Since the cost of a fully
operational facility would certainly exceed this we proposed an
alternate approach for remote sensing, as noted below.

1. CFE geologists will identify one or more areas of principal
interest for a remote sensing study.

2. CFE will describe the selected areas to UURI, indicating
latitudes and longitudes, and UURI (Greg Nash) will determine the
availability, quality, and cost of such data. It is also
possible to request new data acquisition on future saatellite
passes. UURI will respond to CFE with this information.

3. CFE will request (or obtain directly) one or more data sets.

4. CFE will send one (or more) scientists to UURI to work with
CRSC personnel on the processing and interpretation of one (or
more) data sets.

5. CFE and UURI scientists will draft and then complete a
report describing the data, the processing and the interpretation
results of this remote sensing study.



PROJECT SUMMARY
DOE-CFE GEOTHERMAL AGREEMENT
15 FEBRUARY 1994

GEOPHYSICAL STUDIES
CEBORUCO GEOTHERMAL RECONNAISSANCE AREA

Phillip E. Wanamaker Jose Francisco Arellano Guadarrama
Howard P. Ross Senior Geophysicist
UURI Gerencia
DOE CFE
Background:

UURI and CFE completed cooperative geophysical studies of
the Los Azufres geothermal area in an earlier DOE-CFE Cooperative
Agreement, and these were reported in the 1989 DOE-CFE Research
Proceedings. The Ceboruco area, within the western Neovolcanic
Belt, was identified as a promising geothermal area for
additional geophysical studies during the 1989-1994 agreement.
CFE completed extensive gravity, aeromagnetic, and
magnetotelluric (MT) studies in the greater Ceboruco area (30-40
km N-S by 40-50 km E-W) but UURI was unable to participate due to
lack of project funding. Initial drilling results, including a
test hole 1800 m deep sited on MT results, have been
disappointing and CFE geophysicists have requested a review of
contractor geophysical data, interpretations, and exploration
strategy.

Objective:

This joint study will review the exploration strategy in
general, and the MT data and interpretation in particular in the
prospective western Neovolcanic Belt. The identification of any
problem areas will improve exploration results within this
province, and perhaps the Cascades in the western United States.

Program for 1994:

To proceed in this research with the most efficiency, CFE
will first submit gravity, aeromagnetic, geologic, MT, TDEM and
other data in hardcopy for UURI review and study. UURI will
complete a preliminary data review and identify specific MT data
for reinterpretation. CFE will select key digital data and
supporting information and bring these to UURI. A CFE
geophysicist will spend one to two weeks at UURI reviewing MT
data with Phil Wannamaker and completing new 1-D (and 2-D, if
practical) interpretations. CFE and UURI geophysicists will
complete a report describing new results and recommendations for
future studies and improved exploration efforts.
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U S THERMAL METHODS RESEARCHERS

Dr. David D. Blackwell

Professor of Geophysics

Southern Methodist University
Department of Geological Sciences
Dallas, Texas 75275-0001

Phone: (214) 768-2745
FAX: (214) 768-4289

Dr. William D. Gonsold

Professor

Department of Geology and Geological Engineering
P.O0. Box 8068, University Station

Grand Forks, North Dakota 58202

Phone: (701) 777-2631
FAX: (701) 777-4838

Dr. Henry P. Heassler

Professor

Department of Geology and geophysics
P.O. Box 3006

Laramie, Wyoming 82071-3006

Phone: (307) 766-3278
FAX: (307) 766-6679

Dr. John H. Sass

Geophysicist

United States Department of the Interior
Geological Survey

Geothermal Studies Project

2255 North Gemini Drive

Flagstaff, Arizona 86001

Phone: (602) 556-7000

FAX: (602) 556-7169
Instrumentation:
N.P. Instrument Co. (Note: Address may have changed. Can

Attn. Bob Spafford contacted through Dr. David Blackwell
6234 Glendora Ave. at Southern Methodist Univ., Texas)
Dallas, Texas 75230

Phone: (214) 768-4224 SMU
(214) 361-1307 home



UNIVERSITY OF UTAH RESEARCH INSTITUTE
GEOPHYSICAL RESEARCH AND STUDIES

Magnetotelluric (MT) and CSAMT Research

* Instrumentation Development Philip E. Wann'amak“en: V
* Geothermal and Crustal Field Studies John A. Stodi
* Computer Algorithm Development Field Technicians

Borehole Electrical Geophysics

* Computer Algorithm Development Phillip M. Wright
 Field Instrumentation System Phillip E. Wanhamaker
* Preliminary Field Test (shallow) John A. Stodt

* Geothermal Field Test Alan C: Tripp

* Test Algorithms and Interpretation Graduate Students

Self-Potential Method.

+ Field Studies for Characterization Howard P. Ross
* Field Technique Development Robert E. Blackett (UGS)
» Interpretation James C. Witcher (NMSU)

Newcastle, Utah Temperature Monitoring.

* Monthly Temperature Monitoring Howard P. Ross
* Interpretation and Reporting Robert E. Blackett (UGS)
* Sustainable Developthent

Other Geophysical Studies

« Gravity and Magnetic Interpretation

* Electrical Resistivity Interpretation

* Field Studies as Required

+* Computer Program Conversion, Acquisition



UNIVERSITY OF UTAH RESEARCH INSTITUTE

GEOPHYSICAL RESEARCH AND STUDIES

MAGNETOTELLURIC (MT) AND CSAMT RESEARCH
* Instrumentation Development

* Geothermal and Crustal Field Studies
* Computer Algorithm Development

BOREHOLE ELECTRICAL GEOPHYSICS

Field Instrumentation

Geothermal Field Test

* % ¥ ¥ *

SELF-POTENTIAL METHOD

* Field Studies for Characterization
* Field Technique Development

* Interpretation

NEWCASTLE, UTAH TEMPERATURE MONITORING

* Monthly Temperature Monitoring
* Interpretation and Reporting

* Sustainable Development

OTHER GEOPHYSICAL STUDIES

* Gravity and Magnetic Interpretation

* Electrical Resistivity Interpretation
* Field Studies as Required
*

Computer Algorithm Development
Preliminary Field Test (shallow)

Test Algorithms and Interpretation

Philip E. Wannamaker
John A. Stodt
Field Technicians

Phillip M. Wright
Phillip E. Wannamaker
John A. Stodt

Alan C. Tripp
Graduate Students

Howard P. Ross
Robert E. Blackett (UGS)
James C. Witcher (NMSU)

Howard P. Ross
Robert E. Blackett (UGS)

Computer Program Conversion, Acquisition
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UURI - CFE SLIDES DISCUSSION
Geothermal Geophysical Research

Schematic diagram portraying operational modes of UURI field
MT instrument. Modes include 7-channel standard base-remote
setup, 10-channel dual-site collection, and 4-channel E-
field profiling with 3-channel base h-field unit and remote
reference.

Locations of regional MT transect programs funded mainly by
the National Science Foundation. UURI is P I in EMSLAB,
RUBY, CH, SEA, and ANTALITH.

Eastern Great Basin MT transect: Southern Cordilleran
hingelin of Utah and Nevada: Roosevelt HS on the east.
50+ stations, 160 km.

2~D numerical model interpretation to depths of 12 km,
fairly well defined to depths of 5 km. Deep conductors.

Regional geologic map of Valles Caldera, NM showing
locations of survey CSAMT layout. Crossed-bipole (2 km)
antenna are 13 km SSW of corehole VC-2B and Sulphur Springs.

Best-fit 2-D resistivity model of central W-E line across
VC-2B well site. Depths > 2km.

Example of earth model with topography discretized by
elements, by algorithm IP2D1.

Generalized model of a geothermal system with well to side
(a drill miss) and schematic borehole resistivity
layout.

Conceptual model for cross-~borehole and borehole to surface
surveys.

UURI borehole geophysics truck. First survey completed in
1993, now being interpreted.

Truck interior, winch with 3,500 ft (1,200 m) logging cable
rated to 250 C. Zonge transmitter, 6 channel receiver.

Self-Potential Method.

S P Method, ground layout.

Newcastle, Utah covered geothermal area, resistivity 1lines.
Dipole-dipole resistivity profile, a=150 m. Note 4 ohm-m.
Newcastle SP anomaly, -110 mV. Elongate along fault.

Spoke layout at Woods Ranch, between 26C, 34C drill holes.
Woods Ranch SP survey, -60 mV anomaly.
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UURI - CFE SLIDES DISCUSSION
Geothermal Geophysical Research

Schematic diagram portraying operational modes of UURI field
MT instrument. Modes include 7-channel standard base-remote
setup, 10-channel dual-site collection, and 4-channel E-
field profiling with 3-channel base h-field unit and remote
reference.

Locations of regional MT transect programs funded mainly by
the National Science Foundation. UURI is P I in EMSLAB,
RUBY, CH, SEA, and ANTALITH.

Eastern Great Basin MT transect: Southern Qordilleran
hingelin of Utah and Nevada: Roosevelt HS on the east.
50+ stations, 160 Kkm.

2-D numerical model interpretation to depths of 12 km,
fairly well defined to depths of 5 km. Deep conductors.

Regional geologic map of Valles Caldera, NM showing
locations of survey CSAMT layout. Crossed-bipole (2 km)
antenna are 13 km SSW of corehole VC-2B and Sulphur Springs.

Best-fit 2-D resistivity model of central W-E line across
VC-2B well site. Depths > 2km.

Example of earth model with topography discretized by
elements, by algorlthm IP2D1.

Generalized model of a geothermal system with well to side
(a2 drill miss) and schematic borehole resistivity
layout.

Conceptual model for cross-borehole and borehole to surface
surveys.

UURI borehole geophysics truck. First survey completed in
1993, now being interpreted.

Truck interior, winch with 3,500 ft (1,200 m) logging cable
rated to 250 C. Zonge transmitter, 6 channel receiver.

Self-Potential Method.

S P Method, ground layout.

Newcéstle, Utah covered geothermal area, resistivity lines.
Dipole-dipole resistivity profile, a=150 m. Note 4 ohm-m.
Newcastle SP anomaly, -110 mV. Elongate along fault.

Spoke layout at Woods Ranch, between 26C, 34C drill holes.
Woods Ranch SP survey, -60 mV anomaly.




UNIVERSITY OF UTAH RESEARCH INSTITUTE

GEOPHYSICAL RESEARCH .AND STUDIES

MAGNETOTELLURIC (MT) AND CSAMT RESEARCH
* Instrumentation Development

* Geothermal and Crustal Field Studies
* Computer Algorithm Development

BOREHOLE ELECTRICAL GEOPHYSICS

Geothermal Field Test

* ¥ ¥ % ¥

SELF-POTENTIAL METHOD

* Field Studies for Characterigzation
* Field Technigue Development

* Interpretation

NEWCASTLE, UTAH TEMPERATURE MONITORING

* Monthly Temperature Monitoring
* Interpretation and Reporting

* Sustainable Developmeht

< .
OTHER GEOPHYSICAIL, STUDIES

# Gravity and Magnetic Interpretation
* Electrical Resistivity Interpretation
* Field Studies as Reguired

Computer Algorithm Development
Field Instrumentation Systen
Preliminary Field Test (shallow)

Test Algorithms and Interpretation

Philip E. Wannamaker
John A. Stodt
Field Techn1c1ans

-

Phillip M. Wright
Phillip E. Wannamaker
John A. Stodt

Alan C. Tripp
Graduate Students

Howard P. Ross
Robert E. Blackett (UGS}
James C, Witcher (NMSU)

Howard P. Ross
Robert E. Blackett (UGS}

* Computer Program Conversion, Acquisition




UNIVERSITY OF UTAH RESEARCH INSTITUTE
GEOPHYSICAL RESEARCH AND STUDIES

Magnetotelluric (MT) and CSAMT Research

* Instrumentation Development Philip E. Wannamaker
* Geothermal and Crustal Field Studies John A. Stodt
» Computer Algorithm Development Field Technicians

Borehole Electrical Geophysics

* Computer Algorithm Development Phillip M. Wright

* Field Instrumentation System Phillip E. Wannamaker
* Preliminary Field Test (shallow) John A. Stodt

* Geothermal Field Test Alan C. Tripp

* Test Algorithms and Interpretation Graduate Students

Self-Potential Method

* Field Studies,.'for Characterization Howard P. Ross
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ose Francisco Arellano Guadarrama
fna.

De Geofisica

Departmento De Exploracion

Comision Federal De Electricidad
Gerencia De Proyectos Geothermoelectricos
Morelia|, Michoacan
Mexico
Dear Jose:
Dr. Mike Wright asked me to respond to your FAX of January
3, 1994. Mike sends his best wishes, and regrets that he will
not be able to attend the meeting to discuss a new research and

development agreement between the US DOE and CFE.

has ask
Greg Na
meeting

In
interest

large nt

Instead, Mike
2d that Dr. Joseph Moore (Section Manager, Geochemistry),

sh (Section Manager, Remote Sensing), and I attend the

on behalf of UURI.

reviewing your letter I understand that there is a new

t in addressing specific exploation-and development
problems

instead of a general exploration program. You list a

amber of specific problems, some of which could be very
difficult and challenging.

The UURI geophysics staff is small,

and I understanding that funding for the UURI-CFE work may be

rather

limited.
few problems for the first few years of the agreement.

Thus we will probably only be able to address a
I

encourage you to establish a priority list for those problem
areas which you consider most important for UURI to study with

CFE.

Alt

hough all of the CFE problem areas seem interesting, UURI

would be best prepared to address gravity, magnetic and

electrical data modeling and interpretation.
active c

We do not have an
apability for potiential field continuation from

irregular surfaces, and some other groups may be more experienced

in passi

may be a
will bri
thermal

Mr.
capabili
(GIS).
research

ve seismic studies (i.e. LBL). Our remote sensing group
ble to address several problems in remote sensing. I

ng some information on researchers doing current work on
modeling and gradient hole interpretation.

Greg Nash will be prepared to indicate the UURI

ties in Remote Sensing and Geographic Information Systems
I will be able to indicate the current UURI geophysical
program.
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Schematic diagram portraying operational modes of UURI field
MT instrument. Modes include 7-channel standard base-remote
setup, 10-channel dual-site collection, and 4-channel E-
field profiling with 3-channel base h-field unit and remote
reference.

Locations of regional MT transect programs funded mainly by
the National Science Foundation. UURI is P I in EMSLAB,
RUBY, CH, SEA, and ANTALITH.

Eastern Great Basin MT transect: Southern Cordilleran
hingelin of Utah and Nevada: Roosevelt HS on the east.
50+ stations, 160 km.

2-D numerical model interpretation to depths of 12 km,
fairly well defined to depths of 5 km. Deep conductors.

Regional geologic map of Valles Caldera, NM showing
locations of survey CSAMT layout. Crossed-bipole (2 km)
antenna are 13 km SSW of corehole VC-2B and Sulphur Springs.

Best-fit 2-D resistivity model of central W-E line across
VC-2B well site. Depths > 2km.

Example of earth model with topography discretized by
elements, by algorithm IP2D1.

Generalized model of a geothermal system with well to side
(a drill miss) and schematic borehole resistivity
layout.

Conceptual model for cross-borehole and borehole to surface
surveys.

UURI borehole geophysics truck. First survey completed in
1993, now being interpreted.

Truck interior, winch with 3,500 ft (1,200 m) logging cable
rated to 250 C. Zonge transmitter, 6 channel receiver.

Self-Potential Method.

S P Method, ground layout.

Newcastle, Utah covered geothermal area, resistivity lines.
Dipole-dipole resistivity profile, a=150 m. Note 4 ohm-m.
Newcastle SP anomaly, -110 mV. Elongate along fault.

Spoke layout at Woods Ranch, between 258C, 34C drill holes.
Woods Ranch SP survey, -60 mV anomaly.
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S P Method, ground layout.

Newcastle, Utah covered geothermal area, resistivity lines.
Dipole-dipole resistivity profile, a=150 m. Note 4 ohm-m.
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Spoke layout at Woods Ranch, between 26C, 34C drill holes.
Woods Ranch SP survey, -60 mV anomaly.
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MAGNETOTELLURIC (MT) AND CSAMT RESEARCH
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* Geothermal and Crustal Field Studies John A. Stodt
* Computer Algorithm Development Field Technicians

BOREHOLE ELECTRICAL GEOPHYSICS

* Computer Algorithm Development Phillip M. Wright

* Field Instrumentation System Phillip E. Wannamaker
* Preliminary Field Test (shallow) John A. Stodt

* Geothermal Field Test Alan C. Tripp

* Test Algorithms and Interpretation Graduate Students

SELF~-POTENTIAL METHOD

* Field Studies for Characterization Howard P. Ross
* Field Technique Development Robert E. Blackett (UGS)
* Interpretation James C. Witcher (NMSU)

NEWCASTLE, UTAH TEMPERATURE MONITORING"

* Monthly Temperature Monitoring Howard P. Ross
* Interpretation and Reporting Robert E. Blackett (UGS)
* Sustainable Development

OTHER GEOPHYSICAL STUDIES

* Gravity and Magnetic Interpretation

* Electrical Resistivity Interpretation

* Field Studies as Required

* Computer Program Conversion, Acquisition
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CEBORUCO MT STUDY
Figure 8 from Venegas and Arellano
Figure 9 from Venegas and Arellano

Long Valley color MT model

~Altered tuff on top of Bishop Tuff was conductive caldera-
wide. However hot water was encountered only in the west
moat.

Upper right (east) portion of EMSLAB model for MT transect
across the Cascade Range (Oregon). The altered Breitenbush
Tuff is conductive but not economic for geothermal energy.

Figure 9 from Venegas and Arellano (repeat).
Note anomalous areas of Copley and Orange.

Figure 6 of Copley and Orange

-Exemplifies anomalous and non-anomalous behavior.
-Pronounced TE minimum at mid-to-high frequencies,
presumeably indicative of a conductive dike.

Figure 20 of Copley and Orange

-Attempt to simulate anomalous responses

-'Peaked' conductor may be a significant structure, or may
be 'topography' on buried original conductive layer.

Figure 17 of Copley and Orange
-Similar but with deep conductive substratum
-Meant to represent occassionally-observed deeper layer (eg
Fig. 2.) '
-Need for wide, deep base debatable since TE mode minimum
most pronounced in vicinity of top of dike.

9-11. Profile locations for psuedosections, plus sections

Marquesado-Coapan and Carillo Puerto-Ahucatlan
-Actually, MT-24 is not very anomalous in the conductance of
the presumed tuff, compared to MT-1 or MT-3.



DOE-CFE Geothermal Agreement

GEOPHYSICAL STUDIES
CEBORUCO GEOTHERMAL RECONNAISSANCE AREA

Philip E. Wannamaker and Howard P. Ross - UURI
J. F. Arellano G. - CFE

PROGRESS REPORT for 1994

Introduction

This project was suggested by CFE scientists at the second
technical meeting, January 1994. The Ceboruco area, within the
western Neovolcanic Belt, was identified as a promising
geothermal area for additional geophysical studies during the
1989-1994 agreement. CFE completed extensive gravity,
aeromagnetic, electrical resistivity and magnetotelluric (MT)
studies in the greater Ceboruco reconnaissance area
(approximately 1200 sq km) but UURI was unable to participate due
to lack of project funding. 1Initial drilling results, including
the 2800 m deep CB-1 were disappointing. Since the drill hole
was sited in part on geophysical (MT, gravity) results, CFE
requested a review of contractor geophsical data and
interpretations. UURI has had a continuing interest in the
geothermal exploration strategy and proposed a general review of
the geophysical exploration effort.

Planned Scope of Project for 1994
The scope of the project for 1994 was to:

1. Review the Ceboruco exploration strategy.

2. Review supporting geologic and geophysical data.

3. Review and critique MT data and interpretation.

4. Complete new MT modeling and interpretation, as needed.

Results to Date

CFE scientists transmitted an extensive geologic and
geophysical database to UURI. The geologic studies provided
necessary background for the understanding and interpretation of
the geophysical data, and for an understanding of the exploration
strategy. UURI scientists reviewed the various reports and data.

Dr. Wannamaker completed a detailed review of the MT reports
and data completed by GeoEvaluaciones. He found the treatment
and evaluation of the data to be competent, and the
interpretation generally valid. The occurrence of conductive
volcanic horizons has been noted at Long Valley, California, and
in the Cascades in the Pacific northwest, and these occurrences
have presented severe interpretation and exploration problems in
these areas also. Dr. Wannamaker has identified some additional
concerns with MT data interpretations in these environments. The



MT contractor computed appropriate two-dimensional (2-D) models,
and new numerical modeling was not deemed necessary. UURI was
unable to obtain the necessary software in time to use the
GEOTOOLS formated MT data submitted by CFE.

A second interpretation of the MT data was completed by CFE
geophysicists. This interpretation called attention to several
MT stations SW of Ceboruco volcano which suggested a larger
conductivity-thickness body at depth. These stations had not
been identified by GeoEvaluaciones as a promising target area
because they did not exhibit a response typical of conductive
bodies going to depth, and were believed to be part of the
region-wide conductive horizon. Decreases in apparent
resistivity observed for periods longer than 1 to 10 seconds are
due to the regional, mid-crustal state, with some short scale
data variations caused by minor static shifts, or data noise.

Dr. Ross reviewed the aeromagnetic and gravity data, and
noted that extensive state-of-the-art processing had been applied
to the aeromagnetic data. A final, geometric interpretion of
magnetic bodies and geologic structures was not noted, however.

The gravity survey is described as a reconnaissance level
survey which probably was restricted to existing roads and
trails. The locations of gravity stations were determined by
vehicle odometer (+/- 100 m), and station elevations were
estimated from contour maps (estimated to be +/-10 m). It does
not appear that terrain corrections were applied to the data, and
these could be quite significant (1-3 mGal, 10-30 g.u.) near
Ceboruco volcano. Elevation errors could result in errors of as
much as 2.2 mGals (22 g.u.). Another limitation of the Bouguer
gravity map, especially in the area near CB-1, is the relatively
low data density. Although the automated contour interpolation
routine may provide the best estimate of gravity contours, it
could lead to considerable error in areas of low data density,
especially when using data which may be in error due to elevation
errors and without terrain corrections. Thus the gravity map may
be useful in projecting regional geologic features, but may be
inappropriate for use in drill site selection.

Plans for 1995

1. Additional detailed MT interpretation could be undertaken if
specific interpretation problems are identified by CFE
geophysicists, such as evaluating proposed drill targets.

2. UURI sugdests a detailed evaluation of the accuracy of the
Bouguer gravity map for an area of approximately 100 sq km,
including the large gravity low which extends southwest from
Ceboruco volcano. Gravity data should be obtained at 25 to 50
stations, well distributed between the existing stations.
Positions and elevations should be accurately determined for
these and nearby existing stations (GPS control?) and full
terrain corrections should be applied.
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FIRST RESULTS OF DEEP EXPLORATORY DRILLING IN THE
EL CEBORUCO GEOTHERMAL ZONE

J. Cesar Viggiano-Guerra and Luis C.A. Gutierrez-Negrin

Comision Federal de Electricidad, Alejandro Volta 655
Morelia, Mich., Mexico, C.P. 58290

ABSTRACT

Geological, geochemical, and geophysical studies have
been made by the Comisién Federal de Electricidad (CFE) in
the El Ceboruco Volcano geothermal zone. In order to com-
plete its preliminary geothermal assessment before deep
drilling, some shallow gradient wells were drilled and meas-
ured in this zone. The first deep exploratory well was recently
completed to 2,800 meters depth. This deep well did not
present high temperatures (maximum 112°C) nor important
hydrothermal alteration at depth, meaning that the probable
geothermal system is more restricted than anticipatéd.

Introduction

Over the past 10 years, the El Ceboruco Volcano, and the
San Pedro Dome geothermal zones have been explored by the
Comisién Federal de Electricidad (CFE: Federal Commission
for Electricity) exploration staff. In addition to geological
mapping, geochemical fluids analysis, geophysical surveys
{including resistivity, magnetotelluria, gravimetry and mag-
netometry), and a number of shallow gradient wells were
drilled to accomplish the exploration. More priority was
given to the El Ceboruco area because of the volcanological
evolution, structural framework, and apparent geothermal
possibilities. As a result, a deep exploratory well, named
CB-1, was drilled by end of 1993, and the beginning of 1994
to 2,800 meters depth.

In this paper we attempt to provide a short and prelimi-
nary synthesis of the lithological, mineralogical, and geother-
mal results of the well CB-1, as well as to sketch some useful
lessons, especially concerning the hydrothermal mineralogy
interpretation focused in further exploration in the zone.

Regional Geological Setting

The El Ceboruco Volcano, together with other Quaternary
volcanic centers, is located at the western part of the Mexican
Volcanic Belt (Figure 1), whose Plio-Quaternary calcalkaline
activity is related to the subduction of the Cocos Plate beneath
the North-American Plate, and to the aseismic and waning
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Rivera Plate, under the Jalisco Block along the Middle Ameri-
can Trench (Luhr et al., 1985). This process seems to be
responsible of the volcanism at this place.

In addition, a triple junction apparently ocurrs 50 km
southernly from Guadalajara City (Figure 1) as a consequence
of that tectonic process, with a rather complicated evolution
which includes the Chapala Graben toward the east, the
Tepic-Zacoalco Graben in the northwest and the Colima Gra-
ben to the south (Luhr et al., 1985; Stock, 1993).

Locally, the El Ceboruco Volcano lies entirely on the north-
western portion of the Tepic-Zacoalco Graben, which seems
to bean ongoing rifting zone since Pliocene (Luhr et al,, 1985).
Small volumes of unusual alkaline magmas have erupted in
this graben, in close association with more abundant subduc-
tion-related calcalkaline magmas erupted by andesitic strato-
volcanoes, like the El Ceboruco itself.

Alkaline magmas are varieties found in zones of active
rifting elsewhere in the world. At the Tepic-Zacoalco Graben,
their true origin, according to Luhr et al. (1985), may be due
to the spreading ridge jumping which is being propagated at
approximately about 10 to 12 million years ago from the
South Pacific Rise in different stages. So, the East Pacific Rise
segment bounded by the Rivera and Tamayo fracture zones,
would be current in the process of jumping some 600 km
eastward, to the site of the Colimna Graben, thus, continuing
the northward propagation of the ridge-segment jumps (see
insert in Figure 1).

The El Ceboruco Volcano

Understanding of history of the El Ceboruco Volcano is a
very important matter in order to better know the geothermal
potential of the area. Nelson (1986) has carried out an exhaus-
tive study of this volcano, focused on the volcanological
mapping and petrological studies.

El Ceboruco is a middle-size stratovolcano, with 60 km’
in volume; it is the only volcano with historic activity in this
portion of the Mexican Volcanic Belt. Its eruptive history can
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be divided into three stages, which are included in Table 1
(after.data from Nelson, 1986, and Romeroand Palma, 1993).

Based upon the:magma evolution, Nelson {1986) suggests
the volcano could now be evolving toward a gass-bearing
composition richer in $iOz, and.could erupt in coming: days.
He has'estimated that there were at least mgl:h erupticns over
the last 1,000 years. The last eruption “which téok place in
1870,.16ft a thick (200 mieters) daciti¢ flow on the southwestern
flank of the volcano, a new eruptive event could happen in
the next several years.

However, the vc:lcanﬁ: history of the El Ceboruco Volcano
makes- it ‘very feasible that the magmatic chamber «of the
volcano is at a_dépt}i and contains conditions tobehave as a
heat source'for the probable geothérmal system beneath it.

Exploratory Studies Prior Drilling

In'addition to usual géological mapping; regional tectonic;
and structural studies, geophysical surveys, with special em-
phasis on magnetotelluric and gravimetric studies, -were
achieved as'in the El Ceboruco zone as in the Tepic-Zacoalco
Craben.‘._Magnetoteilu;jcjsl_.lr\féy in El Ceboruco reported ap-
parent important low resistivity anomnalies located beneath
the volcano.and in two éther areas. Thise.ancmalies were
believed to be associated 'with the. géothermal aquifer
(Rofmero and Palma, 1993). '

On the othierhand, interpretation of the Bouguer Anomaly
suggested a lithological basement underlaying those volcanic
rocks belonging to El Ceboruco; that could represent rocks of
the Tertiary Sierra Madxe Occidental (SMO} The SMO is'the
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Jargest ignimbritic provirce in'the world, and outcrops about

4 kin northeasternly of the El Cebortco Volcano. An echelon
fault array; dipping'to the southwést'and affecting-focks of
the SMO, was interpretated. It was believed thatthese ignim- - 3
britic rocks could behave as«a cap rock. ‘

Geochemical analysis carried out in gases from furnaroles
of the inner caldera and from the 1870 dacitic flow, point out
the presence of both COz and H3S, being first the most abun-
dant compound (Romero and Palina, 1993). Further data on-
fumiarolesare alsd reported by Nelson (1986), with superficil
temperatures ranging from 55°C to 92°C, making it the hot-
‘test related to the most recent flow (that.of 1870).

‘Recently, a very, small altered. area, around 0.9 meters in--
diameter, Jocated:in the mostrecent crater, was sampled and
studied by X Ray Difracction mineralogy (Izquierdo, 1993}.
The study reporis plagioclase as- well as cristobalite and’”
kaolinite. Plagioclase is of ‘pritnary origin, whereas the
kaolinite’ and &ristobalite were formed in.a vadose zone due
fo condensation Gf steam '

Geothermal steam is invariably accompanied by a small %
portion of COyand H25; the latter readily oxidizes, usually *7 <Az
near the surface, to HzSO4 producmg a strong acid that?
nmmedlately attacks the surrounding rocks (Browne, 1990).

such as kaolinite, alunite, hematite, jarosite and pyrite.

However, the case herein reported only included Kaolinite
and cristobalite, as mentioned. This, in addition to the very %



Table 1. Stages of the eruptive history of El Ceboruco.
STAGE CHARACTERISTICS CLASSIFICATION
& MINERALOGY
1 ® Formation of main Andesites (P! +
cone. Lava flows 1-5m Cpx + Ol + Tmt)
thick, aa type. (40 km?}.
® Quter caldera & dykes. Similar andesites
Peripherical flows & plus high alumina
scoria cones. basaits.
® Forming of C. Rhyolites &
Pochotero dome, C. rhyodacites.
Pedregoso & Destiladero
flow.
® Jjala pumices & Rhyolitic &
Marquesado ashes, 1000 | rhyodacitic (2
years ago. km?).
2 ® Dos Equis dacitic dome | Dacites (Pl +
into the outer caldera. Opx+Cpx+1l +
Tmt} (1.3 km?)
® inner caldera in the
Dos Equis dome.
= Copales dacitic flow. Dacites (+ glass
+ xenolites) (1.4
km?)
3 8 Andesitic dome at Andesites (Pl +
outer caldera. Cpx+ 0Ol +Tmt).
® Andesitic a3 type Andesites (Pl +
lavas. North of volcano. Copx + Ol + Tmt).
® El Ceboruco flow Andesites.
{spongy andesites).
® Historic eruption Dacites {P!+ Opx
(1870). Flow 7.5 km +Cpx+G+ll+T
fong & 200 m thick. mi) {1.3 km?)

NOQTES: Pl = Plagiociase, Opx = Orthoprioxene, Cpx = Clinopioxene, G = Glass,
! = timenite, Ol a Olivine, Tmt = Tianiferous magnetite.

restricted extension of the altered zone, leads us to think that
the mass flow discharging of the probable deep reservoir is
very low. This could reduce the geothermal potential of the
zone, as it seems to be suggested by the results of the explora-
tory well.

Exploratory Drilling

The first deep exploratory well, named CB-1, is located
approximately on the southwestern slope of the El Ceboruco
Volcano, about 5 km away from its summit. Drilling of the
CB-1 was preceded by a shallow (400 meters depth) gradient
well, results of which are yet published (Viggiano, 1993).
Both wells were drilled at the same site.

Well CB-1 reached 2,800 meters depth, but here are re-
ported only first 2,240 meters, which is the depth with avail-
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able results up to date. Every 10 meters cuttings were studied,
as well as four from the five core samples, by using a pet-
rographic microscope.

It is well known that there are always problems working
with cuttings, particularly in this well where a mixture of air
with mud (aerated fluid) was used as a drilling fluid; hence,
this produced very small cuttings indeed. Nevertheless, a
good view of rock textures and mineralogy was experienced.

Lithology

Figure 2 illustrates the primary petrology of the subsur-
face rocks cut by the well. Most of those rocks belong to the
calcalkaline suite and are predominantly basalts, basaltic
andesites and subordinate rhyolites, with different textural
and mineralogical varieties. However, at least two horizons
of volcanic aglomerates were found (Figure 2).

Noting of the lithogical sequence in that figure can be
related to the SMO volcanics, as were expected prior to
drilling. An ignimbritic rock was identified in the interval
between 1,540 and 1,650 meters (Figure 2). Below this inter-
val, cuttings included many fragments of ignimbrites, but
predominately basalts and basaltic andesites. This led to the
conclusion that numerous amounts of ignimbritic horizons
had been intersected, and, therefore, the SMO series had been
found. However, that abundance of ignimbritic chips seems
tobe a result of mixing of rocks that fell down during drilling,
given the nature of the drilling fluid, instead of the presence
of the SMO volcanics.

As for the ages of subsurface rocks penetrated by the well,
some ideas are given in Figure 2, but without dating support.

Hydrothermal Mineralogy

Figure 3 shows the hydrothermal alteration interpreted
from petrographic analysis. A striking feature for rocks from
a geothermal well, is how few rocks have been intensively
altered: most chips show only scarse alteration. Generally, the
process of low intensity alteration is also reflected by the
relative stability of primary minerals, for instance, the unal-
tered ferromagnesians.

In general, there are two different alteration regime's. One
of them is localized from 420 to 650 meters depth, and is
characterized by the illita + montmorillonite + quartz + epi-
dote + caldite + pyrite + zeolites (probably laumontite and /or
heulandite) assemblage. The other is localized from around
800 meters depth to the bottom, and is relatively unhomo-
geneous; is characterized by almost the same minerals but in
lesser abundance than those of the first zone, with no epidote,
nor illite, much less pyrite and much more chlorite (specially .
penninite) (Figure 3).

The deeper alteration zone is characterized alsoby the lack
of veining, contrasting with the shallower one; this lack of
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cavities filling process probably indicates that there was a in the lower half of the well. The shallower interval 420 to 650
very low permeability at the moment of mineral deposition. meters depth, however, presents a hydrothermal mineralogy
An immediate conclusion from such an alteration miner- typical of geothermal systems, whose temperatures were
alogy, is that no important geothermal system has been active probably in excess of 230°C.
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It is appropriate to mention that the present, maximum
measured temperature in the well was around 112°C.

Flow Model for El Ceboruco

After a previous model of the El Ceboruco Volcano (Vig-
giano, 1993), and taking into account the mentioned results
of well CB-1, it is possible that this zone would be a high relief
system, which flashes steam above the sodium chioride water
table. Its remaining temperature would serve as a heat source,
which is capable to heat an aquifer forming an apparently
restricted geothermal system (Figure 4).

Geothermal fluids from such a system upflow through
recent lava conduits, fauits and fractures, and form in time, a
steam or vadose zone with variable amounts of H2S and CO»
discharging as fumaroles onto the surface. The H2S oxidizes
giving a corrosive acid that attacks the rocks to produce
cristobalite and kaolinite among others. Superficial discharge
was very limited, as far as it can be judged after the surface
alteration. Deep lateral extension of the system is unknown,
but probably was partially extended through the future site
of well CB-1 as a narrow, shallow discharge zone (Figure 4).

That discharge has ceased today, but could explain the
mineral alteration zone found in the CB-1 between 420 and
650 meters depth. The hydrothermal mineral assemblage,
headed by epidote, represents past temperatures over 230°C,

as mentioned above. Upflow could happen through a fault
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zone with no superficial evidence, and would then be thor-
oughly self-sealed and cold.

The rest of the alteration represents a regional low tem-
perature (<150°C) aquifer, according to the mineral charac-
terized by heulandite (?), which is presently quite impervi-
ous. Notice, however, that these alteration processes took
place below the sodium chloride water table (Figure 4).

