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PREFACE

It is greal pleasure that | present this report entitled the “Pre-Feasibility Study for the
Nosthern Neuguén Geothermal Development Project”’ to the Governmen! of the Argentme
Repubhc.

‘This report embodies the result of ficld surveys which were carried out in the Nosthemn
Neuwquén Province, in three slages during February 1982 to March 1984, by the Japanese
survey team commissioned by the Japan liternational Cooperation Agency following the
request of the Government of the Argentine Republic.

The sﬁn’ey 'team, headed ‘by Mr. Kaneo Kakegawa, had a series of close discussions with
the officials concemned of the Government of the Argentine Republic and the staffs of
organizations, and conducted a wide scope of field surveys and dafa analyses.

I sincerely hope that this repost will be usefull as a basic reference for de\elopmenl of
geothermal fesources in the country.

I am particularly pleased to express my appreciation 1o the officials concerned of the

Government of the Argentine Republic and the stafl's of organizations for their close coopera-
fion extended to the Yapanese feam.

November, 1984

Sgke Mt

Keisuke Arita
President
Japan International Cooperalion Agency
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Conclusions and Recommendations

Conclusions

The stepwise invesligalions have been carsied out on this survey, from the regional in-
vestigation to the detailed investigation, in order to defermine and select the most promising
area for the futare geothermal developmient and suiveys. All possible areas in the northern
region (of the Provinée of Neuquéa, the Argeatine Republic) were invesligaled for which the
possibility in existence of geothesmal resousces had been anticipated. Various methods were
used throughout the fissl phase to the third phase of surveys.

‘As a r‘e‘sulf, the geological Stmclure, fracture systems, the distsibution and the nature
of geothermal manifestations, the qualily and a temperatvre of expected geothermal fluid,
fhe structuse of geothermal resesvoir, elc. in the region were clarified, and the mosl promising
areas were selected.

In a broader sense of a geographical area, the region is focated at the external edge of the
east side of the Andes, in which an active diastrophism and valcanic activities from the time
of the creation of the Andes to the Pleistocene in the Quaternary period were recognized.

Following the first and the s¢cond phases of the sunvey, selecled is the most promising
area in the uclnlly of a tnangle zone (lemporanly named as the Domuyo Triangle Zone)
belween the A® \ianchana Covunco and the A° Cowvunco at the wesl of Co. Domo in the
D()muyo district.

Fumaroles of patucu!arly hol and infensiv eI} hot springs are distributed in this area
wifh the highest concentralion mth_l_n the region concerned. Abaormalities in ground (emper-
alure and in géochemislry weie clear!y'reébg,nized, and the structure of the bascments, the
struclure of fraciures, etc. were clearly determvined according (o analytical results of
gravimelric prospecting. It was also fouad that the distribution of the dominant geothermal
manifestations was resfricled by those struelures. _

The geothermal fluid expected fo exist is e;lher of a2 water-vapor-mixed lype or of a
vapor-dominated lype in common saline springs of 200°C or higher, according lo the geo
chem;cal thermometers.

. On the other hand the hydrological sludy indicates that this region is located within the

- river systems of A® \!anchana Comnco and A° Covunco, oitginated from cryocrowns and

glaaeta in the Vn. Domuyo mountains rising high behind the easfern region. A stable waler

supply is, lherel'ore mamlamed throughoul a year, blessed with excelleat water balance as a
geothennal fluid source. .

As the results of lhe thmi phase suIvey, nere detalls and m!e(eﬂmg resulis were found
on the geology and the struclure of reservoir_ete. within the Domuyo Triangle Zone, and the
2 areas of @ and @ were selected as the most promising areas to be investizated in a coming
de\elopment Supvey. )

The deplhs of the geo!hennal slructural basements exceed 800 minboth the areas, and
a crushed or collapsed structure is assumed to exist within these areas. The development of
the structure fo the depths as {he reservoir or the passage of geothermat fluid, can be ex-
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pected in these areas. The areas are adjacent to the geothermal manifestations which accom-

pany a dominanl blowoul of water.vapor-mixed type. The simitarity and relation to the
manifestations in the structure can be assumed in the arcas.

Arca (N

‘The Area ) is situated at the north of Los Tachos geothermal manifestation and has
dimensions of 2.5 Km north-south in lengih and 1.0 Km in the east-west disection, covering a
space of 2.5 Km?. Andesitic to dacitic tuffs of the upper Mesozoic to the Terliary are ex-
pected to be a reservoir, being low to medium in density and moderate to high in porosity.

The geophysical prospeclings have indicated a struclure in which a large collapse of the
basements and an overlying succession of beds is supposed. The concentration and develop-
ment of faulls and crushed zones are expecled and these phenomena will provide a potential

for a reservoir stiucture which may extend not only in lateral directions butl also to the
depth.

Arca B

The Area (B is located at the south of El Humazo geothermal manifestation, being
1.2 Km in north-south and 0.5 Xnt from east {0 wesl, covering an area of 0.6 Km?._ Expected
is an existence of rocks which are high in densify and low in effeclive porosity. The geother-
mal manifestation at El Humazo and the analytical resulfs of various geophysical prospectlings
indicate that a reservoir structure in the Areais fermed of an inlensive collapie in local,
faulis and crushed zones in the basements or overlying formations of the lower Mesozoic. The
struclure is expected to extend to the depths.

As a targel of the next stage of geothermal exploration fo be carried out in the fulurse,
the best priosily is given to the Area Q) from view poinl of physical propeities in rocks, tec-
tonic characteristics in the sfructure and a scale of the target.

Recommendations

The surveys, stipulated in and agreed upon the SfW signed between the Government of
Japan and the Government of Asgentine will be completed by the submission of this report.

Extremely interesting findings were obtained on the exislence of geothermal resources,
and the promising potentials are poinfed oul from the results of investigations and analyses
which were carried out during a period from the first to the third phases. The Area @) in the

Pomuyo Tiiangle Zone is selecied as the target of the top priority for development surveys to
be done in the future.

Genesally speaking, an exploration and exploitalion of geothérmal resources are accom-
panied by high risks in technology and économy, and it is preferable (o proceed as stepwise.
as possible for the development of geothermal resources, considering lechnical environments
and experiences in Argentine.

From this point of view, the completion of the present surveys means a progress in the
first hall of basic study -- ie., a step of surface invesligation of so-called potential evalua-
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tion, has been completed. Steps that should be taken in future will be as follows. With
emphasis placed on the excavation of investigation wells, in order to verily findings obtained
by the surface investigations, various related surveys should be done to delineate the struc-
tuse, the scale and the produclion capacity of the reservoir to evaluate regional potentials. At
the same lime, socioeconomical effecliveness and influences on the development of the
geothermal resources in adjacent areas should also be investigated, so that conclusions on the
potential evaluation may be drawn through the overall analysis. A decision for and against the
next stepand a selection of measures to be taken will be based on these valuations.

Recommendations are made in regard to susveys and investigations required in fulure,
based on conditions mentioned so fas.

1. Dirilting of an investigation hote of a 400 m for measurements of temperature and heat
flow
The hole was scheduled to be dirilled in the third phase susveys, bul the drilling opera-
fion was inferrupfed due to seasonal and weather conditions. The drilled of a 400 m class
investigation hole in the Area (B) should be resumed, and planned (empesaluge measurements
should be carvied oul. More delailed data with the geothermal gradient should be obtained, in
order to predict the depth of the reservoir with a higher accuracy.

2. Drilling of an investigation well of a 1,500 m-class
A welt of 2 1,500 m<lass should be sunk in the Area () in order (o delineate a geo-
thermal reservoir. Since the déplh fo the layess of a high temperature or to the reseivoir has
been assumed {o be relatively shallow, it will be necessaiy to take sufficient preventive meas-
ures, depending on the results obtainable in the hole of a 400 m-class, such as the installation
of a prevender, etc. against potealial hazards upon drilling.
Planned contents of the invesiigation well are as follows:
Numberof well: 1
Inclination: veriical
Well diameter at the botlom: HQ (97.5 m/m)
Core: all cores should be, as 2 rule, recovered
Completing the well: the well should be coimpleted by means of casing and
cementation, including the installation of strainers at
necessary posilions.

3. Research of rock propeitics

Coics obtained by dsilling of the investigation wells should be subject to measurements
of the density, effective porosily, magnetic suscepiibility, resistivily, thermal conductivily,
elastic wave velocitly, ete. The X-ray analyses and microscopic obseivations should be done of

altered minerals, in order to oblain basic data for various loggings of investigation wells, and
for the evaluation of the reseivoir.

an)



4. Temperature and electric logzings of an investigation well :

Temperature and electric loggings should be done in the investigation well, in order to
estimate the vettical dimension and physical conditions of the reservoir, and to provide data
for re-analysis, (ogether with findings already obtained.

5.  Geothermal fluid blowoul test - s :

Static and dynamic tests should be cartied oul of the blowout of the gfeolhem‘)é! fluid,
in order to determine and analyze blowout characteristic of the m\esllgallon well, and to.
verify the production capacily of the geotheimal resesvoir.

6. Overall rc-analysis
Findings of the foregoing and data already oblajned thiough previous susveys should
be reanalyzed comprehensively, not only !'or the vesification and evalualion of the targel

concerned, but also to increase the accuracy on the estinvation of the structure of the geo-
therma} reservoir of the entire region.

7. Peonomic and social feasibility study (Pre-feasibitity study) -

Stepwise surveys described in 1 through 6 above should be implemented, in ofder to
verify the structure and the production capacity of the geothermal reservoir in the
arca. Afler the delineation of the overalt and general geothermal poteatials, pre-feasibility
study should be made on socioeconomic effectiveness and influences of the development
of expected geothermal resoutees on the northem région of Neuquén, which is éne of the
feast developed and depopulated ateas in Argentine, Overall evaluations should bé done by
putting all data together, and the course of direction and the steps to be taken atl the nexi
phase of development should be studied.

(1v)






1. General Remarks









1. General Remarks

1.1 Purposes and Methods of the Suney
This survey was stasted in accordance with the S/W (Scope of Work) signed on the day
of February 25th, 1982, based on the agreement belween the Japanese Government and the
Government of the Argentine _Rep'ubiic. The aforementioned S/W was signed by the duly
authorized persons of the following organizations related to the matter.
From the Jaganese side:
e Japan Internalional Cooperation Agency (JICA)
Fiom the Argentine side:
# Planning Coordination Undersecretariat, Planning Secretanal of the President of
the Nation’
® Subsecretarial of Fuels Resousces of the State Encrgy Secrelariat
® Seccsefariat del COPADE, the Government of the Neuguén’s Province
The susvey in question, concerned with geothermal enesgy sesources and covening an
area of 15,000 Km? in the northem parl of the Province of Neuquén, Argentine, was carsied
out in three distinct phases ranging from the regional stuvey to the detaijled survey by using
various methods of investigation, has two priacipal purpgses, i.e., to make the final selection
of the mosl promising area conlaining a geothermal resesvoir structure, with elucidation, com-
prehension and evaluation of the struciure of the sajd layer, and {0 propose an appropsiale
course and a plan about the investigations o be carried out in the future, including considera-
tions en drlting of investigation wells and other details regaided to be necessasy.
The surveyed areas, the flow chart of the three-phase survey and the stages of execution
of work are shown ir the Fig. 1-1, Fable 1-1 and Table 1-2.