Ouistanding Remarks

¢ Inspite of unsuccessful geothermal resuits of the first deep
exploratory well in the El Ceboruco Volcano, its vol-
canological and structural features allow us to assume the
presence of an active, high temperature geothermal sys-
tem beneath it. This probable system seems to be more
restricted than anticipated to the central volcanic conduit,
as has been indicated by well CB-1, but could be large
enough in dimensions to be used in a small geothermal
development. That restriction must be taken into account
however, if a second exploratory well is drilled near the
volcano.

¢ Previous geological and structural interpretations on the
regional framework of the El Ceboruco Volcano must be
reviewed, according to the lithology found in the well. It
is very important to understand the SMO volcanics, which
outcrops 8 km away from the well.

e Standard geophysical techniques used in decision making
to locate additional exploratory wells, must be carefully
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considered. Especifically, the well CB-1, which was lo-
cated among others, on the basis of an apparently impor-
tant resistivity anomaly after a magnetotelluric survey,
but, was not a cold nor hot water, nor an alteration zone,
at depth, which could be associated to that anomaly.
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DEPARTAMENTO DE EXPLORACION
OFICINA DE GEQFISICA

CARACTERISTICAS GENERALES DEL LEVANTAMIENTO GRAVIMETRICO DE LAS
ZONAS DEL DOMO SAN PEDRQ Y VOLCAN CEBORUCO, NAYARIT.

GENERALIDADES

En el levantamiento gravimétrico en 1la zona
geotérmica del Volcdn Ceboruco y Domo de San Pedro en el Estado de
Nayarit, las estaciones se ubicaron aprovechando los caminos de
terraceria y transitables a pie existentes en la zona de estudio,
localizados en las cartas topogrdficas escala 1: 50 000 editadas por
el INEGI, con la finalidad de posicionarlas en éstos, apoyandose
con fotografias aéreas de la zomna.

JLadseparaclon entre estaciones fue en pramghio de 1
kilometro, dlsmlnuyendo cuando se considero pertinente detallar
aspectos estructurales. .La elevacidn se obtuve considerando 1la
correspondiente a su ubicacién en las cartas topogrdficas, es decir
gque éstd pudiera variar +/- 10 metros ya que la configuracién de

curvas de nivel en las cartas es de cada 20 metros. /o = 20 m

El equipo utilizado fue un gravimetro Worden Master
modelo 111, con una constante de 0.0933 miligales. La ubicacidn en
el terreno se efectudé mediante el oddmetro del wehiculo, el cual
marca distancias a cada 100 ‘métros, es decir, =se consideroc que se
podrian tener errores del orden de +/- 25 metros.

De antemano ge tiene conocimiento, de los erroresa
que puede dar lugar el haber ubicado las estaciones y obtenido la
elevacidn correspondlente de la manera en gque fue referido en los
parrafos anteriores; asi, considerandc que por cada metro se tenga
una variacién vertical de 2 u.g., al temer un error de +/- 10
metros en la cota de elevacidn de lag estaciones, daria lugar a
dlferenclas de +/- 20 u.g. Por lo anterior la determinacién de la
distribucidén de "cuerpos fuente®™ y "vbasamento" en el modelado
gravimétrico habran de considerarse con las reservas del caso.
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Para la zona se tienen estudios gravimétricos de
caradcter regional efectuados por PEMEX , considerandose que
presentan un comportamiento similar en la informacidén de Anomalia
Bouguer.

El wvalor absoluto de 1la gravedad observada fue
llevado a la zona de estudio, a partir de una base gravimétrica
ubicada por PEMEX en el Aeropuerto de Guadalajara, cuyo valor es de
978,2075.6 u.g.. '

Lo anterior, se realizd obteniendo las diferencias
entre estaciones gravimétricas ubicadas sobre la Carretera Federal
No. 15, Guadalajara-Tepic a cada 10 Km. y efectuando loops maximos
de 2 horas y cuya deriva no fuera mayor de 1.5 u.g. y divergencia
de 1.0 u.g. hasta llegar al crucero de Tetitldn con la carretera
mencionada llegando con un valor de gravedad de 978,4420.8 u.g.
correspondiente a la estacidén G-11.

OBJETIVO

Definir el patrdén estructural y distribucién del
"basamento" (gravimétrico) de la zona de estudio y su relacidn con
el sistema hidrotermal.

ETAPA DE CAMPO Y CALCULO DE LA ANOMALIA BOUGUER

La observacién gravimétrica se efectué mediante
loops con una duracién midxima de 2 horas, observando doble vez las
estaciones base y "cerrando" poligonos regionales con tolerancias
méximas de 1 u.g. y a detalle 1.5 u.g.. Posteriormente se efectud
el cédlculo de Anomalia de Bouguer aplicando la correccién por
elevacién y de Bouguer, considerandose una densidad de correccidn
de 2.4 gr/cm’ valor que ha sido utilizado por PEMEX en esta regidn,
asi mismo la Anomalia de Bouguer fue referida al nivel del mar,
aplicando la correccidén topogradfica a cada estacién.

PROCESAMIENTO DE LA INFORMACION

A la Anomalia de Bouguer se le aplicaron procesos
matemdticos que consistieron en filtrados, tanto en el dominio
espacial como en el de las frecuencias, para obtener los diferentes
efectos regionales-residual Y posteriormente analizar la
correlacién de 1los 1lineamientos definidos en 1la informacién
gravimétrica, con los rasgos geolégico estructurales que prevalecen
en la zona de estudio.



INTERPRETACION

Al analizar la Anomalia de Bouguer (plano anexo), se
observa como el gradiente disminuye de occidente a oriente,
presentandose los valores mas altos (-800 u.g.) en la Zona de
Zapotan y Sierra el Guamuchil y los mas bajos en el Volcan Ceboruco
(-1200 u.g.), ademds de que se definen 5 lineamientos NW-SE
principalmente y tUnicamente dos NE-SW, marcados con sus ejes de
Maximos y minimos gravimétricos respectivamente.

La relacién geoldgica que presenta dicha informacién
Y que sobresale en el plano de Bouguer es el midximo que se presenta
en las zonas de Zapotdn y Sierra El1 Guamuchil, asociandose al
comportamiento del granito, considerandose éste como basamento de
la secuencia volcanica, de la Sierra Madre Occidental (S.M.0.) y
Faja Neovolcanica por el comportamiento de 1la informacidén es
posible predecir que se va profundizando hacia la parte central del
drea de estudio y hundiéndose aun mds en la zona del volcan El
Ceboruco.

Los minimos gravimétricos presentes en Amado Nervo,
Tetitlan, Ahuacatlan, Domo San Pedro y noroeste de Chapalilla, por
sus dimensiones, mas bien estan asociados a efectos locales y mas
someros, es decir a eventos que se llevaron a cabo durante 1la
formacién de la Faja Neovolcadnica, de la misma manera el maximo
presente en la zona de Loma Atravesada y Cerro las Cuevas.

La interpretacidén cuantitativa, a 1la fecha a
considerado, modelado bidimensional, utilizando el algoritmo de
Talwani, ésta se inicio tomando en cuenta la geologia superficial
y la interpretacién cuantitativa de sondeos eléctricos verticales,
para poder tener una idea del efecto gravitacional causado por la
secuencia volcdnica de 1la Sierra Madre Occidental y Faja
Neovolcédnica y tratar de definir la cima del basamento granitico
que aflora al occidente del area de estudio.

Mediante ensayo y error se modeld inicialmente sobre
la Anomalia de Bouguer considerando un 86lo cuerpo que fuera
equivalente a la secuencia volcédnica mencionada con una densidad de
2.4 gr/cm3 y cuya base fuera representativa de la topografia del
granito. -



Al interpretar una serie de perfiles bajo dichas

consideraciones, se determind que se trata de una depresidn

delimitada al occidente por la Sierra de Zapotdn y al oriente por
la Sierra Madre Occidental, es decir el basamento granitico gque
aflora en la zona de Zapotén, se encuentra hundido, entre ambas
sierras presentando en la parte central levantamientos tipo horts,
provocados por el ascenso de magma que ha dade lugar a aparatos
volcanicos durante la formacidén de la Faja Neovolcanica, tal es el
cago de los cerros El Fraile, Loma Atravesada, Las Bartolinas,
Lobos, Los Ocoteg y la Mesa de Santa Isabel.

Las depresiones interpretadas en las zonas de Amado
Nervo, Domo San pedro, Uzeta, Tetitlan y Ceboruco, les corresponden
profundidades que van de 1 a 1.3 Km. de profundidad de acuerdo al
modelado inicial.

FPor lo mencs en la zona del Ceboruco,
especificamente en el sitio del pozo CB-1, 1las densidades
determinadas en los miicleos obligan a modificar las consideraciones
iniciales, ya que el pozo a la profundidad de 2800 metros no
reportd rocas graniticas, quedando sélo en la cima de la secuencia
volcanica denominada Sierra Madre Occidental.

Posteriormente se efectud una reinterpretacién del
perfil gravimétrico con direccidn Este-Oeste, especificamente en
la zona del pozo exploratorio CB-1l, logridndcse una buena
aproximacién entre el wvalor calculado y el observado mediante
ensayo y error, la interpretacidén presenta un comportamiento
estructural similar al modelo inicial, con la diferencia de que las
profundidades para las depresiones detectadas son del ordemn de
cinco kilémetros de profundidad.

CONCLUSIONES

Mediante el andligis de la interpretacidn
cuantitativa se logréd definir que la zona en estudio, se encuentra
inmérsa en una cuenca, la cual de acuerdo con lag hipdtesis
geoldgicas, el basamento granitico y la secuencia de la Sierra
Madre Occidental se han hundido, en la parte central a consecuencia

de una tecténica extengional, siendo la parte mas profunda en donde

se ubica el Volcdn Ceboruco,



El desplazamiento del gradiente gravimétrico hacia
el noreste en la zona del Cuastecomate y Rio Tetiteco, obedece a un
desplazamiento lateral en ésta direccién de la Sierra de Zapotan
para continuar hacia el Sureste con el nombre de la Sierra el
Guamuchil, por lo que el cause del rio mencionado actie como limite
estructural en ésta direccidnm.

En la parte norte, en las zonas de Milpillas y San
Pedro Lagunillas el fendmeno descrito anteriormente es similar y
nuevamente con desplazamiento hacia la parte central.

Hacia la porcidn oriental, en la zona de Tequepexpan
Y El Cajén existe un ligero gradiente allanandose NW-SE, para
después cambiar de direccidén en la zona del Volcan El1 Ceboruco a
NE-SW, concordantemente al 1lineamiento estructural del Rio
Tetiteco.

Por lo antes expuesto la zona en estudio del Volcéan
el Ceboruco y Domo San de San Pedro se encuentran a nivel basamento
granitico en un bloque hundido, delimitado en su parte occidental
y oriental por la Sierra de Zapotadn y Sierra Madre Occidental, al
sur por el desplazamiento lateral que sufre la de Zapotén con la de
Guamuchil y al norte por el lineamiento NE-SW de Milpillas San
Pedro Lagunillas.

Al llevarse a cabo el desplazamiento vertical del
basamento hacia la parte central, éste seguramente dio lugar a
zonas de debilidad por donde ha ascendido el vulcanismo reciente
durante la formacidén de la Faja Neovolcdnica, presente en la zona
Y a su vez provocd algunos hundimientos locales en el mismo para
dar lugar a las depresiones detectadas en las zonas de Amado Nervo,
San Pedro y Ceboruco, siendo la mas profunda la dltima, debido a
los colapsos sufridos durante la expulsidén del magma del Ceboruco
en sus ultimas actividades.

DEPARTAMENTO DE EXPLORACION
OFICINA DE GEOFISICA

MAYO -1994.




Morelia, Mich., a 27 de abril de 1994.

Asunto: Comentarios al reporte 5/94
de la Residencia El1 Ceboruco

Ing. J. Francisco Arellano Guadarrama
Jefe de la Oficina de Geofisica
PRESENTE

En relacién con el reporte 5/94 de la Residencia El1 Ceboruco
escrito por O. Palma y que me fue proporcionado para su lectura y
comentarios el dia 20 del presente, hago notar los siguientes
aspectos que aclaran las preguntas planteadas por usted respecto

a:

- Eleccién del regional

- Densidades reportadas
Como involucrar las densidades reales en el modelado

Omisidén de las altas frecuencias del regional en el modelado
- Razones para el uso del regional suavizado

Se presenta una sintesis de los comentarios verbales hechos
el dia el dia 22 del presente.

Las densidades citadas son correctas, los valores medidos en
la Oficina de Geofisica para nicleos del pozo CB-1 son los

siguientes:

ROCA PROFUNDIDAD EN M DENSIDAD EN G/CM*
Basalto 600 - 604 2.86
Andesita 1000 2.76
Conglomerado
andesitico 1500 2.05

Andesita vesiculada

con relleno de
cuarzo 2000 2.69
: 2

Andesita 2000 .73

La identificacién litolégica fue hecha por el suscrito y no
corresponde a la clasificacién oficial.

Las densidades utilizadas en el modelado tienen valores
negativos, -2.7 g/cm’® para el relleno volcano-sedimentario y -2.6
g/cm® para el basamento. Esto significa que en realidad se esté
trabajando con contrastes de densidad y que el relleno se estéa
considerando como un cuerpo menos denso, modelado con un
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GEOPHYSICAL STUDIES
CEBORUCO GEOTHERMAL RECONNAISSANCE AREA

Phillip E. Wannamaker, UURI J. F. Arellano G., CFE
Howard P. Ross, UURI

Background

* Ceboruco area, western Neovolcanic Belt, identified by CFE as a
promising geothermal area from geologic,geochemical, geophysical
studies

* Extensive geophysical program, 1983-1992; ending with 90 MT
stations

* CB-1 drilled to 2,800 m; T max. =112 C

Program for 1994

* Review and critique MT data and interpretation (UURI)

* Complete new MT modeling/interpretation, as needed (UURI
and CFE)

* Review supporting geologic and geophysical data (UURI)

* Review Ceboruco exploration strategy (UURI)



CEBORUCO - GEOPHYSICAL STUDIES

Data Reviewed

* Regional Geology, Tepic-Zacoalco Graben, Nayarit

* El Ceboruco Geothermal Project, State of Exploration
¢ Gravity Studies, and Bouguer Anomaly Map

* Regional Aeromagnetic Studies

* Integration of Electrical Resistivity Studies

* Magnetotelluric Data, and Interpretations

* CB-1: Lithologic Column and Temperature Results

Problems Encountered

* Schedules - P. Wannamaker, H. Ross, GRC

* Report review - Spanish to English

* Correspondence and discussion

* GEOTOOLS

* Location of CB-1 uncertain to UURI

* GeoEvaluaciones MT Plates 1-14 not available

* GeoEvaluaciones MT Plot Ceboruco-s24 missing



GEOPHYSICAL SUMMARY

AEROMAGNETICS
* Regional data, 6,000 sq km
 Extensive processing, analytical operations
* Interpretation confirms NW-SE, NE-SW trends proposed by photogeologic
interpretation
* Zones of low magnetization correspond to hydrothermal alteration
* 2-D Model of magnetic basement at 800 - 1200 m
* Indicates a zone of granitic basement

REGIONAL GRAVITY STUDIES
* 450 sq km; 120 stations at 1 km spacing
* To assist in structural interpretation and morphology of "basement”
* Includes zones of interest from electrical resistivity (VES) and magnetotelluric
(MT) data
* Bouguer Gravity Anomaly map defines 5 NW-SE lineaments, and 2 NE-SW trends
* Several gravity minima, including: Amado Nervo; Tetitlan; San Pedro Dome;
Ahuacatlan; NE of Chapalilla; SW of Ceboruco volcano (CB-1 site)
* Gravity believed to reflect the morphology of granitic basement
* Dense andesites (2.7 g/cm3) below 2000 m in CB-1
* Accuracy of Bouguer Gravity Map
a) Elevations +/- 10 m
b) Terrain corrections (always positive)
c) Contour projections by program




ELECTRICAL RESISTIVITY STUDIES

* Vertical Electrical Soundings (VES) - Schlumberger
AB/2 = 500 m to AB/2 = 3000 m

* Ceboruco-San Pedro Dome-Bartolinas area: 1250 sq km
1984-85, 78 stations; 1990-91, 107 stations; = 177 sta.

* Broad low-resistivity zone (1-10 ohm-m) between San Pedro
Dome and Ceboruco volcano (generally low topography)

* High resistivity areas include most volcanoes, domes

* Identified 11 sites with major electrical conductors for drill hole locations,
including: Ceboruco; Las Cuevas; Santa Isabel; Casa Blanca;
Amado Nervo; Bartolinas

TEMPERATURE GRADIENT RESULTS
* 5 Gradient Holes in central area of 90 sq km

Drill Hole Depth (m) Ts Tbh Tg (C/km)
GC-1 (Santa Isabel) 150 --- 43 +10
GC-2 (San Pedro) 110 34 28 -60
GC-3 (Bartolinas) 180 49 42 +96-130
GC-4 (Las Cuevas) 180 --- 48  +12
GC-5 (Amado Nervo) 190 42 37 +37

* GC-? (SW Ceboruco) 400 --- 46 +21

* CB-1 (SW Ceboruco) 2800 -- 112 +39



EXPLORATION STRATEGY - GEOTHERMAL RESOURCES

Purpose
* Systematically apply a selected mix of exploration techniques tailored to the geologic
environment and the expected geothermal resource type
* Staged exploration to minimize risk of failure
* Staged exploration to minimize cost

U S Industry Perspective
* Profit oriented - capital is at risk
* Competition for best prospects and resources
* Risk of missed resource with improper exploration
* Reduced profit with high front-end (exploration) costs
* Cost-effective exploration minimizes costs of geophysics; Cost-effective geophysics
minimizes costs of drilling
* Largest costs are due to deep drilling

UURI Exploration Strategy - Developed with Industry

* EXPLORATION STRATEGY FOR HIGH-TEMPERATURE HYDROTHERMAL SYSTEMS
IN BASIN AND RANGE PROVINCE - S.H. Ward, H.P. Ross, D.L. Nielson: AAPG
Bulletin, 1981

* REGIONAL EXPLORATION FOR CONVECTIVE-HYDROTHERMAL RESOURCES
- P.M. Wright, D.L. Nielson, H.P. Ross, J.N Moore, M.C. Adams, S.H. Ward: Geothermal
Science & Technology, 1989

* STATE-OF-THE-ART GEOPHYSICAL EXPLORATION FOR GEOTHERMAL RESOURCES
- P.M. Wright, S.H. Ward, H.P. Ross, R.C. West: Geophysics, 1985



CEBORUCO EXPLORATION RESULTS

" REGIONAL GEOLOGY (9,000 sq km) >

GEOLOGIC MAPPING AND HYDROTHERMAL
ALTERATION (3,500 sq km) >

DETAILED GEOLOGY AND HYDROGEOLOGY
(1225 sq km) >

TEPIC-ZACOALCO GRABEN AREFEA >

SAN PEDRO DOME - CEBORUCO VOLCANO
AREA

CEBORUCO DRILL TEST - CB-1



PRELIMINARY CONCLUSIONS

Area of geothermal resource potential reduced to 30 x 20 km, or about 600 sq km.

Regional low resistivity zones complicate electrical resistivity (VES) and MT interpretations;
observed in the U S Cascades, and at Long Valley, CA

GeoEvaluaciones S.A. de C.V., MT contractor, identified 3 areas where TM, TE apparent
resistivity plots suggested conductive zones to depth; possible targets: Northern Ceboruco;
Amado Nervo; San Pedro

CFE identified the SW Ceboruco area as a favorable low-resistivity zone, discounted by
Geoevaluaciones

MT data density was not sufficient to select a 2.8 km drillhole based on MT alone;
Geoevaluaciones recommended 30-40 new sites per area

5 shallow temperature gradient holes, in central 90 sq km area. Temperatures and
gradients not very encouraging.

Temperature gradient hole at CB-1, to 400 m, not very encouraging for high temperatures at
moderate depth.

CB-1 was sited on several types of evidence: geologic-tectonic model; volcanic setting;
MT low-resistivity; Bouguer gravity minimum

Additional MT stations (20-30) and several intermediate-depth (200-400 m) temperature
gradient holes are recommended before siting deep (>1000 m) exploratory wells

Geothermal system is more restricted than first thought (CFE-GRC paper); or located
elsewhere near Ceboruco volcano



SIERRA wwu.ls OCCIVENTA

c7= /Os,q.z /0264_/
ey &~ 22T

£.067 mé//’g/,

_ﬁ— G
x3.280% Copo e Boreg =™

=p.22¢% méa//m

q
A = Z.2e4 gé//m
| 7errar covlis ppe > o




25,00

500,000 545000 20,50 555,000 560800

Z3H5,000

230,000

236,000
~

530,000

7
%WWL

g\ y,l,m /é/-ﬂ T

ﬂf// -

-] 235000
/1

,/,._A”OJ 230000

—t 2325000

[ B

1

—{ 2330007

IWQ@BW

N LOCALIDAD

© CARRETERA FEDERAL

A MANANTIAL TERMAL

®  SONDEQ ELECTRICO VERIICAL
+-oo-0~4 SECCION GEOLLECTRICA

SIMBOLOGIA

My 2 0, v 5000

M SECTOR ANOMALO DE ALIA RESISTIVIDND (>100 ohm~m)
&E 'f_f SECTOR ANCMALD ALTAMENTE CONDUCTOR (5-30 ohm-m)
Los sectores ondmclos fueron diferenciodos de los dotos de resistividod
aporente de Jos sondeos electricos verlicales reolizodos con el dispo-
siivo lelraelectrotico Schulemberger.

FIGURA 6.— INTEGRACION DE DATOS GEOELECTRICOS DE RESISTIVIDAD (SONDEOS ELECTRICOS VERTICALES)



16

22

UTERATURE 3,000 An*>
3,000 KX SEARCHAND 20k / Y% HOMEWORK "
COMPRATION S e manite ﬂhb?/f
[
| ] 1
CHEMICAL & [SOTOPIC 3 4
IELD MAPPING THERMAL GRADIENTS,| 30K DISTRICT
ANALYSES OF WATERS| 30K 1N 304 RECONNAISSANCE
HYDROLOGK. DATA 1:62,500 AVAUABLE KOLES
- I T
5 PROSPECT
MAPPING 15K o
1:24,000
|
6| cradiENT HOLE 20 hofes
NG 100K
DRILLIN 30 4o 160 m deap
- PROSPECT
[ 8 ! 1 EVALUATION
TRACE ELEMENT ZONING LITHOLOGY 9
FLUID GEOCHEMISTRY | 10K ALTERATION, ' SK TEMPERATURE 10K
HYDROLOGY MINERALOGY MEASUREMENTS
L : |
101 conceprvat SYSTEM
MODELING 10K MODELING
. ,
11 COLOR PHOTOS . 5
BASE MAPS 10K PHOTOS I!
M
— 2:300m,  n=6
12 13 DIPOLE-DIPOLE
2 DETAILED MAPPING PROSPECT
20K RESISTIVITY S0k
/00 Km 1:6,000 15 SLFPOTENTALY) DELINEATION
. ]
14| NUMERICAL &
CONCEPTUAL | 20k SYSTEM
MODELING MODELING
15 -5
MODELTEST | 5400 2-5 5/m holes TEST i
DRILLING Soo - Loom DRILLING '
— ]
GEOCHEMISTRY 17 LITHOLOGY 18 ‘
(1S0TOPES) | 15K ALTERATION 30k G%’;’%’g" 7 4’2‘0’: fm "
HYDROLOGY MINERALOGY
T J
N !
) “9 | Rercecon stismic | 125K
AND/OR AND/OR  STRUCTURE
\ AMT/MT 60K DELINEATION
‘ y
MT s¥a.
20 | DETALED NUMERICAL SoemT SYSTEM
& CONCEPTUAL | 40K MODELING
MODELING
‘ o0 -
)0 Kn¥ 2 rovvcnion mest| = 2000m SRILLING
DRILLING (2600 - Moom)
]
[ ] 1
GEOCHEMISTRY 23 LTHOLOGY 24 :
e i R L E I ol R
HYDROLOGY MINERALOGY
T T ]
i
R RESERVOIR RESERVOIR
FRO vo, 113 >
ROM RESERVOIR ENGINEERING, HODELING 40K MODELING
T
FEASIBILITY
FEASIBILITY STYDY STUDY
FIG. 6—Suggested high-temperature hydrothermal exploration strategy. Numbers at left of blocks indicate operating sequence.
K numbers at right of blocks indicate estimated dollar cost in thousands.




GEOPHYSICAL STUDIES
CEBORUCO GEOTHERMAL RECONNAISSANCE AREA

Phillip E. Wannamaker, UURI J. F. Arellano G., CFE
Howard P. Ross, UURI

Background
* Ceboruco area, western Neovolcanic Belt, identified by

CFE as a promising geothermal area from geologic,
geochemical, geophysical studies

* Extensive geophysical program, 1983-1992; ending with 90
MT stations

* CB-1 drilled to 2,800 m; T max. = 112 C

Program for 1994

* Review and critique MT data and interpretation (UURI)

* Complete new MT modeling/interpretation, as needed (UURI
and CFE)

* Review supporting geologic and geophysical data (UURI)

* Review Ceboruco exploration strategy (UURI)

CEBORUCO - GEOPHYSICAL STUDIES

Data Reviewed
* Regional Geology, Tepic-Zacoalco Graben, Nayarit
El Ceboruco Geothermal Project, State of Exploration
Gravity Studies, and Bouguer Anomaly Map
Regional Aeromagnetic Studies
Integration of Electrical Resistivity Studies
Magnetotelluric Data, and Interpretations
CB-1: Lithologic Column and Temperature Results

* ¥ ¥ ¥ ¥ *

Problems Encountered

Schedules - P. Wannamaker, H. Ross, GRC
Report review - Spanish to English
Correspondence and discussion

GEOTOOLS

Location of CB-1 uncertain to UURI
GeoEvaluaciones MT Plates 1-14 not available
GeoEvaluaciones MT Plot Ceboruco-s24 missing

*

* % ¥ % ¥ %

VIEWGRAPHS - TOPICS

Introduction- program, problems, data

Location map

Exploration strategy

Exploration Strategy - U S Industry

Exploration Strategy - Ceboruco

Results: magnetics, gravity, electrical resistivity

Comments and Questions - Ceboruco

MT Interpretation: Geoevaluacions vs CFE

MT Interpretation: Data density for MT stations - map
0-X: MT Interpretation: Phil

H OO W=



EXPLORATION STRATEGY - GEOTHERMAL RESOURCES

Purpose

*

*
*

Systematically apply a selected mix of exploration
techniques tailored to the geologic environment and the
expected geothermal resource type

Staged exploration to minimize risk of failure

Staged exploration to minimize cost

U S Industry Perspective

*

* ¥ * *

*

Profit oriented - capital is at risk

Competition for best prospects and resources

Risk of missed resource with improper exploration
Reduced profit with high front-end (exploration) costs
Cost-effective exploration minimizes costs of geophysics;
Cost-effective geophysics minimizes costs of drilling
Largest costs are due to deep drilling

UURI_ Exploration Strateqy -~ Developed with Industry

*

EXPLORATION STRATEGY FOR HIGH-TEMPERATURE HYDROTHERMAL
SYSTEMS IN BASIN AND RANGE PROVINCE - S.H. Ward, H.P.
Ross, D.L. Nielson: AAPG Bulletin, 1981

REGIONAL EXPLORATION FOR CONVECTIVE-HYDROTHERMAL RESOURCES
- P.M. Wright, D.L. Nielson, H.P. Ross, J.N Moore, M.C.
Adams, S.H. Ward: Geothermal Science & Technology, 1989

STATE-OF-THE-ART GEOPHYSICAL EXPLORATION FOR GEOTHERMAL

RESOURCES - P.M. Wright, S.H. Ward, H.P. Ross, R.C. West:
Geophysics, 1985

CEBORUCO EXPLORATION RESULTS

REGIONAL GEOLOGY (9,000 sq km) >

GEOLOGIC MAPPING AND HYDROTHERMAL ALTERATION (3,500 sgq km) >

DETAILED GEOLOGY AND HYDROGEOLOGY (1225 sgq km) >
TEPIC-ZACOALCO GRABEN AREA >
SAN PEDRO DOME -~ CEBORUCO VOLCANO AREA

CEBORUCO DRILL TEST - CB-1



GEOPHYSICAL SUMMARY

AEROMAGNETICS

*
*
*

*

*
*

Regional data, 6,000 sq km

Extensive processing, analytical operations
Interpretation confirms NW-SE, NE-SW trends proposed by
photogeologic interpretation

Zones of low magnetization correspond to hydrothermal
alteration

2-D Model of magnetic basement at 800 - 1200 m
Indicates a zone of granitic basement

REGIONAL GRAVITY STUDIES

*
*

*

450 sq km; 120 stations at 1 km spacing
To assist in structural interpretation and
morphology of "basement"
Includes zones of interest from electrical resistivity
(VES) and magnetotelluric (MT) data
Bouguer Gravity Anomaly map defines 5 NW-SE lineaments,
and 2 NE-SW trends
Several gravity minima, including: Amado Nervo; Tetitlan;
San Pedro Dome; Ahuacatlan; NE of Chapalilla; SW of
Ceboruco volcano (CB-1 site)
Gravity believed to reflect the morphology of granitic
basement
Dense andesites (2.7 g/cm3) below 2000 m in CB-1
Accuracy of Bouguer Gravity Map

a) Elevations +/- 10 m

b) Terrain corrections (always positive)

c) Contour projections by program

ELECTRICAL RESISTIVITY STUDIES

*

*

*

Vertical Electrical Soundings (VES) - Schlumberger

AB/2 = 500 m to AB/2 = 3000 m

Ceboruco-San Pedro Dome-Bartolinas area: 1250 sq km
1984~85, 78 stations; 1990-91, 107 stations; = 177 sta.
Broad low-resistivity zone (1-10 ohm-m) between San Pedro
Dome and Ceboruco volcano (generally low topography)

High resistivity areas include most volcanoes, domes
Identified 11 sites with major electrical conductors for
drill hole locations, including: Ceboruco; Las Cuevas;
Santa Isabel; Casa Blanca; Amado Nervo; Bartolinas



TEMPERATURE GRADIENT RESULTS
* 5 Gradient Holes in central area of 90 sgq km

Drill Hole Depth (m) Ts Tbh Tg (C/km)
GC-1 (Santa Isabel) 150 --- 43 +10
GC-2 (San Pedro) 110 34 28 -60
GC-3 (Bartolinas) 180 49 42 +96-130
GC-4 (Las Cuevas) 180 --- 48 +12
GC-5 (Amado Nervo) 190 42 37 +37
* GC-? (SW Ceboruco) 400 -—= 46 +21
* CB-1 (SW Ceboruco) 2800 --= 112 +39

PRELIMINARY CONCLUSIONS

* Area of geothermal resource potential reduced to 30 x 20 km,
or about 600 sqgq km.

* Regional low resistivity 2zones complicate electrical
resistivity (VES) and MT interpretations; observed in the U S
Cascades, and at Long Valley, CA

* GeoEvaluaciones S.A. de C.V., MT contractor, identified 3
areas where TM, TE apparent resistivity plots suggested
conductive zones to depth; possible targets:

Northern Ceboruco; Amado Nervo; San Pedro

* CFE identified the SW Ceboruco area as a favorable low-
resistivity zone, discounted by Geoevaluaciones

* MT data density was not sufficient to select a 2.8 km drill
hole based on MT alone; Geoevaluaciones recommended 30-40 new
sites per area

* 5 shallow temperature gradient holes, in central 90 sq km area
Temperatures and gradients not very encouraging.

* Temperature gradient hole at CB-1, to 400 m, not very
encouraging for high temperatures at moderate depth.

* CB-1 was sited on several types of evidence:
geologic-tectonic model; volcanic setting;
MT low-resistivity; Bouguer gravity minimum

* Additional MT stations (20-30) and several intermediate-
depth (200-400 m) temperature gradient holes are recommended
before siting deep (>1000 m) exploratory wells

* Geothermal system is more restricted than first thought (CFE-
GRC paper); or located elsewhere near Ceboruco volcano



R

MT contractor computed appropriate two-dimensional (2-D) models,
and new numerical modeling was not deemed necessary. UURI was
unable to obtain the necessary software in time to use the
GEOTOOLS formated MT data submitted by CFE.

A second interpretation of the MT data was completed by CFE
geophysicists. This interpretation called attention to several
MT stations SW of Ceboruco volcano which suggested a larger
conductivity-thickness body at depth. These stations had not
been identified by GeoEvaluaciones as a promising target area
because they did not exhibit a response typical of conductive
bodies going to depth, and were believed to be part of the
region-wide conductive horizon. Decreases in apparent
resistivity observed for periods longer than 1 to 10 seconds are
due to the regional, mid-crustal state, with some short scale
data variations caused by minor static shifts, or data noise.

Dr. Ross reviewed the aeromagnetic and gravity data, and
noted that extensive state-of-the-art processing had been applied
to the aeromagnetic data. A final, geometric interpretion of
magnetic bodies and geologic structures was not noted, however.

The gravity survey is described as a reconnaissance level
survey which probably was restricted to existing roads and
trails. The locations of gravity stations were determined by
vehicle odometer (+/- 100 m), and station elevations were
estimated from contour maps (estimated to be +/-10 m). It does
not appear that terrain corrections were applied to the data, and
these could be quite significant (1-3 mGal, 10-30 g.u.) near
Ceboruco volcano. Elevation errors could result in errors of as
much as 2.2 mGals (22 g.u.). Another limitation of the Bouguer
gravity map, especially in the area near CB-1, is the relatively
low data density. Although the automated contour interpolation
routine may provide the best estimate of gravity contours, it
could lead to considerable error in areas of low data density,
especially when using data which may be in error due to elevation
errors and without terrain corrections. Thus the gravity map may
be useful in projecting regional geologic features, but may be
inappropriate for use in drill site selection.

Plans for 1995

1. Additional detailed MT interpretation could be undertaken if
specific interpretation problems are identified by CFE
geophysicists, such as evaluating proposed drill targets.

2. UURI suggests a detailed evaluation of the accuracy of the
Bouguer gravity map for an area of approximately 100 sq Kkm,
including the large gravity low which extends southwest from
Ceboruco volcano. Gravity data should be obtained at 25 to 50
stations, well distributed between the existing stations.
Positions and elevations should be accurately determined for
these and nearby existing stations (GPS control?) and full
terrain corrections should be applied.
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Signal-to-Noise ratio - the ratio of that portion of the
recorded, digitized and processed electric or magnetic field
data that will produce valid MT results to that portion that
will not. This is a particularly difficult factor to deter-
mine in MT as there are forms of noise that are very difficulz
to distinguish from the natural eiectromagnetic wave that wiil
yield proper MT results.

Skew - a measure of the agreement of the computed resistivity
tensor with the theoretical assumption of two-dimensional
behavior, defined as

(DX‘( + p_\’\r)
(DX:/ - ny)

where the P items are as defined for the Resistivity Tensors.

Skin depth - an electromagnetic wave propagating iate
earth (or anv material other than vacuum) 1s attenuate
with distance. The skin depth is defined as that dept
where the amplituds of the wave has besn attenuated
of its ovriginal value.

Stacking - 1n MT data processing the combination of several
discrete data samples. Stacking is usually performed in
the frequency domain, after the Fourier Transform has been
applied to the time series but before the tensor Tesistivity
tacking improves data
]

calculations have been performed. Sta
quality in that coherent signal sheuld add constructively
in the combirnation process, while random noise should tend
to cancel. MT stacking 1is analogous to Vibroseis sweep
stacking in seismic exploration.

Statics - the effects on MT data c¢f shallow lateral vesis-
tivity variations. tatics effects can influence MT data

throughout the frequency range.

TE, @@® - refer to Transverse LClectric and VEIBCHCHsSIormIAomCESC
wave propagation nodes, terms borrowed from electrical engil-

neering parlance. TE refers to electric field (and apparent

resistivity) parallel to strike, while GMNGEEEERICEIEEIE

AORCANPEIEP R EENEEEREOMSIH Gy Strictly speaking, TE and

TM nodes are only defined for a two-dimensional geometry.