1.2 Outline of the First Phase Sunvey (First Year)

The first phase survey (first yeas) was carried oul in February and March of 1982,
The target of the promising arca for geothesmal development was narrowed down to 200
Km?, as a resull of the interprelations of salellite (LANDSAT) images covering 15,000 Km?
and aerial photographs covering 5,000 Km?, being in the northern part of the Province of
Neuquén. That promising area was selected as a targel of the second phase survey {second
year).

1.3 Qutline of the Second Phase Survey (Second Year)

i The second phase survey was commenced with the topographical mapping of the survey
area (200 Km?) prior to the execution of the field survey. Later on, the fizld survey consist-
ing of a geological survey, a petrographical work and a rock sample lesl, a gravily sunvey, an
alteration zone survey, an 1 m depth ground temperature susvey, a geochemical survey, a
hydrological survey, a survey of hol springs and fumarolic gas and vapour was carried out
from November 1982 to March 1983, The geology, the geological stnuclure, the heat flow



structure, the geothenmal Tluid circulation mechanism and the geothermal reservoir stracture
are clucidated by making a comprehensive analysis of the aforementioned surveys. Extremely
pronmising and interesting information was obtained as a sesult 6f the studies. Such being the
case, {he best priorily was given to a promising area of 40 Km? to be investigaed in the third

phase survey {third yecar) and the concrete measures for lmp]emen(ahon of the survey are
planned.

1.4 Outline of the Third Phase Susvey (Thud Year) :

The field survey in the third phase was carried out from November 1983 to March 1984.
The third phase survey consists of electrical prospecling, seismic prospecting, a heat flow
survey utilizing 100 m-deep holes, an isotopic analysis of hot-spring walers, laboratory meas-
urement of physical properties of rocks and an overall analysis which covers the resulls ob-
taincd through the first phase to the third phase susveys.

As the resulis of the studies, the geothermal system in the area was clarified, and the
plost promising areas were extracted. Récommendation was made in regard 1o sune)s and
investigations “!uch might be required in the future.

1.5 Membess and Peogress of the Survey Team
The members of the Japanese survey téam and Argenling’ counterpads and the suney

piogress are as follows.

(1) Sumvey team of the first phase

hjpaness fum ) Asgéatine team
Post Name Belong to Post Name ) Beong to
Leades M. Kaneo KAKEGAWA HCeA | Leades M1 Alfredo FSTEVES | Gor.of
i . Nzaqoia Prov.
Geology Mr, Fukio KAYUKAWA - S :
Geachemintry | Mr Jose L_SIERRA
Resote sensing | M. Tokichiro TANI - _

Survey period (Period of stay in Argentine)
February 25th 1982 to March 3151 1982
Field survey period

March 8th 1982 to March 20 1982 -
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(2) Survey team of the sccond phase

Fapanese team _ Argentine team
Post Name Belong to Post Kime Belong 1o
Lezdee M Xaneo KAKEGAWA JICA Leades Mr. Alfsedo ESTEVES Gor. of
Neuquén Prov,
Geolozy Me. Fukio KAYUKAWA - ewgutn Trev
) ) Geochemistry | Ma. Jose L. SIERRA -
Geology Mr. Osamu MIYAISHI -
Geokoey Mr, Mario O. GINGINS -
Geochemistry | Mr. Hisznze KOIZUME " ‘
) ) Geology M. Luis C. MAS b
Geoochemistiy | M. Kazuyass SUGAWARA -
. . Geochembtry | Miss Miriam LOEWY -
Geophysics Mr. Kenwchi NOMURA - ) ] ‘
Topography | Mr Juande D ALBORNOQZ -
Geophysics | Mr. Shiseo MORIBAYASHS -
Topogrzphy M. Carlos R FERNANDEZ "
Geophysics AMr_Ikuo TAXAHASHI -
Sunvey period (Period of slay in Argeatine)
November 15th 1982 to March 3st 1983
Field survey period
December 9th 1982 to February 28th 1983
Period of analysis and intesprelation
Apnl Ist 1983 1o August 10th 1983
(3) Survey team of the thitd phase
Japarcese Team Argentin? team
Post Name _ Belong to Post Nz Belorz to
Leader Mr. Kzreo KAKEGAWA JICA Leaden My Alfiado H FSTEVES Gov. of
) . Nzeguin Prov.
Geophysns Mr. Haruroba SUGMIDA .
Geockemisiry §| Mo Jose L. SIERRA -
Drilling - Mr, Yutaka SHIRABHI -
.. Geology Mr. Mario O GINGINS -
Geolozy Mr Susums HIDAKA - .
Geolkopy Mr. Lok ¢ MAS >
Geophysics My, Tomoyoshi TANAXA [ *
. Geoctemistsy | Mr. R Misiam LOEWY -
Geophysics My Maiacamu OYANAG] -
Geophysics Mr. Dxbo G LANCHAS -
Geophydcs Mr. Toshizka FUNIMOTO -
Geochemstry | Mr. Joz A. DATES -
Geophysics My Shinkchi SUGIYAMA .
DsdErg Mr. Antoaio SANCHES -
Topography | Ma Carfos RFERNAXDEZ -
Topogriphy My Juinde DL ALBORNOZ -
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Survey period (Period of slay in Argentine)

November 8th 1983 to March 27th 1984
Field survey period

November 20th 1983 to March 15th 1984
Period of analysis and interpretation

July 9ih 1984 1o November 30th 1984 -

1.6 Implementation of the Sunvey
The survey work camied out so far in the first phase in the second phase and in the

third phase are summarized ir thé Table 1-3.
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Table 1-3

Specific survey work carried oul by the survey team

Phase Contenls ) Volume of work |
Iaterprétation of LANDSATY images (1:250,000 scale) 15,000 Km? (3images) |
First Intérpretation of a¢sial photographs (1:50,000 scalz) 1,200 Km? (50 shezls)
Phase Reconnaissance | Explored distance of regional survey 500 Km
) geological sunvey | Explored distance in Domuyo area 150 Km
Preparation of topographic map (1:25,000 scale) | 200Km?
Sunveyed area 200 Km?
Explored distance 315Km
e Thin seclion 110
Geological : -
sSUfvey Quznlity of | Xr2y analysis 130
speaanens Age dating 8
Paysical propesties 80
Mezasurement of discharges 28 poinis
Températuse at 1 m depth Regional suivey 460
Second ::%conce atralioninsoll | Detailed sunvey . 57
Phase Geochemical 2 concentration in Soil-air Total 517
prospecting Hot spring samiples I8 T
Gas samples 9
Condensed water sample 9
' By autolevel 85 points
Levding By the_odo!il.e 137 poims
Gravity By altimeter 91 poinls
piospecling Tolal 316 points
Gravily measurement 316 points
Regional Measuring points 31 points
suney Surveyed disfance 1,050 Km
. Length 325Km
Constructicn of rozd Drilling platform 14 sites
Point s2iling By theodolite 23 points
X Surveyed distance 283 km
Leveling : - y "
Mezasured poinis 2,830 poinis
. . Number of holes 12 holes
hird Diilling of a 100 m holc Total drilted kength 1,1625m
Phase Dsitling of 3 400 m hole .\'u_mber of hole 1 hole
Duilked depth *800m
Temperalure logging 12 holes
- - M:asuring poinis 50 points (5 lines)
Uactrical prospecting Toiat length sarveyed 26.5 Km
Setsmic prospecting .\'[eas-uﬁng.poinls " 1,000 points (.5 fines)
- Total length surveyed 220Km
Esotlopic invesiigation : B samples

* Piznning to sta1l (e-opening at Deceinb-er, 1934



2. Outline of the Fifst Phase Survey









2. Outline of the First Phase Survey

2.1 Contents of the First Phase Regional Survey
The first phase regional survey corresponds to the first step of the three-year program
for geothermal energy development surveys in the Province of Neuquén, Argentine Republic.

Aiming to extract and select a promising area of about 200 Km? for the second phase
survey, the following surveys were done in a preliminarsy investigalion area covering approxi-
mately 15,000 Km? in the northern part of the Province.

(1) Analysis of Landsat image
Analyses of three seenes of Landsat image (Path 248 - Row 86, Path 249 - Row 86

and Path 249 - Row 835), covering the whole area of about 15,000 Km?, were conducted in
Japan before field surveys. 7

The analytical meitiod for thiec scencs of false color composite image in a scale of
1:250,000 is photogeologically to make out distributions and relations of geological units,
such as basement rocks of Palvoroic and Mesozoic formations, Tertiary formation and
younger volcapic rocks of Quatemary age. Keeping place with these analyses, principal
tectonic lines were studied geologically.

By coltation these resulls with available geological data, outlines of regionat geology and
gcologic structure were compited (Fig. 2-1).

(2) Photo-geological interpretation
Photo-geological interpeefations for the area of 5,000 Km?, which had been selected
by studies of the analysis of Landsat image as well as regional geological map (Fig. 2-2), were
done through the period of field surveys. The aerial photographsin a scale of 1:50,000 were
available in Argentine, and their composile pholographs were used for this study.

Because the subject area of phologeological interprefation covers a wide area, a method
of “Quick looking”™ by obsesvations of composile andfor unit aerial photographs were
employed for the greater part of the whole area excepl aseas considered to be promising.
These studies resulted in the assistance of anatyses of Landsatl image.

For the promising areas, drawings of delailed drainage map and delailed geological
interprelations were conducted by a threce-dimentional observation of aerial photographs.

As a result of these sludies combined with results of a reconnaissance geological survey,
geology and the geologic struciure as well as geothermal manifestations in the area for the
second phase survey were clarified. The area includes westem parts of the Domuyo Volcano
and those surrounding areas (Fig. 2-3). '

{3) Reconnaissance geological survey
Based on analyses of Landsat imaze and photogeological inlerpretations combined
wilk studics of available geological data, following three routes of reconnaissance geological
sunvey wese selected, where younger volcanos such as Domuyo Volcano, Mt. Cruzada,



Tromen Valcano and Mt. Carrere are lofated in the Cordillera del Vient, and geothermal
manifestations related to younger volcanos are known. (Fig. 2-4).

1) Route along the Neuquén and Varvarco Rivers from Chos Malal through Andacallo,
Las Ovejas and Vanarco {0 geothenmal manifestation ateas Jocated al westera parts of
Domuyo Volcano.

2) Route from Chos Malal through Chapua to Tromen Voleano.

3) Route from Chos Malal through Chacayco and Auquinco to El Tt located north
of Mi. Carreere.

2.2 Regional Géo!ogy and Geologic Staucture

2.2.1 OQutline of Geology
(1} Stratigraphic sequence
Basement rocks in the region consist of sedimenlary rocks and volcanic — pyro-
clastic tocks, which have been placed in the Pesmian andfor Triassic Tisne, and of plutonic
rocks intruded into older formations.