Tensor Resistivity - see Resistivity Tensor. The Tensor
Resistivities are the Pxy and Pyx terms of the Resistivity
Tensor.

Three-Dimensional Structures - structures where the resistivity

may vary vertically and in any horizontal direction.

AR

T



Reference angle - the horizontal azimuth, usually true north,
that is the 'reference for the resistivity tensor and tipper
rotation angles. The reference angle may or may not be the
same as the measurement angle, the angle that the sensors

are instzlled at at the site.

Refsvence MT - the techrnique whereby MT data 1is acquired
simultaneoulsy at two or more sites, with the data at each
site processed using one or more of the other sites in an
effort to improve the signal-to-noise ratio utilizing co*“elt-
tion techniques.
Resistivity - the electrical prorerty of a material, measured
in ohm-meters, that is determined by MT. (See also apparent
resistivity and inverted resistivity.)
Resistivity contrast - Ssee contrast,
Resistivity Tensor - the mathematical expression

oy Ovy|
that relates the electric and magnetic fields at the surface
of the earth. T
Rotated Apparsnt Resistivity - the Pxy¥ and Pyx terms of

the relationsnlp

Ex
EY

Pxx Hx + Pxy Hy
Oyx Hx + Pyy Hy

where the Xy coordinate system hzs been rotated matpematically
from the measurement coordinate system to an orientatzion where
®xv or Pyx is a maximum (and Pyx and Sxy is a minimum). An
alternate approach is to minimize Pxx and Pyy.

Rotation angle - the azimuth to which the resistivity tensor
is rotated in the computation of rotated apparent resistivi

Sceler resistivity - the apparent resistivity computed for

an isotropic earth where there is no variation of apparent
resistivity with measurement or calculation azimuth. Also

the apparent resistivity(ies) calculated using the horthogonal
electric and magnetic fields along the measurement axes. This
latter are sometimes called the '"Cagniard" resistivities,
after the original MT paper in Geophysics in 1853.
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The DOE - CFE

Geothermal Research Program

DOE - CFE Geothermal Agreement

Effective Date: ?

Duration: 1-5 years

Major Objectives:

o To achieve a thorough, understanding of the nature of geothermal
reservoirs in sedimentary and fractured igneous rocks.

o To investigate how geothermal resources can best be explored and
exploited. '

1

0 To exchange information on geothermal topics of mutual interest.

Agreement Coordinators:’

o Dr. Gerardo Hiriart (CFE)
o Dr. Ted Mock (DOE)



AREAS OF FOCUS
Geologic and hydrogeologlc studies, including ana]ys1s of core samples,
cuttings, and well logs.

Geophysical studies, including geophys1cal surveys and downho]e mapp1ng
of natural fractures

Sampling, monitoring, and modeling of reservoir behavior.
Reinjection of waste water, iﬁc]uding isotopic tracer tests.
Characterization of subsidence and induced seismicity.

High temperature materials testing, scaling, and corrosion study and
control.

Technology for drilling and comp]et1on of geothermal production and
©injection wells. N

Non-electrical applications as a seconﬂary benefit for steam prodhction.

Other related areas as mutually agreed upon.



TASKS

Geology and Hydrogeology

' Geophysics

Réservbir‘Engineering
Reinjection
Subsidence aﬁd Induced Seismicity -

Geochemical Engineering and Materials

.Information Exchange

- e e e e e i
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University of Utah Research Institute
Earth Science Laboratory
391 Chipeta Way, Suite C
Salt Lake City, UT 84108-1295

USA |
Phone: 801-584-4422 FAX: 801-584-4453
Facsimile (FAX) Cover Page
From: Howard Ross ‘Date:: November 22, 1994
To: Ingr. Jose Francisco Arellano G.

FAX: (011) 524-314-4735

Number of pages including this oné: 3

Message or Comments:



UNIVERSITY OF UTAH RESEARCH INSTITUTE

EARTH SCIENCE LABORATORY
391 CHIPETA . WAY, SUITE G
SALT LAKE:CITY, UTAH 84108—-T7295
TELEPHONE 801-524:3422

November 22, 1994

Ingr. José Francisco Arellano G.

Jefe, Ofna. De Geofisica

Departmento De Exploracion

Comision Federal De Electricidad
Gerencia De Proyectos Geothermoelectricos
Morelia, Michoacan

Mexico

‘Dear Jose:

Joeseph Moore and I certalnly enjoyed the Third Technical
_Meetlng of the DOE-CFE Geothermal Agreement 'in Mexicali, Baja
California on. November 15. I especially enjoyed our personal
discussion of the more recent geophysical work completed by CFE,
the drilling results of CB-2 and CB-3, and plans for future
geophysical work and analysis in the Ceboruco reconnaissance
area. I regret that I did not know about your improved Bouguer
gravity map befor the meeting.

I discussed you guestions regarding MT data and
interpretation with Dr. Wannamaker before he left for the
Antartic on November 18, Philip says that the tipper phase,
tipper magnitude, tipper strike, E multiple coherency, HZ
multiple ccherency, impedance skew, and other MT parameters could
‘be requested from the MT contractor; they may £ill 1 to 2
disketts in ASCII format. Coherency and skew are now less often
used as a measure of noise, espec1ally if a remote reference is
used in the survey. These parameters are used mainly to evaluate
data quality, and perhaps for 3-dimensional effects. From our
reading of the Ceboruco report, it appears that the contractor
has examined these data.

In most of his routine interpretations, Wannamaker checks
the error bars on thé TE and TM mode apparent resistivity plots
to evaluate data guality and dimensionality. If there are
quality or 1nterpretatlon problems he would ‘then examine the
other parameters in more detail. He says that you could
certainly compute tipper, skew and other parameters to use in
verifi¢ation of numerical modellng, but this is not generally
done. He emphasizes that even if a conductive body is indicated,
the main interpretation problem is to determine if the conductlve
body is a regionally altered volcanic unit, or is more
specifically related to the presence of a geothermal system.



I think it would be béneficial for you to visit UURI and
discuss MT interpretation in more detail with Dr. Wannamaker.
Perhaps you could bring specific problem MT data or models to
discuss. He will return to Salt Lake City in late January 1995,
and would then need some time to address other problems. He
suggests that the best time for discussions would be about March
1995,

As you know, several gecthermal researchers are working with
geothermal simulators for reservoir modeling, and have published
results in the GRC Transactions (i.e. Elliot Yearsley, David
Faulder, and G. Mike Shook). Two other researchers who have been
working on combined conductive-convective heat transfer modeling
without the full reservoir simulation are:

Dr. William D. Gosnold

Department of Geology and Geological Engineering
University of North Dakota

Box 8068, University Station

Grand Forks, North Dakota 58202

Tel. {(701) 777-2631 FAX (701) 777-4838

Dr. Henry P. Heasler

Department of Geology and Geophysics
University of Wyoming

P.O. Box 3006

Laramie, Wyoming 82071-3006

Tel. (307) 766-4200 FAX (307) 766-2737

Gerado Garcia E. may wish to contact these researchers to
detérmine the status of their heat flow studies.,

Sincerely,

Fberire oss

Howard P. Ross
Section Head/Applled Geophysics
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Ta: J.N. Moore UURI Fax: 801-584-4453
P.F. Wanamaker
H.P. Ross
G.ID. Nash

M. Wright

DOLE-CET, Geothermal Agreement

[Final Notice Plus One
Third Technical Mecting
Mcxieali, Baja Cal
15-16 November 1994

Due to an mability of our Mexican colleagues to travel to San Diego at this time, the
Third Technical Mectimg will be held in Mexieali, Baja Calil instead of the Ramada - Old

Town Hotel m San Diege. A block of rooms s being held at the De Anza Hotel mn Calexico, a(ﬂ’
CA at a ratc of $35 per night for Monday and Tuesday nights. For reservations, call3(619) J‘
337-1112. The Agenda for the mecting has not changed. ;,'VJ_ ,
. K‘\r“‘ﬁ‘
The De Anza Hotel is 3 short blocks from the border crossing. The mecting will be A% |
hosted by CIE on both days at the Colenial Hotel in Mexicali. CFE statt will pick us up at ‘x 9\9(
the Del Norte Hotel (Just across the border) on both days at 0830 for transter to the Colonial. \\\v\ . ;//"‘v
1
Please cancel your reservation at the Ramada-Old Town if you have one and transfer \o

it to the Pe Anza (or other hotel of your choice in Calexico or El Centro). Pleasc confirm

your participation to Ted Mock (Tel/Fax: 202-586-3340/5124) or Paul Kruger (Tel/Tax: ,5 1 4—
725-2382/8662).

[
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DOE-CFE Geothermal Agreement
Fmal Notice
Third Technical Meeting
San Diego, CA

15-16 November 1994

At the Administrative Meeting of the Agreement Coordinators on 3 October 1994 .
in Salt Lake City, the following accords were reached with respect to the Third Technical
Mecting:

(1)Thcmee‘tingwillbehcldatthcRz;xnada-OldTownHotclinSanDiego. A block of
rooms is bemg held for the "Geothermal” mceting at a rate of $59 per night for Monday
and Tecsday nights. For reservations, call: (800)255-3544 The Agenda for the mecting
is aftached. '

(2) The order.of Presentations by the Co-Principal Investigators is by the List of Joint
Pro;ecxs for 1994 followed by New Projects for 1995. The revised List of Joint Pro;ec1s
~ isattached.

(3)- The Coordinators regnest that the Co-Principle Investigators prepare 8 two-page
Progress Report for the Meeting which includes 2 Background to the project, the plarmed
scope of the project for 1994, a summary of resuits to date, and plans for 1995. A
wggmdfonmtfordlez-pagerepm‘_tlsatmched. .

(4)hwasagreedﬂmﬂ1erewmﬂdbeoncﬁxrthawchum!meeung(nm5pmg)and
_ that Final Reports would be due for the current DOE-CFE Agreement projects. This will
" be discussed at the Third Technical Meetng. -
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DOE-CFE Geothermal Agreement
THIRD TECHNICAL MEETING

San Diego, CA
15-16 November 1994

iule v @ 570 AGENDA
15 November 1994

A
94 & L. Introductions by Agreement Coordinators:
John E. Mock and Gerardo Hinart

307" )
97 1l Presentations by Co-Principal Investigators
1 order of List of Projects (14 Nov 94)

,30 1l Presentations of New Projects for 1995

3
4 3)’7'0 IV. Summary by Agreement Coordinators.
si 07 Review of Agreement
‘ Status of Agreement Renewal
Plans for Fourth Technical Meeting

16 November 1994

9400 Meeting of Project Co-Principal Investigators on:
100 Results for 1994
Plans for 1995

Preparations for Final Report at Fourth Annual Meeting

Cross Bordlore 12100

or , &
L. Color/eo g ZAY:
Lv. ¢/ Crtro@ J:pp

Aec Aujs g ,
ares 85 Gr Kl @ 3045

- él’o' S.9. ﬂr'rporf'@ 425
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DOE-CFE Geothermal Agreement

Third Technical Meeting
15-16 November 1994

Jomt Projects for 1994
9:3°  Cerro Prieto and Los Azufres
1. Analysis of the Behavior of Wells from Different Areas of the Cerro Prieto
Geothermal Field.
M.J. Lippmane, LBL H. Gutierrez P, CP
A_H. Truesdell, Cons.
j0-.00 2. Chemical Reservoir Engineering at Five Los Azufres Production Wells.

P. Kruger, SGP L. Quijano, Ger
E_Sanchez, LAz
10:3° 3. Direct Utilization of Geothermal Energy at Cerro Prieto and Los Aufres.
J.W. Lund, OIT M.A. Rangel, Ger
New Fields
1120% 4. Geochemical Studies - Tres Virgenes Geothermal Field..
J.N. Moore, UURI (8. Venegas S, Ger>
(1'30 5. Geophysical Studies - Ceboruco Geothermal Reconnaissance Area.
P.E. Wanamaker, UURI (JF. £ ArcllanoG\\
e H.P. Ross, UURIL

— 6. Feasibility Study for Using Excess Geothermal Power Capacity to
307 Manufacture Hydrogen at Tres Virgenes.

M. Fioravanti, SGP C. Cadenas, Ger
P. Kruger, SGP
0 General Studies
2327 7. The Joint Testing of Remote Sensing Techniques and Equipment for Use
m Geothermal Exploration. - o
G.D. Nash; UURI .
230 8. Hydrogen Sulfide Gas Abatement for CFE Geothermal Plants.
G. Sharp, Cons. B. Terrazas, CP
G. Horton, Unocal
3"%?/*’\_/“‘"\ New Projects for 1995 > e
2:3° 1. Biphase Conversion Tech;%' ,
L. Hayes, Biphasc Engr. , A. Oropeza, Ger
gloo 2. Modelmg of Cerro Prieto with TETRAD
M. Shook, EG&G M. Ribo, Ger.

4:30 —

" 3
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DOE-CFE Geothermal Agreement
PROJECT TITLE

Co-Principal Investigators
Affiliations
- PROGRESS REPORT for 1994

Introduction

Background of the Project and review of Prior Efforts under the DOE-CFE
Agreemeant.

Planned Scape of Project for 1994

Resuilts to Date (Summary)

Plans for 1995




UNIVERSITY OF UTAH RESEARCH INSTITUTE
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EARTH SCIENCE LABORATORY
391 CHIPETA WAY, SUITE C
SALT LAKE CITY, UTAH 84108—1295
TELEPHONE 801-524-3422

November 22, 1994

Ingr. Jose Francisco Arellano G.

Jefe, Ofna. De Geofisica

Departmento De Exploracion

Comision Federal De Electricidad
Gerencia De Proyectos Geothermoelectricos
Morelia, Michoacan

Mexico

Dear Jose:

Joeseph Moore and I certainly enjoyed the Third Technical
Meeting of the DOE-CFE Geothermal Agreement in Mexicali, Baja
California on November 15. I especially enjoyed our personal
discussion of the more recent geophysical work completed by CFE,
the drilling results of CB-2 and CB-3, and plans for future
geophysical work and analysis in the Ceboruco reconnaissance
area. I regret that I did not know about your improved Bouguer
gravity map befor the meeting.

I discussed you questions regarding MT data and
interpretation with Dr. Wannamaker before he left for the
Antartic on November 18. Philip says that the tipper phase,
tipper magnitude, tipper strike, E multiple coherency, H2
multiple coherency, impedance skew, and other MT parameters could
be requested from the MT contractor; they may fill 1 to 2
disketts in ASCII format. Coherency and skew are now less often
used as a measure of noise, especially if a remote reference is
used in the survey. These parameters are used mainly to evaluate
data quality, and perhaps for 3-dimensional effects. From our
reading of the Ceboruco report, it appears that the contractor
has examined these data.

In most of his routine interpretations, Wannamaker checks
the error bars on the TE and TM mode apparent resistivity plots
to evaluate data quality and dimensionality. If there are
quality or interpretation problems he would then examine the
other parameters in more detail. He says that you could
certainly compute tipper, skew and other parameters to use in
verification of numerical modeling, but this is not generally
done. He emphasizes that even if a conductive body is indicated,
the main interpretation problem is to determine if the conductive
body is a regionally altered volcanic unit, or is more
specifically related to the presence of a geothermal system.



I think it would be beneficial for you to visit UURI and
discuss MT interpretation in more detail with Dr. Wannamaker.
Perhaps you could bring specific problem MT data or models to
discuss. He will return to Salt Lake City in late January 1995,
and would then need some time to address other problems. He
suggests that the best time for discussions would be about March
1995,

As you know, several geothermal researchers are working with
geothermal simulators for reservoir modeling, and have published
results in the GRC Transactions (i.e. Elliot Yearsley, David
Faulder, and G. Mike Shook). Two other researchers who have been
working on combined conductive-convective heat transfer modeling
without the full reservoir simulation are:

Dr. William D. Gosnold

Department of Geology and Geological Engineering
University of North Dakota

Box 8068, University Station

Grand Forks, North Dakota 58202

Tel. (701) 777-2631 FAX (701) 777-4838

Dr. Henry P. Heasler

Department of Geology and Geophysics
University of Wyoming

P.0O. Box 3006

Laramie, Wyoming 82071-3006

Tel. (307) 766-4200 FAX (307) 766-2737

Gerado Garcia E. may wish to contact these researchers to
determine the status of their heat flow studies.

Sincerely,

Abvored Foar

Howard P. RoSs
Section Head/Applied Geophysics
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REMOTE SENSING OVERHEADS

1. Title slide and introduction
2. Landsat TM Bands Band Microns Range Presentation
7 2.1-2.4 near IR red
6 - -—-— -
5 1.5-1.8 near IR -—
4 0.8-0.95 far red green
3 0.65-0.7 red -
2 0.55-0.63 yellow
1 0.45-0.53 green blue

Pixel size: 25 x 25 m

1. Raw Thematic Mapper (TM) image subset of Ceboruco Volcano
area. Bands 7, 4, and 1 are represented by red, green, and blue
respectively, on the image. This is low resolution TM data (25 x

25 m). Image field is 28 x 35 km, = 980 sq km. Note San Pedro
Dome. Black area in NW is a lake. Green is dense vegetation
(near IR). Casual inspection shows NW-SE, and SW-NE structures.

2. Vegetation and water masked TM data.Both vegetation and water
interfere in the generation of the 5/7 band ratio as they wll
appear as argillic or water-bearing minerals. The bands are the
same as in 1. above. Black areas are water and/or dense
vegetation and are completely masked out. Note drainages; N side
of domes, hills.

3. Color ratio composite (CRC) consisting of the bands 5/7, 3/1,
and 5/4 ratios assigned to red, green and blue. Bright reds
indicate OH or water bearing minerals, and/or calcite. Bright
greens indicate ferric iron-bearing rocks and minerals. Bright
blues indicate ferrous iron and/or limonite-bearing rocks and
minerals. Whites represent a mix of all three components.
Yellows represent a mix of 5/7 and 3/1. Magenta represents a mix
of 5/7 and 5/4. Whites, yellows, and sometimes magentas and reds
are the best indicators for hydrothermal alteration.

These patterns represent surface soils and lithology, and
alteration and weathering effects. Field checking is required to
differentiate alteration from other effects.

4. Feature-oriented principal component selection (FPCS) image.
This image was produced by selective band input into principal
component analysis to achieve the desired results. Eigenvectors
act as a guide to what each component represents. For instance a
high negative eigenvector for band 7 and a high positive
eigenvetor for band 5 would produce results similar to the bands
5/7 ratio. These data are used to verify the CRC image.

Explanation. Here we have selected (searched for) the bands
expected to be present for alteration (key eigenvectors). We
have highlighted the key ones. (statistical processes). Image
is compared to previous one to verify the ratio selection, etc.




red 7= 2,244 heer IR

4= 2,¥-0.95,
green M//e/
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Remote Sensing Overheads
San Pedeo denas -
1. Raw Thematic Mapper (TM) image subset of,\Ceboruco Volcano area. Bands 7, 4, and 1 are
represented by red, green, and blue, respectively, on the image. 28kmNS—35 Km EWE 250 Km™
Sorve sugpeShion of NWSE, SW-NE structrre

2. Vegetation and water masked TM data. Both vegetation and water interfere in the generation 7 = reg/
of the 5/7 band ratio as they will appear as argillic or water bearing minerals. The bands are the 5 7’ i
same as in 1. above. »s% LrarrigeSs more 400 on A side bills ;

3. Color ratio composite (CRC) consisting of the bands 5/7, 3/1, and 5/4 ratios assigned tored, 5/7 —res
green and blue. Bright reds indicate OH or water bearing minerals, and/or calcite. Bright greens 3, —=>grecy
indicate ferric iron bearing rocks and minerals. Bright blues indicate ferrous iron and/or limonite S >bloe

bearing rocks and minerals. Whites represent a mix of all three components. Yellows represents

mix of 5/7 and 3/1. Magenta represents a mix of 5/7 and 5/4. Whites, yellows, and sometimes

magentas and reds are the best indicators for hydrothermal alteration.

4. Feature oriented principal component selection (FPCS) image. This image was produced by
selective band input into principal component analysis to achieve the desired results. Eigenvectors
act as a guide as to what each component represents. For instance a high negative eigenvector for
band 7 and a high positive eigenvector for band 5 would produce results similar to the bands 5/7
ratio. This data Zx;{\)sed to J(erdy the CRC image.
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GEOPHYSICAL STUDIES
CEBORUCO GEOTHERMAL RECONNAISSANCE AREA
Phillip E. Wannamaker, UURI  J. F. Arellano? CFE
Howard P. Ross, UURI A

Background
* Ceboruco area, western Neovolcanic Belt, identified by

CFE as a promising geothermal area from geologic,
geochemical, geophysical studies

* Extensive geophysical program, 1983-1992; ending with 90

MT stations
* CB~1 drilled to 2,800 m; T max. = 112 C

Program for 1994

* Review and critique MT data and interpretation (UURI)

* Complete new MT modeling/interpretation, as needed (UURI

and CFE)
* Review supporting geologic and geophysical data (UURI)
* Review}e;&ﬁiqué Ceboruco exploration strategy (UURI)

© - —

CEBORUCO - GEOPHYSICAL STUDIES

Data Reviewed
* Regional Geology, Tepic-Zacoalco Graben, Nayarit
El Ceboruco Geothermal Project, State of Exploration
Gravity Studies, and Bouguer Anomaly Map
Regional Aeromagnetic Studies
Integration of Electrical Resistivity Studies
Magnetotelluric Data, and Interpretations
CB~1: Lithologic Column and Temperature Results

* ¥ F ¥ F ¥

Problems Encountered
*VP., Wannamaker, H. Ross, GRC —Scheduls
* Report review - Spanish to English
* Correspondence and discussion
* GEOTOOLS
; Location of CB-1 uncertain to UURI

1 Introduction- program, problems, data
2 Location map
\ 3 Exploration strategy
o @V4 Exploration Strategy - U S Industry
) S{; 5 Exploration Strategy - Ceboruco
W 6 Results: magnetics, gravity, electrical resistivity
W 7 Comments and Questions - Ceboruco
8
9
1

VIEWGRAPHS - TOPICS

MT Interpretation: Geoevaluacions vs CFE
MT Interpretation: Data density for MT stations - map
0-X: MT Interpretation: Phil
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EXPLORATION STRATEGY - GEOTHERMAL RESOURCES

Purpose
* Systematically apply a selected mix of exploration
C@ techniques tailored to the geologic environment and the

expected geothermal resource type
* Staged exploration to minimize risk of failure
* Staged exploration to minimize cost

U S Industry Perspective
* Profit oriented - capital is at risk

Competition for best prospects and resources

Risk of missed resource with improper exploration
Reduced profit with high front-end (exploration) costs
Cost-effective exploration minimizes costs of geophysics;
Cost-effective geophysics minimizes costs of drilling

* Largest costs are due to deep drilling

* * % *

UURI_ Exploration Strateqy - Developed with Industry

* EXPLORATION STRATEGY FOR HIGH-TEMPERATURE HYDROTHERMAL
SYSTEMS IN BASIN AND RANGE PROVINCE - S.H. Ward, H.P.
Ross, D.L. Nielson: AAPG Bulletin, 1981

* REGIONAL EXPLORATION FOR CONVECTIVE-HYDROTHERMAIL RESOURCES
- P.M. Wright, D.L. Nielson, H.P. Ross, J.N Moore, M.C.
Adams, S.H. Ward: Geothermal Science & Technology, 1989

* STATE-OF-THE-ART GEOPHYSICAL EXPLORATION FOR GEOTHERMAL
RESOURCES - P.M. Wright, S.H. Ward, H.P. Ross, R.C. West:
Geophysics, 1985

G? CEBORUCO EXPLORATION RESULTS
REGIONAL GEOLOGY (9,000 sq km) >
GEOLOGIC MAPPING AND HYDROTHERMAL ALTERATION (3,500 sg km) >
DETAILED GEOLOGY AND HYDROGEOLOGY (1225 sg km) >
TEPIC-ZACOALCO GRABEN >
SAN PEDRO DOME - CEBORUCO VOLCANO AREA

CEBORUCO DRILL TEST - CB-1



GEOPHYSICAL SUMMARY

AEROMAGNETICS

* Regional data, 6,000 sq Km

* Extensive processing, analytical operations

* Interpretation confirms NW-SE, NE-SW trends proposed by
photogeologic interpretation

* Zones of low magnetization correspond to hydrothermal
alteration

* 2-D Model of magnetic basement at 800 - 1200 m

* Indicates a zone of granitic basement

REGIONAL GRAVITY STUDIES

* 450 sq km; 120 stations at 1 km spacing

* To assist in structural interpretation and
morphology of "basement"

* Includes zones of interest from electrical resistivity
(VES) and magnetotelluric (MT) data

* Bouguer Gravity Anomaly map defines 5 NW-SE lineaments,
and 2 NE-SW trends

* Several gravity minima, including: Amado Nervo; Tetitlan;
San Pedro Dome; Ahuacatlan; NE of Chapalilla; SW of
Ceboruco volcano (CB-1 site)

* Gravity believed to reflect the morphology of granitic
basement

* Dense andesites (2.7 g/cm3) below 2000 m in CB-1 , )
¥ Accucacy of Bewguet Civear sty mepRt &) ehaveliom (0,23 mGJ/m);J:c_ww,m core, rcv'{‘f'aunﬂ_j‘

ELECTRICAL RESISTIVITY STUDIES

* Vertical Electrical Soundings (VES) - Schlumberger
AB/2 = 500 m to AB/2 = 3000 m

* Ceboruco-San Pedro Dome-Bartolinas area: 1250 sq km
1984-85, 78 stations; 1990-91, 107 stations; = 177 sta.

* Broad low-resistivity zone (1-10 ohm-m) between San Pedro
Dome and Ceboruco volcano (generally low topography)

* High resistivity areas include most volcanoes, domes

* Identified 11 sites with major electrical conductors for
drill hole locations, including: Ceboruco; Las Cuevas;
Santa Isabel; Casa Blanca; Amado Nervo; Bartolinas

TEMPERATURE GRADIENT RESULTS _
* 5 Gradient Holes in central area of 90 sg km

Drill Hole Depth (m) Ts Tbh Tg (C/km)
GC-1 (Santa Isabel) 150 --- 43 +10
GC-2 (San Pedro) 110 34 28 -60
GC-3 (Bartolinas) 180 49 42 +96-130
GC-4 (Las Cuevas) 180 --- 48 +12
GC-5 (Amado Nervo) 190 42 37 +37
* GC-? (SW Ceborucof@pfiy) <- 400 --- 46 +21

* CB-1 (SW Ceboruco) «2800 --- 112 +39
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PRELIMINARY CONCLUSIONS

Area of geothermal resource potential reduced to 30 x 20 km,
or about 600 sg km.

Regional low resistivity zones complicate electrical
resistivity (VES) and MT interpretations

Geocevaluaciones S.A. de C.V., MT contractor, didentified 3
areas where TM, TE apparent“re51st1v1ty plots suggested
conductive zones to depth; shdé—gosd targets:

Northern Ceboruco; Amado Nervo; San Pedro

CFE identified the SW Ceboruco area as a favorable low-
resistivity zone; discounted by Geoevaluaciones

MT data density was not sufficient to select a 2.8 km drill
hole; Geoevaluaciones recommended 30-40 new sites per area

5 shallow temperature gradient holes, in central 90 sg km area
Temperatures and gradients not very encouraging.

Temperature gradient hole at CB-1, to 400 m, not Vvery
encouraging for high temperatures at moderate depth.

CB-1 was sited on several types of evidence:
geologic-tectonic model; volcanic setting;
MT low-resistivity; Bouguer gravity minimum

Additional MT stations (20-30) and several intermediate-

depth (200-400 m} temperature gradient holés are récommended
before siting deep (>1000 m )} exploratory wells

o \acc:»%e& edsewhore noae Ceborute woltamao.
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DOE-CFE Geothermal Agreement

GEOPHYSICAL STUDIES
CEBORUCO GEOTHERMAL RECONNAISSANCE AREA

Philip E. Wannamaker and Howard P. Ross - UURI
J. F. Arellano G. - CFE

PROGRESS REPORT for 1994

Introduction

This project was suggested by CFE scientists at the second
technical meeting, January 1994. The Ceboruco area, within the
western Neovolcanic Belt, was identified as a promising
geothermal area for additional geophysical studies during the
1989-1994 agreement. CFE completed extensive gravity,
aeromagnetic, electrical resistivity and magnetotelluric (MT)
studies in the greater Ceboruco reconnaissance area
(approximately 1200 sg km) but UURI was unable to participate due
to lack of project funding. Initial drilling results, including
the 2800 m deep CB-1 were disappointing. Since the drill hole
was sited in part on geophysical (MT, gravity) results, CFE
requested a review of contractor geophsical data and
interpretations. UURI has had a continuing interest in the
geothermal exploration strategy and proposed a general review of
the geophysical exploration effort.

Planned Scope of Project for 1994

The scope of the project for 1994 was to:
. Review the Ceboruco exploration strategy.
Review supporting geologic and geophysical data.

. Review and critique MT data and interpretation.
Complete new MT modeling and interpretation, as needed.

S W

Results to Date

CFE scientists transmitted an extensive geologic and
geophysical database to UURI. The geologic studies provided
necessary background for the understanding and interpretation of
the geophysical data, and for an understanding of the exploration
strateqgy. UURI scientists reviewed the various reports and data.

Dr. Wannamaker completed a detailed review of the MT reports
and data completed by GeoEvaluaciones. He found the treatment
and evaluation of the data to be competent, and the
interpretation generally valid. The occurrence of conductive
volcanic horizons has been noted at Long Valley, California, and
in the Cascades in the Pacific northwest, and these occurrences
have presented severe interpretation and exploration problems in
these areas also. Dr. Wannamaker has identified some additional
concerns with MT data interpretations in these environments. The

/



MT contractor computed appropriate two-dimensional (2-D) models,
and new numerical modeling was not deemed necessary. UURI was
unable to obtain the necessary software in time to use the
GEOTOOLS formated MT data submitted by CFE.

A second interpretation of the MT data was completed by CFE
geophysicists. This interpretation called attention to several
MT stations SW of Ceboruco volcano which suggested a larger
conductivity-thickness body at depth. These stations had not
been identified by GeoEvaluaciones as a promising target area
because they did not exhibit a response typical of conductive
bodies going to depth, and were believed to be part of the
region-wide conductive horizon. Decreases in apparent
resistivity observed for periods longer than 1 to 10 seconds are
due to the regional, mid-crustal state, with some short scale
data variations caused by minor static shifts, or data noise.

Dr. Ross reviewed the aeromagnetic and gravity data, and
noted that extensive state-of-the-art processing had been applied
to the aeromagnetic data. A final, geometric interpretion of
magnetic bodies and geologic structures was not noted, however.

The gravity survey is described as a reconnaissance level
survey which probably was restricted to existing roads and
trails. The locations of gravity stations were determined by
vehicle odometer (+/- 100 m), and station elevations were
estimated from contour maps (estimated to be +/-10 m). It does
not appear that terrain corrections were applied to the data, and
these could be quite significant (1-3 mGal, 10-30 g.u.) near
Ceboruco volcano. Elevation errors could result in errors of as
much as 2.2 mGals (22 g.u.). Another limitation of the Bouguer
gravity map, especially in the area near CB-1, is the relatively
low data density. Although the automated contour interpolation
routine may provide the best estimate of gravity contours, it
could lead to considerable error in areas of low data density,
especially when using data which may be in error due to elevation
errors and without terrain corrections. Thus the gravity map may
be useful in projecting regional geologic features, but may be
inappropriate for use in drill site selection.

Plans for 1995

1. Additional detailed MT interpretation could be undertaken if
specific interpretation problems are identified by CFE
geophysicists, such as evaluating proposed drill targets.

2. UURI suggests a detailed evaluation of the accuracy of the
Bouguer gravity map for an area of approximately 100 sq km,
including the large gravity low which extends southwest from
Ceboruco volcano. Gravity data should be obtained at 25 to 50
stations, well distributed between the existing stations.
Positions and elevations should be accurately determined for
these and nearby existing stations (GPS control?) and full
terrain corrections should be applied.
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UNIVERSITY OF UTAH RESEARCH INSTITUTE

391 CHIPETA WAY, SUITEC
SALT LAKE CITY, UTAH 84108-1295
TELEPHONE 801-524-3422

September 6, 1994

Ing. Saul Venegas:galgado

Jefe del Departamento de Exploracion
Gerencia de Proyectos Geotermoelectricos
Comision Federal de Electricidad
Morelia Michoacan

Mexico

Dear Sr. Venegas:

Dr. Wannamaker's comments describing his review of the
magnetotelluric (MT) data for the Ceboruco-San Pedro geothermal
area are transmitted herewith. Some additional comments follow.

A favorable time for a CFE geophysicist to visit UURI and discuss
the MT interpretation would be October 5-7, immediately after the
GRC meeting in Salt Lake City. Dr. Wannamaker is preparing for
an extended field survey out of the country and his time in Salt
Lake City will be limited. Perhaps a few numerical models could
be computed at this time, if desired.

We do not have GEOTOOLS running on our computer system at the
present time. If the CFE geophysicist intends to process or
model any MT data it would be necessary to bring the MT data on
disk as an ASCII file.

We would like to know the exact (map) location of the deep drill
hole in order to evaluate the drill results in terms of nearby MT
sou?dings and gravity and magnetic expressions.

Dr. Wannamaker has selected two short technical papers (Pellerin
et al., 1993, and Simmons and Browne, 1990) which relate to low-
resistivity zones due to altered volcanics which may relate to
the Ceboruco-San Pedro case. We will send these to you under
separate cover.

Sincerely,

Hoes oz

Howard P. Ross
Section Head/Applied Geophysics

cc: P.M.Wright
P.E.Wannamaker

Lhie.
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UNIVERSITY OF UTAH RESEARCH INSTITUTE

EARTH SCIENCE LABORATORY
391 CHIPETA WAY, SUITEC

SALT LAKE CITY, UTAH 84108—1295
September 7, 1994 TELEPHONE 801-524-3422

Ing. Saul Venegas Salgado

Jefe del Departamento de Exploration
Gerencia de Proyectos Geotermoelectricos
Comision Federal de Electricidad

Morelia Michoacan

Mexico

Dear Sr. Venegas,

I have finally had an opportunity to examine the magnetotelluric
(MT) data and interpretations from the Ceboruco-San Pedro
geothermal area sent to our lab last May. Materials include a
report on the state of the exploration in 1992 authored by yourself
and Ing. Arellano, a lengthy interpretation dated November 1991 by
Messrs. Copley and Orange of AOA, Inc., and an additional report
dated 2April 1993 by Ing. Guzman. A lithologic log of deep well CB-
1 was received also although we were not able to find a precise
location for it.

The interpretation of Copley and Orange, summarized in the state-
of -exploration repdrt, is the most quantitative and detailed.
Overall, I find it to be competent and credible. The response of
most of the 93 soundings distributed over 1250 km? is dominated by
the presence of a low resistivity layer at a depth of a few hundred
meters typically. This was judged by Copley and Orange to
represent a stratigraphic horizon of altered volcanics and derived
sediments. I agree with that conclusion and note that rhyolitic
tuffs especially have a tendency to be altered and conductive. Two
examples of this with which we are familiar include the northwest
U.S. Cascades (Wannamaker et al., 1989, J. Geophys. Res.) and Long
Valley caldera (Wannamaker et al., 1991, Geophysics). Such
horizons can be of economic geothermal interest on a local basis,
such as in the latter example, but this usually must be established
by means independent of MT. Generally, these conductive horizons
are not of interest in exploring for geothermal energy.

Copley and Orange go on to identify three intermediate-scale areas
of anomalous behavior which they suggest may have some geothermal
significance. These are north of Ceboruco volcano, near Amado
Nervo, and south of San Pedro volcano. The identification was
based upon the so-called E-parallel (to local strike) or transverse
electric (TE) mode of response showing a more pronounced apparent
resistivity minimum at intermediate frequencies, while the E-




perpendicular or transverse magnetic (TM) mode showed decreasing
apparent resistivities towards the lowest frequencies. A simple 2-
D model given by Copley and Orange reproduced the effect
approximately using a conductive dike between shallow and deeper
conductive layers, such as exist widely over the area. However, it
was necessary to include a broadening base to the dike-like
structure in order to reproduce the TM response at distances of
several km from the dike. It also 1is not clear whether the
narrowest and shallowest portions of the dike are required to
reproduce the TE characteristics fundamentally. To me, it appears
equally likely that buried ‘topography’ on the subsurface
conductive stratum, subsequently covered by resistive lava flows,
may be the geologic cause of this particular set of MT responses.
It thus would be very risky to pursue these anomalous areas for
geothermal resources without strong corroborating evidence.

In the western United States, widely-spaced MT soundings in a
reconnaissance survey have not proved valuable in narrowing the
search for geothermal resources. Value has been found in applying
MT later in the exploration sequence for specific structural
studies of areas identified through independent means, such as
high-temperature alteration or spring geochemistry. In particular,
MT appears to be the superior electrical method for attempting to
resolve any deeper, more narrow and subtle, conduit =zone for
upwelling fluids beneath a cap of clay alteration. We enclose a
short model study of such a structure for several electrical
methods based upon a concept for geothermal systems of New Zealand.

I hope these comments will be of some value in understanding the
magnetotelluric survey in question and the MT method in general.
Please feel free to contact Dr. Ross or me directly with any other
questions.

Yours sincerely,

L ke

Philip E. Wannamaker, Ph.D.

cc. H. P. Ross
P. M. Wright
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DEMONSTRATION OF A BIPHASE WELLHEAD POWER SYSTEM
Ing. Alejando Oropesa Quiroz
Comision Federal de Electricidad

Lance Hays

Biphase Energy Company

PROGRESS REPORT for 1994

Introduction

This project was proposed to demonstrate the application of
Biphase turbine systems to improve the power output of the Cerro
Prieto geothermal resource. The units proposed will be add-on units
which generate power from the high-pressure well flow and which
then deliver steam to the existing separators at the conditions
required by the existing power plants. The Biphase units have
isolation valves which enable the wells and plant to operate
independently of the Biphase units.

A study previously conducted for CFE found that the best 40 wells
could produce an additional 80 megawatts if Biphase turbines were
added. The current agreement to demonstrate a single Biphase unit
was signed in September of 1994.

Planned Scope of Project for 1994

The final engineering for the project is planned to be
completed in 1994. Major equipment including the Biphase turbine,
a back pressure steam turbine, the generator and electrical
switchgear is planned to be ordered.


file:///init

Results to Date
The following results have been achieved to date:
1. The well for the project was selected to be number 103.
2. The final Process and Instruméntation Diagram was prepared.

3. The final design of the Biphase turbine was completed.
Power output of the Biphase wellhead system was calculated
with the following results:

Present equipment The well presently feeds a separator
which operates at 110 psig. The well produces 81.5 T/h of
steam. Steam from the separator feeds a condensing steam
turbine. The steam rate is 11 T/MWh. The power produced by
the flash steam flow from the well is 7410 KkW.

Equipment including the Biphase turbine A Biphase wellhead
power system will be installed in parallel to the existing
flash orifice. The Biphase wellhead system consists of a
Biphase turbine, back pressure steam turbine, common
generator and electrical switchgear. The Biphase turbine
system accepts the two-phase flow from the well directly
and expands it to the separator pressure, generating power.
The steam flows through the separator to the existing
central steam turbine generating additional power. The
Biphase wellhead system generates 4150 kW. The steam
leaving the Biphase system generates an additional 6610 kW
in the existing central steam turbine.

Obtained benefit with present equipment at Cerro Prieto I
The present equipment produces 7410 kW from well 103. The
addition of the Biphase wellhead power system results in a
total of 4150 kW + 6610 kW = 10,760 kW. The power from the
well is increased by 45%. The new steam rate, based on the
flash steam flow is 7.6 T/MWh.

Obtained benefit with improvements to present equipment If
the present equipment at Cerro Prieto I is improved to a
steam rate of 8 T/MWh the well would produce 10,190 kW.
Addition of a Biphase wellhead power system will produce a
total of 4150 kW + 9090 kW = 13,240 kW with the improved
equipment. The power from the well is increased by 30% in
this case. The new steam rate is 6.2 T/MWh.

Plans for 1995

The Biphase unit will be manufactured, installed and started
in 1995. Startup should occur during the 4th quarter. The unit
will be tested to determine if there are any deleterious effects on
the operation of the well and steam system. Performance will be
measured and compared to predictions. Reliability will be
determined beginning in 1995 for a two year period of operation.



DOE - CFE GEOTHERMAL AGREEMENT

PROCESSES IN CERRO PRIETO GEOTHERMAL RESERVOIRS
A. H. Truesdell (consultant), M. J. Lippmann (LBL) and H. Gutiérrez Puente (CFE)
Progress Report for 1994

The Cerro Prieto I power plant is producing 180 MWe from mainly the deeper beta reservoir.
The alpha reservoir is largely abandoned but some wells are still flowing. A few alpha wells
show little change in temperature or chloride (e.g., M-42), but almost all show entry of
cooler waters, probably descending along the L fault as described in earlier papers. Typical
cool water entry is shown by well M-35. Even wells previously noted for boiling show
dilution (M21A, M-31). The beta reservoir wells also show cool water entry (E-4) because
this reservoir is also connected to cooler waters along its W margin, close to the CP-I wells.

Results to Date

The Cerro Prieto II and III power plants are fed exclusively by steam from the beta reservoir.
The most interesting maps of this reservoir show the influence of the H fault on the
properties of the reservoir. Movement along the fault has elevated the NW upthrown block
(containing the CP-III part of the beta reservoir) by about 700 meters relative to the SE
downthrown block as indicated by the depth to the top of the reservoir (Figure 1). Most
wells of CP-1I are in the downthrown block but some are in the hanging wall of the fault or
in the upthrown block. There is a radical difference in the behavior of the beta reservoir in
the NW and SE blocks.

In 1991 wells just NW of the fault produced high-enthalpy fluids with from 0.4 to >0.9 inlet
vapor fraction (IVF) while almost all fluids from wells SE of the fault had <0.1 IVF (Figure 2).
Fluids from the fault itself had intermediate values. Other quantities also differ between
the upper and lower parts of the reservoir. 1991 reservoir chloride concentrations in the
downthrown block were uniformly high (10,000 to 12,000 mg/kg except for two wells) and
reservoir temperatures ranged between 300 and 320°C (Figures 3 and 4). In the upthrown
block both temperatures and chloride vary widely. The maximum values (14,000 mg/kg Cl
and >310°C) are similar to or slightly above those in the SE block, but several parts have low
chloride and temperature (to 6000 mg/kg Cl and 280°C). These lower values are aligned
along the upper fault intersection (wells M-193 and E-22) or in the zone of highest IVF
values (wells M-107, M-125 and M-102). Some of these wells have normal temperatures
with very high enthalpy and very low chloride due to high-temperature adiabatic steam
condensation. The total discharge §180 map (Figure 5) shows fairly uniform gradient from -
10.5 in the SW to -7.5 in the NE except for an elongate zone of fluids depleted in O-18 (5180
as low as -10.5). The lowest §180 fluids are also low in chloride and temperature (wells M-
193, E-25 and M-107), but not all low temperature, low Cl fluids are low in 5180 (well M-
102) and vice-versa (well E-41).

The changes observed in the 1991 maps have continued in 1993. The most interesting
difference is the apparent entry of isotopically heavier waters at the intersection of the fault
H with the downthrown block in the CP-II area centered on well E-39 and affecting wells E-
18 and M-73 (Figure 6). There is no evidence of higher chloride or higher enthalpy in these
wells suggesting that isotopes and chloride are decoupled (enthalpy is buffered by heat
conduction with rock) or that there are errors in the isotope analyses. The final
interpretation should be confirmed by repeat analyses which are planned. The decrease in
chloride, 8180 and enthalpy along fault H observed in 1991 intensified in 1993.

The interpretation of these 1991 and 1993 observations on the Cerro Prieto beta reservoir is
quite straightforward. The 700 m difference in elevation between the blocks must result in
lower pressure in the upper block than in the lower one. Before exploitation, the fluid in the
shallower block was probably at the boiling point, and that in the deeper block, significantly
below boiling. In addition the upper block probably has closed boundaries related to the




displacement of the H fault preventing flow from the SE. The NE part of this block is also
relatively distant from the W edge of the reservoir, where lower 5180, temperature and
chloride suggest a leaky boundary. The downthrown block may connect to cooler aquifers
to the S as suggested by lower 180 and chloride, and more importantly is at greater depth
and has higher pressures. These factors have combined to produce general boiling (not just
near wells) in the upthrown, NW block (high IVF), and little boiling in the SE block (IVF near
0). The highest IVF values are near the fault intersection, with lower values to the W and N
probably as a result of pressure support from entry of cooler fluids at the reservoir margin.

The localized occurrence of cooler, less-saline, isotopically-depleted waters at the NE end of
the fault H intersection and in a parallel zone to the NW is most probably due to the entry
down the fault of cooler waters from above the beta reservoir. This is similar to the
observed entry of cooler waters down the L fault into the shallow alpha reservoir, which
started soon after the start of production. The entry of this cooler water will ultimately
cool the reservoir, but will also recharge fluids and decrease the amount of boiling. The
increase in reservoir liquid will maintain pressures, decrease gas and prevent the
production of corrosive HCI.

At Cerro Prieto, extensive drilling, wellhead measurements, and collection and analysis of
chemical and isotopic samples have allowed a good understanding of both near-well and
reservoir processes over its 20 year history. The response to pressure drawdown in the
shallow alpha reservoir was principally entry of cooler water, with boiling limited to the
"vicinity of certain wells. In the deeper beta reservoir drawdown has caused mainly general
boiling in the upthrown NW block as a result of its lower pressure and relative isolation. In
the downthrown block and at the W margin of the upthrown block much less boiling is
observed, probably because cooler waters are being drawn in at reservoir margins. The
increasing entry of cooler water down fault H into the NE end of the upthrown block is
causing reduced boiling and may locally reduce the need for injection to maintain reservoir
pressures. ‘

Plans for 1995 (subject to DOE funding)

New data will be incorporated in the study as it becomes available. A suite of samples will
be analysed for noble gas isotopes by Mack Kennedy at LBL. These samples from the alpha
and beta reservoirs will include normal reservoir waters, inflowing cooler waters, and
possible upwelling deeper water A short report will be presented at the World Geothermal
Congress and a comprehensive report including 1994 data will be published in a refereed
journal. :

FIGURE CAPTIONS

Figure 1. The depth to the top of the Cerro Prieto beta reservoir based on drilling data from
CFE (in meters) showing the location of the H-Fault at reservoir level (shaded). .

Figure 2. Inlet vapor fraction (IVF) for 1991 Cerro Prieto production. IVF is a measure of
excess enthalpy. See text for explanation.

Figure 3. Calculated 1991 chloride concentrations in the Cerro Prieto beta reservoir based
on Na-K-Ca geotherrmometer temperatures (in mg/kg).

Figure 4. Calculated 1991 temperatufes in the Cerro Prieto beta reservoir from the Na-K-Ca
geothermometer (in degrees Celsius).

Figure S. Calculated 1991 total discharge 5!80 values in permil SMOW for fluids from the
Cerro Prieto beta reservoir.

Figure 6. Calculated 1993 total discharge 5180 values in permil SMOW for fluids from the
Cerro Prieto beta reservoir. The greater complexity compared to Figure 5 is due to
substantially more data.
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FEASIBILITY STUDY FOR USING EXCESS GEOTHERMAL POWER
CAPACITY TO MANUFACTURE HYDROGEN

M. Fioravanti C. Cadenas
P. Kruger M. Rangel
GP, DOE Gerencia, CFE

Background:}

Excess baseload geothermal electric power capacity could be
utilized as a renewable energy resource to manufacture hydrogen for
use as an energy carrier. Hydrogen would be valuable as a load- ‘
leveling mechanism for geothermal power plants or as a replacement
for fossil fuels in transportation applications. The lower incremental
cost of surplus geothermal capacity should lower the unit production
cost of hydrogen, thus improving the cost competitiveness of
geothermal hydrogen with other energy scenarios. Other cost
reductions for geothermal hydrogen would be the air quality benefit
derived from reduction in air pollutants and the value of the co-
produced oxygen during electrolysis.

Objective:

The objective of the joint study is a feasibility report of the
technical and economic potential for developing sufficient excess
capacity of geothermal electric power to produce hydrogen as a
commercial product at selected geothermal fields under development
by CFE in Mexico and to evaluate the potential for hydrogen fuel to
provide air pollution abatement in urban areas such as the Mexico
City air'basin.

Program for 1994:

The analysis of potential excess geothermal electricity capacity
that could be used for manufacture of hydorgen will be completed
for the Tres Virgenes field in B.C.S. and applied to other geothermal
fields in Mexico, e.g., Cerro Prieto. Data are needed on estimates of
current and future installed capacity of the geothermal resource,
estimates of the incremental cost of the excess power and its




conversion to hydrogen by on-site electrolysis. Data are also needed
on potential end-use markets for hydrogen and the associated
environmental credits derived from health benefits and/or avoided
costs of air pollution regulations.

Results to Date:

The feasibility study has identified three synergies between
geothermal energy and hydrogen production:

1) incorporation of hydrogen production at geothermal sites

can stimulate geothermal resource development, especially in
remote areas with lower electricity demand or sites with
commercially marginal resources;

2) incorporation of hydrogen production at geothermal sites allows
for power plants to run at optimal baseload capacity; and

3) use of hydrogen produced from geothermal sites as a
replacement for fossil fuels results in an energy pathway that
produces a significant environmental benefit.

In addition, the major factors affecting cost of delivered
hydrogen for end use have been identified, namely: cost of
electricity, electrolyser technology, transport distance, and credit for
environmental benefit. '

The feasibility study has also identified geothermal hydrogen
scenarios at three different scales appropriate for geothermal fields
in Mexico: (1) a small, local (2-10 MWe) experimental facility; (2) a
larger (100-300 MWe), regional energy/environmental network

- linking the Cerro Prieto field with polluted air basins near the

US/Mexico border, such as Tijuana, San Diego, or Los Angeles; and (3)
a nationwide (>1000 MWe) hydrogen infrastructure that could
improve air quality for the Mexico City air basin.

Plans for 1995:

Further examination of the three identified geothermal
hydrogen scenarios will detail critical economic, energy, and environmental
parameters for each. Other issues affecting feasibility, including
freshwater availability, environmental credits, and status of hydrogen
technologies and markets will also be addressed for each scenario.
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FIRST RESULTS OF DEEP EXPLORATORY DRILLING IN THE
EL CEBORUCO GEOTHERMAL ZONE

J. Cesar Viggiano-Guerra and Luis C.A. Gutierrez-Negrin
Comision Federal de Electricidad, Alejandro Volta 655
Morelia, Mich., Mexico, C.P. 58290

ABSTRACT

Geological, geochemical, and geophysical studies have
been made by the Comision Federal de Electricidad (CFE) in
the El Ceboruco Volcano geothermal zone. In order to com-
plete its preliminary geothermal assessment before deep
drilling, some shallow gradient wells were drilled and meas-
ured in this zone. The first deep exploratory well was recently
completed to 2,800 meters depth. This deep well did not
present high temperatures (maximum 112°C) nor important
hydrothermal alteration at depth, meaning that the probable
geothermal system is more restricted than anticipated.

Introduction

Over the past 10 years, the El Ceboruco Volcano, and the
San Pedro Dome geothermal zones have been explored by the
Comisién Federal de Electricidad (CFE: Federal Commission
for Electricity) exploration staff. In addition to geological
mapping, geochemical fluids analysis, geophysical surveys
(including resistivity, magnetotelluria, gravimetry and mag-
netometry), and a number of shallow gradient weils were
drilled to accomplish the exploration. More priority was
given to the El Ceboruco area because of the volcanological
evolution, structural framework, and apparent geothermal
possibilities. As a result, a deep exploratory well, named
CB-1, was drilled by end of 1993, and the beginning of 1994
to 2,800 meters depth.

In this paper we attempt to provide a short and prelimi-
nary synthesis of the lithological, mineralogical, and geother-
mal results of the well CB-1, as well as to sketch some useful
lessons, especially concerning the hydrothermal mineralogy
interpretation focused in further exploration in the zone.

Regional Geological Setting

The El Ceboruco Volcano, together with other Quaternary
voleanic centers, is located at the western part of the Mexican
Volcanic Belt (Figure 1), whose Plio-Quaternary calcalkaline
activity is related to the subduction of the Cocos Plate beneath
the North-American Plate, and to the aseismic and waning
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Rivera Plate, under the Jalisco Block along the Middle Ameri-
can Trench (Luhr et al., 1985). This process seems to be
responsible of the volcanism at this place.

In addition, a triple junction apparently ocurrs 50 km
southernly from Guadalajara City (Figure 1) as a consequence
of that tectonic process, with a rather complicated evolution
which includes the Chapala Graben toward the east, the
Tepic-Zacoalco Graben in the northwest and the Colima Gra-
ben to the south (Luhr et al.,, 1985; Stock, 1993).

Locally, the El Ceboruco Volcano lies entirely on the north-
western portion of the Tepic-Zacoalco Graben, which seems
to be an ongoing rifting zone since Pliocene (Luhr et al., 1985).
Small volumes of unusual alkaline magmas have erupted in
this graben, in close association with more abundant subduc-
tion-related calcalkaline magmas erupted by andesitic strato-
volcanoes, like the El Ceboruco itself.

Alkaline magmas are varieties found in zones of active
rifting elsewhere in the world. At the Tepic-Zacoalco Graben,
their true origin, according to Luhr et al. (1985), may be due
to the spreading ridge jumping which is being propagated at
approximately about 10 to 12 million years ago from the
South Pacific Rise in different stages. So, the East Pacific Rise
segment bounded by the Rivera and Tamayo fracture zones,
would be current in the process of jumping some 600 km
eastward, to the site of the Colima Graben, thus, continuing
the northward propagation of the ridge-segment jumps (see
insert in Figure 1).

The El Ceboruco Volcano

Understanding of history of the El Ceboruco Volcano is a
very important mattér in order to bétter know the geothermal
potential of the area. Nelson (1986) has carried out an exhaus-
tive study of this volcano, focused on the volcanological
mapping and petrological studies.

El Ceboruco is a middle-size stratovolcano, with 60 km®
in volume; it is the only volcano with historic activity in this
portion of the Mexican Volcanic Belt. Its eruptive history can

55 \{%
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Caldera, E. Guadalajara City, F. Morelia City, G. Los Azufres, H. Los Humeros Caldera, I. Jalapa City, |. Zacatecas City. INSERT : Active rifting (dashed
zone) as a result of a present spreading ridge-jumping. (Data from Luhr et al., 1985, and Stock, 1993).

be divided into three stages, which are included in Table 1
(after data from Nelson, 1986, and Romero and Palma, 1993).

Based upon the magma evolution, Nelson (1986) suggests
the volcano could now be evolving toward a gass-bearing
composition richer in SiO2, and could erupt in coming days.
He has estimated that there were at least eigth eruptions over
the last 1,000 years. The last eruption which took place in
1870, left a thick (200 meters) dacitic flow on the southwestern
flank of the volcano, a new eruptive event could happen in
the next several years.

However, the voicanic history of the Ei Ceboruco Volcano
makes it very feasible that the magmatic chamber of the
volcano is at a depth and contains conditions to behave as a
heat source for the probable geothermal system beneath it.

Exploratory Studies Pdor Drilling

In addition to usual geological mapping, regional tectonic,
and structural studies, geophysical surveys, with special em-
phasis on magnetotelluric and gravimetric studies, were
achieved as in the El Ceboruco zone as in the Tepic-Zacoalco
Graben. Magnetotelluric survey in El Ceboruco reported ap-
parent important low resistivity anomalies Jocated beneath
the volcano and in two other areas. These anomalies were
believed to be associated with the geothermal aquifer
(Romero and Palma, 1993). i

On theother hand, interpretation of the Bouguer Anomaly
suggested a lithological basement underlaying those volcanic
rocks belonging to El Ceboruco, that could represent rocks of
the Tertiary Sierra Madre Occidental (SMO). The SMO is the
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largest ignimbritic province in the world, and outcrops about -
4 km northeasternly of the El Ceboruco Volcano. An echelon
fault array, dipping to the southwest and affecting rocks of o
the SMO, was interpretated. It was believed that these ignim- - “##®
britic rocks could behave as a cap rock. ot

Geochemical analysis carried out in gases from fumaroles * 72
of the inner caldera and from the 1870 dacitic flow, point out
the presence of both COz and H3S, being first the most abun- .
dant compound (Romero and Palma, 1993). Further dataon |
fumaroles are also reported by Nelson (1986), with superficial
temperatures ranging from 55°C to 92°C, making it the hot-
test related to the most recent flow (that of 1870).

Recently, a very small altered area, around 0.5 meters in
diameter, located in the most recent crater, was sampled and
studied by X Ray Difracction mineralogy (Izquierdo, 1993). .
The study reports plagioclase as well as cristobalite and- :
kaolinite. Plagioclase is of primary origin, whereas the -
kaolinite and cristobalite were formed in a vadose zone due
to condensation of steam.

Geothermal steam is invariably accompanied by a small -
portion of COz and H3S; the latter readily oxidizes, usually
near the surface, to H2SO4 producing a strong acid that |28
immediately attacks the surrounding rocks (Browne, 1990)
Volcanic rocks, e.g. pumice and glass, are readily dissolved in
a distinct fashion, producing the usual add indicating assem--
blage of residual silica (but not sinter) with other minerals 3
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Table 1. Stages of the eruptive history of £l Ceboruco.
STAGE CHARACTERISTICS CLASSIFICATION
& MINERALOGY
1 ® Formation of main Andesites (Pl +
cone. Lava flows 1-5m Cpx + Ol + Tmt)
thick, sa type. (40 km?).
8 Quter caldera & dykes. | Similar andesites
Peripherical flows & plus high alumina
scoria cones. basalts.
® Forming of C. Rhyolites &
Pochotero dome, C. rhyodacites.
Pedregoso & Destiladero
flow.
® jala pumices & Rhyolitic &
Marquesado ashes, 1000 | rhyodacitic (2
years ago. km?).
2 ® Dos Equis dacitic dome | Dacites (Pl +
into the outer caldera. Opx+Cpx+ 11+
Tmt) (1.3 km?)
& [nner caldera in the
Dos Equis dome.
. Copaies dacitic flow. Dacites {+ glass
+ xenolites) (1.4
km?)
3 ® Andesitic dome at Andesites (P +
outer caldera. Cpx + 0!+ Tmt).
® Andesitic aa type Andesites (Pl +
lavas. North of volcano. Cpx + 01 + Tmt).
® Ef Ceboruco flow Andesites.
{spongy andesites).
® Historic eruption Dacites (Pl + Opx
(1870). Flow 7.5 km +Cpx+G+U+T
long & 200 m thick. mt} {1.3 km?)

NOTES: Pl = Plagiociase, Opx = Orthoprioxene, Cpx = Clinopioxene, G = Glass,
Hl = limenite, O = Olivine, Tmt = Tianiferous magnetite.

restricted extension of the altered zone, leads us to think that
the mass flow discharging of the probable deep reservoir is
very low. This could reduce the geothermal potential of the
zone, as it seems to be suggested by the results of the explora-
tory well.

Exploratory Drilling

The first deep exploratory well, named CB-, is located‘ .

——>._approximately on the southwestern slope of the El Ceboruco

—

Voleano, about 5 km away from its summit. Drilling of the

CB-1 was preceded by a shallow (400 meters depth) gradient
well, results of which are yet published (Viggiano, 1993).
Both wells were drilled at the same site.

Well CB-1 reached 2,800 meters depth, but here are re-
ported only first 2,240 meters, which is the depth with avail-

-
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able results up to date. Every 10 meters cuttings were studied,
as well as four from the five core samples, by using a pet-
rographic microscope.

It is well known that there are always problems working
with cuttings, particularly in this well where a mixture of air
with mud (aerated fluid) was used as a drilling fluid; hence,
this produced very small cuttings indeed. Nevertheless, a
good view of rock textures and mineralogy was experienced.

Lithology

Figure 2 illustrates the primary petrology of the subsur-
face rocks cut by the well. Most of those rocks belong to the
calcalkaline suite and are predominantly basalts, basaltic
andesites and subordinate rhyolites, with different textural
and mineralogical varieties. However, at least two horizons
of volcanic aglomerates were found (Figure 2).

Noting of the lithogical sequence in that figure can be
related to the SMO volcanics, as were expected prior to
drilling. An ignimbritic rock was identified in the interval
between 1,540 and 1,650 meters (Figure 2). Below this inter-
val, cuttings included many fragments of ignimbrites, but
predominately basalts and basaltic andesites. This led to the
conclusion that numerous amounts of ignimbritic horizons
had been intersected, and, therefore, the SMO series had been
found. However, that abundance of ignimbritic chips seems
to be a result of mixing of rocks that fell down during drilling,
given the nature of the drilling fluid, instead of the presence
of the SMO volcanics.

As for the ages of subsurface rocks penetrated by the well,
some ideas are given in Figure 2, but without dating support.

Hydrothermal Mineralogy

Figure 3 shows the hydrothermal alteration interpreted
from petrographic analysis. A striking feature for rocks from
a geothermal well, is how few rocks have been intensively
altered: most chips show only scarse alteration. Generally, the
process of low intensity alteration is also reflected by the
relative stability of primary minerals, for instance, the unal-
tered ferromagnesians.

In general, there are two different aiteration regime;. One
of them is localized from 420 to 650 meters depth, and is
characterized by the illita + montmorillonite + quartz + epi-
dote + calcite + pyrite + zeolites (probably laumontite and /or
heulandite) assemblage. The other is localized from around
800 meters depth to the bottom, and is relatively unhomo-
geneous; is characterized by almost the same minerals but in
lesser abundance than those of the first zone, with no epidote,
nor illite, much less pyrite and much more chlorite (specially
penninite) (Figure 3).

The deeper alteration zone is characterized also by the lack
of veining, contrasting with the shallower one; this lack of
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cavities filling process probably indicates that there was a in the lower half of the well. The shallower interval 420 to 650
very low permeability at the moment of mineral deposition. meters depth, however, presents a hydrothermal mineralogy
An immediate conclusion from such an alteration miner- typical of geothermal systems, whose temperatures were
alogy, is that no important geothermal system has been active probably in excess of 230°C.
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It is appropriate to mention that the present, maximum
measured temperature in the well was around 112°C.

Flow Model for El Ceboruco

After a previous model of the El Ceboruco Volcano (Vig-
giano, 1993), and taking into account the mentioned results
of well CB-1, it is possible that this zone would be a high relief
system, which flashes steam above the sodium chloride water
table. Its remaining temperature would serve as a heat source,
which is capable to heat an aquifer forming an apparently
restricted geothermal system (Figure 4).

Geothermal fluids from such a system upflow through

recent lava conduits, faults and fractures, and form in time, a

steam or vadose zone with variable amounts of H2S and CO;
discharging as fumaroles onto the surface. The H2S oxidizes
giving a corrosive acid that attacks the rocks to produce
cristobalite and kaolinite among others. Superficial discharge
was very limited, as far as it can be judged after the surface
alteration. Deep lateral extension of the system is unknown,
but probably was partially extended through the future site
of well CB-1 as a narrow, shallow discharge zone (Figure 4).

That discharge has ceased today, but could explain the
mineral alteration zone found in the CB-1 between 420 and
650 meters depth. The hydrothermal mineral assemblage,
headed by epidote, represents past temperatures over 230°C,

as mentioned above. Upflow could happen through a fault
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zone with no superficial evidence, and would then be thor-
oughly self-sealed and cold.

The rest of the alteration represents a regional low tem-
perature (<150°C) aquifer, according to the mineral charac-
terized by heulandite (?), which is presently quite impervi-
ous. Notice, however, that these alteration processes took
place below the sodium chloride water table (Figure 4).

Outstanding Remarks

¢ Inspite of unsuccessful geothermal results of the first deep
exploratory well in the El Ceboruco Volcano, its vol-
canological and structural features allow us to assume the
presence of an active, high temperature geothermal sys-
tem beneath it. This probable system seems to be more
restricted than anticipated to the central volcanic conduit,
as has been indicated by well CB-1, but could be large
enough in dimensions to be used in a small geothermal
development. That restriction must be taken into account
however, if a second exploratory well is drilled near the
volcano.

¢ Previous geological and structural interpretations on the
regional framework of the El Ceboruco Volcano must be
reviewed, according to the lithology found in the well. It
is very important to understand the SMO volcanics, which
outcrops 8 km away from the well.

¢ Standard geophysical techniques used in decision making
to locate additional exploratory wells, must be carefully
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‘considered. Especifically, the well CB-1, which was lo-
cated among others, on the basis of an apparently impor-
tant resistivity anomaly after a magnetotelluric survey,
but, was not a cold nor hot water, nor an alteration zone,
at depth, which could be associated to that anomaly.
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UNIVERSITY OF UTAH RESEARCH INSTITUTE

391 CHIPETA WAY, SUITE C
SALT LAKE CITY, UTAH 84108-1295
TELEPHONE 801-524-3422

September 6, 1994

Ing. Saul Venegas Salgado

Jefe del Departamento de Exploracion
Gerencia de Proyectos Geotermoelectricos
Comision Federal de Electricidad
Morelia Michoacan

Mexico

Dear Sr. Venegas:

Dr. Wannamaker's comments describing his review of the
magnetotelluric (MT) data for the Ceboruco-San Pedro geothermal
area are transmitted herewith. Some additional comments follow.

A favorable time for a CFE geophysicist to visit UURI and discuss
the MT interpretation would be October 5-7, immediately after the
GRC meeting in Salt Lake City. Dr. Wannamaker is preparing for
an extended field survey out of the country and his time in Salt
Lake City will be limited. Perhaps a few numerical models could
be computed at this time, if desired.

We do not have GEOTOOLS running on our computer system at the
present time. If the CFE geophysicist intends to process or
model any MT data it would be necessary to bring the MT data on
disk as an ASCII file.

We would like to know the exact (map) location of the deep drill
hole in order to evaluate the drill results in terms of nearby MT
soundings and gravity and magnetic expressions.

Dr. Wannamaker has selected two short technical papers (Pellerin
et al., 1993, and Simmons and Browne, 1990) which relate to low-
resistivity zones due to altered volcanics which may relate to
the Ceboruco-San Pedro case. We will send these to you under
separate cover.

Sincerely,
Howard P. Ross

Section Head/Applied Geophysics

cc: P.M.Wright
P.E.Wannanmaker



UNIVERSITY OF UTAH RESEARCH INSTITUTE

EARTH SCIENCE LABORATORY
391 CHIPETA WAY, SUITEC

SALT LAKE CITY, UTAH 84108—1295
September 7, 1994 TELEPHONE 801-524-3422

Ing. Saul Venegas Salgado

Jefe del Departamento de Exploration
Gerencia de Proyectos Geotermoelectricos
Comision Federal de Electricidad
Morelia Michoacan

Mexico

Dear Sr. Venegas,

I have finally had an opportunity to examine the magnetotelluric
(MT) data and interpretations from the Ceboruco-San Pedro
geothermal area sent to our lab last May. Materials include a
report on the state of the exploration in 1992 authored by yourself
and Ing. Arellano, a lengthy interpretation dated November 1991 by
Messrs. Copley and Orange of AOA, Inc., and an additional report
dated April 1993 by Ing. Guzman. A lithologic log of deep well CB-
1 was received also although we were not able to find a precise
location for it.

The interpretation .of Copley and Orange, summarized in the state-
of -exploration report, is the most quantitative and detailed.
Overall, I find it to be competent and credible. The response of
most of the 93 soundings distributed over 1250 km? is dominated by
the presence of a low resistivity layer at a depth of a few hundred
meters typically. This was judged by Copley and Orange to
represent a stratigraphic horizon of altered volcanics and derived
sediments. I agree with that conclusion and note that rhyolitic
tuffs especially have a tendency to be altered and conductive. Two
examples of this with which we are familiar include the northwest
U.S. Cascades (Wannamaker et al., 1989, J. Geophys. Res.) and Long
Valley caldera (Wannamaker et al., 1991, Geophysics). Such
horizons can be of economic geothermal interest on _a local basis,
such as in the latter example, but this usually must be established
by means independent of MT. Generally, these conductive horizons
are not of interest in exploring for geothermal energy.

Copley and Orange go on to identify three intermediate-scale areas
of anomalous behavior which they suggest may have some geothermal
significance. These are north of- Ceboruco volcano, near Amado
Nervo, and south of San Pedro volcano. The identification was
based upon the so-called E-parallel (to local strike) or transverse
electric (TE) mode of response showing a more pronounced apparent
resistivity minimum at intermediate frequencies, while the E-



perpendicular or transverse magnetic (TM) mode showed decreasing
apparent resistivities towards the lowest frequencies. A simple 2-
D model given by Copley and Orange reproduced the effect
approximately using a conductive dike between shallow and deeper
conductive layers, such as exist widely over the area. However, it
was necessary to include a broadening base to the dike-like
structure in order to reproduce the TM response at distances of
several km from the dike. It also 1is not clear whether the
narrowest and shallowest portions of the dike are required to
reproduce the TE characteristics fundamentally. To me, it appears
equally 1likely that buried ‘topography’ on the subsurface
conductive stratum, subsequently covered by resistive lava flows,
may be the geologic cause of this particular set of MT responses.
It thus would be very risky to pursue these anomalous areas for
geothermal resources without strong corroborating evidence.

In the western United States, widely-spaced MT soundings 1in a
reconnaissance survey have not proved valuable in narrowing the
search for geothermal resources. Value has been found in applying
MT later in the exploration sequence for specific structural
studies of areas identified through independent means, such as
high-temperature alteration or spring geochemistry. In particular,
MT appears to be the superior electrical method for attempting to
resolve any deeper, more narrow and subtle, conduit zone for
upwelling fluids beneath a cap of clay alteration. We enclose a
short model study of such a structure for several electrical
methods based upon a concept for geothermal systems of New Zealand.

I hope these comments will be of some value in understanding the
magnetotelluric survey in question and the MT method in general.
Please feel free to contact Dr. Ross or me directly with any other
questions.

Yours sincerely,

BA Dot akoc

Philip E. Wannamaker, Ph.D.

cc. H. P. Ross
P. M. Wright
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' Terman Engineering Center

STANFORD UNWERSITY Stanford, Calif%mig 943054020
Department of Civil Engineering Telex 348402 STANFRD STNU
Fax 415-725-8662

CFE-DOE GEOTHERMAL AGREEMENT

MEMORANDUM
21 July 1994

To: DOE Participants
From: P. Kruger
Subject: Next Technical Meeting

At a meeting with CFE in April, 1994, the following items
were covered, which are of interest to participants in the DOE-
CFE Geothermal Agreement:

(1) Completion of the List of Projects for 1994. An amended
copy is enclosed.

(2) Accord to renew the Agreement for another 5 years. The
paperwork between DOE and CFE is underway.

(3) Accord to convene the Third Technical Meeting; tentatlvely
scheduled for 15-16 November 1994 in San Diego, CA.

With respect to item (3), accord was also reached to have
substantive Progress Reports at the technical meeting. CFE will
endeavor to have each P.I. contact his counterpart to initiate or
continue communications. It was recommended that each DOE P.I.
do likewise. Further details on the meeting will be distributed
when available.