Mesozoic formations, mainl)-r consisting of sedimenlary and pyroclastic rocks uncon-
formably overlie the basement rocks.

Andesiic volcanic aclivily occuried in the Tertiary age, and followed by 1elaled plutonic
activily. At the end of the Terliary age, acidic voleanic aclivily consisting of lava flows and
pyroclastic rocks took place covering the basement rocks of Paleozoic andfor Mesozoic
formations, and large-scale intrusive bodies of quartz porphyry and othess were formed in the
area centesing around Domuyo Volcano. These rocks of acidic activily, in the lump, are
calied the Bomuyo Volcano Complex. .

At Quaternary time, younger volcanism of intermediate to acidic took place in this
tegion and yielded tava flows of basaltic andesile, andesite, dacite and shyolite.

(2} Basement rocks and Mesozoic formation
Choiyoi Group of the basement, considering to be Permo-Triassic System, is repre-
senfed by well stratified mudstone interbedded with sandstone and Kmestone occasionally
with intercolations of basalt or propylite lavas, aleng areas of the routes from Chos Matal, to
Varvarco, Tromen Volcano and Ef Tril.
Atong the route from Vanvarco to Domuyo, shyolitic fava Mlows and their pyroclastic
rocks dominate the Group and are intruded by diorite, granodiorite and fine-grained granite.
Mesozoic formalions are divided info Chacay Melehue Formation, Auquilco Formation,
Tordiilo Fonmalion and Mendoza Group in asending order. Chacay Melehue Formation
unconformably covers Choiyoi Group. 1t is composed of breecias constituiing by domipant
shyolitic fragments and sandy or tuffaceous malrix in the Yower part, and of white-grey sand-



stone, black mudstone and dark colored marl in the upper parl. Auguilco Formation confor-
mably overlies Chacay Melehue Formation, and consists of beds of limestone, sandstone and
evaporite gypsum from lower to upper parts. Tordillo Formation succeeds Auguilco Forma-
tion and mainly consists of sandstone, which inceeases limonite in proportion to the upper
parl. Mudstone is predominant in the Mendoza Group.

(3) ‘TTertiary fosmations and Domuyo Voléano Comiplex
Tertiary formations are divided into lollowing three units. Namely, Pelan Formation
is composed of andesite, andesite-porphyry, diorite-porphyry and fine-grained quariz diorite.
Charilehue Fosmation consists of lava flows of andesite or basaltic andesite together with
their pyroclastic rocks. Palao Granile is a stock-type intrusive body into Mendoza Group and
forms Mt. Palao. Fach Tertiary formations are belicved to be Miocene in age.

Domuyo Valcano Complex ¢an be divided into effusive facies and intrusive lacies. The
former consists of alternating beds of rhyolilic tuff, lapilli tuff and tufl breccia, and of lave
flows of rayolife and dacile. It distribuies at the western slope of Domuyo Volcano. The
later forms stocksshaped inlmusive bodies centering around Bomuyo Volcano and ¢eiops out
in an area of approximately 24 Km?. The lithology of the intrusive facies ranges from
shyolite-porphyry to granodiorite-posphyry, and shows felsitic lithology in case of dikes.

The activity of Domuyo Veolcano Complex is considered fo range from middle Miocene
to early Pliocene in age.

(4) Volcanic rocks of late Tertiary to Quaternary
A sequence of volcanism took place in the region, and forms formations of lava ftow
and pyroclastic rock of basaltic andesite, andesite and decite. They are divided into Siesra de
Flores Formation, Atreuco Formation, Ponchehue Formation and Cellelas Formation. The
latest volcanism in the region is Domo Volcanic Rocks distsibuted al the southwestern slope
of Mt. Doniuyo. They are composed of rhyolitic lava flows and pyroclastic rocks, and an

absolute age of 0.72 £ 0.10 Ma is obtainad from one of lava flows at the sather early stage
which form Mi. Donio.

2.2.2 OQuttine of Geologic Struclure
Regional geologic structure, as shown in Fig. 2-2, is characlerized by the f(old struc-
ture trehding in approximately N-S direclion and plunging toward the north. As is menlioned
in the later chapter, the areas of high gravily anomaly are enfirely identical with those of
anticlinal structure where basement rocks and Mesozoic formation are distributed. On the
other hand, the arcas of low gravity anomaly completely correspond to those of synaclinal
strnrcture wheire ¢enozoic volcanic rocks are dominant. In addilion, values of Bouguer anoma-
Iy have a fendency to decrease toward the nosth. This proves fold axes plunging toward
north, structurely.
In the area of Domuyo Volcano, box-shaped dome stniclute has been formed centening
around Domuyo anticlinal axis of N-S direction. This dome-shaped upheaval block is com-
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posed of Choiyoi Group of basement, Chacay Melchue Fonmnation, Auquilco Formation,
Tordilto Formation and Mendoza Group of Mesozoic succeeding from center to outside. At
the core of dome structure, intrusive socks of Domuyo Yolcano Complex are widely distri-
buled.

Fault systems of N-S direction parallel to above-mentioned fold axes and of E-W direc-
tion are predominant in the region, accompanying with fault systems of NW-SE or WNW-
ESE direction and of NE-SW or ENE-WSW direction.

As shown in Fig. 2-3, they can be made oul as lineaments having various characteristics
of strength and length by photogeological interpretations.

2.3 Regional Geothermal System

2.3.1 Outlines of Younger Volcano and Geothermal Manifestation
(1) Distributions of youngér volcanos.

Youngér volcanos such as Doniuyo Volcano, Ms. 1a Cruzada, Tromen Volcano and
Mt. Carrere are arranged in NW-SE direction in the mountain system of Cordillera del Viento.
This volcanic activity was vigorous from latest Tertiary fime through Quatérnary in age, and
erupted on the basement rocks of Paleozoic or Mesozoic formation. It is assumed that the
volcanism was large-seale near areas of Domuyo Volcano in the northwestern part and il
decteased near areas of ML Caseere in proportion Lo the southeasiern part.

Oullines of volcanic 2¢tivity of Domuyo Volcano were described before in connection
with segional geology and geologfc structure. In the atea of Tromen Volcano, there are old
and new voleanos. They hold their original shapes of voleano, and there is a dammed lake
between two volcanos which was formed by basallic lava flows. Volcanism of Tromen
Voleano is supposed to be active up-to recenl, however, voléano located at north of Tromen
Volcano seems to be a litile old. '

Because volcanism fosmed Mt. Carrere is nol to be large-scale, distsibulions of younger
voleanic rock are limited.

(2} Distributions of geolhermal manifesiation
1} Domuyo Volcano and cnvirons
Hot springs of El Turleio are 14 Xm north of Domuyo Volcano, spring out from
four poinis in flood plain of rivers which are located at westera rims of distribulion areas of
Mendoza Group.
in the westemm and southwestern arcas of Domuyo Volcano, there are the most pre-
dominant geothesmal manifestations of hot springs and fumarolic gases. Namely, they ate
Rincon de Las Papas, El Humazo, Las Oiletas, La Bramadora, Arroyo Aguas Calientes, Bafios
del Agua Caliente and Los Tachos. AN of them, except La Bramadora, spring out hot
water and spout fumarolic gas feom the uppermost part of beds of tulf breccia and overlying
tava flows coverning Mesozoic formations and/or basement rocks. At La Bramadora, fumarolic
gas spouls through fissures near boundary between inteusive rocks distributed near Domuyo

2-4



Yolcano and younger volcanic rocks.

Depositions of traverline and hydrothermal alieralion zones can also be observed al
areas of these geothermal manifestations.

2) Tromen Yolcano and environs
In the areas of Tromen Volcano and another voleano tocated at norlh, no geother-
mal manifesfation of hot spring of fumaloic gas is known. Although some underground
water spring out, its temperature is as low as 8.5°C. Besides, there are only alferation zones
without hot spring or fumaloic gas southwest of Tromen Volcano.

3) Northern arca of ML Carrere
Agua Termal is known as a geothermal manifestation, where some underground

water contained hydrogen sulphide spring out through fissures in mudstone of Paleozoic or
Mesozoic formation. However, ifs temperature is as fow as 20°C.

2.3.2 Preliminary Model of Geothesmal System

Preliminary model of geothenmal system in the wesfera areas of Domuyo Veleano,
where the most predominant geothermal manifestations of hot spring and fumaloic gas are
distributed, is shown in Fig. 2-5. The model is composed by stratigraphic sequence, geologic
structure, heat Now structure and circulation mechanism of goethesmal fluid which are
based on results of the first phase sumvey such as those of analyses of Eandsat image, photo-

geological inlerprefations and reconnaissance geological sunvey together with studies of
available data.

(1) Stratigraphically, the region is occupied by basement rocks of Pzaleozoic formation
and iatrusive bodies of granite, unconformably overlying Mesozoic formations, and Terliary
to Quaternary volcanic and pyroclastic rocks of various type. In the vicinity of Domuyo
Volcane, younger volcanos of Quaternary age are Jocated.

(2) Stiong geothermal manifestation consisting of hol springs, fumaroles, tzaveslines and
hydrothermal alteration zones are widely distabuted in the place of western part of Domuyo

Volcano. i is assumed thal a2 mazma ceservoir is Jatent atl the depths of the region and is
active as a heat source.

(3) Each of the rivers rising from Domuyo Volcano have running waler through the
whole year which is originated by glacier and efeinal snow. Theie are necessary condilions
that surface waler permeates into subsurface and forms shallow and decp underground wates,

and that underground waler becomes the source of hot spring water and deep geothermal hot
water.

(4) Volcanic and pyroclastic tocks of Neogeae Teitiacy or Quatesrnary age range from



compact lava flows to porous focks like pumice-luff. The parts of high permeability, caused
to well developed fraciures andfor porosily-rich beds, present places to form shallow hot
water secondarily. However, it is supposed that younger volcanic formations may generally
play important cap rocks for deep geothermal fluid reservoir.,

(5) Younger volcanic formations have a semarkable unconforniable relationship with
underlying basement rocks or MesoZoic formations, and the basement is generally situated at
the rather shallow depths. Undesground water permeated into deep subsurface is heated by
heal source and is result becomes deep geothermal hol water having its temperature of
200°C, to 250°C. The deep geothermal hot water forms deep geothérmal fluid reservoir
along andfor in fracture systems of faulis and sheared zone developéd in the basement
rocks. Geothermal fluid consisting of déep geotherntal hot waler, steam and gas ascends
through fracture systems from deep geotherinal Muid reservoir. Thea, it mixes with shallow
ground water and makes a secondary shaltow hol water feservoir having its temperature of
100°C or more along unconformable planes or among permeable strata. Fosthermoére, hot

water, steam and gas ascend and finally reach the surface as geothernal outcrops 6f hot water
and fumaloic gas.