Paul Kruger
telephone: 415+725-2382

Distribution: Fax:
J. Mock, for DOE (202) 586-5124
M. Lippmann, LBL (510) 486-5686 ‘
P. Kruger, SGP (415) 725-8662 '
J. Lund oI7T (503) 855-1754
J. Moore, UURI (801) 584-4453
P. Wanamaker, UURI (801) 584-4453
M. Fioravanti, SGP (415) 725-8662
G. Nash, - UURI (801) 584-4453

G. Horton, Unocal (707) 545 8746






DOE-CFE Geothermal Agreement

Project Summaries
April, 1994

Cerro Prieto and Los Azufres

1. Analysis 6f the Behavior of Wells from Different Areas of
the Cerro Prieto Geothermal Field.
M.J. Lippmann, LBL H. Gutierrez P., CP
A.H. Truesdell, Cons. M.O0. Ribo, CP

2. Chemical Reservoir Engineering at Selected Loa Azufres
Production Wells.

P. Kruger, SGP E. Sanchez, LAz

3. Direct Utilization of Geothermal Energy at Cerro Prieto and
Los Azufres.

J.W. Lund, GHC M.A. Rangel, Ger
New Fields
'__t£;>4. Geochemical Studies - Tres Virgenes Geothermal Field.
J.N. Moore, UURI S. Venegas S., Ger
:;§g>5. gigg?ysical Studies - Ceboruco Geothermal Reconnaissance
P.E. Wanamaker, UURI J.F. Arellano G., Ger

H.P. Ross, UURI

6. Feasibility Study for Using Excess Geothermal Power Capacity
to Manufacture Hydrogen (at Tres Virgenes and Ceboruco).
M. Fioravanti, SGP M. Rangel, Ger
P. Kruger, SGP

General Studies

~——= 7. The Joint Testing of Remote Sensing Techniques and Equipment
for Use in Geothermal Exploration.
G.D. Nash, UURI G. Ramirez, Ger

8. Hydrogen Sulfide Gas Abatement for CFE Geothermal Plants.
G. Horton, Unocal B. Terrazas, CP
M. Barnes, Unocal
D. Gallup, Unocal

A e
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’ UNIVERSITY OF UTAH RESEARCH INSTITUTE

391 CHIPETA WAY, SUITE C
SALT LAKE CITY, UTAH 84108-1295
TELEPHONE 801-584-4422

MEMORANDUM

TO: John E. Mock, Director

Geothermal Division
FROM: Howard Ross
SUBJECT: Project Plans, Joint DOE/CFE Research Projects
DATE: February 18, 1994
Enclosed are Project Plan Summaries for the three projects which
UURI and CFE will undertake, based on our discussions in

Mexicali, Mexico on January 25, 1994. Please let me know if you
need additional information.

Y



Geochemical Studies
Tres Virgenes Geothermal Field

Joseph N. Moore Saul Venegas Salgado
UURI Gerencia
DOE CFE
Background:

Tres Virgenes is one of several potential high temperature geothermal
resources that is currently being explored by CFE. This geothermal system, which
is associated with young volcanic activity, is developed within the granitic
basement rocks. One deep exploratory well has been drilled but the well was not
productive. A second well is currently being drilled.

Objectives:

Granitic host rocks throughout the world have proven to be difficult to
explore and develop because of their inherently low permeabilities. Exploration of
these reservoirs is further hindered by the common presence of multiple
hydrothermal events that make the normally utilized mineralogic indicators of
permeability difficult to interpret. Despite these difficulties, granitic reservoirs
have proven to be attractive targets in the Unites States (e.g. Coso, Steamboat
Hot Springs, Roosevelt Hot Springs, The Geysers) and Guatemala.

The joint study we propose has two major objectives. First, it will directly
assist CFE in their exploration program of Tres Virgenes. Secondly, it will provide
DOE and the U. S. industry with important new data on the physical and chemical
characteristics of granitic reservoirs. These data will assist in both the
development of our existing fieids and in the exploration of new systems where U.
S. interests are involved (e.g. Meager Creek, British Columbia).

Prograrﬁ for 1994:

We propose to jointly collaborate on geolpgic and geochemical studies of
Tres Virgenes. UURI will work with CFE geologists to determine the mineralogies
of the altered rocks and their significance, develop a better understanding of the
permeability structure of the reservoir, and characterize the chemical evolution and
characteristics of the thermal system. CFE will provide samples of the rocks and
fluids to UURL. We will conduct petrographic (thin section, X-ray diffraction, and
SEM) and fluid inclusion analyses in support of the work being conducted by CFE.
CFE and UURI will jointly prepare a report on the results of this work upon )
completion of the studies.
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GEOPHYSICAL STUDIES
CEBORUCO GEOTHERMAIL: RECONNAISSANCE AREA

~

Phillip E. Wanamaker Jose Francisco Arellano Guadarrama
Howard P. Ross Senior Geophysicist
UURI Gerencia
DOE CFE
Background:

UURI and CFE completed cooperative geophysical studies of
the Los Azufres geothermal area in an earlier DOE-CFE Cooperative
Agreement, and these were reported in the 1989 DOE-CFE Research
Proceedings. The Ceboruco area, within the western Neovolcanic
Belt, was identified as a promising geothermal area for
additional geophysical studies during the 1989-1994 agreement.
CFE completed extensive gravity, aeromagnetic, and
magnetotelluric (MT) studies in the greater Ceboruco area (30-40
km N-S by 40-50 Km E-W) but UURI was unable to participate due to
lack of project funding. 1Initial drilling results, including a
test hole 1800 m deep sited on MT results, have been
disappointing and CFE geophysicists have requested a review of
contractor geophy51ca1 data, interpretations, and exploration
strategy.

Objective:

This joint study will review the exploration strategy in
dgeneral, and the MT data and interpretation in particular in the
Ceboruco area of the prospective western Neovolcanic Belt. The
identification of any problem areas will improve exploratlon
results within this prov1nce, and perhaps the Cascades 1n the
western~Un1ted States.‘ﬁg‘ SR

Program for 1994:

1

To proceed .in this research w1th the most efficiency, CFE =l

. supportlngwlnformatlon and bring thesefto _UURI {CFE & : .
a)geophys1c1st~w1ll :spend;.one to’ two: weeks rat” UURI rev1ew1ng MT -
" data‘with:Phil>Wannamaker- and- completlng new¥#1-D “(and 2-D,  if* - %
practical)" 1nterpretat10ns. CFE and UURI geothSICIStS will . -
complete a report describing new results and recommendations for
future studies and improved exploration efforts.




~ PROJECT SUMMARY
DOE-CFE GEOTHERMAL AGREEMENT
15 FEBRUARY 1994

THE JOINT TESTING OF REMOTE SENSING
TECHNIQUES AND EQUIPMENT FOR USE IN GEOTHERMAL EXPLORATION

Gregory D. Nash Jose Francisco Arellano Guadarrama
UURI Senior Geophysicist
DOE Gerencia
CFE
Background:

UURI and CFE conducted a joint remote sensing study for the
Los Azufres Geothermal Field in an earlier DOE~CFE Cooperative
Agreement with the findings being reported in the 1989 DOE-CFE
Research Proceedings. This study led to the conclusion that
remote sensing techniques can be useful in geothermal
exploration. It was shown that remote sensing can be effective in
the early phases of exploration, particularly in determining
hydrothermally altered zones and geologic structures conducive to
hydrothermal fluid circulation. It was also stated that remote
sensing data can be an important addition to a total exploration
program when added as a correlative component to other geologic
and geophysical data.

Objective:

This study will evaluate remote sensing data for an area
chosen by CFE. The area will be delineated by the CFE with a
universal coordinate system such as -latitude and longitude or
UTM. UURI personnel will then determine the availability, quality
and cost of the data. This will allow CFE to review their options
and request the data of their choice. One or more representatives
of CFE will then travel to UURI for interactive work with UURI
personnel in processing and interpreting the data. This will also
! allow the CFE personnel to evaluate various remote sensing and
: GIS hardware and software platforms for potential integration
, into the CFE system in the future.

[}
Al

Program for 1994:

L . The data for the chosen location(s)will be interactively- -

i processed by both UURI and CFE personnel to determine geomorphic

| indications of subsurface structure and to map hydrothermally

| altered areas. The processed data will then be added to a GIS .

‘ database to allow the easy integration of other geologic and .

i ' geophysical data for correlation purposes. In addition, the CFE

‘ personnel will be given an introduction to the use of
hyperspectral (high spectral resolution) data in exploration. A
report will then be written jointly by participating UURI and CFE
investigators describing the results of the study and
recommendations for future studies.
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- UNIVERSI.TY OF UTAH RESEARCH INSTITUTE

391 CHIPETA WAY, SUITE C
SALT LAKE CITY, UTAH 84108-1295
TELEPHONE 801-584-4422

MEMORANDUM

TO: John E. Mock, Director

Geothermal Division
FROM: Howard Ross
SUBJECT: Project Plans, Joint DOE/CFE Research Projects
DATE: February 18, 1994
Enclosed are Project Plan Summaries for the three projects which
UURI and CFE will undertake, based on our discussions in

Mexicali, Mexico on January 25, 1994. Please let me know if you
need additional information.

Moot
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GEOPHYSICAL STUDIES
CEBORUCO GEOTHERMAL RECONNAISSANCE AREA

~

Phillip E. Wanamaker Jose Francisco Arellano Guadarrama
Howard P. Ross Senior Geophysicist
UURI Gerencia
DOE CFE
Background:

UURI and CFE completed cooperative geophysical studies of
the Los Azufres geothermal area in an earlier DOE-CFE Cooperative
Agreement, and these were reported in the 1989 DOE-CFE Research
Proceedings. The Ceboruco area, within the western Neovolcanic
Belt, was identified as a promising geothermal area for
additional geophysical studies during the 1989-1994 agreement.
CFE completed extensive gravity, aeromagnetic, and
magnetotelluric (MT) studies in the greater Ceboruco area (30-40
km N-S by 40-50 km E-W) but UURI was unable to participate due to
lack of project funding. Initial drilling results, including a
test hole 1800 m deep sited on MT results, have been
disappointing and CFE geophysicists have requested a review of

contractor geophy51cal data, interpretations, and exploration
strategy.

Objective:

This joint study will review the exploration strategy in
general, and the MT data and interpretation in particular in the
Ceboruco area of the prospective western Neovolcanic Belt. The
identification of any problem areas will improve exploration
results within this province, and perhaps the Cascades in the
western\Unlted States.

Program for 1994:

[}

To proceed .in this research with the most efficiency, CFE
w111 flrst submlt gravity, aeromagnetlc, geologlq“*MT TDEM and

complete a® prellmlnary data review and .identify spec1f1c MT data
_for.reinterpretation.-. CFE will select’ -Key d1g1talidata and
supportlng‘lnformatlon and bring these‘to UURI. ) "
geophy51c1st -will.spend .one to two weeks:at UURI rev1ew1ng MT
-data’with" Phil- Wannamaker and completlng new’1-D ‘(and 2-D," if
practical) ‘interpretations. CFE and UURI geophysicists w111
complete a report describing new results and recommendations for
future studies and improved exploration efforts.




~ database - to allow the easy integration of other .geologic and.
- geophysical data for correlation purposes. In addition, the CFE

~ PROJECT SUMMARY
DOE-CFE GEOTHERMAL AGREEMENT
15 FEBRUARY 1994

THE JOINT TESTING OF REMOTE SENSING
TECHNIQUES AND EQUIPMENT FOR USE IN GEOTHERMAL EXPLORATION

Gregory D. Nash Jose Francisco Arellano Guadarrama
UURI Senior Geophysicist
DOE Gerencia
CFE
Background:

UURI and CFE conducted a joint remote sensing study for the
Los Azufres Geothermal Field in an earlier DOE-CFE Cooperative
Agreement with the findings being reported in the 1989 DOE-CFE
Research Proceedings. This study led to the conclusion that
remote sensing techniques can be useful in geothermal
exploration. It was shown that remote sensing can be effective in
the early phases of exploration, particularly in dGetermining

hydrothermally altered zones and geologic structures conducive to.

hydrothermal fluid circulation. It was also stated that remote
sensing data can be an important addition to a total exploration

program when added as a correlative component to other geologic
and geophysical data.

Objective:

This study will evaluate remote sensing data for an area
chosen by CFE. The area will be delineated by the CFE with a
universal coordinate system such as ‘latitude and longitude or
UTM. UURI personnel will then determine the availability, quality
and cost of the data. This will allow CFE to review their options
and request the data of their choice. One or more representatives
of CFE will then travel to UURI for interactive work with UURI -
personnel in processing and 1nterpret1ng the data. This will also
allow the CFE personnel to evaluate various remote sensing and .
GIS hardware and software platforms for potential integration
into the CFE system in the future.

Program for 1994: _ '
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. The data for the chosen location(s)will be interactively.

processed by both UURI and CFE personnel to determine geomorphic - B

indications of subsurface structure and to map hydrothermally
altered areas. The processed data will then be added to a GISl
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personnel will be given an introduction to the use of .
hyperspectral (high spectral resolution) data in exploration. A ~
report will then be written jointly by participating UURI and CFE
investigators describing the results of the study and
recommendations for future studies.
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Geochemical Studies
Tres Virgenes Geothermal Field

Joseph N. Moore Saul Venegas Salgado
UURI Gerencia
DOE CFE

~

Background:

Tres Virgenes is one of several potential high temperature geothermal
resources that is currently being explored by CFE. This geothermal system, which
is associated with young volcanic activity, is developed within the granitic

- basement rocks. One deep exploratory well has been drilled but the well was not

productive. A second well is currently being drilled.

Objectives:

Granitic host rocks throughout the world have proven to be difficult to
explore and develop because of their inherently low permeabilities. Exploration of
these reservoirs is further hindered by the common presence of multiple
hydrothermal events that make the normally utilized mineralogic indicators of
permeability difficult to interpret. Despite these difficulties, granitic reservoirs
have proven to be attractive targets in the Unites States (e.g. Coso, Steamboat
Hot Springs, Roosevelt Hot Springs, The Geysers) and Guatemala.

The joint study we propose has two major objectives. First, it will directly
assist CFE in their exploration program of Tres Virgenes. Secondly, it will provide
DOE and the U. S. industry with important new data on the physical and chemical
characteristics of granitic reservoirs. These data will assist in both the
development of our existing fieids and in the exploration of new systems where U.
S. interests are involved (e.g. Meager Creek, British Columbia).

Program for 1994:

We propose to jointly collaborate on geolpgic and geochemical studies of
Tres Virgenes. UURI will work with CFE geologists to determine the mineralogies
of the altered rocks and their significance, develop a better understanding of the
permeability structure of the reservoir, and characterize the chemical evolution and
characteristics of the thermal system. CFE will provide samples of the rocks and
fluids to UURL. We will conduct petrographic {thin section, X-ray diffraction, and
SEM) and fluid inclusion analyses in support of the work being conducted by CFE.
CFE and UURI will jointly prepare a report on the results of this work upon ’
completion of the studies.
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RELACION DE INFORMACION PARA EL PROYECTO CFE-DOE

EL CEBORUCO, NAY.

!
PLANO DE ANOMALIA DE BOUGUER. -~

CARACTERISTICAS GENERALES DEL LEVANTAMIENTO GRAVIMETRICO.

CINTA MAGNETICA CON LA BASE DE DATOS MAGNETOTELURICOS, UTILIZANDO SOFTWARE
GEOTOOLS, EN HARWARE SUN SPARC.

COLUMNA LITOLOGICA (POZO CB-1).
REGISTROS DE TEMPERATURA (P0OZ0 CB-1).
GEOLOGIA REGIONAL DEL GRABEN TEPIC-IXTLAN, NAY. (INFORME 04/91). -~

“PROYECTO GEOTERMICO EL CEBORUCO, NAY.” -ESTADO ACTUAL DE LA EXPLORACION.
( INFORME DEX/CEB/002/92.).

INTEGRACION DE LOS ESTUDIOS GEOELECTRICOS DE RESISTIVIDAD EN “EL CEBORUCO, -
NAY.”. (INFORME No. 02/92).

INTERPRETACION CUALITATIVA DEL ESTUDIO MAGNETOTELURICO, REALIZADO EN EL -- -
CEBORUCO, NAY. (INFORME 04/93).

ESTUDIO AEROMAGNETICO REGIONAL DEL SE DE NAYARIT. (EL CEBORUCO-SAN PEDRO-- -~

TEPETILTIC). PROCESAMIENTO DIGITAL Y DESCRIPCION CUALITATIVA.
( INFORME 15/91).

ESTUDIO MAGNETOTELURICO DE LA REGION DEL CEBORUCO DOMO SAN PEDRO DEL ESTADO
DE NAYARIT. INFORME FINAL (NOVIEMBRE - 1992).
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UNIVERSITY OF UTAH RESEARCH INSTITUTE

UURI

EARTH SCIENCE LABORATORY
391 CHIPETA WAY, SUITE C
SALT LAKE CITY, UTAH 84108—1295
TELEPHONE 801-524-3422

March 28, 1991

Gerardo Garcia Estrado

Area de Geohidologia

Departmento de Exploacion

Gerencia de Prov. Geothermoelectrios
Comision Federal de Electricidad
Morelia, Michoacan, MEXICO

Fax (451) 447-35

Dear Gerardo:

Thank you for your letter of March 18 which arrived while I was on travel status for DOE. Tam
pleased to learn of the critical review of exploration strategies now underway at CFE, and to know
that you are making good use of physical property data and numerical modeling techniques.

Your observations of the high noise/signal ratio for surface gravity and magnetic response of
buried contrasts, in areas of high topographic relief, are consistent with my modeling results and
experience in porphyry copper and geothermal exploration. These observations must, of course,
consider the amount of topographic relief and the magnitude of the density or magnetic contrasts.
While the density contrast is rather limited in volcanic areas (2.0 - 2.5 g/cm3), the magnetic
contrast could be much larger (0-3000 pcgs) and could include the additional effect of remanent
magnetism. If the magnetic contrast of rocks forming the surface scarp is small (i.e. altered
volcanic tuff) then the response from a greater contrast at depth, due to the same fault, may be
recognized.

Gravity data in the Zunil area, Guatemala, are subject to extreme noise due to the high topographic
relief (> 1000 m) which results in large terrain corrections (up to 13.6 mGal), errors in these
corrections (£ 3 mGAl ?), elevation errors, and improper Bouguer corrections. INDE must have
done a good job in surveying and corrections, for the data do ncf‘\appear to be unduly noisy, and
some useful structural interpretations, which agree with the geology, have resulted. Of course at

’_;v.lnilht:g topography, the geology and the gravity are all interrelated. A copy of our GRC paper is
attac .

/
The gravity method maybe of use if the topography is not too severe. The anomaly of a deeply —
buried density contrast has longer wavelength (lower frequency) than the effect of a topographic
feature. Also the continuity of the structure, across several profiles of varying topography, may
assist in the interpretation. Qualitative interpretation by correlation of high-frequency gravity
anomalies with the topographic map, modeling and subtraction for the surface gravity anomaly,
and perhaps filtering to remove high frequency, may all assist in the interpretation.



Surface magnetic measurements in magnetic volcanic areas are also subject to considerable noise,
and to the effects of nearby terrain above and below the level of the instrument. The effect of a
scarpin volcanic rocks may certainly dominate a deeper feature, and frequency filtering of ground
magnetic data may not be as effective as for gravity anomalies. We prefer detailed aeromagnetic
data! Ground magnetic data may be useful to compare the range of variability (mean & standard
deviation and excursions) on each side of the scarp to help determine if the same rock unit is being
traversed, and at the same stratigraphic level. This may not be conclusive, however. One
additional comment: it is very hard to accurately establish the bulk magnetic properties of a
volcanic unit, due to the variability of susceptibility and of remanent.magnetism.

One other approach to determine if displacement has occurred across a scarp, is to compare short-
dipole resistivity values on each side of the topographic feature.

I am pleased to hear that CFE may contract with UNAM for additional data interpretation of Los
Azufres, especially if you and Oscar Campos may be involved. Please extend to Campos best
regards from Mike Wright and myself. I would be pleased to comment on this study; or to assist
in any other way that is possible.

I have had recent contact with D.D. Blackwell and D.S. Chapman, both of whom are expert in heat
flow measurements in geothermal zones. Dr. Blackwell has had several grants from DOE-
Geothermal Division. I have been the technical project monitor for DOE on some of these grants.
Mike Wright also has considerable experience in heat flow studies. Addresses follow.

Dr. David D. Blackwell Dr. David S. Chapman

Southern Methodist University University of Utah

Department of Geological Sciences Department of Geology and Geophysics
Dallas, TX 75275 505 Browning Building

Tel: 214/692-2745 Salt Lake City, UT 84112

Tel: 801/582-1073

Good Luck in your new and continuing geophysical studies. I will send some recent studies
completed by UURI by mail. Best regards to your family and colleagues at CFE.

Sincerely,

Mowacd P Rres

Howard P. Ross/pfs
Section Head/Applied Geophysics

encl.
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Morelia, Mich., March 18 th , 1991.

Gerardo Garcia Estrada

Area de Geohidrologia

Departamento de Exploraciodon

Gerencia de Proy. Geothermoeléctricos
Comisidén Federal de Electricidad

FAX: (451) 4L47-35

Howard Ross

University of Utah Research Institute
391 Chipeta Way Suite C

Salt Lake City

Utah, U.S.A.

FAX: (801) 524~-3453

Dear Ross:

Finally the Comisién Federal de= Electricidad has initiated a
critical review of the exploratory stratzgies uszd for the last
ten years, specially focused to the processing and intarpratation
of geophysical data. I have been working some 2D models in ordzr
to astimate the magnitude of gravity and magnetic anomalies
related to buried density or susceptibility contrasts. Wwhat I
have found is that using "reascnable" valuss for th:2 parameters
(considering we are working in a volcanic zone), the topographic
efects are S to 7 times higer than those rz2lated to the buried
contrast.

This result is very interesting for us because wez ar=
analysing the possibility to use ground based potential fields 1in
order to confirm whether a topographic scarp 15 or not a
consequence of a fault. The conslusion is that although the
buried contrast 1is parfectly detectable from an instrumental
point of view, the presence of the scarp makes necessary to do a
careful model of the problem before arriviang to any conslusion,
and discourages a 4qualitative-only approach. Inspite the
knowledge won, problems are still presant, because the ratio
noise (scarp)/ signal (buried contrast) is inadecuata.

I would 1ike to know your opinion, specially because
Joseph More told me you were working in Guatemala, and you havs
found some negative result related to fault detection.

The CFE i35 going to contract the University of Mzxico
(UNAM) in order to make a joint CFE-UNAM reinterpretation of
availabls gzophysical and geological data at Los Azufres field.
Probably this c¢ontract will include the interpretation of the
aeromagnetic data of ths DOE-CFE aggreement. Surely I will
participate in this task, with the university's team werec our
former colleage Campos is now working with,

I would like to have your help and valuable commants
related to this job, and of course the agreement for vyour
inclusion in the paper that could result, what is very probably
bacause this is the first aim of academic institutions. With your
participation and your experience, 1 am sure, the results could
be more realistic. 1 will give you more details after the

¢
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signation of the contract.

Thank vyou for the papers you have sent us relsted to
dipole-dipole technique. Surely, T will be in contact with vyou
more frecuently, 1n order to comment the results of this new
stage of exploratory job at CFE, promote by Dr. Luis Quijano .

Do you or sombody at UUKI could provide me the address
of some rescarchaer working with heat flow measurements in
geothermal zonas?, may be D.0.Blakwell of Methodist University at
Texas, or D.S. Chapman or J. Coms, for exampla?,

Please give my regards to vyour wife and the same for

vyour colleages at UURI.
—a—

Gerardo Héctor Garcia Estrada
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The bipole-dipole array (also called total field, roving dipole and other names) has also been used
to advantage in deep mineral and geothermal exploration by UURI, the U. S. Geological Survey,
and many mineral companies. This array is used in earlier reconnaissance stage exploration,
because one transmitter dipole of 610 m length can be used to obtain preliminary resistivity data
over an area of 5-15 sq km. There is also considerable flexibility in locating the perpendicular
receiving dipoles so as to avoid rough topography (such as reading across hills, rivers, etc.), and
in making good use of road and trail access. The derived apparent resistivity values are influenced
by the earth resistivity in the vicinity of the transmitting dipole (referred to as the transmitter
overprint phenomena) so it is necessary to overlap coverage from different transmitter sites. This
array results in an aerial distribution of resistivity data and is useful for locating anomalies, but
does not provide information on the depth or specific geometry of the source body. Thus it should
be followed up with dipole-dipole or pole-dipole data.

b) Distance between current electrodes. The fundamental survey parameter is the dipole length, a,
which governs both the lateral resolution and the effective depth of exploration (the greater the
distance between the current electrodes, the greater the current penetration). Typical transmitting
dipole lengths used in the dipole-dipole array for geothermal and mineral exploration are 152 m
(500 ft), 305 m (1000 ft), and occasionally 457 m (1500 ft). Dipole lengths greater than 457 m are
not often used due to the increased influence of bodies lateral to the profile, and due to the reduced
resolution. Transmitting dipole lengths of 500 to 1000 m are often used in the bipole-dipole array.

The maximum practical distance between current and potential electrodes is generally regarded to
be 7 or 8 times the dipole length, because of lateral effects, completeness of near surface readings
along the line, and signal/noise considerations. This generally results in an adequate current
distribution to depths of 2 to 3 times the dipole length, depending upon the resistivity values and
structure. With careful numerical modeling of dipole-dipole data the resistivity model can be
reasonably accurate to depths of 2a to 2.5a, i.e. depths of 610 to 760 m for a 305 m dipole length
and readings to separations of n=7 or §.

Although these implied depths of exploration seem quite limiting for geothermal reservoir
delineation, our experience in Basin and Range and volcanic geothermal systems suggests that
leakage, alteration, and structural control to these depths somewhat above the actual geothermal
reservoir are very useful information in mapping the deeper reservoir and in selecting drilling
targets.

¢) Dipole separations (n=1, 2, etc.). These values refer to the minimum distance between a
transmitter electrode and receiver electrode. There may be some difference between US and some
European conventions in labeling these separations. In the US convention, the first separation
read, n=1, results from a one dipole length interval between the nearest transmitting electrode and
the first receiving electrode. Similarly the seventh separation (n=7) would refer to 7a (7 x 305m =
2135m for a=305 m). Illustrations will follow in the mail.

d) Power Capacity of the resistivity equipment. There is a fairly large range of transmitter power
available for purchase, depending upon depth of exploration desired, and expected apparent
resistivity values (both of which dictate the signal strength) and the type of réceivers to be used,
some of which may include microprocessors for signal stacking, averaging, and other noise
reduction techniques. Several tradeoffs should be considered in the purchase of a resistivity
exploration system: power output to overcome geologic and other noise and to obtain adequate
depth of exploration; equipment portability and reliability- the higher power output systems require
larger motor generators, trailers or dedicated trucks, and perhaps specialized helicopter support;
and initial and upkeep costs.



UURI has completed numerous surveys for geothermal and mineral exploration to depths of 700 m
using the Elliot Time Domain IP Transmitter, Model 15 A which has the following characteristics:

Input power: 120 volt 400 Hz, single phase at 1800 VA
Output power: 1500 watts

Output voltage: 200 to 3000 volts in 12 selected steps
Output current: 5 Amps maximum

Weight, in case: 45 1bs (20 kg)

Motor generator weight: (about 100 lbs -45 kg)

A more powerful system often used for Induced Polarization surveys (which require a higher
signal to noise ratio) and for deeper resistivity exploration has these characteristics:

Input power: 208/120 volt 400 Hz three phase at 5500 VA
Output power: 4500 watts

Output voltage: 450 to 3000 volts in 7 steps

Output current: 10 amps maximum

Weight, in case: 70 lbs (32 kg)

Motor generator weight: ( about 240 1bs -109 kg)

One US firm markets a high power transmitter, 28KVA (20 amps at 1000 volts) powered by a 350
kg motor generator that must be permanently skid mounted or trailer mounted. This equipment is
used primarily for CSAMT and IP surveys for deep exploration.

We would suggest that an output power of 1500 to 4500 watts would be adequate for most
geothermal exploration needs, if adequate efforts are made in electrode preparation and data
collecting.

Certainly a great deal more could be said about each of the subjects which you noted. We hope

that the above discussion and the materials we are mailing separately will be of some help for now.

Please do not hesitate to contact us for further clarification or discussion of these and other topics.

é\lthough our schedules are unpredictable, we should be able to respond more promptly in the
uture.

Best Regards,

Howard P. Ross ~
Section Head/Applied Geophysics




COMISION FEDERAL DE ELECTRICIDAD
COORDINADORA EJECUTIVA LOS AZUFRES
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DEPARTAMENTO DE ABASTECIMIENTOS "
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AFFENDIX A

MOST IMPORTANT FERSONNEL OF COMISION FEDERAL DE ELECTRICIDAD
(CFE) MET BY THE U. S. DELEGATION DURING THIS TRIF

GERENCIA DE FROYECTOS GEGTERMOELECTRICOS

(Managed of Geothermal-Electric Frojects)

Ing. Hector Alonsoc Espinosa, Gerente

Ing. Arturo Gonzalez Salazar, Subgerente de Estudios Geotermicos

Address for all Morelia offices:
Gerencia de Froyectos Geotermoelectricos de CFE
Apto. Fostal Z1-C
Fiorelia, Michoacan S82%0
Mexico

DEFARTAMENTO DE EXFLORACIONES
{Department of Exploration)
Ing. Antonic Razo Montiel, Jefe

Oficina de GBeologia

{ffice of Gealogy)

Ing. S5aul VYenegas Salgado, Jefe

Ing. Cesar Viggiano Guerra (petrography, mineralogy)

-~

Ing. &. Arellano

Oficina de Geofisica

{(Office of Geophysics)

Ing. Hector Lira, Jefe

Ing. Jose Francisco Arellano A.
@ Img. Gutierriz Negrin

Ing. Oscar Campos E.

ficina de Geoquimica

{(Qffice of Geochemistry)
Fis. Jose Luis Quijano Leon, Jefe
Ing. Julio Cesar Vieggano

DEFARTAMENTO DE EVALUACION Y YACIMIENTOS
(Department of Evaluation and Reservoirs)
Ing. Rafa=2l Molinar Cesena, Jefe

Oficina de Fruebas y Modelos de Simulaciom -
(Office of Testing and Modeling)

Ing. Jose Luiz Sanabria Martinez, Jefe

Dr. Cesar Suarez Arriaga (modeling LOs Azufres)
Ing. Miguel Angel Ayuso 0. {(modeling Cerrc Frieto)
Ing. Fedrc Sanchez

Ing. H. Gutierrez




—_———— T

Oficina de Reinyeccion
{(Dffice of Reinjection)
Ing. Alfonso Aragon Aguilar, Jefe

CODRDINADORA EJECUTIVA DE L.OS AZUFRES
(Office gf Executive Coordinator of Los A:zufres)
Ing. Ramon Reyes Suarez, Coardinador Ejecutivo

Superintendencia General de Estudios
(Office of GenehalASupe&intendent af Studiezs)
Inge Jaime Ovtiz, Superintendente General

Superintendencia de Gesologia

(Office of Superintendent of Geology)

Ing. Regelic Huitron Esquivel, Superintendente
Ing. Aftonio Abad (surface geology)

Ing. Marco Alfonso Gonzale: (subsurface geclogy)

Sgperintendengia de Geofisica
(0F¥fice of Superintendent of Beophysics)

Superintendencia de G2oquimica
(Office of Superintendent of Geochemistry)
lrig. Mario Gallardo, Superintendente

Superintemdencia de fngénieﬁia de Yacimientos
{Office of Superintendent "~ Reservoir Engineering)
Ing, Carlos Miranda

Disposition:

To: S.FRESTWICH (DOE 1020
To: FLWRIGHT (DOE44T%)
To: J.RENNER . (¢DOE44E7)
From: J.RENNER (DOE4437) Delivered: Tue F9-Sep-~87 9:21 EDT Sys 1464 ()
Subject: &alton sea panel
Mail .Id: IFM-154~870929-0B4250586.
Acknowledghnent Sent

talked to Treusdell late vesterday. he 18 willing to serve on the panel. he sug
gested the-————————- '

he suggested the possibility of .a Breakfast meeting. 1 kave not yet heard from
Mohinmdep—————————m———— '

Mohindey as to whether he has peralssion far Unocal Yo partitipate.

Dispaosition: d

To: DOE44TT
From: S.8TIGER (DOE44467) Delivered: Tue 29-Sep-B7 7:29 EDT Sys. 1&4 ()
Subject: Aoknowledgment of: SALTON SEA PANEL
Original Mail Id: IPM-1&4-870933-1251507S54
Received: Tue 259-Bep—-87 7125 (Explicit)
Mail Td: IFM-164-870925-085470020

Dispositiar: d

To: 5 FRESTWICH (DOETOR0)

- r'm"-3 Pl rataal N PR noaNer



CFE TELEFHONE AND TELEX NUMBERS (UFDATED A5 0OF 9/22/87)

MEXICD: Country Code: 352
CD.HIDALGO: City Code: 725
CUERNAVACA: City Code: 731
MEXICALI: City Code: 65
MOREL.IA: City Code: 4351

CFE - SUFERINTENDENCIA GENERAL DE LOS AZUFRES
(One has to call CIUDAD HIDALGO, Michoacan, where oneg is
connected via radio to the field)

Switchboard (?): 4-0382; 4-0944; 4-0599

CFE - COORDINADORA EJECUTIVA DE CERRO FRIETO, MEXICALI, B.C.

Switchboard: S3-6801 TELEX: CECM S6702
Manons: 53-5142
Berme jo: SE-35948

CFE - GERENCIA DE PROYECTOS GEOTERMOELECTRICOS, MORELIA, MICH.
Switchboard for the Alejandro Volta offices : 4-8048 and 4-80350

TELEX: 69623 FGTEME

Alansos 4-4606; 4-4695 — _/ f.
Gonzalex: 4-5970 - gl i ﬁa er/
Hiriart: 4-2Z970 y Y73‘) Son a

Molinar: 43649 B

Quijano: 4-T023 /’ 4 p

Razo: 44940 / ~

Sanabria:s 4-3649

Benegas: 4-%811

INSTITUTO DE INVESTiGACIDNES ELECTRICAS, CUERNAVACA, MORELOS

Switchboard: 4-3811 TELEX: 173380 INIEME
Iglesias: Extension 2210
Nieva: A-1 45X
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1% Sgptember 1590

Img. Luis fluijano
Comision Federal de Electricidad
Departamento de Explocvacion

Gerencia de Froyectos Geotermdelectricos
"Alejandro Volta No. &55

Colonia las Camelinas
Morelia, Michoacan, MEXICO

Dear lLuis:

Thank you for your telefax of 17 August 1990 regarding
information relating to the dipole-dipole resistivity method.
Flegase forgive our late reply, but we have been away attending
the 1990 International Geothermal Enerngy Symposium,; amd on
vacation. We are pleased to learn that you are considering other
electrical resistivity arrays forr CFE geothermal exploration, and
will attempt to answer yvour aguestions. fdditinonal inftormation
will follow this FAX by mail.

al Best type of array. Ferhaps more than 20 different
electrode artrays have been used in varlious types of exuplaration,
and numerous technical papers have been written to compare the
merits of the variouws arrdys. The Sochlumberger array (Vertfical
Eiectrical Scunding, or VES) iw perhaps the mpst familiar on a
warldwide basis, ang is probably the best array for layered (one-

dimensional?l geology. The methdd requires a large current
electrode separation for deep exploration, and this means mare

field effort (and cost) and greater probability of crossing
genlogic changes which would invalidate a layered-garth
interpretation. Most mineral deposits and geothermal syastems
ceeur in a complex two- ok three-diosnsional geology land
resistivity structure) which limits the use of the VES array.

Most mining companies have selected the in~line dipole~-dipale or
pale-dipuale arvay {for deep (100 to 1000 m) mineral explioration.
The pole-dipole array resulis in greater cuwrent pehetration to
depth, but poorer spatial reselution for anomalous bodies. The
in—line geometry is useful for oriedting lines perpendicular to
gealogic structures, contrasts, and topography, and for
minimizing the effectszs of powerlines, pipelines, etc.

Both the pole-dipole and dipole-dipole arrays record
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information about lateral and vertical resistivity distributions.
Several computer techniques have been developed for the numerical
modeling of dipole-dipole data, including modeling the etfects of
topography. We feel that the dipole-dipole method offers the
hest combination of rescolution, efficent field operation and
interpretation, and still has acceptable depth penetration.
Several oil companies have made use of the method in conducting
resistivity/ induced polarization surveys for deep petroleum
exploration, and geothermal explorationists throughout the world
also seem to favor the in—-line dipole-dipole method, but not to
the complete exclusion of other arrays.

The bipole-dipole array (also called total field, roving dipole
and other names!) has also been used to advantage in deep mineral
and geothermal exploration by UURI, the U. 8. Beological Survey,
and many mineral companies. This array is used in earlier
reconnaissance stage exploration, because one transmitter dipole
at 610 m length can be used to obtain preliminary resistivity
data over an area of 5~-15 sg km. There is also considerable
flexibility in locating the perpendicular receiving dipoles so as
to avoid rough topography (such as reading across hills, rivers,
etc.), and in making good use of road and trail access. The
derived apparent resistivity values are influenced by the earth
resistivity in the vicinity of the transmitting dipole (referred
to as the transmitter overprint phenomena) so it is necessary to
overlap coverage from different transmitter sites. This array
results in an aerial distribution of resistivity data and is
useful for locating anomalies, but does not provide information
on the depth or specific geometry of the source body. Thus it
should be followed up with dipole-dipole or pale-dipole data.

b} Distance between current electrodes. The fundamental survey
parameter is the dipole length, a, which governs both the lateral
resolution and the effective depth of exploration (the greater
the distance between the current electrodes, the gresater the
current penetration). Typical transmitting dipole lengths used
in the dipole-dipole array for geothermal and mineral exploration
are 132 m (S00 ft), 205 m (1000 ft), and occassionally 4357 m
(1500 ft). Dipole lengths greater than 457 m are not often used
due to the increased influence of bodies lateral to the profile,
and due to the reduced resolution. Transmitting dipole lengths
of 300 to 1000 m are often used in the bipole-depole array.

The maximum practical distance between current and potential
electrodes is generally regarded to be 7 or 8 times the dipole
length, because of lateral effects, completness of near surface
readings along the line, and signal/noise considerations. This
generally results in an adequate current distribution to depths
of 2 to 3 times the dipole length, depending upon the resistivity
values and structure. With careful numerical modeing of dipole-
dipole data the resistivity model can be reasonably accurate to
depths of Za to 2.5a, i.e. depths of 610 to 760 m for a 303 m
dipole length and readings to separations of n=7 or 8.
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Al though these implied depths of exploration seem quite limiting
for geothermal reservoir delineation, our experience in Basin and
Range and volcanic gecothermal systems suggests that leakage,
alteration, and structural control to these depths somewhat

above the actual geothermal reservoir are very useful information
in mapping the deeper reservoir and in selecting drilling
targets.

c) Dipole separations (n=1, 2, etc.). These values refer to the
minimum distance between a transmitter electrode and receiver
electrode. There may be some difference between US and some
European conventions in labeling these separations. In the US
convention, the first separation read, n=1, results from a one
dipole length interval between the nearest transmitting electrode
and the first receiving electrode. Similarily the seventh
separation (n=7) would refe+r to 7a (7 x 3I0Em = 2135m for a=Z05
m) . Illustrations will follow in the mail.

d) Fower Capacity of the resistivity equipment. There is a
fairly large range of transmitter power available for purchase,
depending upon depth of exploration desired, and expected
apparent resistivity values (both of which dictate the signal
strength) and the type of receivers to be used, some of which may
include microprocessors for signal stacking, averaging, and other
noise treduction techniques. Several tradeoffs should be
considered in the purchase of a resistivity exploration systems:
power output to overcome geologic and other noise and to obtain
adequate depth of exploration; equipment portability and
reliability— the higher power output systems require larger motor
generators, trailers or dedicated trucks, and perhaps specialized
helicopter support; and initial and upkeep costs.

UURI has completed numerous surveys for geothermal and mineral
exploration to depths of 700 m using the Elliot Time Domain IF
Transmitter, Model 15 A which has the following characteristics:

Input power: 120 volt 400 Hz, single phase at 1800 VA
Dutput power: 13500 watts

Output voltage: 200 to 3I000 volts in 12 seletted steps
Outzput current: 3 Amps maximum

Weight, in case: 45 lbs (20 kg)

Motor generator weight: ( about 100 1lbs —-4% kg)

A more powerful system often used for Induced Folarization
surveys (which require a higher signal to noise ratio) and for
deeper resistivity exploration has these characteristics:

Input power: Z208/120 volt 400 Hz three phase at 3500 VA
Outout power: 4500 watts

Output voltage: 4850 to J000 volts in 7 steps

Output curtrent: 10 amps maximum

Weight, in case: 70 lbs (32 kg)

Motor genetrator weight: ( about 240 lbs -109 kg)
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One US firm markets a high power transmitter, 2ZBEVA (20 amps at
1000 volts) powered by a 350 kg motor generator that must be
permanently skid mounted or trailer mounted. This equipment is
used primarily for CS8AMT and IF surveys for deep exploration.

We would suggest that an output power of 1300 to 4300 watts would
be adequate for most geothermal exploratioh needs, if adequate
efforts are made in electrode preparation and data collecting.

Certainly a great deal more could be said about sach of the
subjects which you noted. We hope that the above discussion and
the materials we are mailing separately will be of some help for
now. Flease do not hesitate to contact us for further
clarification or discussion of these and other topics. Although
our scheduleds are unpredictable, we should be able to respond
more promptly in the future.

Best Regards,

Fhillip M. Wright Howard F. Ross
Technical Vice FPresident Section Head/Applied Geophysics
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To: Distribution

Subject: Third Draft of Proposed Joint Studies
Date: 26 October 1988

Listed below is the current version (as of 10/26/88) of the
list of potential joint studies for which proposal outlines have
been compiled. Please review and send me any changes concerning
field sites, title, DDE investigators, and priorities.

Requested priorities can be chosen by the following
criteria:

O = no priority: no joint study proposed by a DOE participant.

1 = high priority: can and should be started in FY89 with
available DOE funding under existing programs.

2 = medium priority: can be started in FYB? with available DOE
funding, but requires extensive equipment or travel or is
of lesser importance for FYB89.

= law priority: of interest, but cannot be carried out in
FY89 with available DOE funding.
Please also indicate if CFE co-investigators have already
been identified for each joint study. The names will be included

in the draft we send to CFE to facilitate matching of the two
lists.

9]

Distribution:

mail copies to V.Roberts (EPRI) A.Truesdell (USGS)
E-mail copies to /

M.Wright (UURI)

M.Lippmann (L

P.Kruger (SGP)

J.Dunn (Sandia)

H.Murphy (LANL)

J.Renner (INEL)

L.Kukacka (BNL) . .
cc: T.Mock, D.Lombard, J.Rannels, M.Reed (DOE Hq)




DOE-CFE GEOTHERMAL AGREEMENT
RENEWAL PROGRAM
SUMMARY of PROPOSED JOINT STUDIES
(Third Draft pk:260ct88)

Requested

A. Los Humeros
1. Geosciences
a) Aeromagnetic Surveys of Los Humeros
M.Wright + H.Ross (UURI)
b) Geological and Geochemical Studies
J.Moore + M.Adams (UURI) + A.Truesdell (USGS)
c) Satellite Imagery Interpretation '
M.Wright + L.Allison + D.Ramsey (UURI)
d) Electrical Geophysics
M.Wright (UURID)
2. Drilling
a) Stimulation of Granitic Rock
? (LANL)
b) Air Drilling
3. Reservoir Engineering
- a) Flow and Transport Simulation at Los Humeros
J.Renner + J.Miller (INEL)
b) Cooldown Potential with Reinjection Recharge
P.Kruger (SGP)
c) Chemical Reservoir Engineering
P.Kruger (SGP)
d) Reservoir Modeling
e) Well Testing
) Reinjection

B. Los Azufres
1. Geosciences
a) Geologic and Geochemical Studies
J.Moore + M.Adams (UURI) + A.Truesdell (USGS)
b) Microseismic Studies for Field Exploration
E.Majer (LBL)
c) Subgidence
2. Drilling
a) Air and Air-Fluid Drilling
b) Well Stimulation
.7 (LANL)
c) Well Completion

d) Chemical Analysis for Well Completion

Priority

QOO

(?)

(?)



D. Cerro Prieto
2. Drilling
a) BGas Fracturing for Stimulating Clogged Wells (?2)
T.Chu (Sandia)
b) Downhole Testing of Geothermal Well Cements

under High Temperature Flowing Brine Conditions (?)
L.Kukacka (BNL)

3. Reservoir Engineering

a) Reservoir Response to New Central Power Plants

with Interference and Injection Well Tests 3
S.Benson (LBL)

b) Study of Reservoir Processes with Changing
Fluid Composition

2
M.Lippmann (LBL)
c) Field Modeling 1
M.Lippmann (LBL) ‘

4. Generation

a) Field Testing of Thermally Conductive Polymer
Composite Heat Exchanger Tubing (?)
L.Kukacka (BNL) .



3. Reservoir Engineering
a) Field Studies at SO0-MW and 5-MW Units with
Interference and Injection Well Tests
S.Benson (LBL)
b) Study of Reservoir Processea with Changing
Fluid Composition
K.Pruess (LBL) + A.Truesdell (USGS)
c) Heat Extraction by Reinjection Recharge
P.Kruger (SGP)
d) Chemical Reservoir Engineering at Unit Wells
P.Kruger (SGP)
e) Modeling of the Los Azufres Field
K.Pruess (LBL)
f) Field Reactive Tracer Experiments
(?) (LANL)
g) Microseismic Evaluation of Fractured Reservoirs
(?) (LANL)
h) Tracer Testing (added post DDE-CFE meeting)
M.Adams + J.Moore + M.Wright -(UURI)
4, Generation
a) Heat Cycles—-Advanced Heat Rejection
(?) (INEL) )
b) Application of EPR! Reboiler Technology to
Control Noncondensable Gases
V.Roberts (EPRI)

C. La Primavera
1. Geosciences
a) Aeromagnetic Surveys of La Primavera
M.Wright + H.Ross (UURI)
b) Geologic and Geochemical Studies
J.Moore + M.Adams (UUR1) + A.Truesdell (USGS)
c) Magnetotelluric Studies at La Primavera
N.Goldstein (LBL)
d) Petrophysical Measurements
e) BGravimetric Survey
¥) Isotopic Studies
g) Satellite Imagery Interpretation
M.Wright + L.Allison + D.Ramsey (UURI)
h) Electrical Geophysics
M.Wright (UURI)
2. Drilling
a) Evaluation of Lost Circulation
. Characterization and Control Methods
D.Glowka + G.Loeppke (Sandia)
b) Air and Air-Fluid Drilling
3. Reservoir Engineering
a) Chemical Reservoir Engineering
P.Kruger (SGP)
b) Cooldown Potential with Reinjection Recharge
P.Kruger (SGP)
c) Field Reactive Tracer Experiments
? (LANL)

N



SUBJECT: Postponement of DOE~CFE Meeting Scheduled for April 25-
26, 1995 |

The above meeting should be postponed for several reasons:

1) ESRI received a request for detailed numerical modeling of
two magnetotellurlc (MT) lines on March 8. The request comes
much too late, in view of ongoing work and personnel commitments,
to respond to before the scheduled meeting. CFE geophysicists
have not been able to come to ESRI to work with Dr. Wannamaker,
as originally planned.

2) CFE has not been able to send scientists up to ESRI to work
with the remote sensing/GIS equipment, an important part of the
agreement. ESRI has undertaken data processing of the agreed
upon imagery, but additional work, preferably with CFE
participation, needs to be done.

3) ESRI requires more time to get a complete translation of the
final report of the Ceboruco geothermal study, before being able
to offer comments on the CFE exploration strategy - a potentially
sensitive item.

4) ESRI scientists have major time confllcts with the scheduled
meeting time.

5) We understand the CFE scientists do not want a meeting at the
scheduled time. We also understand (from a third party) that
Gerardo Hiriart, CFE, will not be able to attend the meeting.

In view of the considerable cost and time involved it seens
desirable to hold the meeting after more meaningful interaction
between CFE scientists and their U.S. counterparts, at some later
date.
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UNIVERS!ITY OF UTAH RESEARCH INSTITUTE

ENVIRONMENTAL STUDIES LABORATORY
391 CHIPETA WAY, SUITE D
SALT LAKE CITY, UTAH 84108—-1295
TELEPHONE: 801-524-3460
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5.- Drilling of Ex PM—A" >
AC! o S | :

The result > @,F or wa the location of 3 wells 2000 m
deep (Figure 3.9) | 7 pLO 2 A many thermal anomalies related
to a geothermal « OS 7‘ the generation of electrical
energy.

Well CB-, @ /\,./T( l/a/ the Ceboruco volcano at the

following coordil | . = 1130 msnm, within the
Marquesado ejidi ‘

Well CB-2.- Dnllmg took place 18 km. west of CB-1, at the following coordinates:
X = 529,850 Y = 2°333,400 and Z = 850 msnm, within the Amado Nervo ¢jido, San Pedro
Lagunillas municipality.

Well CB-3,- Drilling took place 3.4 km northeast of the San Pedro Central Dome and

9 km north-northeast of the CB-2 well, at the following coordinates: X = 530,950, Y =
2°342,650 and Z = 1220 msnm, within the San Pedro Lagunillas municipality.

5.1.- Technical Reasoning for Site Selection

The reasoning behind the techniques used to select the drilling sites were geochemical,
geological and geophysical. In the case of site CB-1, it was determining the existence of a
geothermal deposit associated with the volcano Ceboruco. In the geochemical studies, gases
were sampled and analyzed from the fumaroles and the hot surface of the craters of the
Ceboruco volcanic system (five cones), with maximum temperatures of 92 C, resulting from
spewing carbon dioxide, sulfuric acid and hydrogen in quantities comparable to those found in
geothermal wells of high entalpy.

With the geothermometric application of the gaseous phase it was calculated that
bottom temperatures were on the order of 267 C; analysis of the mercury showed percentages
higher than any other geothermal zone of the country.

The regional and detailed geologic studies conclude that the volcanic structure must be
connected to a magma chamber that is scarcely in the cooling stage, since the last eruptlon was
historic (1870 - 1875) and related to an important developing tectonic area.

Based on the geophysical surveying with the MT method, the site was recommended as
a base, the supposition being that the type and value of resistivity detected, could be
associated with the geothermal deposit; the gravimetric and aeromagnetic studies yielded as
results that the minimal anomalies present are related to the area of geothermal interest.
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For the well site CB-2, the geochemical arguments are in the analysis of the thermal
manifestations of the Tetitlan-Valle Verde and Amado Nervo valleys. Constituted or formed
by springs with maximum temperatures of 48 C. Furthermore, the elements detected suggest
that they are indicators of geothermal activity. The estimated temperatures with the K-Mg
geothermometer vary between 53 to 68 C, however, this estimation is restricted by the
secondary vegetation at the springs.

The geologic studies are based on the volcanologic development of the area where a
series of domes have been located composed of dacite, rhyolite, and andesite beginning at the
lower Quaternery (1.7 Ma). Such structures are found to be in a NW-SE alignment in a weak
zone lending itself for the formation of the domes.

The geophysical (geoelectric and gravimetric) arguments supported the CB-2 site since
the intermediate conductor shows minimum resistivity values in this zone that could be related
to high geothermal saturation or alteration, the qualitative analysis on the Bouguer anomaly
detected a minimum gravimetric zone that is interpreted as a graben or semigraben oriented
NW-SE.

For the well site CB-3 the geochemical studies performed at the Guasimas
manifestation with 31 C, and the closest to the site, indicates concentrations of boron, sulfates,
and chloride as indicators of geothermal activity.

The geologic studies support the area due to the existence of a dome complex with
alkaline traces, dacite, and rhyolite 0.850 to 0.790 Ma, for San Pedro and up to 0.101 Ma, for
the Los Ocotes dome. Oriented NW-SE and N-S on a weak strip of land, associated with (lye
or bleach mugearitic, as you would find SMO basal andesite)?

The electrical geophysical studies resulted in a very important correlation between the
anomalies of low resistivity with possible fracture or heat zones. Furthermore, the Bouguer
regional anomaly presents minimum gravimetry in the area of the San Pedro domes, that could
be related to a depression where the recent domes were located.

5.2.- OBJECTIVES

Well CB-1

a) Determine the presence of a geothermal deposit associated with the Ceboruco Volcano.
b) Locate the deposit in the basal andesite unit of the Sierra Madre Occidental (West),

Oligocene-Miocene, that due to intense compressed deformation is folded, faulted, and
fractured producing good secondary permeability, that constitutes an aquifer with a thickness



of 600 -700 m, favorable for possible exploration of the deposit.
¢) Prove the proposed geologic model.

d) Recognize the physical characteristics of magnetic susceptibility, density and conductivity in
the core materials extracted during drilling as well as all other data.

e) Establish the distribution of the hydrothermal mineralogy both in its paragenesis as well as
its relationship to vulcanism of Ceboruco.

f) Determine what rock characteristics control the anomalies of low resistivity obtained
through the magnetoteluric method whose qualitative values lower than 10 Ohm.m, would be
of geothermal interest. Quantitatively they were defined from 400 m to 1250 m.

The aforementioned is also supported in a structural procedure based on the gravimetric
information that determines that the (basamento) baseline? is located within a minimum
gravimetric reading interpreted as a depression that can be reached on the order of 1200 to
1300 m.

Well CB-2

a) Determine the presence of a geothermal deposit in the Amado Nervo area.

b) Locate the andesite base of the SMO.

¢) Prove the geologic model for this area.

d) Recognize the physical characteristics of magnetic susceptibility, density and conductivity of
the core material extracted during drilling as well as all relevant data.

e) Establish the distribution of the hydrothermal mineralogy both in its paragenesis as well as
its relationship to recent dome vulcanism in this area.

f) Recognize the characteristics that determine two areas of interest with low values of
resistivity (5-10 Ohm.m) within the 900 to 1200 m interval and below a depth of 1500 m.

g) Penetrate an area of minimal gravimetry related to a graben structure that parallels the
principal regional system (NW-SE).



Well CB-3

a) Determine the presence of a geothermal deposit in the San Pedro-Los Ocotes Domes area.
b) Locate the andesite base of the SMO.

¢) Prove the geologic model for this area.

d) Recognize the physical characteristics of magnetic susceptibility, density and conductivity of
the core material extracted during drilling as well as all relevant data.

e) Establish the distribution of the hydrothermal mineralogy both in its paragenesis as well as
its relationship to recent domes of 100 000 years in Los Ocotes and Los Lobos.

f) Cross the anomaly zone of geothermal interest with values of low resistivity of 5 to 30
Ohm.m.

5.3.- DRILLING RESULTS

Drilling began at the well site CB-1 on the 6th of October 1993 and was completed on
the 23rd of March 1994. A maximum depth of 2801 m was reached with a maximum
temperature of 115 C.

Drilling at well site CB-2 began on April 10, 1994 and was completed on July 22,
1994. This well has a depth of 1700 m.

Drilling a well site CB-3 began on August 18, 1994 and was completed December 5,
1994 with a maximum depth of 1911 m.

Termination of Drill Sites
The mechanical state of the exploratory drill sites remains as follows:

Site CB-1.- A tube coating (TR) from 9 5/8", from 0 to 1494.28 mbnt. was installed.
From there an uncovered (case, drain?) from 8 1/2" to 2801 m. The drill site presents an
obstruction near collapse from 2160 m to total depth (Figure 5.1). During drilling 7 cores
were extracted at different depths.

Site CB-2.- Remains with TR from 13 3/8" from 0 to 303 mbnt., case uncovered from
12 1/4" to 1506 mbnt.; y case uncovered from 8 1/2" to 1700 mbnt. (Figure 5.2).



Site CB-3.-It has TR from 9 5/8" from 0 to 496 mbnt.; and has an uncovered casement from 8
1/2" to 1911 m (Figure 5.3).



' 3._.GEOPHYSICAL STUDIES

3.1.-Gravimetry and Magnetometry

ad magnetic information of the El

Ceboruco, N @ A~y "‘La' *2 . both show NW-SE and NE-SW

Upon ;

fined through geologic studies. In

lineaments as
ic structure, using these techniques, a

order to detei
section that 1 /070 ‘ % / ﬂ/ /// /R B-2 were outlined, Figure 3.3.

By w. nterpreted: it involves an extensional
basin where in the southeast section of the Sierra
Zapotan, is f L

It wifl :ast part of the Sierra Madre Occidental
correspond | (boruco and Tepetiltic associating this
with a weak [ed

- -

To the west in the Tequilita zone lies a fault system displacing granitic rocks to the
aforementioned depth. Following the displacement of the (basamento), integrated into the
model, you have the more recent intrusions that led to acidic vulcanism, represented on the
surface on the following hills El Fraile, Las Bartolinas, Lobos and Los Domos de san Pedro

and Ocotes (Figure 3.1).

3.2.-Geoelectrics

There have been two geoelectric surveys, the first using Electrical Vertical Sounding
(SEV) with Schlumberger tetraelectrodico arrangement and the second using Magnetoteluric
Sounding (SMT). In both circumstances it was possible to define an anomaly of low
resistivity, <30 Ohm.m.

3.2.1-Electrical Vertical Sounding

The minimum resistivity defined by the (SEV), covers the research areas where there is
hydrothermal evidence, bordered on the east by the Ceboruco volcano and the town of
Ahualamo; and on the west by the Amado Nervo urban area and Los Domos de San Pedro and
Los Ocotes, to the southeast bordered by the river Tetiteco, the is structurally related to a NE-

SW alignment.

In the section of Figure 3.5 with an E-W direccion, the minimum resistivity can be
observed (<30 Ohm.m), it is evident superficially between the Amado Nervo town (west) and
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Marquesado (east), relating this with the zones of geothermal alteration, detected in the well
GC-6 and CB-2 the the region of Amado Nervo; however, the temperatures were found to be
low (105 C). Based on the petrographic study, low resistivity is associated with ancient
tectonic alteration.

In another area of the zone the CB-3 well, SEV’s 16,17,55, and 33 Figure 3.6, the low
resistivity anomaly previously mentioned is evident, defying its superficial behavior due to
evidence of continuous minimum values of resistivity at greater depths, associating with a
hydrothermal alteration zone of high temperatures as confirmed at the CB-3 well from 600
meters with temperatures greater that 100 C, reaching a depth of 1420 m and 184 C and at
1906 m a stabilized temperature of 189.06 C.

3.2.2.-Magnetoteluric Sounding

As was mentioned previously, this technique can also be used to define a low resistivity
anomaly whose limits correspond to the anomaly defined by the SEV. This anomaly is evident
at high frequencies indicating that its effect is superficial, however, at low frequency or at a
greater depth, three anomaly zones are differenciated, Figure 3.7, relating them to zones of
hydrothermal alteration, caused by recent intrusiones, which are: Amado Nervo, San Pedro -
Los Ocotes (at the site of well CB-3) and Ahualamo - Tequepexpan.

3.3 Seismology

The study that was recently initiated was for the purpose of evaluating seismic activity
in the zone and relate this to the volcanism and tectonism defined in the geological and
geophysical studies.

The objective of this new chapter of exploration is to identify active faults and the type
of energy associated with them. This is the case in the weak zone formed by the Coapan fault
and the Ceboruco Volcano. With respect to vulcanology it is anticipated to be able to identify
the model of cause or evolution.

The seismic registers were begun on August 23 of the present with the instalation of
five digital seismic stations of three components. The information already compiled indicates a
low level of regional activity in the following sites: Ceboruco, Uzeta, La Campana,
Tequepexpan, and Tepetiltic.

The location of the stations is integrated into the Ceboruco Seismologic network
presented in figure 3.8.
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3.4 -Thermometry

Based on the definition of the zones of minimum resistivity and the geologic structure,
five sites were located to calculate the thermal gradient to 200 meters. With these wells it was
not possible to cross the hot water (45-50 C) aquifer, there were convective phenomena that
made the determinations less confident. Based on this drilling two other wells to a depth of
500m was recommended. The location of the seven sites can be seen in Figure 3.9.

Based on the analysis of the recorded temperatures of the deepest wells, and by way of
the Lagrange interpolation, values of thermal gradient on the order of 0.150 C/m were
obtained the implicate heat fluxes approximately three times greater than the estimated for the
Neovolcanic axis (100 mw/m2), related to an unloading of favorable temperature for the
location of a hydrothermal system of high temperatures.

3.5.-Correlation of the Geophysical Parameters Using the Geologic Model

While integrating the geophysical data with the geological data it is possible to make
the following conclusions with respect to the geologic model of the region, Figure 2.5.

The study area is immersed locally within a depression delimited morphologically to
the northeast by the Sierra Madre Occidental and to the southwest by the Sierras de Zapotan y
Guamuchil; located within is the volcano Ceboruco and the Dome San Pedro, under which it
has been interpreted the possible existence of hot spring that could give way to a geothermal
deposit, the heat flow being restricted, most likely in the Ceboruco by way of its principal
channel, given the results of the exploratory well CB-1 drilled on its southwest flank. (I have
never seen such long sentences in my life).

For the drill site CB-3 the existence of a granitic intrusion (983 m), that could be
associated with the volcanic ducts of the San Pedro Dome, Ocotes and/or Lobos, it looks to be
associated to the geothermal system therein identified.
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RESUMEN

El proyecto geotérmico El Ceboruco, se localiza en 1la
porcién sur del estado de Nayarit, en los municipios de Ahuacatlan,
San Pedro Lagunillas y Compostela.

La exploracidn se ha desarrollado en la regidén del Graben
de Tepic-Chapala, en el sector Compostela-Ixtldn del Rio en el
estado de Nayarit, incluidas las zonas de actividad hidrotermal
" como Tequepexpan, Valle Verde-Tetitldan, el Volcan El1 Ceboruco y Los
Domos de San Pedro; siendo estas dos Ultimas las que reGnen las
caracteristicas mds sobresalientes desde el punto de vista
volcanoldgico, las que podrian favorecer la existencia de un
sistema geotérmico en la regidn, se han venido realizando trabajos
a partir de 1980 con una serie de estudios exploratorios con
caracteristicas regionales y diversos estudios de detalle en las
zonas de mayor interés geotérmico.

En particular en los sectores de El Volcan El1 Ceboruco y

Los Domos de San Pedro, se han llevado a cabo estudios de geologia
de detalle (con analisis petrograficos, geoquimicos de roca y
dataciones radiométricas), de geoquimica (andlisis isotdpicos en
las manifestaciones hidrotermales, mediciones de mercurio en 1los
suelos y andlisis de 1la emanometria de raddn), estudios de
geofisica (Aeromagnetometria, Resistividad,  Gravimetria Yy
Magnetotellria), estudios termométricos, perforacidén de pozos de
gradiente de 200 y 500 m y finalmente la perforacidn de tres pozos
exploratorios profundos entre 1700 y 2800 m, con los consecuentes
analisis petrograficos, mineraldgicos y de temperaturas de
formacidén en inclusiones fluidas tanto de los ripios como de los
nicleos recolectados en las obras de perforacién.

Se han realizado 66 muestreos y andlisis geoquimicos a
las manifestaciones termales con temperaturas superficiales de 17
a 48°C; asi como en las fumarolas y suelos vaporizantes del
Ceboruco con temperaturas de 84 a 92°C. Solamente los manantiales
termales de Uzeta y el pozo de gradiente GC-1 reportan
caracteristicas de salmueras geotérmicas muy diluidas por aguas
subterraneas mas someras de reciente infiltracidn.

La evaluacién del potencial geotérmico del proyecto
Ceboruco, concluye que el pozo CB-3 es el que hasta ahora presenta
una anomalia térmica de interés, y los trabajos de evaluacién y
prubas de desarrollo del mismo permitiran conocer las
paosibilifades de desarrollo y/o la necesidad de efectuar estudios
complementarios.
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1.- GENERALIDADES

El Programa de exploracidn realizado a la fecha en la
regién de el Volcédn E1 Ceboruco y Los Domos de San Pedro en el
estado de Nayarit, se ha llevado a cabo a partir de de la década de
los 80 con unad serie de estudios de caracter tanto regional como
local en las zonas de mayor interés geotérmico, tales como los
sectores de El1 Volcan El1 Ceboruco y Los Domos de San Pedro.

Sectores en los cuales posteriormente se desarrollo la
perforacién de pozos de gradiente entre los 200 y 700 m y
finalmente la perforacién de tres pozos exploratorios profundos
entre 1700 y 2800 m, con los consecuentes andlisis geogquimicos,
petrogrdficos, mineraldgicos y de temperaturas de formacidn,
inclusiones fluidas tanto de 1los ripios como de 1los nicleos
recolectados; en éstos Gltimos también se han efectuado las
determinaciones de densidad y susceptibilidad magnética con el fin
de integrar dichos datos a las interpretaciones geofisicas.

1.1.- Localizacién y Vias de Comunicacién

El Proyecto Geotérmico El1 Ceboruco, queda ubicado en la
porcidén sur del Estado de Nayarit y en el limite noroeste del
Estado de Jalisco. Respecto a la capital de Nayarit, Cd. de Tepic,
el proyecto se ubica a 80 km al sureste quedando incluidas, entre
otras, las poblaciones de Ixtlan del Rio, Jala, Ahuacatlén, San
Pedro Lagunillas y Compostela (Figura 1.1).

Tomando como base 1los 1limites geograficos del
estudio geoldégico regional, el aérea queda comprendida entre
los paralelos 20° 40’ y 21° 30’ de latitud norte y los meridianos
104° 00’ a los 105° 00’ de longitud oeste, cubriendo una
extensién de 9000 km® (110 x 80 km).

La principal via de comunicacién es la carretera Federal
No. 15 México-Nogales; en el tramo Guadalajara-Tepic. Ademds
de la carretera federal a Puerto Vallarta, en el trayecto
Chapalilla-San Pedro Lagunillas. Asi como la via férrea del
Ferrocarril del Pacifico que cruza el &rea uniendo las poblaciones
de Ahuacatlan y Compostela.
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1.2. Trabajos Previos
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Informe 49/85. CFE, Publicacidén Interna.

DE LA CRUZ. M. V. Y CASTILLO H. D., 1987. Estudio geolégico
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DEPARTAMENTO DE EXPLORACION, 1989. Propuesta para la Perforacidn
Exploratoria en la Zona Geotérmica del Volcan Ceboruco,
Nayarit. Informe 13/89. CFE, Publicacién Interna.
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Ceboruco-Domo de San Pedro, Nay. Contrato CFE-GPG-CLS-08-91.

GARCIA E. G. H., 1985. Estudio Termométrico de la Zona
Geotérmica del Volcé&n El1 Ceboruco, Nay. Informe 44/85 CFE,
Publicacién Interna.

GARCIA E. G. H., 1991. Estudio Aeromagnético Regional del SE de
Nayarit (El1 Ceboruco-San Pedro-Tepeltitic). Procesamiento
Digital y Descripcién Caulitativa. Informe 15/91. CFE,
Publicacidén Interna.

INVESTIGACIONES GEOFISICAS DE MEXICO, S.A. DE C.V., 1991. Estudio
Hidrogeolégico Regional en el Graben de Tepic, Estado de
Nayarit. Contrato CFE-GPG-CLS-02-91.

PALMA G. S. H., 1985. Estudio de Resistividad de 1la 2Zona
Geotérmica del Volcadn Ceboruco, Nay. Informe 42/85. CFE,
Publicacién Interna.
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- PALMA G. S. H., 1991. Integracidén de Los Estudios Geoeléctricos
de Resistividad en El Ceboruco, Nay. Informe Técnico 01/91.
CFE, Residencia El Ceboruco, Nay. Publicacidén Interna.

- PASTRANA M. E., 1991. Caracterizacidén y Evaluacidén Ambiental de
la Zona Geotérmica El1 Ceboruco, Nay. Informe Técnico 02/91.
CFE, Residencia El1 Ceboruco. Publicacién Interna.

- ROCHA L. V., 1991. Evaluacidn Geoldbgica-Estructural de la zona
termal de Las Cuevas, Domo San Pedro, volcadn Cerro Grande,
Nay. Residencia El1 Ceboruco, Nay. CFE, Publicacidén Interna.

- ROMERO R. F.; SAUCEDO G. R. Y CORTES C. A. 1991. Estudio
Geoldégico Regional del Graben de Tepic-Ixtlén, Nay. Informe
04/91. CFE, Publicacién Interna.

- TELLO H. E., 1985. Reconocimiento y Evaluacién Geoquimica de
Zonas Termales del Estado de Nayarit. Informe 53/85. CFE,
Publicacidén Interna. '

2.- GEOLOGIA

Los estudios geoldgicos llevados a cabo en el proyecto
geotérmico El Ceboruco, Nay., son de caracter regional y local, con
sus respectivas etapas de campo y gabinete.

2.1.- Geologia Regional

Los estudios realizados 1llegan a cubrir wuna A&rea
de 9,000 kms?; en donde se ha podido definir 1la columna
litoestratigrafica con dataciones y cartografia, su relacién
con la actividad tectdnica y de la evolucidén magmitica en un marco
geoldégico regionmal (Figura 2.1).

El proyecto Ceboruco, se localiza regionalmente en los
limites de tres provincias fisiogrédficas a saber:

1) PROVINCIA DE LA SIERRA MADRE DEL SUR. En un fragmento mejor
conocido como Bloque Jalisco 6 Terreno Guerrero (Tahue). Integrado
por rocas sedimentarias marinas del Cretdcico parcialmente
afectadas por el emplazamiento del gran Batolito Cordillerano;
andesitas, riolitas, ignimbritas de arco de caracter calco-alcalino
del Cretacico Superior al Terciario Inferior, sumamente afectadas
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por fracturamiento, fallamiento y alteradas por soluciones
hidrotermales.

Pertenecientes al Complejo Inferior Volcé&nico a nivel
cordillera relacionado con una margen continental convergente en el
que la Placa Faralldén era subduccionada por la corteza continental
de México, fendémeno conocido como orogenia Laramide.

2) PROVINCIA DE LA SIERRA MADRE OCCIDENTAL. Constituida
principalmente por grandes volumenes de riolitas, ignimbritas,
tobas y andesitas de caracter ‘calco-alcalino. Coronados por
basaltos alcalinos, que en conjunto forman el Complejo Superior
Volcanico del Oligoceno-Mioceno.

Su génesis atribuida a un volcanismo de zona de "rift"
atrds de un arco volcdnico andesitico por reaccién de la corteza
terrestre a movimientos de subduccién de la Placa Faralldén por
debajo de la de Norteamérica, en una fase compresiva que se
desarrollo a lo largo de la Costa del Pacifico, en adicién con
. pequefilas intrusiones o ‘"recalentamientos"”. Esta provincia
. constituye wmorfoldégicamente un gran sistema montafioso de
orientacidén NW-SE en mesetas pseudo horizontales y basculadas.

3) PROVINCIA DEL _EJE NEOVOLCANICO. Constituye un gran complejo
magmidtico heterogéneo de arco continental del Plioceno al
Reciente. De origen subductivo de la Placa de Cocos por debajo de
la de Norteamérica, en una franja de orientacidén E-W. Formada de
una gran variedad 1litoldégica en riolitas, pdmez, andesitas,
dacitas, andesitas-basdlticas y basaltos tanto calco-alcalinos como
alcalinos.

Actividad que demuestra una gran diferenciacién magmética
a profundidad, y que en superficie da lugar a estrato-volcanes;
como el Ceboruco, Tepeltitic, ' Sanganguey, Navajas etc. vy
estructuras tipo Volcan en Escudo Cerro Grande,. Calderas del
Ceboruco, Tepeltitic y Santa Maria; y el gran complejo démico de
San Pedro, Los Ocotes, Sta Isabel, Izote, Pochotero junto con un
gran ndimero de conos cineriticos alineados NW-SE.

2.2.- Geologia Local

En el &area de estudio afloran unidades sedimentarias,
igneas 1intrusivas como extrusivas en un rango cronoldgico del
Mesozoico al Reciente.
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La unidad mas antigua es del Cretécico, consiste de
calizas en la base y areniscas en la cima, (sector SW) parcialmente
se encuentra afectada por procesos de emplazamiento de Batolitos
Circumpacificos de composicién granitica y granodioritica
(basamento); asi como una secuencia andesitica, riolitica e
ignimbritica del Cretdcico Superior al Terciario Inferior, con
fallamiento, fracturamiento en fases compresivas (plegamientos),
distensivas (fallas normales), transtensionales (fallas laterales),
y de alteracidén hidrotermal, provenientes de la subduccién de 1la
Placa Faralldén (Orogenia Laramide) .