2.4 Extsaction of Target Area for the Second Phase Suivey Based on the Resulis of the First
Phzse Survey . :
Based on the results of the first phase survey, the most promising area of éppro‘xim’aiély
200 Km? ranging 20 Km at E-'W and 10 Km at N-S was selected among the whole object
area for the second phase survey. This area covers drainage sysle‘ms'of Manchaﬁa'(‘owncﬁ,
Aguas Calientes and Covunco Rivers belween weslern part of Domuyo Volcano and eastern
side of Varvaroo Riverand entiesly includes many predominant geothermal maniféstations

such as Rincon de Las Papas, El Humazo, Las Olfelas, La Bramadora, Asroyo Aguas Calientes,
Banos del Agua Caliente and Los Tachos.
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3. Qutline of the Second Phase Survey









3. Outline of the Second Phase Survey

3.1 Preparation of Topogeaphic Map

Topographic maps in scale of 1:100,000 and 1:500,000 of the region including the
investigation aréa are available.

tHlowever, more detailed topographic maps which cover the whole object area are neces-
sary, in order lo conduct geological survey, geochemical and gravity prospectings and others
of the second phase survey. For this purpose, topographic map in a scale of 1:25,000 was
prepared by using aerial photographs before field surveys.

The photographs used were offered by the Argentine Republic. They had been laken by
Diseccion General de Fabricaciones Militales in 1962 and 1963 for the Plan Cordillerano.
Conditions of pholographing are as follows;

_ Cameraused: WILD RC8 (focal distance 152.4 mm)

Flight hight : 8,534 to 10,668 m

Scale of photographing :  approxiniately 1:50,000

List of aesial photographs : shows in Table 3-1

Fable 3-1 List of aerial photographs

Course No. Photograph Number No. of sheetls
C6 3,120~3,124 5
C7 2,041 ~2,048 8
cs8 3,208 ~3.212 5
cs 2,159 ~ 2,163 s
Cc9 2,263 ~ 2,265 3

Fundamental lopdgraphic maps prepaied are of a scale of 1:25,000, and enlarged maps
in a scate of 1:10,000 and reduced maps in a scale of 530,000 are used for field sunveys and for
attached maps of this report, respectively. Fig. 3-1-1 shows a bird’seye view map based on
the topographic map.

3.2 Geology in the Investigation Area
3.2.1 Geology

Geology of the invesligalion area is divided into four units. Namely, the basement
consists of mefamorphic rocks such as ¢rystalline schist and hormnfels belonging to Choiyoi
Gréup of Pesmo-Triassic 2ge and of granodiorite of Varvarco Plutonic Rocks. Mesozoic
formations of Jurassic age, Chacay Melchue Formation, Auquilco Fermation and Tordillo
Formaztion in ascending order, unconformably ovedlie on the basement. 'Terﬁary forma-
tions of Miocene to Pliocene age follows unconformably, and granodiornite-porphyry concides-



d to be a member of inlrusive facies of Domuyo Volcani¢c Complex is locally distributed
at southeastern parls of the area. Younger volcanic rocks, occured during periods from end
of Testiary to Quaternary lime, are composed of lava flows of andesite, dacite and rhyolite

erupted from eaddier 1o laler stage, and are accompanied with their pyrociasitic rocks (Figs.
3-2-1,3-2-2 and 3-2-3).

3.2.2 Determination of Absolute Age

Absolute ages of younger volkeanic rocks detesmined by fission-lrack method range
from 0.55 £ 0.10 Ma to 0.11 + 0.02 Ma. These ages together with §.72 £ 0.10 Ma of previous
data indicate that Qualernary Volcanism took place during periods from easly to tate
Pleistocene time. Absolute ages of granodiorite of the basement determined by fission-frack
method are doubiful because of their younger ages than geological age of unconfommably
overiying Mesozoic formations indicated by ammonite fossits. However, as a result of dalings
by K-Ar method, absolute ages of granodiosite are determined as 227 # 16 Ma and 259 %
13 Ma. These ages are of late Permian and end of middle Triassic time, and suppor{ strati-
graphic sequences in the investigalion area.

3.2.3 Petrographic Characlerislics of Holycrystalline Rocks

Holocsystalkine 1ocks in the asea are composed of granodiorite of Varvarco Plutonic
Rocks of the basement, and of granodiorite-posphyry to be considered 3 member of intr-
sive facies of Domuyo Volcano Complex. As a sesuli of measurements of Q-K£Pl mode,
as conipared with all of the former show rather homogeneous lithofacies of granodiorite,
the later has some deversities of their ithofacies ranging from g:ranodiorile {o quarlz monzo-
syenite and quariz dionte {Fig. 3-2-4).

3.2.4 Petrographic Characteristics of Younger Vokanic Rocks
Based on a chemical analysis of younger volcanic rocks, it is revealed that Quatemnary
volcanism taken place during periods from early to late Pleistcene age is characterized by a

sequence of magmatism of calc-alkaline series ranging from intermediate fo acidic composi-
tion.

3.2.5 Physical Propeities of Constituent Rocks

Regarding physical psoperlies of constituent rocks in the investigation area, the follow-
ing results are obtained. L

Density changes regulaly from high fo fow in portion of the basement at boltom of
sequence lo younger volcanic rocks at top of sequence, and the lowest density is of pyro-
lastie rocks such as scoria tuff and pumice (ufl. Effective porosity has good negative cotrela-
tion with density. And its values show low peicentage in basement rocks and Mesozoic
formations, and high percentage in Qualemary pyroclastic rocks. Values of susceplibility
are high in andesites and their pysoclastic cocks among Tertiary and Qualeinary volcanic
rocks, and generally cosrespond 1o lithofacies. As compared with FE valués shown those of
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usual rocks, values of resistivity are relatively high which the highest value is of basement
rocks followed in order of values by volcanic rocks, sedimentary rocks and tulfs. Values of
thermal conductivity are higher in rocks of lower sequence and become lower in porlion
of in rocks of upper sequence, and fairly higher values than common cases are obtained from
lower half of Mesozoic formations and basement rocks (Fig. 3-2-5).

3.3 Geologic Structure in the Investigation Area

3.3.1 Geologic Structure Based on Geological Distribution

The investigation area is geotectonically divided into fwo areas. In western half,
basement rocks consisting of mefamorphic rocks and granodiorites exist at rather shallow
parts from the susface, and younger volcanic rocks widely covers their flat paleotopographic
surface. On the conlrary, in éastern half, Mesozoic formaltions oveslying on hidden basement
rocks at depths are influenced by regional fold strutture and tocal dome structure.

33.2 Subsurface Structuse Based on Physical Propertics of Constituent Rocks

Subsurface stsucture based on physical propertics of constituenl rocks_fonns iwo-
layed struclure. Namely, twolayered structure in western paris is composed of upper layer
of younger volcanic rocks represented by low densily and high effeclive porosily and of
tower Jayer of basement rocks sepresented by high density and low effective porosily. On the
other hand, twolayered structure in eastern parts is composed of upper layer of yousger
volcanic rocks and of lower layer of underlying Mesozoic lormations represented by medium
densily and effective porosity, and basement rocks of high density and low elfective porosity
are latent at depths. )

333 Subsurface Struclure Based on Gravily Survey

(1) Regarding regional gravily distributions, high Bouguer anomalous asea corresponds
to distsibutions of p':e-’l‘e:!iary formations and low Bouguer anomalous area comesponds
{6 distribulions of Cenozoic volcanic focks. B is a clear tendency to decrease values of
Bouguer anomaly toward aofth, and the trend shows good correspondeace of direction of
fold structure and fault system (Fig. 3-3-1).

(2) On the basis of distnbutions of Bouguer anomaly, the investigation area ¢an be
roughly divided info three districts; namely, A-district of high gravily area at west, C-distsict
of low gravity arca al east and B-district placed between A and Cdistrict forming long and
slender transition belt of N-S direction. Younger volcanic tocks of Quaternary age has no
relevancy with general and regional gravity distributions, but only local relevancy is recog-
nized between distribution of tulfs of low densily and low gravity anomaly (Fig. 3-3-2,3-3-3).

(3) A-district of high gravity area harmonizes with underground structure fo exist base-
ment rocks of high density at rather shallow subsurface. On the suiface, Mesozoic formations
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of intermediate gravily are widely distributed in B and C-districts, and no consistence is
recognized belween intermediate density and Bouguer anomaly in {ransilion zone of B-
district. However, in C-district al east which is bordered from B-district by gravimetric
lineaments having remarkable gravily gradient and presuming as major fault zone, low gravity
area of Bouguer anomaly cannot inferpretate its characleristic without presuming consides-
ably extensive rocks andfor strata of low gravily in underground (Fig. 3-34).

(4) Structure of gravity basement at west analized by two-dimensional method gives
flat paleotopogiaphy of the basemient and ifs depth of less than 700 m at the deepest parl.
On the other hand, deplhs of gravity basement af east suddenly increase and reach more
than 6,000 m deep from the susface in case of calculations by a batance of deasities of
0.2 gfem? (Figs. 3-3-5,33-6 and 3-3-7). |

(5)- As one of the hypolh'e-sis for geological faclor fo form low gravily area at eastemn
parls of the investipation area, Mesozoic formations of very Tow densily containing very
much water in their fiacture. However, no positive evidence is oblained geolégjcally.
Although it is proved enough al present, geologic structure at east of the area is presumed
that low density bodies of acidic porphyry to be considered a member of intrusive facies
of Domuyo Volcano Complex exist beneath Mesozoic formations with considerable scale
both horizontally and vertically.

33.4 Investigalion on Fraclure System

Fracture systems in the region and the investigalion area are represenied by those of
N-S and E-W direciion. N-S system is larzescale and is recognized universally from older
formations to younger volcanic rocks, and E-W system is rather weak and mainly obsesved in
older formations. Fraciure systems of NW-SE and NE-SW direction are characléﬁsﬁ'ca!l.y
recogaized by faults, gravimelric lineaments and joinis in granodiorife, and conjugale with
large-scale fracture system of N-S direction.

3.4 Heat Flow Structure in the Investigation Area

34.1 Alteration Zone

Hydrothesmal alleration zones and travertines are obseived at areas of geothermal
manifestation such as hot springs and fumaroles. Afteration zones are divided inlo 1) crysto-
balite zone, 2) holloysite zone, 3) kaoline zone and 4) montmorillonite zone. They generally

show zoning of alteration having a tendency of kaoline zone in core, montmorillonite zone in
middle and erystobalite in shell (Fig. 3-1-1).

3.4.2 Consideration on Hydrotheanal and Solfataric Alterations as Geothennal Manifesia-
fions

Taking a general view of alieration zoning in the whole area, characteristics of geo-

thermal system is summasized as follows; namsly, alteration zones at La Bramadora, El



Humazo and Los Tachos in eastern parts of the asea are characterized by kaoline alteration
with alupife alteration under acidic condition of low to high temperature, which is originated

. from vapor dominated system or water-vapor-mixed system. On the contrasy, altesation
zones in western parls of the area are considered to be gradually changed into montmorit-
lonite zone undeér intermediale (o alkatine condition of low temperature together with
overlapped criystobalite zon¢ under acidic condition of low temperature, which is caused by
water dominated system.