La anterior unidad forma parte del Terreno Guerrero
(Tahue), y de forma local de el "Blogue Jalisco".

Durante el Terciario Medio (Oligoceno-Mioceno), tiene
lugar una colosal actividad volcédnica de riolitas fluidales,
ignimbritas, tobas y andesitas, coronadas por pequeflas coladas de
basaltos alcalinos. Sus espesores llegan a alcanzar los 500 m para
la regién de Chapalilla, en pseudo estratos horizontales Yy
basculados de forma general al NE, fracturados, fallados .e
intemperizados en una orientacidén NW-SE.

Morfoldgicamente da lugar a la cadena montaficsa de la
Sierra Madre Occidental, que tuvo su origen como volcanismo tipico
de una zona de rift por reaccién de la corteza a fenbmenos de
subduccidén de la Placa Farallédn.

En el Mioceno Superior-Plioceno Temprano?, se reportan
procesos erosivos de rocas preexistentes que forman conglomerados
y arenas poligmiticas, con depositacidén sedimentaria de limos y
arcillas sin litificar (vulcanosedimentario).

Del Plioceno al Reciente, en la mayor parte del area se
aloja una gran cantidad de geoformas volcédnicas de interés
geotérmico: volcdn en escudo Cerro Grande, estratovolcdn Ceboruco
y Tepeltitic con sus desarrollos precaldéricos, caldéricos y de
intracaldera; conos cineriticos Tezontle, Agujerado y Molcajete;
domos de Pochotero, Santa Isabel, Las Higueras, El Fraile,
Bartolinas, San Pedro, Los Lobos, Los Ocotes, Loma Atravesada,
Izote y Las Cuevas que se relacionan con las manifestaciones
termales de la zona consistentes en manantiales de agua caliente
hasta 48°C y de fumarolas con 92°C. Los productos exdgenos
presentan una diferenciacién magmatica calco-alcalina de mayor
volumen y alcalina en basaltos de olivino, mugearitas, andesitas,
andesitas precaldéras, tobas , riolitas vitreas y dacitas de
hornblenda, andesitas-basdlticas y flujos de pémez asociados a
emplazamientos démicos



DEPARTAMENTO OE EXPLORACION P.G. CEBORUCO

2.3.- Geologia Estructural

El estado actual de los alineamientos preferenciales
NW-SE, N-S y NE-SW, a nivel regional forman en conjunto 1los
elementos estructurales distintivos, producto de la interaccidn
subductiva de placas tectdnicas en fases compresivas
(plegamientos), distensivas (fallas normales), transpresionales
(fallas laterales) y procesos de rift.

El proyecto Ceboruco, junto con otros centros eruptivos
de afinidad principalmente calco-alcalina del Plioceno al Reciente,
se localiza en la porcidén oeste de la Provincia Magmatica de la
Faja Volcanica Mexicana, de origen subductivo de la Placa de Cocos
por debajo de 1la de Norteamérica, junto con la asismica vy
desvaneciente Placa Rivera subyaciendo al Blogue Jalisco en la
Trinchera del Pacifico.

Localmente la zona de estudio se ubica en la parte
noroccidental del graben Tepic-Zacoalco con orientacidén NW-SE. De
estructura interna compleja en bloques levantados, hundidos,
trasladados y basculados; en un patrdén estructural de fallas y
fracturas paralelas al graben, cortados por estructuras NE-SW que
absorben definidos rangos de extensidn. Sistema estructural
actualmente en proceso de "rifting", en donde se han emplazado
" aparatos cineriticos de afinidad alcalina en coexistencia con
magmas Pliocenicos-Recientes calco-alcalinos del Volc&n Ceboruco y
de la Faja Volcéanica Mexicana que en gran volumen y relacionados a
la subduccidén rellenaron las depresiones preexistentes.

Los bloques mas elevados se encuentran en los extremos
"Sur (Bloque Jalisco) de la Sierra Guamuchil; y al Norte con la
Sierra de Jala, correspondiente a la provincia de la Sierra Madre
Occidental (Figura 2.1). La presencia de estructuras N-S, que
afectan principalmente a la SMO se consideran relacionadas a la
Tectdnica de Basin and Ranges.

2.4. Volcanologia

El vulcanismo en la zona del Proyecto Ceboruco, es
bastante extenso y continua desde el Terciario hasta tiempos
histéricos.

Los registros mas remotos son principalmente de arco,
andesitas, riolitas, e ignimbritas calco-alcalinas del Cretdcico

6



DEPARTAMENTO OE EXPLORACION P.G. CEBORUCO

Superior al Paleoceno-Eoceno, sujetas a procesos compresivos y
distensivos que producen una permeabilidad secundaria capaz de
alojar un yacimiento geotérmico, asociados con alteracidn
hidrotermal de 1la Orogenia Laramide. Actividad magmatica
correspondiente al Complejo Volcédnico Inferior de la Sierra Madre
Occidental.

Del Oligocenoc al Mioceno, tienen lugar grandes
emisiones -rioliticas, ignimbritas, tobas y andesitas de caracter
calco-alcalino subductivas, coronadas por basaltos alcalinos de
rift del Mioceno Superior, que pueden constituir una capa sello en
un sistema hidrotermal. Secuencia extrusiva que corresponde al
Complejo Volcdnico Superior de la Sierra Madre Occidental.

A partir del Plioceno, la tectdnica tiene un gran
desarrollo en la formacién de grabens y procesos de rifting
continental, asociados a una evolucién y diferenciacidén magmdtica
de interés volcanolégico, en la formacidén de la Faja Volcénica
Mexicana. La Depresién Tequepexpan-Ixtl&n (Figura 2.1), comienza
a ser rellenada por una secuencia extrusiva calco-alcalina de
andesitas, riolitas, tobas, dacitas, basaltos y piroclésticos que
culminan en la edificacién del estrato volcan Ceboruco, con
posteriores cambios morfolégicos debidos a la constante evolucidn
magmadtica que culmina en el desarrollo de dos calderas anidadas,
sumados a productos asociados a ellas con los flujos de ceniza El
Marquesado con edad de 1500 afios, y la erupcidén histérica a finales
del siglo pasado. Asi como emplazamiento de conos cineriticos de
afinidad alcalina en una disposicién NW-SE.

Lo anterior podria sugerir la existencia de un sistema
hidrotermal o fuente de calor, asociado a la evolucién magmatica de
origen subductivo o de rift (NW-SE), controlado por un sistema
estructural regional. . :

En la depresién "mas hundida" San Pedro-Tepeltitic
(Figura 2.2), la evolucién y diferenciacidén magmitica es de forma
continua a partir del Plioceno al Reciente. Con la edificacién del
estrato-volcan Tepeltitic de cardcter calco-alcalino en andesitas,
dacitas y flujos de lava, coronados por una caldera eliptica de
erupcidén pliniana con flujos y caida de «ceniza riolitica
que rodean al volcéan. Con 1la prosecucién ignea de domos
andesiticos intracaldera y daciticos extracaldera (Las Guilotas),
en’ asociacién con la formacién de conos cineriticos con lavas
mugeariticas (rift) en una orientacidén NW-SE.

La mayor actividad volcénica de interés geotérmico

es el emplazamiento de .cuerpos ddémicos daciticos y rioliticos
calco-alcalinos de hornblenda, confinados en la porcidén SE y S del

.



DEPARTAMENTO DE EXPLORACION P.G. CEBORUCO

volca&n Tepeltitic, con el nombre de Loma Atravesada, Bartolinas,
Izote, El Fraile, Las Cuevas, y el domo Santa Isabel; con edades
radiométricas de 1.7 a .750 Ma, que guardan una disposicidn
orientada NW-SE y N-S.

La estructura doémica wmas relevante por su forma y
dimensidén corresponde al San Pedro, constituido por 1la
extrusién de tres domos daciticos contiguos, con edades de
0.850 a 0.790 Ma, en una disposicidén eliptica NW-SE (4 x 2.5 km) y
una altura maxima de 2000 msnm, que probablemente se desarrolld o
emplazd dentro una estructura caldérica. Asociados a estos
cuerpos, se tienen depdsitos de material piroclastico, flujos de
pémez y ceniza interestratificada, en los que se pueden hallar
xenolitos de intrusivos, ademds de los manantiales termales con
mayor termalidad reportada de 48°C en Las Cuevas.

La actividad ignea continua en la "depresidn" con la
diferenciacidén y emplazamiento del domo andesitico La Atarjea con
0.530 Ma, y concluye con las mas recienteses extrusiones
diferenciadas del domo Los Lobos con 0.180 Ma, y el domo Los Ocotes
de 0.101 Ma. .

La anterior secuencia ignea en la "depresidén", es
considerada como la responsable generadora de la termalidad en la
zona.

2.5 Modelo Geolégico

A partir del. andlisis de 1los estudios geoldégicos
superficiales se ha estructurado el siguiente modelo: '

La Ultima fase del desarrollo tecténico en 1la zona
consistidé en una extensién pura de direccidén NE-SW, provocando la
formacién de una estructura tipo graben (Graben del Ceboruco) de
direccidén casi E-W en el &rea del Ceboruco y NW-SE en el &area de
Los Domos de San Pedro, afectando a las rocas de las secuencias del
Bloque Jalisco y de La Sierra Madre Occidental cuyo limite se
infiere en el centro del graben.

Tal tectonismo provocd fallamiento, £fracturamiento,
deslizamientos y basculamientos de aquellas secuencias litolédégicas,
constituidas en forma general de la base a la cima por granitos y
granodioritas los que conforman el piso basal y sobre el que se
encuentran calizas y areniscas afectadas por el cuerpo
intrusionante en la zona suroeste del &rea (Sierra de Zapotén);
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andesitas, ignimbritas y riolitas que conforman la parte superior
del Blogque Jalisco del Terciario Inferior (Sierra de Guamuchil), y
de la Sierra Madre Occidental del Terciario Medio Superior

(Figura 2.4).

Sobreyaciendo a las secuencias mencionadas se encuentra
el wvulcanismo basdltico, andesitico, dacitico y riolitico del
plioceno-pleistocénico reciente, que superficialmente conforma los
diferentes aparatos volcanicos, resaltando el Ceboruco y los Domos
de San Pedro por su elevacién.

Desde el punto de vista geotérmico, la secuencia
andesitica base de la Sierra Madre Occidental, es la unidad que se
considera, la almacenadora del posible yacimiento hidrotermal,
debido a la intensa deformacién compresiva, fallada y fracturada
que produce una buena permeabilidad, en tanto que las ignimbritas
y riolitas constituyen la capa sello de yacimiento, y la fuente de
calor asociada al vulcanismo Cuaternario y Reciente en la regién.

3.- ESTUDIOS GEOFISICOS
3.1.- Gravimetria y Magnctometria

Al analizar e interpretar la informacidén gravimétrica y
magnética del Proyecto Geotérmico El1 Ceboruco, Nay., Figuras 3.1y
3.2, ambas presentan lineamientos NW-SE y NE-SW, asociados con el
patrdén estructural regional definido mediante los reconocimientos
geolégicos. Para determinar el comportamiento geoldégico
-estructural en el subsuelo, mediante éstas técnicas, se trazd una
'seccidén que incluyera las localidades de los pozos CB-1 y
CB-2, Figura 3.3.

Mediante dicha seccidn se interpretd el siguiente modelo:
se trata de una cuenca extensional en donde el basamento
que aflora en el sector suroeste, Sierra de Zapotan, se
encuentra afallado en la parte central a una profundidad de entree
5y 7 km.

Se considerda que los limites de 1la Sierra Madre
Occidental al noreste, corresponden al lineamiento NW-SE de los
volcanes Ceboruco y Tepetiltic asociandose éste a una 2zona de
debilidad cortical por 1la cual se emplazaron dichos centros
eruptivos.
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Al occidente en la zona de Teguilita existe un sistema de
‘fallas que desplazan a las rocas graniticas a la profundidad
mencionada, Posterior al desgsplazamiento del basamento, se ha
integrado en el model, se tiene el emplazamiento de intrusiones mas
recientes gue dieron lugar al vulcanismo 4acido, representado en
superficie por le¢s cerros El Fraile, Las Bartolinas, Lobos y Los
Domos de San Pedro y Ocotes (Figura 3.1).

3.2.- Geoeléctricos

Se efectuaron dos levantamientos geoeléctricos, el
primere con la modalidad de Sondeos Eléctricos Verticales (SEV) con
arreglo tetraelectrédico Schlumberger y el segunde mediante Sondeos
Magnetoteldricos (SMT). En ambos se logrd definir una zona andmala
de minima resistividad, <30 Chm.m.

3.2.1.- Sondeos .Eléctricas Verticales

El minimec resistivo definido per los (SEV), cubre las
dreas de manifestaciones hidrotermales presentes en €l sector de
estudio, delimitdndose al oriente per el Volcan Ceboruco y la
poblacidén del Ahualamo; en tanto que al occidente se define en las
inmediaciones del poblado de Amado Nervo y Los Domos de San Pedro
v Los Ocotes, al sureste se encuentra limitado por el curso del Rio
Tetiteco; el que se relaciona estructuralmente a un lineamiento
NE-SW, Figura 3.4. A

En la seccidén de la Figura 3.5 con una direccién E-W, se

observa el minime registivo (<30 Ohm.m), el gque se muestra
superficialmente entre los pcblades de Amado Nervo (al poniente) y
Margquesado (al oriente), relacionandose éste, con las zonas de

alteracién hidrotermal detectadas en los pozes GC-6 y CB-2, en la
regidon de Amado Nervo; sin embargo las temperaturas encontradas
fueron bajas (105°C). Considerédndose por el estudio petrogridfice,
que los valores bajos de resistividad tienen asociacién con la
alteracién provocada por un vulcanismo antiguo.

Por otro lado en la zona del pozo CB-3, SEV’‘s 16, 17, 55
Yy 33, Figura 3.6, se presenta nuevamente la anomalia de baja
resistividad menciocnada, gque difiere en su comportamiento
. superficial, al evidenciar continuidad de los valores minimos de
resistividad a mayores profundidades, asociandose, a una zona de
alteracidn hidrotermal de alta temperatura como lo ha confirmado el .
pozo (B-3 desde los 600 metros con temperaturas mayores & los
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100°C, alcanzando a la profundidad de 1420 m los 184°C, y a los
1906 m una temperatura estabilizadas de 185.06°C.

3.2.2.- Sondeos Magnetoteliricos

Como se menciond anteriormente, tambi&n con esgta
técnica, se define una anomalia de baja resistividad cuyos limites
son los correspondientes a la anomalia definida por los SEV. Esta
anomalia se presenta a freciencias altas indicando que su efecto es
superficial, sin embargo a bajas frecuencias & a mayor profundidad
se diferencian tres zonas anémalas, Figura 3.7, relacionandeolas a
zonas de alteracidén hidrotermal, provocadas por intrusiones
recientes, dichas zonas son: Amado Nervo, San Pedro - Los Ocotes
(sector del pozo CB-3) y Ahualamec - Tequepexpan.

3.3.- Sismologia

El estudic recientemente iniciadeo se programdé para
evaluar la actividad sismica de la zona y su relacién con el
vulcanismo y la tectdnica que se define en los estudios geoldgicos
y geofisicos.

En esta nueva etapa dé exploracién ~ se pretende
identificar las fallas que sean activas y el tipe de esfuerzos que
se ejerceh. Tal es el caso de la zona de debilidad formada por la
falla Coapan ¥y el Vol¢édn Ceboruco. En el aspecto vulcanoldgico se
espera identificar el modelo gue da lugar al vulcanismo actual o en
evolucidn. -

Los registros sismicos se iniciaron el 23 de agosto del
afio en curso con la instalacidén de ¢inco equipos sismoldgicos de
tipo digital de tres componentes, la informacidn hasta ahora
recopilada indica un bajo nivel de actividad regional en los gities
Ceboruco, Uzeta, La Campana, Tequepexpan y Tepetiltic.

La ubicacién de las estaciones gque integran la Red
Sismoldégica del Ceboruco se presentan en la Figura 3.8.

3.4.- Termometria

En base a la definicién de las zonas de minimos
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resistivos y al comportamiento geoldgico estructural, se ubicaron
cinco sitios para calcular el gradiente térmico a 200 metros. Con
estos pozos no se logrd atravesar el acuifero de agua caliente (45-
50°C) por lo cual se presentaron fendmenos convectivos, dque
hicieron poco confiables las determinaciones. Por tal motivo se
recomendaron dos pozos adicionales a 500 m de profundidad. La
ubicacidén de los siete sitios se observa en la Figura 3.9.

Mediante el andlisis de los registros de temperatura de
los pozos mas profundos, a través de la interpolacién de Lagrange,
se obtuvieron valores de gradiente térmico del orden 0.150 °C/m,
que implican flujos de calor aproximadamente tres veces mayores al
estimado para el Eje Neovolcdnico (100 mw/m?), relaciondndose con
una descarga de calor favorable para la yacencia de un sistema
hidrotermal de alta temperatura.

3.5.- Correlacién de los Pardmetros Geofisicos
con el Modelo Geoldégico

Al integrar la informacién geofisica con 1los datos
geoldgicos es posible plantear las siguientes conclusiones respecto
al modelo geoldgico de la regidn, Figura 2.5.

La zona de estudio se encuentra inmersa, localmente,
dentro de una depresidn delimitada morfoldgicamente al noreste por
la Sierra Madre Occidental y al suroeste por las Sierras de Zapotdan
y Guamuchil, quedando emplazados dentro de ésta, el volcéan Ceboruco
y Domo de San Pedro, bajo los cudles se ha interpretado que es
posible la existencia de fuentes de calor que puedan dar lugar a-un
Yacimiento Geotérmico; quedando restringida la conduccidn de calor,
probablemente en el Ceboruco a través del conducto principal de
éste, dados los resultados del pozo exploratorio CB-1 perforado en
su flanco suroeste.

Para el sector del pozo CB-3 la existencia de un
intrusivo granitico (983 m), que pudiese asociarse con 1los
conductos volcanicos del Domo San Pedro, Ocotes y/o Lobos, parece
ser el asociado al sistema geotérmico ahi identificado.

12
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4.- GEOQUIMICA

La aplicacién de técnicas geoquimicas ha llegado a ser
parte integral de cualquier investigacién relacionada con la
exploracidén y explotacién de recursos geotérmicos. Debido a que
actualmente se estd perforando el tercer pozo profundo (CB-3).
exploratorio, se llevo a cabo la revisién de la informacién
geoquimica existente hasta la fecha.

4.1.~- Muestreo de Agua y Gases

El presente trabajo se desarrolldé con el objeto de
conocer las caracteristicas geoquimicas del acuifero somero y su
interaccién con fluidos geotérmicos. Para esto se utilizé 1la
composicidén quimica del agua de 57 manantiales y 9 pozos termales
localizados en los alrededores del volcan Ceboruco.

En la cima del volcan del Ceboruco existen fumarolas y
suelos vaporizantes con temperaturas de 84°C a 92°C. Los suelos
vaporizantes se encuentran en la pared interior de la primera
caldera con una temperatura superficial de 84°C. Cabe mencionar que
no se pueden muestrear por la baja presidén que presentan. Sin
embargo en estas manifestaciones no se aprecia olor a &cido
sulfhidrico.

La otra localidad es el llamado crater Cinco Bocas de la
segunda caldera, en donde se’ encuentran las fumarolas mas
representativas con una temperatura superficial de 92°C, notandose
depositacidén de azufre elemental y percibiéndose olor a H,S. .El
andlisis quimico de los gases reveld la existencia de cantidades
considerables de elementos como el CO,, H, y H,S que son gases
representatitivos de un sistema geotérmico de alta temperatura.

4.2.- Pardmetros Geoquimicos

Con el objeto de clasificar geoquimicamente el agua de
las manifestaciones se graficé el contenido relativo de HCO,; Cl y
SO, de las manifestaciones analizadas. A excepcidn de las muestras

de Uzeta, y el pozo Santa Isabel (GC-1), cuyos caracteres
geoquimicos son clorurado-sdédico, el resto presenta un caracter
bicarbonatado-sddico (Figura 4.1). En la tabla 4.1 estd referida
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la composicién quimica de las muestras analizadas.

Las muestras de agua de Uzeta (M24) y pozo Santa Isabel
(M66), son las Unicas que presentan evidencias de ‘estar
interaccionando con fluidos de origen profundo. Esto debido a que
la concentracién de boro y litio estén presentes en cantidades
significativas (1.2 y 3.5 ppm, respectivamente).

También es importante mencionar que en el caso del pozo
Santa Isabel al graficar el contenido relativo de Na:K:Mg (Figura
4.2)., se desplaza hacia la zona de equilibrio parcial aunque a
temperaturas bajas. El resto de las captaciones se ubican en la
zona de aguas someras.

Se aplicd el método desarrollado por Giggenbach, 1988; el
cual permite determinar tanto el contenido de CO, como 1la
temperatura del "Gltimo equilibrio" del agua con la roca antes de
aflorar a la superficie (Figura 4.3). En esta figura se observa
que solamente el agua del pozo de gradiente Santa Isabel tiende al
equilibrio con la roca y se ubica en la zona de formacidn de
calcita.

El resto de las captaciones se mueven hacia la zona de
formacidén de calcita. Lo que indica que los fluidos ascienden muy
réapido a la superficie y no llegan a equilibrarse con la roca con
la que estan en contacto. Las temperaturas del Gltimo equilibrio
varian de 50°C a 70°C. La diferencia entre las temperaturas se
debe a la velocidad del ascenso desde la profundidad y a 1la
cinética de la interaccidn agua-roca. Esto indica que se trata de
aguas someras que se han equilibrado con la roca a bajas
temperaturas.

En la Figura 4.4 estan representados en planta 1los
valores de cloruros registrados por todas las captaciones
analizadas en la zona. Se puede ver en la grafica que los
manantiales de Las Guamaras (M26), Agua Caliente de las Las Cuevas
(M40), Agua Mineral (M55), Las Gudsimas (M59), Pozo Santa Isabel
(M66) y Uzeta (M24) son los que presentan los valores mas altos de
cloruros (105 .a 225 ppm). Ademads también registraron las mas altas
temperaturas superficiales (25 a 48°C). Asi como las mas altas
concentraciones del elemento boro con 1.2 (M24) a 4 ppm (M40), que
sugieren circulacidén profunda.

Es importante mencionar que el alineamiento NW-SE de los
valores andémalos (Cloruros) en la zona coinciden con los rasgos
geoldgicos principales formados por la fractura del Rio Tetitlén y
los domos de orientacidén NW-SE del que forma parte el Domo San
Pedro.

14
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Por lo antrior, debido a que estos manantiales de mayor
termalidad se encuentran en la margen izquierda de Rio Tetitlan
permiten suponer que la fuente de calor que las influencia podria
ser el Domo San Pedro. Aunado a esto las caracteristicas
geoquimicas que presenta el pozo artesiano de -gradiente Santa
Isabel con temperatura de 42°C, y walores altos de cloruros y boro
con respecto a las aguas locales permite también suponer que ha
profundidad podrian encontrarse condiciones <geotérmicas mas
interesantes.

4.3.- Geotermometria de Fase Liquida

Una de las suposiciones fundamentales en la apllcac1on de
los geotermémetros es que el equilibrio agua-roca se efectiia a
‘profundidad y a elevadas temperaturas. En el caso de los
manantiales de El1 Ceboruco, el geotermémetre de K/Mg, sugiere
temperaturas inferiorées a 100°C lo cual indica que son manantiales
de circulacidén somera que se han eguilibrade con la roca a bajas
temperaturas. Debido a lo anterior no es recomendable aplicar el
resto de las geotermémetros, ya que no se cumple con la suposicidn
fundamental. '

4 .4.- Impacto Ambiental

Debido a gque en la zona se inicilaron las perforaC1ones
profundas, es importante egtablecer las caracteristicas quimicas de
los diferentes . cuerpos de agua en condiciones naturales (no
perturbadas por la explotacidn geotérmica) para conocer la calidad
del agua que existe en la zona y su posible uso.

Para la clasificacidn de la calidad del agua para uso
agricola, se empleo la Figura 4.5; la cual esta basada en la
conductividad eléctrica y la relacidén de -abscrcidén de sodio. Se
puede ver en ella, que la gran mayocria de las captaciocnes del
Ceboruco se ubican en la regidn de aguas de buena calidad para usc
agricola. 8in embargo, las muestras 31; 59, 20, 40 presentan una
salinidad media pero tienen un alto peligro por sodic
intercambiable. Las muestras 55 y 24 presentan alta salinidad con
muy alto peligro de sodio intercambiable.

También de acuerdo con el contenido de bero la gran

mayoria de las captaciones se encuentran clasificadas como aguas de
buegna calidad. Sin embargo las muestras de Las Gudmaras (M26),
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Agua Caliente (M4Q), P. del Rio (M55) ¥y Santa Isabel (M66)
presentan concentraciones de boro mayores de 3 ppm lo que indica
gue, su uso debe ser reservado para cultivos moderadamente sensibles

al boro.
5.- PERFORACION DE POZ0OS EXPLORATORIOS

La conjuncién de los trabajos técniccos determinaron la
localizacién de 3 pozos profundos de 2000 wm (Figura 3.9),
determinaridn la existencia de una o varias zohas andmalas termales
relacionadas con un yaC1m1ento geotermlco susceptible de ser
aprovechado en la generacidn de energia eléctrica.

POZO CB-1.- Se perford en la ladera sur al volcdn Ceboruco,
bajo las coordenadas X = 596,800, ¥ = 27332,500, y 2 = 1130 msnm.
En una parxcela que pertenece al Ejldo del Marquesado, municipio de
Ahucatléan.

POZO CB-2.- Se perforé a 18 km al poniente del CB-1, en las
coordenadas X = 529_850 Y = 2'333,400 y 2 = 850 mgnm, en una
parcela al ejido Amado Nervo, municipic de San Pedro Lagunillas.

POZO CB-3.- Se perford a 3.4 km al noreste del Domo Central
de San Pedro y a 9 ki al nor-noreste del pozo CB-2, bajo las
coordenadas X = 530,950, Y = 2/342,650 ¥y Z = 1220 msnm. En una
parcela del municipio de San Pedro Lagunlllas ’

5.1.- Argumentos Técnicos en la Seleccién de Sitios

Los argumentos técnicos empleados para la seleccién de
los sitios a perforar fueron geoguimicos, geoldgicos ¥y
geofisices. Para el caso del sitio del pozoe CB-1, fue el
determinar la presencia de un yacimiento geotérmico asociados al
volcan Ceboruco. Con los estudios geoquimicos se muestrearon y
analizaron los gases de las fumarolas y suelos c¢alientes con
temperaturas miximas de 92°C, de los crateres del aparato volcanice
del Ceboruco {(Cinco bocas), arrojando como resultado biéxido de
carbono, &cido sulfhidrico e hldrogeno en cantidades comparables a
las encontradas en pozos gectérmices de alta entalpia.

Con la aplicacidén de la gecotermometria de fase gaseosa se

calcularon temperaturas de fondo del orden de 267°¢; el estudio de
mercuric mostrd porcentajes mayores a los obtenidos en alguna zocona
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geotérmica del pais.

Los estudios geolégicos regional y detalle concluyeron
que el edificio volcédnico debe estar relacionado a profundidad con
una cdmara magmitica apenas en proceso de enfriamiento, ya que su
dltima erupcidén es histdrica (1870 - 1875), y relacionado a una
zona con un desarrcllo tectdénico importante.

Los levantamientos geofisicos con el wmétodo de MT,
recomendaron el sitio tomando como base la suposicidén de que el
conductivo intermedio por su forma y sus valores de resistividad
ahi detectados, estuviesen asociados al yacimiento geotérmico; los
estudios gravimétricos y aeromagnéticos arrojaron como resultados
que las anomalias de minimos ahi presentes se relacionan con una
zona de interés geotérmico.

Para el sitio del pozo CB-2, los argumentos geoquimicos
se tienen en el andlisis de las manifestaciones termales de los
valles de Tetitldn-Valle Verde y el de Amado Nervo. Constituidos
por manantiales con temperaturas maximas de 48°C. Ademéds 1los
elementos detectados sugieren que son indicadores de actividad
geotérmica. Las temperaturas estimadas con el geotermémetro
de K-Mg van desde los 53 hasta 68°C; sin embargo esta estimacidn se
ve restringida por la naturaleza secundaria de los manantiales.

Los estudios de caracter geoldégico se basan en el
desarrollo vulcanolégico de la zona donde se han emplazado una
serie de domos de composicién dacitica, riolitica y andesitica a
partir del Cuaternario Inferior (1.7 Ma). Tales estructuras se
encuentran alineadas en una direccién NW-SE, de una zona de
debilidad que fue aprovechada para el ascenso y emplazamiento de
las formas doémicas.

Los argumentos geofisicos (geoeléctricos y gravimetria),
permitieron apoyar el sitio del CB-2 ya que el conductivo
intermedio presenta valores de resistividades minimos en esa zona
que pudiesen estar relacionados con alta saturacién o alteracidn
hidrotermal, el andlisis cualitativo de la anomalia de Bouguer
detectd una zona de minimo gravimétrico que es interpretada como
una zona de graben o semigraben con orientacidén NW-SE.

Para el sitio del pozo CB-3, los estudios geoquimicos
‘practicados a la manifestacidn de la Gudsimas con 31°C, y la mas
cercana al sitio, indican que tienen concentraciones de boro,
sulfatos y cloruros como indicadores de actividad geotérmica.

Los estudios de caracter geolégico apoyan el aérea debido
que existe el emplazamiento de un complejo ddémico calco-alcalino
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dacitico y riolitico con edades de 0.850 a 0.790 Ma, para el San
Pedro hasta los 0.101 Ma, para el domo Los Ocotes. Orientados en
una franja de debilidad NW-SE y N-S, en asociacidén con coladas
mugeariticas, asi como el de encontrar la andesita basal de la SMO.

Los estudios de geofisica eléctrica, arrojaron como
resultado una correlacidén muy importante entre las anomalias de
bajas resistividades con posibles zonas de fracturamiento o de
calor. Ademds la anomalia de Bouguer regional presenta un minimo
gravimétrico en el &rea de los domos de San Pedro, que pudiera
estar relacionada a una zona de depresidén donde se emplazaron las
formas ddémicas recientes.

5.2.- OBJETIVOS

POZ0O CB-1.

a) Determinar la presencia de un yacimiento geotérmico asociado
al Volcan Ceboruco.

b) Encontrar el yacimiento en la unidad basal andesitica de 1la
Sierra Madre Occidental, Oligoceno-Mioceno, que debido a la intensa
deformacidén compresiva se encuentra plegada, fallada, y fracturada
produciendo una buena permeabilidad secundaria, constituyendo un
acuifero de 600 - 700 m de espesor favorable para la exploracién de
un eventual yacimiento.

c) Comprobar el modelo geolégico propuesto.

d) Conocer las caracteristicas fisicas de susceptibilidad
magnética, densidad, conductividad en los nicleos extraidos durante
la perforacién. Ademds de su datacidn.

e) Establecer la distribucidén de la mineralogia hidrotermal asi
como de su paragénesis, 'y su relacién con el vulcanismo del
Ceboruco.

f) Determinar que caracteristicas de las rocas controlan las
anomalias de Dbaja resistividad obtenidas por el método
magnetotelirico, que por sus valores cualitativos menores de
10 Ohm.m, resultarian tener un interés geotérmico.
Cuantitativamente se definieron a partir de los 400 m hasta los
1250 m.

Lo anterior se encuentra también sustentado en un
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comportamiento estructural del "basamento" en base al andlisis de
la informacidén gravimétrica, que determina que el basamento se
encuentra dentro de un minimo gravimétrico interpretado como una
depresidén que seria alcanzado en el orden de los 1200 y 1300 m.

POZ0O CB-2

a) Determinar la presencia de un yacimiento geotérmico en el
area de Amado Nervo. . .

b) Encontrar la base andesitica de la SMO.
c) Comprobar el modelo geoldgico para esta zona.

d) Conocer las caracteristicas fisicas de susceptibilidad
magnética, densidad y conductividad en los nicleos extraidos
durante la perforacién. Ademds de su datacidn.

e) Establecer la distribucién de la mineralogia hidrotermal
asi como su paragénesis en relacidén al vulcanismo démico reciente
de la zona.

f) Conocer las caracteristicas que determinan dos zonas de
interés con valores de baja resistividad (5-10 Ohm.m) en el

intervalo de los 900 a 1200 m, y por debajo de los 1500 m de
profundidad.

g) Penetrar a una zona de minimo gravimétrico relacionada con
" una estructura tipo graben paralela al sistema regional principal
(NW-SE) . ‘

POZO CB-3

a) Determinar la presencia del un yacimiento geotérmico en el
area de los Domos San Pedro-Los Ocotes.

b) Encontrar la base andesitica de la SMO. s

c) Comprobar el modelo geoldgico para esta zona.

d) Conocer las caracteristicas fisicas de susceptibilidad
magnética, densidad y conductividad en los nicleos extraidos de la -

perforacidén del pozo. Ademds de su dataciédn.

e) Establecer la distribucidén de la mineralogia hidrotermal
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asi como su paragénesis, y su relacidén con los domos recientes de
100 000 afios de Los Ocotes y Los Lobos.

f) Atravezar la zona anémala de interés termal con valores de
baja resistividad de 5 a 30 Ohm.m.

5.3.- RESULTADOS DE LA PERFORACION

El pozo CB-1, se inicid a perforar el 6 de octubre de
1993 y concluyd el 23 de marzo de 1994. Alcanzd un desarrollo
maximo de 2801 m de profundidad, con una temperatura maxima
estabilizada de 115°C.

El pozo CB-2, se inicidé a perforar el 10 de abril de 1994
y concluye el 22 de julio de 1994. Este pozo tiene una profundidad
de 1700 m.

El pozo CB-3, se inicié a perforar el 18 de agosto de
1994 y concluyd el 5 de diciembre de 1994, con un desarrollo maximo
de 1911 m. :

5.4.- Terminacién de Pozos

El estado mecdnico de los pozos exploratorios profundos
quedd de la siguiente manera:

POZO CB-1.- Se instald con tuberia de revestimiento (TR)
de 9 5/8", de 0 a 1494.28 mbnt. De ahi con agujero descubierto- de
8 1/2" hasta los 2801 m. El pozo presenta una obstruccidén por
derrumbe de 2160 m hasta la profundidad total (Figura 5.1).
Durante la perforacidn se extrajeron 7 nucleos a diferentes
profundidades. '

POZO CB-2.- Quedo con TR de 13 3/8" de 0 a 303 mbnt,

agujero descubierto de 12 1/4" hasta 1506 wmbnt.; y agujero
descubierto de 8 1/2" hasta 1700 mbnt (Figura 5.2).

POZO CB-3.- Tiene TR de 9 5/8 ae 0 a 496 mbnt; y lleva
agujero descubierto de 8 1/2" hasta 1911 m (Figura 5.3).
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6.- EVALUACION GEOTERMICA

6.1.- Columna Litolégica

La litologia atravesada por el Pozo CB-1, consiste de
piroclasticos pertenecientes al edificio volcdnico del
Ceboruco con un espesor de 200 m (de 0 a 200 m), lavas
andesiticas, rioliticas, basalticas y tobas con un espesor
de 214 m (200 a 414 m).