343 Distribution of Ground Temperature at § m Depth and Hg-CO, Concentrafion

As a resull of ground temperature survey al | m depth, anomalous areas of residual
ground {emperafure calculated by altitude correlation trend on a line of NE-SW dircetion
connected with geothermal manifestation areas in cenlrat-western and centrat-eastern parts.
However, no anomalous area is found in northesn geothermal manifestation areas.

Anosmatous areas of Hgconcentration in centraleastesn parls show good coscespond-
ence with those of ground femperature trending in NE-SW direction, and only small-scale
semi-anomalous areas exist in central-western paris.

Although anomalous areas of CQ,-concentration at EY Humazo are identical with those
of ground temperature and Hg-conceniration trending in NE-SW direction areas. The most
characteristical trend of CQ,concentration anomalies is shown by two pasallel arrangements

in NW-SE direction elongating from northwest fo southeast in the investigation area (Figs.
34-2,34-3and 344).

344 Considerations on Anomalous Areas of Ground Temperature and Geochemistry

Fracture systems and grades of geothérmal activily in the afea, based on anomalous
arcas of ground temperatuse and Hg-CO,; geochemistry, are summarized as follows; namely,
central-eastern paris afe mainly characlerized by anomatous areas of ground temperature and
Hgconceniralion accompanied with fracture systems in NE-SW direction, and grades of
.geothermal activity is higher than those in western pails. Oa the contrary, although anomal-
ous areas of CQ,-concenlration in western parfs of the area which mainly prove fracture
systems in NW-SE direction, grades ol geotherms! aclivily is rather low. In addition, there

“are fraclure system of N-S and E-W direclion indicated by Hg-CO, geochemical apomalies
{(Fig.34-5).

3.4.5 Magma Reservoir as Heat Source

Heal source bringing present geothermal phenomena in the area js considered to be
magma reservoit which is related to younger volcanism of Quaternary 2ge including Domo
Volcano taken place during periods from 700 to 100 thousands years ago. One of the centers
of volcanism is inferred to exist at deplhs of La Bramadora area, and heal source expands
widely in subsurface of the area.



3.5 Girculation Mechanism of Geothenmal Fluid in the Investigation Area

3.5.1 Hydrological Survey

In the investigation area forming western stopes of Pomuyo Volcano, these is sunning
waler in the rivers through the whole year which is supplied by melting snow, This siver water
penetrates into underground, and forms aquifers in strata or rocks having high effective
porosity andfor high permeability. Aliflough nmiost of shallow underground water circulales
in aquifers 2nd flows oul the sutface, some of water reaches to more depths through fraclure
systems. Thus, shaliow and deep underground water is vesy impostant to form hot water and
deep geothermal hot water, and there is enough supplies in the area (Fig. 3-5-1).

3.5.2 Hot Water and Fumarolic Gas _

Hot springs in the investigation area can be classified and divided into zonal distribu-
tions on the basis of chemical compositions of each hot water and relations with fumarolic
gas as well as their geothermo-temperatures. They are summarized as follows;

i) Sulphate hol spimgs of La Bramadora tocated at cenfral-eastern area are sich in
Ca*™ and S0O; 7, and are characlerized by vapor-doninaied type consisting mainly of
voleanic hol springs having ratio of 50;7/C1™ > 1 of fumarolic gas. And, they are

considered 1o be high temperature quatifatively based on compositions of fumarolic
£as.

it} Common salt hot springs (a) of El Humaro and most of Los Tachos located at
central area are rich in Na* and C17 with relatively rich in K* and poor in Ca', and are
charzelerized by vapor:water-mixed {ype consisting mainly of hot springs and a large

amount of fumarolic gas. And, they form a group of hot springs having the highest
geothemio-temperatures ranging from 214° to 223°C.

iii) Common salt hot springs (b) of weslern most of Los Tachos, Las Olletas, Andyo
Aguas Calicoles excluding AC-2 and Banos det Agua Caliente located at central-
western area are also rich in Na* and (17 with relatively poor in K* and rich in Ca*,
and are characlerized by water-dominated lype consisting mainly of a large amount of

hot springs without or with a very little fumarolic gas. And, their geothermo tempes-
- atures sange from 160° to 188°C.

iv) Hot spring of AC-2 al Asroyo Aguas Calienles is so-called si:ﬁple hot spring

contzaining less soluble ions in it, and its geothermo-lemperature shows 183°C. This

has no different origin from its surrounding hot springs, bul it is formed by mixture
. of a large amount of underground water.

v) Ca-Mg bicaibonate hot springs of Rincon de Las Papas and Arroyo Ailinco are



sich in Ca** and HCOj, and poor in 8O3 ~. And, their geothenno-temperatures are low
as 135° to 174°C. ’

Fumarolic gas are obsesved in hot springs of vapor-dominated Lype at ceniral-eastern area
and of vapor-water-mixed type at central area. More than 99% of fumarolic gas is steam, and
most of remaindes is uncondensed CO, gas. Although it is impossible {0 search quantitative
geothermo-temperatures of fumaiolic gas based on its concen{ration and ratio of constituent
gas, qualifatively they are nof inconsistent with elassification and Zoning of hot springs.

353 Relation belween Circulation Mechanism of Hot Water-Fumarolic Gas and Heal Flow
Structure ,

(1) Mutuval relations beiween geothermal manifestation and hydrothermal alleration
zones are summanzed as follows; Namely, alferation zones indicating acidic condition of
intermediate to high tempesature well correspond to hot springs and fumaroles of vapor-
dominated type at La Bramadora area, thost indicating acidic condition of low fo inter
mediate temperature well correspond to hol springs and fumaroles of vapor waler-dominaled
type at Ft Humazo and Los Tachos area, and those indicating infermediate to alkaline condi-
tion of low temperatlure overlapped by alterations under acidic condition of tow temperature
well comespond to hot springs of water-dominated (ype at Las Olletas, Arroyo Aguas Cali-
enles and Badios del Aguas Calientes al cenfral-wesfern area. In addition, alteration zones
including opal indicating very low temperature are recognized at western most area of Arroyo

Ailinco, and low geothermo-femperatures well correspond fo temperatures of hot springs in
this area.

(2) It is clear that there are three-dimensionally inssparable relations each other belween
magma reservolr as heat source al depth and anomazlous areas of geound temperature and of
Hz-CO, geochemisiry, and geothermal manifestations of het spring and fumarole (Fig. 3-5-2).

3.6 Model of Geothermal System

3.6.1 Model of Geologic Structure

Synthetic interpretation map of geologic structure shown in Fig. 3-6-1 is composite map
made summarizing by the following geological and structural factors. Namely, they are 1)
“distributions of oldei formalions such as basemenl rocks and Mesozoic formalions together
\w}‘iil__x féu!ls_wlﬁch are confirmed by i;eologital sun'e);, 2) hizh and low gravimetric anomalous
areas and gﬁwiinetric fransition zone together with gravimetric lincaments and gravimetsic
antictinal and synclinal structures which are searched by gravily prospecting, 3) fracture
s)'slems assunied by trends of anomalous areas of ground temperature at 1 m depth and
Hg{O, gmcﬁemis!.ry, and 4) distributions of geothermal manifestations of hot spring and
fumarole (Fig. 3-6-1).

(1) Model of geologic structure based on stratigraphic sequence and gravity anomaly



a) Charactersistics of geologic structure based on geological distributions and physical
properties of constituent rocks,
Geologic structure in Lhe in\'estigalion area is divided into eastern and western halves
based on geologicat distributions and physical properties of constiluent rocks.

In the westesn half, basement rocks exist in relalive shallow porfions and younger
volcanic rocks widely overlie on them, which form two-layer structure consisting of lower
layer répresented by high density and low effective porosily and of upper layer tepresenied
by low density and high effective porosity.

On the other hand, in the eastern half, the area is occupied by Mesozoic formalions of
intermediate density and effeclive porosily as lower layer and by younger volcanic socks of

tow deasily and high effective porosily as upper fayer, and basement rocks is assumed fo be
latent at great depths.

b) Characteristics of geologic slructure based on Bouguer anomalies of gravity
Geologic structure in the investigation area based on distributions of Bouguer
anomaly is divided into three areas, namely, high gravily anomalous area at west, low gravily
anomalous area at east and gravily {ransition Zene befween {wo anomatous areas.

There is a good harmony in ihe western area tectonically between gistribution of high
gravity anomalous area and geologic struclure where basement rocks exist in shallow depths,
and also there is no big inconsistency between volues of Bougues anomaly al fransition
zone and distributions of Mesozoic formations. Low gravily anomalous area at east, which is
bordered on the west by large fault zone infesred through giavimetric lineameants of great
gradients, is not agreed with geological distributions on and near the surface. Therefore, il
cannol be interpreted stmclurely, if an existence of rocks of strata of low gravily expanding
widely and deeply at depths.

As tectonical factoss o form low gravily anomalous area at east, it may be possible to
consider slructurely that acidic porphyrys of relatively low gravily which conrespord to

intrusive facies of Domuyo Volcanic Complex underlie Mesozoic formalion and expand
widely at depths.

(2} Model of geologic structlure based on fault and fracture systems
a) Characteristics of faull systems by geology and fracture system by gravily

Fault systems of N-S direction are of large scale regionally, and ére common {o be
developed thiough whole formations of the oldest to the yougest in geological age, and those
of E-W direction mainly develope in older rocks. Besides, Tault systems of NW-SE and NE-SW

teend are also recognized forming conjugating systems with those of N-S direclion. _
Although fault systems of N-S and E-W directions are observed in the invesligation area
as shown in Fig. 3-6-1, fault systems of NW-SE direclion and of NE-SW direction including

NNE-SSW, NE-SW and ENE-WS\W directions are dominant in the area. .
Geologic struciure based on gravimelric lincaments is teclonically characlerized by
fracfure systems of N-S ditection which are bordering on the both sides of gravity transform-
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able zone. They are formed by combinations of N-S faull with NW-SE and NE-SW faulls.
Gravimetsic lineaments corresponding to faults are also recognized in other areas, and gravi-
melric anliclinal and synclinal structures of NW-SE and NE-SW dircclions characterize
geologic structure in the investigation arca.

b) Characteristics of fracture systems based on anomalous areas of ground temperature
and geochemistsy as well as geothermal manifestations.

On the basis of anomalous areas of ground temperature al 1 m depth and those of Hg
and CO,-concentrations, fracture systems of NE-SW direction are dominant together with
accessary systems of NW-SE, N-8S and E-W directions in cenlral and eastern portions of the
area, and those of NW-SE direction with accessory NE-SW direction are common in western
portions.

Next, fracture systems based on distributions of geothermal manifestation such as hot
springs and fumaroles are generally characlesized by these trends of E-W direction from
Rincon de las Papas to Arroyo Ailinco, the same direclion from La Bramadora through
El Humazo to Las Olielas, ENEAWSW dirction from Las Olletas through Arroyo Aguas
Calientes to Baiios del Agua Calienle, and E-W direclion at Los Tachos.

If tr¢nds of each geothermal manifestations are studied individually, it is made clear that
they ase structurely controlled by fracture systems confirmed through interpsetations on
faults, gravimelric lineaments, gravimetric anticlinal and synelinal structuses, éndfor by those
assumed by irends of anomalous ateas of ground temperature and geochemistry. Especially,
interszclions of fractuie systems of two or more and their surrounding aseas aie considered
to be most favorable for geothermal manifestations.

3.6.2 Modet of Heat Flow Styucture

Syntheticinterpretation map of heat fow structure shown in Fig. 3-6-2 is composile
may made summarizing by the following geothermal structural factors. Namely, they are 1}
classifications and zonings of géothermal manifestations such as hot springs and fumaroles
based on their chemical compositions and geothermo-temperatures, together with boundaries
of fumaroles and non-fumaroles, 2) tfends of anomalous areas of ground temperature at 1 m

depth and of Hg and CO, concentrations, and 3) zonings of hydrothermal zlteration zone
(Fiz. 3-6-2).

(1) Plane model of heal flow structure
a) Characterislics of heal flow structure based on voleanism

As heat source blinging present geothermal phenomena in the investigation area,
magma reservoirs related to younger volcanism of Quaternary age can be assumed in connec-
tion with activity of Domeo Volcano taken place during periods of 700 to 100 thousand years
ago. These activities have dccurred centesing around plural places in southeast areas of the
mmvestization asea. And, one of them is considered to exist at depths near La Bramadora and
its vicinity, and its heat supplies from east to west and vpward. Accordingly, the model of
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heat flow structure in the area which heat supply is most aclive at central-castern parts and
becomes to decrease toward western paris.

b)

Characleristics of heat flow structure based on hot water and fumarsolic gas
Hot water from each springs can be classified by their chemical compositions and

telations with or without fumarolic gas, and their arcal zonings are possible. They are summa-

rized by their classification and zoning together with their geothermometric temperatures by
atkaline ratio geothernmiometer.

c)

i) Sulphate hot springs at La Bramadora of central-east parls being rich in Catt and
8$0, "and showing volcanic hol spring of 8O, ~-[Ce™>> | are characlecized by

vapor-dominated type, and their temperatures are considered to be high qualitatively
by compositions of fumarolic gas.

ii) Common sall hot spring (a) at El Humazo 2nd most of Les Tachos of central parts
beiag rich in Nat and Q1 with selatively rich in XY and poor in Ca¥¥ are charactér-
ized by vapor-waler-dominated iype hol springs acéompanying wilh large amounts of
funmarolic gas, and their geothermo-te mperatures are high as more than 200°C.

tii) Common sall kot spring (b} at western margin of Los Tachos, Las Olletas, Arroyo
Aguas Calientes and Banios del Agua Caliente of ceatral-wesfern parts being sich in
Nat and Gy with relatively poor in K and rich in Catt are charactesized by waler-
dominated type hot springs with very little amounts of fumarolic gas, and their
geothermo-lemperatures are less than 200°C. Hot spring AC2 of Arroyo Aguas
Calientes is simple hot spring which has no different origin from its surounding hot
springs, but it is formed by mixture of a lasge amount of underground water.

iv) Ca-Mg bicarbonate heot springs at Rincon de La Papas and Arfoyo Aitinco of
northern pards being rich in Catt and HCO,™ are characlerized by waler-dominated
typ2 hot spnng without fumarolic gas, and their geothermo-temperatures are about
170°C or 1ess than that. '

Piane model of heal flow structure based on grades of goetheimal activity, which
are sludied by classificatlion and zoring of hot springs, their geothermo-femperature
and compositions of fumarolic gas, shows semi-dome structure having an axis of E-W
direction and inclining toward west. At northern wing of semi-dome struclufe, grades
of geothermal activity tends 1o decrease rapidly.

Characleristics of heat flow structure based on hydrothermal alteralion zénes, and
ancmalous areas of ground temperature at | depth and geochemistry
As zonings of hydrothermal alteration in the investigation area, kaolinc-alunite zone

" indicating’ acidic condition of intermediate to high tempetature occupies areas ¢enfering



around [a Bramadora, and kaoline zone indicating acidic condition of low o intermediate

temperature surrotinds it. And, alteration zones of montmorillonite indicating intermediate

fo alkaline condition of low temperatuse, overlapped by crystobalite zone indicating acidic

condifion of fow temperature, distribute fusther ouiside of them. This boundary belween
kaoline zone and monmorillonite-crystobalite zone is very close to boundary between vapor.

" waler-mixed type common salt hot springs (a) and water-dominated type common hot
springs (b}, which shows semi-dome stsucture inclining toward west,

Alteration zones of very low temperature accompanying wilh opal distribute at west of
hot spring RC-3 of Asroyo Ailtinco which is of the lowest temperature.

Thus, zonal distributions of hydrothermal alleration s quite in agreement with
tendencies of giade of geothermal activity indicated by characlesistics of hot water and
fumarolic gas. Namely, both of them lform model of heal Mow struclure in the investigation
area having semi-dome structure inclined toward west radically.

In addition, charactesistics of heat flow struciure based on anomalous areas of ground
temperature and geochemistry are summasized as follows; Namely, three anomalous areas of
ground tempezature at § m depth and Hg-CO, concentrations are almost identical with each
other, in eastern paris of the area, and they prove their high intensities and high grades of
geothermal aclivily. On the othes hand, in westen parls of the area, three anomalous areas

_distribute separately decreasing their infensities, and they indicate lower grades of geothermal
activity. Furthermore, no anomalous arca of ground temperatuse and geochemistry is
recognized al Rincon de Las Papas and Arioyo Ailinco.

As is described above, there are telations of the tinity belween heat flow structures
based on anomalous arcas of ground femperature and geochemisliy, classifications and
zonings of hot water and fumarolic gas, and hydrothermal alteration zones.

(2) Sectional model of heat flow structure
Fig. 3-63 and Fig. 3-64 show model of circulation mechanism of geothermal fluid and
‘geothermal reservoir struclure at E-W and NW-SE seclions. In these figures, boundaries of
classification of hol springs and existences of fumarolic gas are shown modifying vertically.

As shown in Fig. 3-6-3, heat supplics from magma reserveir which is inferred to exist al
depths near La Bramadora. Because its supply deceease in propolion te westward and up-
ward, heat flow structure having semi-dome structure inclined toward west horizontally is
assumed vertically to be seclional model of heat flow structure having arc-shaped zonings
cenfering arround magma feservoir.

On the other hand, as shown in Fig. 3-64, sectionzl model of heat Mow structure pres-
ents modified variations from vapoi-wates-dominated type common hot springs (a) of high
tempeiature at Los Tachos, through water-dominated type common hot springs (b) of
relatively low temperaluse at Las Olletas, to water-dominated type Ca-Mg biocarbonate hol
springs of rather low temperature at Arroyo Ailinco. ’

-1



3.6.3 Model of Circulation Mechanism of Geothenmal Fluid and Geothermal Reservoir
Struciure
(1) Mode! of formation of deep geothermal hot water

As genesis of hol water in the geothermal field, various theories have been presented.
Namely, 1) meleoric wafer origin presents that hot water has been formed from vnderground
wates osiginatéed from sain walesr and surface water and heated by heat source at depths,
2) magmatic waler origin, and 3) mixed origin of 1) and 2). Recently, fiials to research on
genesis of hot water are casried out by sludies on ion-concentrations and isolopes of §'*0
and 8D in hot water.

As 2 results of these studies, very low ratio of magmatic water in the whole hot water is
made clear. And, the following interpretation reparding gencsis of hol water is accepled.
Nantely, deep underground water which penelrated into depths spending long time has been
heated by heat of thermal conductivily of rocks and heat of thermal transfer medivm such as
gas, steam and a litile amount of magmatic water. Then, heated deep underground water has
reacted chemically with its surrounding rocks, and converted into deep geothermal hot waters.
This deep geothermal hot water accompanying with gas and steam ascends from its geo-
thermat Muid reservoir through fracture system, and hot water has been formed from relative-
fy a littile amount of deep geothermal hot water mixed with a large amount of shallow under-
ground water.

Mazin ion-concentrations in nver water is known as 5 ~ 10 mgfl in Na*,‘ Ca*t and Ci,
i mgftin K¥, and 15 ~ 20 mgfl in SO, " and HCO,~ In case this river waler penetrates
into subsurface and converls to shallow underground water, general tendencies of changes of
ion-concenteations in it is also know as increasing in Nat and HCO,, decreasing in Cattand
50, and almost no change in K*¥and Ci-

Accordingly, ion-concenlralions in deep geothermal hot water, which shallow under-
ground water converls into deep underground waler pénelraling more deeply 2ad is heated,
are resulls of chemical reactions with surrounding rocks at depths under balance conditions
of temperature, pressure and solubitity of minerals. Generally, deep geothermal hot waler is
characterized by high salinity of rich in Nat and CY, and contains l_i*-, K+, (‘aH, Mg**,
$0, ; B~, HBO,, Fe, Si0, and Hz. And, it is called “*chloride water™. '

Deep geothermal hot water, having these chemical compasitions and zccompanying with
80, and CO, of volcanic gas and steam, is considered to form geothermal fluid reservoir at
iwo to three kilometers deep having its temperatures of 200° to 300°C. Fig. 3-6-3 shows
models of heat supplies from magma reseavoir, flows of shallow and deep undespréund waler,
and geothermal fluid re.ien'oirs of deep geothesmal hot water togethar with gas and steam.

{2) Model of circulation mechanism of geothermal Nuid
Geothermal fluid consisting of deep geothermal hot water, gas and steam ascends from
geothermal IMuid reservoir through fracture systems feached to depths. In proportion fo
shallow subsuiface, it mixed with shallow underground water in vanous ratios and forms
shallow geothesmal Mlyid reservoiss in aquifess of high porosily strala or of perimeable steata



and rocks. Temperatures in shallow geothenmal fMuid resesvoir are assumed to be 100° to
200°C.

In case amounts of geothermal hotl water of high femperature are relatively abuadant
with Jow mixlure of shallow underground water, vapordominated system is formed consist-
ing mainly of steam accompanying with fumarolic gas. In proportion to decrease amounts of
shallow undesground water, il converls into vapor * waler-mixed system and finally into-
water-dominated system without steam a2nd fumarolic gas.

Furthermore, shallow geothermal fluid ascends from ils reservoirs, and mixes with
unconfined underground water originated from meleoric water andfor river waler. As a result
of this mixiure, lemperatures decrease and fonconcentrate of HCO, increase. Finally, hot
water and fumarsolic gas reaches to the surface and forms geothermal outcrops of hot spring
and fumarole. Fig. 3-63 and Fig. 3-6-4 also show models of ascents of deep geothermal hot
water, formations of shallow geothermal iluid by mixture with shallow underground wates,

conditions of shallow geothermal Muid reservoir, and classifications of hot water and ifs
spring oul.