De 414 a 494 m se tiene un conglomerado heterogéneo con
un espesor de 80 m, el que seguramente se deposito durante el
Plioceno, una secuencia gruesa de lavas andesiticas, basdlticas,
brechas andesito-basdlticas, tobas y basaltos magnéticos con un
espesor de 866 m (494 a 2360 m) y pertenecientes tentativamente al
Mio-Plioceno, cuyo origen es fisural y relacionada con la apertura

de la fosa del Ceboruco. Una unidad riolitica e ignimbritica
probablemente de la secuencia 1litoldgica del Bloque Jalisco
con un espesor de 400 m (2360 a 2760 m); y finalmente unas

lavas andesiticas pertenecientes a la secuencia del Blogue
Jalisco? (Figura 5.1). 4

La litologia atravesada por el Pozo CB-2, consiste de un
horizonte con 26 m de espesor (0 a 26 m) de flujos de ceniza y
bloques daciticos, resultado de un colapso de un frente de flujo o
del emplazamiento de los Domos de San Pedro. Lavas basalticas
vesiculares compactas de olivino del volcdn en Escudo Cerro
Grande con una edad de 1.1 Ma y espesor de 22 m (de 26 a 48 m).
Tobas Pumiciticas con un espesor de 92 m (de 48 a 140 m); Dacitas
de hornblenda con un espesor de 186 m (de 140 a 326 m), Lavas
basdlticas con un espesor de 36 m (326 a 362 m). Un
depbsito lacustre vulcanosedimentario constituido por arcillas,
limos, arenas, grabas y tobas pumiciticas con espesor de
178 m (de 362 a 540 m). Una unidad riolitica con espesor de 32 m
(de 540 a 572 m). Un paguete de 1lavas andesiticas con espesor
de 260 m (de 572 a 832 m); y finalmente 1la secuencia del
Bloque Jalisco representada por: una unidad de ignimbritas
liticas con espesor de 133 m (832 a 965 m), y un potente
espesor de lavas andesiticas de 735 m (de 965 a 1700 m), la
cual se encuentra intrusionada por una cuarzodiorita a los 1510 m
de profundidad (Figura 5.2).

La litologia cortada por el Pozo CB-3, consiste de

riolitas fluidales con inyecciones de obsidiana con una edad
0.109 Ma y espesor de 266 m (de 0 a 266 m de profundidad). Una
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unidad de dacitas de hornblenda y mica con un espesor de 234 m (de
266 a 500 m), correlacionable con el emplazamiento de los domos de
San Pedro con una edad de 0.790 Ma. Una unidad de dacitas
con fuerte alteracidén hidrotermal con un espesor de 360 m
(de 500 a 860 m). Un paquete de lavas andesiticas vitreas con un
espesor de 68 m (de 860 a 928 m), y finalmente un cuerpo intrusivo
(stock , boss o apdéfisis de un batolito) de composicién granito
calco-alcalino de biotita , piroxeno (enstatita), 6xidos, ilmenita
y magnetita, compacto de color rosado. Con alteracidén hidrotermal
(argilitizacién) de plagioclasas, feldespatos y ferromagnesianos en
la matriz, con un espesor de 983 m (de 928 a 1911 m), Figura 5.3.

6.2.- Alteracion Hidrotermal

En el pozo CB-1, la mineralogia de alteracidén hidrotermal
detectada es de bajo grado, representada por calcita en fallas y
remplazamiento de plagioclasas, clorita, prehnita, zeolitas y
cuarzo. En forma general estos se presentaron a partir de los
1200 hasta los 2801 m de profundidad.

La presencia de epidota fue detectada en traza de falla.
El estudio de inclusiones fluidas en calcita, determinaron
temperaturas de formacién de 137°C a la profundidad total. Los
registros de temperatura efectuados concluyen que el pozo tiene un
gradiente normal. :

En el pozo CB-2, la mineralogia hidrotermal es de bajo
grado representada por clorita, cuarzo, calcita , oxidos, pirita y
calcopirita que se presentan a partir de los 600 a los 1700 m. La
-epidota esta presente a partir de los 900 m.

La aparicién de turmalina indica una actividad
hldrotermal antigua. Los registros de temperatura durante la
perforacidén concluyen que el pozo tiene un gradiente normal
(ligeramente andmalo) .

En el pozo CB-3, la mineralogia de alteracidén hidrotermal
queda representada por cuarzo, calcita en fallas y remplazamiento
de plagioclasas; la biotita esta alterada en parte a clorita, los
piroxenos en arcillas, pirita, y hematita que se presentan a partir
de los 500 m, mientras que la epidota (remplazamiento), arcillas y
sericita se encuentran de los 900 m hacia el fondo.

De 1los tres pozos, el dgue presenta mineralogia de
alteracidn hidrotermal importante o relacionada con temperaturas
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mayores de 200°C es el CB-3.

Lo cual queda demostrado por la serie de registros de
temperatura con elementos Kuster, en complemento con las medidas
en los lodos de perforacién de "entrada y salida". .Por lo
que se concluye que la zona esta relacionada con un sistema

geotérmico.
6.3.- Temperaturas Medidas

Durante la perforacién se llevaron a cabo una serie de
registros de temperatura de fondo, utilizando los elementos de
equipo Kuster, en diferentes intervalos de profundidad como a
diversos intervalos de tiempo, segun se exibe a continuacidn.

REGISTROS DE TEMPERATURA EN EL POZO CB-1
REGISTROS ™ HORAS DE TEMPERATURA | INTERVALO DEL
N : REPOSO MAX IMA REGISTRO
T-5 - 12 34.00°C 0 a 495 m
T-7 12 50.71°C 0a 994 m
S T-12 20 65.80°C 900 a 1494 m
T-18 25 90.00°C 1000 a 1987 m
T-21 24 96.20°C 1500 a 2481 m
T-25 24 102.70°C 0 a 2583 m
T-27 18 110.10°C 2000 a 2785 m
La temperatura mdxima estabilizada por el método Horner fue
de 115 °C a los 2801 m (gradiente termal normal).
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REGISTROS DE TEMPERATURA EN EL POZO CB-2

REGISTRO HORAS DE TEMPERATURA INTERVALO DEL
REPOSO MAXIMA REGISTRO
T-3 18 52.0°C 0a 660m
T-6 18 77.8°C 500 a 1050 m
T-9 i8 92.3°C 800 a 1500 m
T-13 24 105.4°C 900 a 1691 m

111.87°C

La temperatura mdxima estabilizada por paquete TEMPEST es de

(gradiente termal normal ligeramente andmalo) .

REGISTROS DE TEMPERATURA EN EL POZO CB-3

REGISTROS HORAS DE TEMPERATURA INTERVALO DEL
REPOSO MAXTIMA REGISTRO

T-4 24 127.5°C 0Oa 791 m

T-8 24 156°C 450 a 1186 m

T-11 18 171.5°C 450 a 1420 m

T-15 24 183.3°C 0 a 1906 m

1906 m es de 198°C.

La temperatura maxima estabilizada por el método Horner a los
(gradiente termal andémalo) .

6.4.- Zonas de Pefdidas de los Fluidos de Perforacién

Durante la construccién de 1los pozos
fluidos o

Figuras 5.1 a 5.3).
intervalos o =2zonas con pérdidas
las porciones
con las propiedades
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de 1.2 a 12 m*/h, asociables con pequeflas zonas de fracturamiento
y fallamiento parcialmente sellado. Es de importancia notar que la
densidad ligeramente alta del lodo de perforacidén influyd en las
bajas perdidas de circulacidén (Figuras 5.1 a 5.3).

6.5.- Objetivos Geoldgicos-Geofisicos Alcanzados

Estos.quedan restringidos a los resultados obtenidos de
la perforacién de los 3 pozos profundos.

POZ0 CB-1.- Alcanzd una profundidad total de 2801 m. Los
resultados obtenidos son:

a) No existe un yacimiento geotérmico, ni zona andémala termal
asociada al volcan Ceboruco.

b) El yacimiento en la unidad basal andesitica de la SMO no se
encontrd. .

c) Se establecid la columna litoldgica, con la actualizacidn
del Modelo Geoldgico. '

d) Se hicieron mediciones de densidad, y algunas de
susceptibilidad magnética en los  nicleos de diferentes
profundidades, quedando pendiente los de conductividad y las
dataciones.

e) Se permitid® establecer la distribucién mineraldgica
hidrotermal, asi como su. paragénesis en adicidén con el gradiente
termal.

f) Se determind que la zona de bajos resistivos menores
de 10 Ohm.m, que se -cortaron en el intervalo de 400 a 1200 m, no
tienen relacidén con un yacimiento geotérmico o anomalia termal.

g) La interpretacién gravimétrica demostré que la zona
corresponde a una gran depresidén (graben), del basamento granitico.

POZ0 CB-2.-~ La profundidad total de este pozo es de 1700

m. Los resultados obtenidos de la perforacidén concluyen:

a) No existe un yacimiento geotérmico, ni de anomalia termal
en la zona de Amado Nervo.

25



DEPARTAMENTO DE EXPLORACION P.Q. CEBORUCO

b) Las condiciones de fracturamiento, fallamiento vy
permeabilidad que pudiera tener la andesita basal de la
SMO, para alojar un yacimiento asociadas al complejo démico del
Plioceno-Reciente son nulas.

La zona de permeabilidad reportada en los registros de perdida
total de circulacién a los 600 m, indica que corresponde tal vez a
un contacto litoldgico o bien a un intemperismo superficial de la
cima de un cuerpo andesitico.

c) Se permitid establecer la columna litoldgica y actualizar
el Modelo Geoldgico.

d) Se realizaron mediciones de densidad para 1los nutcleos
extraidos durante la perforacién. Quedando pendientes por
efectuar 1los de susceptibilidad magnética, conductividad vy
datacién.

e) Se establecid la distribucidn mineraldgica hidrotermal asi
como paragénesis, en adicidén a la medicidén del gradiente termal.

f) Los wvalores de baja resistividad 5 a 10 Ohm.m, que
fueron cortados en el intervalo de 900 a 1200 m y por debajo de los
1500 m, no tienen relacidén alguna con un yacimiento geotérmico o de
anomalia termal. Los bajos valores de resistividad del primer
intervalo se relacionan con la presencia de alteracidén hidrotermal
ahi detectada.

g) Se confirma que la zona esta ubicada en un minimo
gravimétrico relacionada con una estructura tipo graben (NW-SE).

POZ0O CB-3.- Alcanz® una profundidad de 1911 m. Los resultados
obtenidos para este pozo de acuerdo a los objetivos concluyen:

a) Que el aérea del Domo San Pedro-Tepeltitic, esta ubicada
dentro de una zona andémala térmica. Quizds en relacidén al complejo
démico del Plioceno-Reciente.

b) No se corto secuencia andesitica basal de la SMO.

C) Se permitid establecer la columna litoldgica y actualizar
el Modelo Geoldgico.

d) Hasta la fecha se han realizado mediciones de densidad,

estando pendiente las determinaciones de susceptibilidad magnética,
conductividad y de datacidén en los nicleos extraidos de 1la
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perforacidn.

e) Se ha establecido de forma parcial la distribucidn
mineraldgica hidrotermal y de paragénesis. '

f) Que los valores de bajos resistivos de 5 a 30 Ohm-m, estan
relacionados con una zona andmala termal, en correlacidén al
complejo démico de 101,000 afios.

g) La anomalia Bouguer regional, presenta un minimo
gravimétrico donde se emplazaron las formas ddémicas.

6.6.- Evaluacién del Potencial Geotérmico

La ubicacidén del Proyecto Ceboruco dentro de la Provincia
de la Faja Volcdnica Mexicana, estd relacionada con. aparatos
efusivos recientes calco-alcalinos diferenciados, en adicién
a una regidén tectdnicamente activa de interés geotérmico, en la
cual se han perforado tres pozos profundos CB-1 (2801 m), CB-2
(1700 m) y CB-3 (1911 m) para la evaluacién del potencial
geotérmico en la zona.

Estos pozos fueron localizados en sectores de "anomalias
de interés" en base a estudios geofisicos, y de caracteristicas
geoldgico-estructurales presentes en los sistemas hidrotermales.

La paragénesis de los minerales hidrotermales indican en
general que la evaluacidén para el pozo CB-1 es de bajo grado, por
su temperatura de formacidén de 137°C a 2801 m. En base a 1los
estudios de inclusiones fluidas en calcita se determindé una
temperatura de formacidén der 22°C mas caliente que la temperatura
estabilizada por el Método Horner (115°C). Los datos de
temperatura a lo largo del pozo no tuvieron relacién con 1las
anomalias geofisicas de minimos resistivos.

Con respecto al para&metro de permeabilidad, ya sea
primaria o secundaria para alojar un yacimiento, este también es
restringido, debido a las bajas perdidas de circulacibn reportadas
en la perforacién (1.2 a 1.3 m’/h en el tramo de 2300 a 2800 m).

La mineralogia de alteracidén hidrotermal asi como su
paragénesis para el CB-2, reporta minerales de bajo grado que
aparecen a partir de los 600 m, hasta el fondo (calcita, 6éxidos,
pirita, calcopirita, clorita, cuarzo) . La epidota como
geotermoindicador aparecid desde los 900 m. La presencia de
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turmalina indica actividad hidrotermal antigua. El registro de
temperatura por el método Horner a los 1691 m reporta 105°C como
maxima. Las anomalias de bajos resistivos no tienen relacién
directa con la termalidad, pero si con los productos de alteracidn
hidrotermal de baja temperatura.

En lo referente a las condiciones de permeabilidad en
base a perdidas de fluidos de perforacidén estd también es bastante
restringida para alojar un yacimiento.

La mineralogia de alteracidén como su paragénesis hasta
ahora encontrada en el CB-3, reporta minerales como cuarzo,
calcita, clorita, pirita y O6xidos a partir de los 500 m, asi como
de magnetita, epidota, sericita y arcillas desde los 900 m hasta el
fondo del pozo. Los resultados microtérmicos de inclusiones fluidas
en cuarzo, a partir de los 550 m a 1310 m, reportan rangos de
temperatura de homogeneizacién (Th) promedio de 133.5 a 178°C. En
los 1420 m se tomo el valor minimo de Th de 176°C (atn que varia
hasta los 234°C).

Los registros de 24 h de reposo, permiten determinar un
gradiente termal del orden de 20°C promedio, mas frias que las
obtenidas en laboratorio para las inclusiones fluidas. La dltima
serie de registros de temperatura permite establecer, por el método
Horner, una temperatura de formacidén de 198°C a los 1906 m.

Las condiciones de permeabilidad referidas a los reportes
de perdidas de fluidos son bajas, sin embargo el indice de
permeabilidad real se determinard cuando concluyan las actividades
de labado del pozo, las pruebas de inyecibn-recuperacién,
evaluacidén y desarrollo del pozo.

En base a los datos disponibles se considera que el
Potencial Geotérmico de interés, en el proyecto Ceboruco, se
encuentra en la zona del pozo CB-3, donde se comprobd que existe
una relacidén de la anomalia de los minimos resistivos con zonas de
alteracidén hidrotermal y temperaturas en el orden de los 189.06°C
a 1906 m en rocas intrusivas.
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7.- CONCLUSIONES

- E1 Proyecto Ceboruco se ubica dentro de la Provincia de la
Faja Volcanica Mexicana.

- El Dbasamento estd <constituido por una secuencia
sedimentaria, afectada por intrusiones graniticas-
granodioriticas calco-alcalinas de un gran Batolito
Circumpacifico del Cretdcico Superior al Terciario Inferior.

- Las dataciones en rocas volcanicas permiten establecer tres
periodos de actividad ignea:

a) Andesitas, riolitas, ignimbritas del Terciario
Inferior, que constituyen el Grupo Inferior Volcénico de
la Sierra Madre Occidental (base). Con efectos de
fallamiento, fracturamiento y de alteracidn hidrotermal.

b) Riolitas, ignimbritas, tobas y basaltos calco-
alcalinos del Grupo Superior Volc&nico de la SMO. Del.
Oligoceno-Mioceno.

c) Basaltos, riolitas, dacitas, andesitas, tobas vy
pumiciticas, principalmente de cardcter calco-alcalino,
en coexistencia con algunos alcalinos, propios de la
formacién de la provincia de la Faja Volcénica Mexicana,
del Plioceno al Reciente.

- Existen tres patrones estructurales regionales NW-SE, N-S y
NE-SW. .

- Existe una diferenciacidén magmdtica acentuada a partir del
Mioceno Superior al Reciente.

- Las edades radiométricas para los domos de la zona del Domo
.San Pedro son de 1.7 hasta los 0.101 Ma.

- El Gltimo evento efusivo proviene del Ceboruco, y data del
siglo pasado (1870-1875).

- Las manifestaciones termales en la zona son manantiales de
agua caliente (48°C) de fumarolas (92°C). -
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- La presencia de fumarolas (92°C) en suelos vaporizantes en
el volcan Ceboruco, permiten asegurar la presencia de
actividad volcénica.

- Los gases presentes en las fumarolas corresponden a las
esperadas en un ambiente geotérmico.

- Solo dos manantiales son clorurados-sdédicos. Con
caracteristicas de salmueras geotérmicas, altamente diluidas
por aguas subterréneas mas someras de reciente infiltracién.

- El geotermdémetro de K-Mg, arroja temperaturas de formacidn
por abajo de los 100°C.

- No se detectaron evidencias de algin yacimiento geotérmico,
ni anomalia termal de interés comercial en los pozos CB-1 y
CB-2; sin embargo, la estructura del Ceboruco cuenta aan con
zonas de interés para continuar la exploracién en ella.

- La zona de los Domos San Pedro-Los Ocotes, estd situada en
una zona de gradiente andémalo, relacionada quizd con 1la
presencia del complejo démico de edad Reciente.

- Los estudios de resistividad con SEV'’s y con SMT's,
determinaron que los valores de baja resistividad
menores de 10 Omh.m medianamente someros, atractivos a
estudiar en el subsuelo, no tuvieron relacidén con anomalias
térmicas de importancia para los pozos profundos CB-1 y CB-2.
La respuesta encontrada estd relacionada con los productos de
alteracibén de baja temperatura.

- Los valores de baja resistividad de 5 a 30 Ohm-m, para la
zona del CB-3, se relacionan con una anomalia térmica -de
interés, asociada con un sistema hidrotermal con temperaturas
mayores de 200°C.

- Mediante el wmétodo gravimétrico se determindé el
comportamiento estructural (NW-SE y NE-SW), definiendo
depresiones y levantamientos, en la que se han emplazado el
volcan Ceboruco y Domo de San Pedro.

- Magnéticamente también se definieron lineamientos NW-SE y

NE-SW que se asocian a la geometria estructural, expuesta en
el parrafo anterior.

- De forma regional eléctricamente se definieron tres sectores
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de minimos resistivos los Qque se asociaron a zonas de
alteracién hidrotermal, ubicdndose en éstos los pozos de
gradiente, mediante los cudles se obtuvieron valores de
flujo de calor tres veces mayor al considerado para el Eje
Neovolcénico, lo que sugirié la presencia de una descarga de
calor de un sistema hidrotermal de alta temperatura, como 1lo
ha demostrado el pozo CB-3.

- Con la termalidad obtenida en el CB-3, se confirma el
potencial geotérmico en la regién.
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Agua Caliente (M40), P. del Rio (M55) y Santa Isabel (M66)
presentan concentraciones de boro mayores de 3 ppm lo que indica
que su uso debe ser reservado para cultivos moderadamente sensibles

al boro.
5.- PERFORACION DE POZOS EXPLORATORIOS

La conjuncidén de los trabajos técnicos determinaron la
localizacién de 3 pozos profundos de 2000 m (Figura 3.9),
determinardn la existencia de una o varias zonas andmalas termales
relacionadas con un yacimiento geotérmico susceptible de ser
aprovechado en la generacidén de energia eléctrica.

POZQ CB-1.- Se perfordé en la ladera sur al volcéan Ceboruco,
bajo las coordenadas X = 596,800, Y = 2/332,500, y 2 = 1130 msnm.
En una parcela que pertenece al Ejido del Marquesado, municipio de
Ahucatlan. .

POZO CB-2.- Se perford a 18 km al ponienﬁe del CB-1, en las
coordenadas X = 529,850 Y = 2’333,400 y 2 = 850 msnm, en una
parcela al ejido Amado Nervo, municipio de San Pedro Lagunillas.

POZO CB-3.- Se perford a 3.4 km al noreste del Domo Central
de San Pedro y a 9 km al nor-noreste del pozo CB-2, bajo las
coordenadas X = 530,950, Y = 2’342,650 y Z = 1220 msnm. En una
parcela del municipio de San Pedro Lagunillas.

5.1.- Argumentos Técnicos en la Seleccién de Sitios

Los argumentos técnicos empleados para la seleccién de
los sitios a perforar fueron geoquimicos, geoldégicos vy
geofisicos. Para el caso del sitio del pozo CB-1, fue el
determinar la presencia de un yacimiento geotérmico asociados al
volcan Ceboruco. Con los estudios geoquimicos se muestrearon y
analizaron los gases de las fumarolas y suelos calientes con
temperaturas maximas de 92°C, de los crateres del aparato volcénico
del Ceboruco (Cinco bocas), arrojando como resultado bidxido de
carbono, &dcido sulfhidrico e hidrdgeno en cantidades comparables a
las encontradas en pozos geotérmicos de alta entalpia.

Con la aplicacidén de la geotermometria de fase gaseosa se

calcularon temperaturas de fondo del orden de 267°C; el estudio de
mercurio mostrd porcentajes mayores a los obtenidos en alguna zona
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geotérmica del pais.

Los estudios geoldgicos regional y detalle concluyeron
que el edificio volcénico debe estar relacionado a profundidad con
una camara magmidtica apenas en proceso de enfriamiento, ya que su
Gltima erupcidén es histdérica (1870 - 1875), y relacionado a una
zona con un desarrollo tectdénico importante.

Los 1levantamientos geofisicos con el wmétodo de MT,
recomendaron el sitio tomando como base la suposicidén de que el
conductivo intermedio por su forma y sus valores de resistividad
ahi detectados, estuviesen asociados al yacimiento geotérmico; los
estudios gravimétricos y aeromagnéticos arrojaron como resultados
que las anomalias de minimos ahi presentes se relacionan con una
zona de interés geotérmico.

Para el sitio del pozo CB-2, los argumentos geoquimicos
se tienen en el andlisis de las manifestaciones termales de los
valles de Tetitlén-Valle Verde y el de Amado Nervo. Constituidos
por manantiales con temperaturas maximas de 48°C. Adema@s 1los
elementos detectados sugieren que son indicadores de actividad
geotérmica. Las temperaturas estimadas con el geotermdémetro
de K-Mg van desde los 53 hasta 68°C; sin embargo esta estimacidn se
ve restringida por la naturaleza secundaria de los manantiales.

Los estudios de caracter geoldgico se basan en el
desarrollo vulcanolégico de la zona donde se han emplazado una
serie de domos de composicidén dacitica, riolitica y andesitica a
partir del Cuaternario Inferior (1.7 Ma). Tales estructuras se
encuentran alineadas en una direccién NW-SE, de una zona de
debilidad que fue aprovechada para el ascenso y emplazamiento de
las formas démicas.

Los argumentos geofisicos (geoeléctricos y grav1metr1a),
permitieron apoyar el sitio del CB-2 ya que el conductivo
intermedio presenta valores de resistividades minimos en esa zona
que pudiesen estar relacionados con alta saturacién o alteracién
hidrotermal, el andlisis cualitativo de la anomalia de Bouguer
detectd una zona de minimo gravimétrico que es interpretada como
una zona de graben o semigraben con orientacidén NW-SE.

Para el sitio del pozo CB-3, los estudios geoquimicos
practicados a la manifestacidn de la Guasimas con 31°C, y la mas
cercana al sitio, indican que tienen concentraciones de boro,
sulfatos y cloruros como indicadores de actividad geotérmica.

~ Los estudios de caracter geoldgico apoyan el aérea debido
que ex1ste el emplazamiento de un complejo démico calco-alcalino
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dacitico y riolitico con edades de 0.850 a 0.790 Ma, para el San
Pedro hasta los 0.101 Ma, para el domo Los Ocotes. Orientados en

una franja de debilidad NW-SE y N-S, en asociacidén con coladas
mugeariticas, asi como el de encontrar la andesita basal de la SMO.

’ Los estudios de geofisica eléctrica, arrojaron como
resultado una correlacidén muy importante entre las anomalias de
bajas resistividades con posibles zonas de fracturamiento o de
calor. Ademds la anomalia de Bouguer regional presenta un minimo
gravimétrico en el &rea de los domos de San Pedro, gque pudiera
estar relacionada a una zona de depresidén donde se emplazaron las

formas démicas recientes.
5.2.- OBJETIVOS

POZ0 CB-1.

a) Determlnar la presencia de un yac1m1ento geotérmico asociado
al Volcan Ceboruco.

b) Enbontrar el yacimiento en la unidad basal andesitica de 1la
Sierra Madre Occidental, Oligoceno-Mioceno, que debido a la intensa
deformacidén compresiva se encuentra plegada, fallada, y fracturada
produciendo una buena permeabilidad secundaria, constituyendo un
acuifero de 600 - 700 m de espesor favorable para la exploracidn de

un eventual yacimiento.
c) Comprobar el modelo geoldgico propuesto.

d) Conocer 1las caracteristicas fisicas de susceptibilidad
magnética, densidad, conductividad en los nicleos extraidos durante
la perforacidén. Ademds de su datacién. .

e) Establecer la distribucién de la mineralogia hidrotermal asi
como de su paragénesis, 'y su relacién con el vulcanismo del

Ceboruco.

f) Determinar que caracteristicas de las rocas-: controlan las
anomalias 'de baja resistividad obtenidas por el método
magnetotelirico, Qque por sus valores cualitativos menores de
10 Ohm.m, resultarian tener un interés geotérmico.
Cuantitativamente se definieron a partir de los 400 m hasta los

1250 m.

Lo anterior se encuentra también sustentado en un
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comportamiento estructural del "basamento" en base al andlisis de
la informacidén gravimétrica, que determina que el basamento se
encuentra dentro de un minimo gravimétrico interpretado como una
depresién que seria alcanzado en el orden de los 1200 y 1300 m.

POZO_CB-2

a) Determinar la presencia de un yacimiento geotérmico en el
drea de Amado Nervo. . .

b) Encontrar la base andesitica de la SMO.
c) Comprobar el modelo geoldédgico para esta zona.

d) Conocer las caracteristicas fisicas de susceptibilidad
magnética, densidad y conductividad en los nlcleos extraldos
durante la perforac1on Ademds de su datacién.

e) Establecer la distribucién de la mineralogia hidrotermal
asi como su paragénesis en relacidén al vulcanismo démico reciente
de la zona.

f) Conocer las caracteristicas que determinan dos zonas de
interés con valores de baja resistividad (5-10 Ohm.m) en el

intervalo de los 900 a 1200 m, y por debajo de los 1500 m de
profundidad.

g) Penetrar a una zona de minimo gravimétrico relacionada con
" una estructura tipo graben paralela al sistema regional principal
(NW-SE) .

POZO CB-~-3

a) Determinar la presencia del un yacimiento geotérmico en el
area de los Domos San Pedro-Los Ocotes.

b) Encontrar la base andesitica de la SMO. i

c) Comprobar el modelo geoldgico para esta zona.

d) Conocer las caracteristicas fisicas de susceptibilidad
magnética, densidad y conductividad en los nicleos extraidos de la

perforacidén del pozo. Ademas de su datacién.

e) Establecer la distribucién de la mineralogia hidrotermal
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asi como su paragénesis, y su relacién con los domos recientes de
100 000 afios de Los Ocotes y Los Lobos.

f) Atravezar la zona andtmala de interés termal con valores de
baja resistividad de 5 a 30 Ohm.m.

5.3.- RESULTADOS DE LA PERFORACION

El pozo CB-1, se inicié a perforar el 6 de octubre de
1993 y concluyd el 23 de marzo de 1994. Alcanzdé un desarrollo
mdximo de 2801 m de profundidad, con una temperatura maxima
estabiliiada de 115°C.

. El pozo CB-2, se inicid a perforar el 10 de abril de 1994
y concluye el 22 de jullo de 1994. Este pozo tiene una profundidad
de 1700 m.

El pozo CB-3, se inicié a perforar el 18 de agosto de
1994 y concluyd el 5 de d1c1embre de 1994, con un desarrollo maximo
de 1911 m. )

5.4.- Terminacidén de Pozos

El estado mecénico de los pozos exploratorios profundos
quedo de la siguiente manera:

POZO CB-1.- Se 1nsta16 con tuberia de revestimiento (TR)
de 9 5/8", de 0 a 1494.28 mbnt. De ahi con agujero descubierto. de
8 1/2" hasta los 2801 m. El pozo presenta una obstruccidén por
derrumbe de 2160 m hasta la profundldad total (Figura '5.1).

" Durante 1la perforacién se extrajeron 7 nicleos a diferentes
profundidades.

POZO CB-2.- Quedo con TR de 13 3/8" de 0 a 303 mbnt,

agujero descubierto de 12 1/4" hasta 1506 mbnt.; y agujero
descubierto de 8 1/2" hasta 1700 mbnt (Figura 5.2).

POZO CB-3.- Tiene TR de 9 5/8 de 0 a 496 mbnt; y lleva
agujero descubierto de 8 1/2" hasta 1911 m (Figura 5.3).
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FIG. S.2 REGISTRQO CONTINUO DE PERFORACION
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FIG. S5.3 REGISTRO CONTINUO DE PERFORACION

PROYECTO EL CEBORUCO

POZO . CB_3 x: S30 2SO0 FECHAa OE INICIO: 18-08.9=
’ Yo 2 3I=2 &350 FECHA TERMINACTION: Qs-/127-949
z. 1zzo - ) PROFUNDIDAD: 1911 M.B8.N.T.
TEMP . FONDO: 183.3 oC

: 9 b0 . : E ) g §
] H § Y e & oo o o g i 8 ‘ -
§ 3 { ¢ {5hranRy b W gt i i CONST. DEL POZO § ¢ LLioLoSIA  DESCRIPCIONES LITOLOGICAS
s I 7 T 11 = i ] r—imn RIOLITA VITREA:
rr. e L L ] feddode _..__: ut. i EEE; susiby 5-- el )
L L et 1= [ L 9 DE O A 90 MTS.
t ' L LR L B }‘ 1 RIOLITA VITREA CON
“, =+ - T -] ESTRUCTURA FLUIDAL
Rl L } A L] [ 1 COLCR GRIS CLARO
i - - Hebd| TR e : 1 A RDSASED Y VIDRIO
Hi ARRNENANS -t : = [ 1 VOLCANICO
L (L . . . ] 0BSIDIANA -
; AL A DE SO A L70 MTS
fl. L L L . . . VIDRIO VOLCANICO (0BSI-
— o DIANA) CON ESCASOS FRAG-
Al HE n | SRARRERA] S - 1 MENTOS RIOLITICOS
HITLL LﬂL i RIOLITA FLUIDAL
i — DE 170 A 266 MTS
L L : ( t ] RIOLITA VITREA GRIS ROJIZA
B f B . i X i - CON ESTRUCTURA FLUIDAL
i 1l HHIEH § o300
4] Imn T [T G S DACITAS SAN PEDRO
L L HH ; T E ' oo} DE 266 A SO0 MTS
i LI RENS el = o1 - t L 9595 OACITAS DE HORNBLENDA Y
. : : d 9 . 29230 BIOTITA,- GRIS CLARD TEX-
U n ) X . o sCQ 259l TURA PORFIDICA MESOSTA-
il T : it el _ Soses| SIS VITREA
- °d ' o] DO
n{nm Sl | T 4 g il EE
T T LERORTn X bd 4 ] 59593 DACITA HIDROTERMALIZADA
3 I HHIH T b" HH [Hr e | %5q OE S00 A 860 MTS
, ! = ‘ 3 é {1 BESTEN DACITA DE HORNBLENDA Y
gl g SRRRRE N - IR 2308 MICA, ALTERADA Y MINERA-
X - :}1 é H. : L i Id 4 S3:0%5 LIZADA COLDOR BLANCO,
SRR IRTRREA ( 1S : 4 Gd ] GRIS VERDOSO Y ROJIZO,
- ‘ 5 d K o \\\| CON CuaRzZO, PIRITA CAL-
"I : dxad R Inkis ; 1 < \ d 1 b CITA, CLORITA, ARCILLAS
S i T =k L‘E xg . "\ Y oxToos.
{1 1 id 10 L] s ANDESITA:
L L JHILT L] IR M OE 860 A 928 MTS
s s % - -
I;.r..l. X 1 RANRARE:- JRLLELE AL [d 1] N *M) ANDESITA GRIS OBSCURO,
i L S ] vl MESOSTASIS VITREA, TEXTURA
i H ;S L% e x x| AFANITICA A MICROPORFIDICA
LLLT LI [ b ML el « < 4| CON CALCITA, . PIRITA, CUAR-
b i | SIS «*«’5l Z0 Y PROBABLE EPIDOTA.
L - L L Sl AL R -,
- .Y g secu] - »
i N T TR 1S i ‘:::‘ GRANITO-
b - L AL 3 b4 ] « %" DE 928 A 1860 MTS
o (d ‘% .“,%J GRANITO DE BIOTITA Y PIRO-
: : ‘ q b . «**J XENOS, COLORACION ROSACEA
i C T E!‘.:I T J G . «*«*s] TEXTURA HOLOCRISTALINA
R [isin A T TPl g 1 « GRANULAR, LCON PRESENCIA
SHIT L] i 1[ sg sg %] DE cumRrzo, cALCITA cCLD-
T e ) E d 15 N % RITA ARCILLAS, PIRITA Y
i T L | [E4Y R ] «*x*d TRAZAS DE EPIDOTA
f | _1; + ‘::—h g qd 1] « "« [ ANDESITA CLORITIZADA:
-k = = i C< >‘(S %..,. +"J{DE 1860 A 1864 MTS
Hik i ik 1 14 1w || ANDESITA CLORITIZADA, CON
i ‘?Lq'- =i d I P g [Poe| VETILLAS DE EPIDOTA. PIRI-
s N T Tl 4[4 A{‘z;p TA, CALCITA Y CUARZO
1 il "= * % ™
| - mi L *9 e o eraNTTO .
‘l ! ‘E [ A "x ’ . o‘v‘c f“—. 'l'?r"‘ ':\_ljlll NTS g
M XK R - ';; i p St UGRANLTO O BIOTITA ¥ PIRL-
mminn . m Y -] “w.+l XENOS, COLORACION ROSACEA
S ) s To7o’ll TEXTURA HOLOCRISTALINA
IRk j s <"’ GRANULAR, CON PRESENCIA
Nk : .+« DE CUARZO. CALCITA, CLORI-
17 ) ] .» ¢ | TAARCILLAS, PIRITA Y TRA-
i A ~elv’| zAS DE EPIDOTA

lAYSIaYNaY




equipo Kuster,
diversos intervalos de tiempo,

en diferentes intervalos de profundidad como
segqun se exibe a continuacidn.

REGISTROS DE TEMPERATURA EN EL POZO CB-1

REGISTROS HORAS DE TEMPERATURA | INTERVALO DEL
REPOSO MAXIMA REGISTRO
T-5 12 34.00°C 0 a 495 m
T-7 12 50.71°C 0a 994 m
T-12 20 65.80°C 900 a 1494 m
T-18 25 90.00°C 1000 a 1987 m
T-21 24 96.20°C 1500 a 2481 m
T-25 24 102.70°C 0 a 2583 m
T-27 18 110.10°C 2000 a 2785 m

de 115 °C

La temperatura mdxima estabilizada por

a los 2801 m

el método Horner fue
(gradiente termal normal) .

REGISTROS DE TEMPERATURA EN EL POZO CB-2

REGISTRO HORAS DE TEMPERATURA INTERVALO DEL
REPOSO MAX IMA REGISTRO
T-3 18 52.0°C 0a 660m
T-6 18 77.8°C 500 a 1050 m
T-9 18 92.3°C 800 a 1500 m
T-13 24 105.4°C 900 a 1691 m

111.87°C

La temperatura mixima estabilizada por paquete TEMPEST es de

(gradiente termal normal ligeramente anémalo) .

REGISTROS DE TEMPERATURA EN EL POZO CB-3

REGISTROS HORAS DE TEMPERATURA INTERVALO DEL
' REPOSO MAXIMA REGISTRO

T-4 24 127.5°C 0Oa 791 m

T-8 24 156°C 450 a 1186 m

T-11 18 171.5°C 450 a 1420 m

T-15 24 183.3°C 0 a 1906 m

1906 m

es de 198°C.

La temperatura mdxima estabilizada por el método Horner a los
(gradiente termal andmalo) .
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