(3) Model of geothermal fluid reseryoir struclure
a) Characleristics of structuge of deep geothermal fluid reservoir
Deep geothermal fluid resesvoirs considered to be formed at two to three kilomelers
deep from the surface are existing in basement rocks andfor near boltoms of intrusive rocks.
In these rocks, it is very difficult to consider that these reservoirs have large expansions
horizontally because rocks are of very low effective porosity and of usually massive body.

Acvoidingly, shapes of deep geothermal NMuid reservoir are inferpreted to have shapes of
plate or pipe elongating veetically.

b) Characteristics of shallow geothermal fluid reservoir based on stratigraphic sequence
As shallow geothermal Huid reservoiss in the investigation area based on stratigraphic
sequence are considered as follows; Namely', they are 1) pyrociastic rocks in younger volcanic
formation of Quaternary ags, and 2) pyroclastic rocks in Tertiary and upper Mesozoic forma-
tions. , _
~ As shown in schematic ¢olumnar section of effective porosily of Fig. 4-3-1, pumice tufl,
scoria {uff and some of andesite lava among younger volcanic formations have high porosity
as maxinum of mére than 30%%, and the former two show high values as average of 20to 30,
On the other hand, andesitic tuff breccia of Terliary formations and dacitic tnff of upper
Tordillo Formation of Mesozoic have porosities of maximum 30% and avesages of 15 1o 25%.
Because unpermeable strata such as lava flows and beds of welded (uff overlie on each
permeadble strata, it is considered to be favorable strala to form aquifers having ¢ap rocks.
ir uﬁconfommb!e planes accompany with conglomerale of coarse sandstone, it is
reported that these planes form strata-bound aquifers in some of geothennal ficlds. However,
in the investigation atea, Mesozoic formations unconformably overtic on the basement with-
oul conglomerate of coarse sandstone, but lava flows of basualt and andesite with their



pyroclastic rocks directly cover it. Beside beds of limestone in Mesozoic formations are
lithologically compact and of rather thin. Thus, these planes and beds are considered un-
favorable for aquifers.

¢} Characteristics of geothermal fuid resesvoir formed in and along fracture system

Distributions of present geothesinal manifestalion in the area generally tiend in E-W
direction. However, in case of search them individually, they are struclurally controted by
faults, gravimetric lineaments, gravimelric anticlinal and synclinal structures, and fraclure
systems assumed by anomalous areas of ground temperature and geochemistry. And, superior
hot springs and fumaroles are distributed at intesseclions of two or three fracture systems or
their vicinilies.

- 'Fhis fact indicates that structures of shallow geothermal fluid reservoir present shapes of
plate, pipe and pocket. In cas¢ these vertically elongated reservoirs having some widths
interesect with above-mentioned strata having possibilily o form strala-bound aquifers
sfraligraphically, these places are of the most favorable to form geothermat fluid reservoirs.

3.7 Summary of the Second Phase Susvey
The results of the second phase survey are summarized as follows.

371 Geological Structure
{1} Geological stratigraphy of the survey aiva
The survey arca consisls of superposed formations of Mesozoic formations and
Terttary syslems on a basement of metamorphic rocks of the Permian and Triassic syslems
and Varvarco granodiorites. Furthermore, there are distributions of youngers voleanic rocks,

whose activity took place from the late Pliocene to the Plistocene, that cover the above-
meationed layers.

(2) Geologic structure based on geologival distribulion and pefrological propertics
The west half of the survey area fonns a two-layered structure whese bz‘iseiﬁen_! rocks
with physical properly of high densily and low porosily are located shallow beneath younger
volcanic 1ocks with physical propertly of low density and high effective porosity. On the
other hand, the east half has a two-layered structure consisting of a Mésozoic formations and
Tertiary system with medium densily and medium effective porosily properties located

beneath younger voleanic rocks, while basement rocks are presumed (O be fatent at greatl
depth. ‘

{3) Geolozic structure based on the distribulion of Bouguer anomalies
The survey asea is divided in three distinct paris, i.e., the high gravily anomaly area
located in the westemn part, the low gravily anomaly area located in the eastern parl and the
gravily transition zone extending in the N-S direction in the fomn of stripe. Theze is concord-
ance belween the Bouguer anomaly distribution of the high gravity anomaly area and the



gravily transifion zone and the underground structure seen from the standpoint of geologi-
cal distribution and physical properties of the rocks. In the low gravity anomaly area how-
ever, it is necessary Lo suppose a geofogical staucture as consists of intrusive facies of acidic
poiphyrics of the Domuyo Volcano Complex expanding widely and deeply at depth.

{4) Faultsand fracture systems
There are faults of the N-S system accompanicd with wide area folding structures,
faulis of the E-W system perpendicular to the former ones and aléo faults of the NW-SE
system and NE-SW system conjugating with the former ones. The gravimetsic lineament and
gravimelric anliclinal and synclinat structures caused by the undulations of the basement
coincide with the above-mentioned fault systems and fracture systems. Furthermore, the
fracture sysiems eslimated from ground temperature, geochemical anomalies or distribution

and arrangemeni of geothermal manifestations tend to coincide with faults and fraclure
systems as well.

3.7.2 Heat Flow Struciure
(1} Heat Now structure based on the voleanic activities
1t is presumed that the magma seservoir related to the younger volcanic activitics
including the Domo Volcano that was in aclivity approximately 700,000 to 100,000 years
ago is the heat source that brings about the geothermal phenomena of the survey area. In this

connection, it is presumed that the heat source spreads out at depths near La Bramadora, in
the castern pait of the survey area.

{(2) Heat flow stiructure based on the distribulions of hot springs and flumaroles
The survey area is divided in four distincl patls, i.e., eastern part with sulfate hot -
springs of the vapor-dominated lype, cenlral parls wilh vapor.water-mixed type sall hot
springs (a), weslern part with hot waler-dominated type salt hol springs (b) and northemn
parl with waler-dominated fype Ca-Mg bicarbonate hot springs. These areas have a three-
dimensional semi-dome struclure inclined to the west and axis in the E-W direction. The
intensity of the geothemial aclivily decreases in the west and north directions.

(3) Heat flow slructure based on the distribution of ground temperature and geochemical
anomalies
The zoning from the standpoint of mincral ¢ombination of the hydrothermal
alteralion zones and the zoning lrom the standpoint of the I-meter depth ground tempera-
ture anomalies and geochemical anomalics of kg concentration and CQ, concentration and
the respective propeilies coincide with the zoning from the standpoint of hot springs and
fumaroles and its property, forming therefore a trinity relationship.



3.7.3 Circulation Mechanism of Geothenmal Fluid
(1) Circulation of geothermal fluid
Deep hot water, gas and steam goes up passing thiough fracture systems geaching
deep underground geothermal reservoirs, and when they reach the shallow underground aqui-
ficrs they form shallow geothermal reservoirs by mixing with shallow ground water with
various proportions. Distinct kinds of systems, such as vapous-dominated sysfem, water-

doniinated system, elc., and distincl temperatures come about depending with the mixing
properlion with shallow ground waier.,

(2} Geothermal outcrop of hot springs and fumargles :
Geothermat fluids going up furthier from shallow geothermal reservoirs get mixed
with non-pressure ground waler originated by rain waler and river waler. The lemperature

falls and it reaches the ground surface in the form of hot spring rich in HCO; and accom-
panied with fumarole. ;

3.74 Structure of Geothemnal Resesvoirs
(1) Structuge of geothermat fluid reseivoiss
Geothermal fluid reservoirs presumed to be located 2 t03 Km deep from the surface
are estimated [0 spiead vertically in the form of plates or pipes, along fracture systems
developed in the interior of basement rocks or along the crossings of the fraclure systems,
rathes thaa spreading oul in the fosm of plane susfaces.

(2} Structure of shallow geothermal reservoirs seem from the siratigraphical standpoint
From the stratigraphical and pefrographical standpoints the shatlow geothermal
reservoir of the sunvey area consists of clastics of younger volcanic racks of the Quaternary
and pyroclastic rocks of the Testiary system and upper Mesozéic sandwiched by imperme-
able fava and other kinds of rock from the upper and fower sides. Such being the case, itis
presumably suited for formation of a shallow geothermal reservoir with plane spreading.

(3) Structure of the shallow geothermal reservoir formed in the fracture system
The pronounced geothermal manifestations observed at the present time suffes the
structural restriction of fracture systems estimated from faults, gravimetsic lineaments
and ground temperature and geochemical anomalies. Furthermore they are distributéd in the
crossings of fracture systems developing in 2 or 3 directions and in the eqavirons of the said
CTOSSIngs. : ' '

Places where the occurrence of geothermal reservoirs fo_ﬁ'ned in fracture systems devel-
oped in verlical direclion (plate shape, pipe Shape or pocket shape) coincide with the occur-
rence of geothermal reservoirs with plané spreading scen from the stratigraphical standpoint
are best suited for formation of shallow geothermal reservoirs.



3.8 Extraction of Target Asea for the Third Phase Survey Based on the Results of the

Second Phase Suivey

After making a comprehensive judgement taking into consideration the aspects of geo-
logy, geological structure, heat flow structure, geothesmal fluid structure and geothermal
resenvoir struc{ure, we come {o the conclusion that the geothesmalresourcesof thesurvey atea
have high poienlial, with extremely promising possibility of development, and as a consequ-
ence we consider it indispensable {0 carry out the third phase survey. The following exlent is
mentioned in the first place as the most promising area for geothermal development which
should be investigated in fusther details in the nexi phase survey.

The area in guestion has an exlension over 40 Km?, with @ Km in the E-W direction
from La Bramadora in the eastern parf to Las Olletas in the western part passing through El
Humazo and approximately 5 Km in the N-S ditection, including El Humazo and Los Tachos.
This area comprises the district with distsibution of vapour-dominated type sulfate hol
springs located in La Bramadosa, the district with distribulion of water-vapour-mixed -
iype sait hot springs (a) comprising most of ¥ Humazo and Los Tachos, and the district
with distribution of hot springs accompanied with fumaroles like those ones of the western
extremity of Los Tachos and Las Olletas, among the water-dominated {ype salt hot springs
(b). N

This area composes the core the heat flow structuse and geothermal fluid structure
which has ils axis in the E-W direction and semi-dome siructure inclined o the wesl. Particu-
farly the area located east of the line drawn between the centers of El Humazo and Los
TFachos has high temperature hot springs accompanied with strong fumaroles and is presumed
to have the most intense geothermal activities. Therefore, it 1s the most promising area in
tesms of possibility of occurrence of high temperature g__eolher'mal Mueid indispensable for
geothemat development.

The sunner-up is the area comprising Las Olletas and Aguas Calientes, which corresponds
to the ouiside of the heat flow struclure and geothermal Muid structure with semi-dome
confligeration. This area loses in terms of order of priorily because ifs hot spnings are not
acvompanied with fumaroles in most of the case, bul it should be studied with sufficieat
care because it is located in the western extension of the geothermal struclure that crosses
the survey area in the E-W direction.



4. The Third Phase Survey









4. The Third Phase Survey

4.1 Physical Properties of Rocks
Four pieces of cores from the drilled hole No. 8 were provided for laboratory
measusements of physical propeities (Table 4-1-1).

Table 4-1-1  Numbers of rock specimens
. . Magnetic aini Theimal Sonic velocity
Deasity Porosity sus¢eplibility Resistivity conductivity {(P-wave)
4 4 4 4 4 64

The results of measurements are given in Table 4-1-2.

Table 4-1-2  Results of measurement of physical properlics

P Deasity (g7cea’ ) . . Resatvity I o5
W] R | [, [ [T | s oo |
V[P [Rectie] 13 | asz fras] sen | 150 1 e 1457 2302
2 |19 |owse | 2n 226 | 214] 1062 85 @ 337 3392 3450
2 6022 | | 228 232|220 ses| a2 38 om anz 2301 |
4 P30 o | 21 126 |2u1] sor | 269 FE I 1 1839 2,169

Sonic velocity

Measured were the sonic velocities of these cores and sixty samples oblained in the
cdurse of the second phase sunvey. The resulls are shown in Table A-1-1 and compited in
Table A-1-2 with respect to lithological units of Appendix A-1. A diagrammatic columnar
seclion of sontc velocities is illustrated in Fig- 4-1-1.

In general,

a) the vetocity in volcanic rocks of Quaternary in age is relatively small ranging from
2,000 to 4,000 m/sec.

b) the velocily in rocks of upper Mesozoic, Tettiary and Tetliary to Qualeinary in age
ranges from 2,000 to &000 nifsec, depending on lithology.

¢) in lower Mesozoic sediments and the basement rocks, velocity averages in the order
of 4,500 to 6,000 mfsec , and

d} 1ufls give a small velocily of sonic waves.

4.2 Heat Flow Survey

4.2.1 Purpose of Heal Flow Survey

Heat-flow measurement utilizing drilled holes is a method to seize a heat flow structure
most directly. General distribulion of surface temperalute was clarified by a geothennal
suivey of 1 meter depth carried out a8 the second phase of present investigation. At the thind
phase, twelve holes of 100 m each were to be dritled over an area of 40 Km? and one hole of



400 m deep was to be drilled at the most promising site indicated by the end of the second
phase. Heat-flow measurement of these holes will delineate an anomalous area and may point
out, from a study of aclivily of a geothermal fluid, the most promising area for geothermal
developmént,

Geophysical propeitics are measured on the cores collected from the 400 m hole and
applied for an overall analysis.

4.2.2 Drilling
(1) Diill holes, 100 m deep

Drilling of holes to a depth of 100 m each was conducled by ithe Argenline team
using (wo truck-mounted sigs of a rotary (ype. Bils of a tri-cone type were provided by the
Japanese paily. Bits of 8-5/8 inches in diameler were applied to a depth of 6 m, and then,
5-5/8 inches bits were used to the bottom. Casing pipes weee inscited to holes, in which a
collapse of walls is possible.

Dusing the period from Sth December, 1983 to 9th April, 1984, twelve holes totalling
1,162.5 m were drilled against the scheduled ten holes of 100 m each. Location, drilling
records are shown in Table 4-2-1 and Figures 4-1, 4-2-1 and 4-2-2. The geological observalion
of cultings were carried out by the Asgentine experts and the records are shown in Fig 4-2-3
with the records of ground temperature and geothermal gradients.

(2) Drill hole, 400 m deep

Drilling of a 400 m hole was designed to recover a core every 20 melers using a farge
truck-mounted rig. Bils, coring insttuntents and their handling technics were provided by the
Japanese pasiy. .

Due to a delay of amivals of a rig, bifs and instruments, the commenceniént of
operalion was postphoned. Despite every effoil along all the days, the drilling operation was
forced to be suspended at a depih of 80 m, because of weather conditions such as snowing
and decreasing of lemperature down Lo minus 20°C. (The Argeatine partaess are planning lo
start re-opening of the hole at December, 1984.)

The cores recoveied down 1o the depth of 80 m were provided for measurements of
physical propertics.

4.2.3 Tewmperalure Logging
Temperalure of the 100 m holes was measured repeatediy by the normat logzing and
multi-sensor methods under a technical guidance and a supply of instiuments from the
Japanese party. The details of measurements and their esults are attached to Appendix A2.2
_and A.2.3. |
An equilibrium temperature which denotes a temperature of a stralum, i)eing assumed
fo have existed before drilling, is estimated. The results of calculation over an each 5m
section are listed in Table 4-2-2 and summatized in Figure 4-24. A theoretical equation of
the estimation is described al Appendix A24 and an example of estimalion cunves are



Table $-2-1

Drilling Scheme

Hole Ducration Depth (m) ge::;;ﬁime
No. from to drilled scheduled | at the bettom (U)
1 5 Dec. 1983 131xe.1983 1010 1000 5179
2 5 Dec. 1983} 20 Dec-1983 1030 1000 745
3 14 Dee. 1983 20 Dec. 1983 101.0 1000 314
4 21 Dec-1983}* 245 100.0 ;;0
5 9 Jan.1984| 23 Jan 1984 1020 1000 30.1
] 18 Jan. 1984 21 Jan.1984 1600 1000 335
7 12 Jan. 1984116 Jan.1984 106590 1000 39
9 26 Jan. 1984 27 Feb. 1984 1200 1000 7179
10 6 Apr.1984| 9 Apr. 1984 1020 1000 105

11 23 Mar.1984| 27 Mar.1984 1020 1000 11t
12 |25 Jan1984| 6 Mar.1984 1010 —_— 150
14 15 Mar4984]20 Mar.1984 1010 — 375

Tolal S Dec.1983| 9 Apr.1984{ 11625 1,000.0
8 L Mar1984)19 Apr.1984 80.0 40090

¥ Stopped at the depth of 245m due to sharp increase of

temperature

*& Stlopped diue to a weather condilion, such as snowing and a

lox temperalure doxn to minus 20T
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shown in Figure A-2-4. A distribution map of the equilibrium temperature at the depth of
100 m is attached (Sec Fig. 4-2-5).

4.2.4 Calcutation of Heat Flow
An amount of heat Mow, Q is defined by the formula
Q=K dt/dz
where K : thermal conductivity of a stratum
(calfcms2c.°C)

dtfdz : geothermal gradient (°Cfcm).
Heal flow Q is calculated from the data within a seclion where geothermal gradients are
rather stable to minimize an effect caused by the existence of water. The resulls of
calculation is obtained from a value observed within an each 5 m interval, using the leasl
squares method.

Geology of each hole is comrelated with a stratigraphical succession esfablishied in the
previous work aad a value of thermat conduclivity of each stratigraphic unit is deemed to be
equivalent 16 & value oblained from a costelalive unit during measurements of physical
properties in the second and the third phase surveys. _

The resulis of calculation are shown in Table 4-2-3 and Figures 4-2-6 and 4-2-7.

Table 4-2-3  Geothermal gradient and heat flow

Hole No. Geothf;mal Therma‘_l_ ' Heat flow ca!ft{::ﬁ?‘i?o?t{for Sf[(:::’]%;?r‘:g ¥
gradient conductivily g.:ot]:;i\:mal conductivity
(x1073 “Cleny) | (x1072 calfemicsec-C) | (HFU) gJim')
; 53 2388 153 5-100 V-2
2 ny 288 343 74-100 \'&
3 18 6.09 110 £0-100 J1
4 — . - — -
5 4.2 279 11.7 70-100 V-}
6 16 219 45 55-95 V-3
() 0.2 _ 2.19 06 55-100 V-1
9 69 434 299 90--120 T
10 03 258 09 70-100 V-2
11 14 2.88 4.0 65-100 V-2
12 09 2.79 25 | 45-100 vl
14 43 288 124 70-100 V2
Average 353 ki Y] 16

4.2.5 Consideration on Heat Flow Survey
(1) Geology and alteration in holes
i) Geology in hotes
The geological logs of {welve holes are itlustrated in Fig. 4-2-3.



Four holes (Nos. 1, 2, 10 and 11) wese diilled within dacites and related tuff
breccias of Quaternary in age. Other four holes (Nos. 3, 7, 8 and 14) entered from the dacite
to an underlying succssion of Quaternary to Terliary or Jurassic times. Among remaining four
holes, three holes (Nos. 5, 6 and 12) intersected welded (uffs, scoria tuffs and andesitic lavas
of Tertiaty to Quatemary age. Though a small difference of rocks facies was aoliced, these
rocks belong to the same geological formation. The last holes (No. 4) remained within
andesitic tulf breccias of Jurassic age to a boitom depth of 24.5 m and no change in rock
facies was observed.

The dacites are generally pale grey Lo pinkish white in color and frequenily contain
obsidian glass. The rocks are occasionally rich in biotite and sporadically contain clasts of
shale.

The formation of the Teiliary o Qualernary consists of welded tuffs, scoria tulls,
pumice tuffs, andesile tavas and volcanic breccias. The welded (uffs are made up chiefly of
acidic to intermediate glass and are porous. Scorias are almost entirely welded. The rocks
frequently ¢ontain accidental rock fragments. The scoria tuffs arée composed of dacitic to
andesilic pyroclastics, bigger than lapili in size, with a matnix of fine- to coarse-grained
volcanic ashes. Scoria are weldéd in parl. The pumice tuffs contain a Jarge amount of pumice
which is pale yellowish white. Finegrained volcanic ashes are frequently includéd in the
racks. The andesite lavas undergo alteration and are seddish to yeltowish browa in color. The
andesilic breccias are slightly porous. Older andesites of the Tertiary in the hole No. 14
undergo alteralion and are reddish purple to black, varying in color.

The Furassic formation is correlative with the Chacay Melchue formation and
consists of andesitic 10 basaltic tuff breccias, basaltic andesites and sandstoncs. The andesitic
o basaltic tufl breccias are formed of hard and compaél rubblés and a rather soft, sandy to
clayey matrix. The basaltic andesiles are massive and compacl. Interbeded with the telf

breccias are thin beds of hard and compaci sandstones, which are dark colored and resemble
basallic andesites.

i1} Alteration in holes

The rocks are slightly altered in general except a case of the Jurassic system
intersected in the hole No. 4 at the cast of Fl Humazo, where slightly strong silicification was
noticed. '

The dacite is gencrally fresh in appearance and only slight alteration of glass is
recognized by a pate yellowish green color in the holes of Nos. 9 and 2. The hole No. 9 is
situated between Los Tachos and a fumaiole in the east. The hole No.2 is located in the
middle of Las Olletas and Los Tachos, but ne indication of het spring is known in the
vicinily.

Yhe andesites of the Fedliary are paitly allered and bleached with possible sericiliz-
ation. A degree of alteration is slightly higher than altesation of daciles. :

Juzassic system is intersected in the holes Nos. 3 and 4. The r6cks in the hole 1\04

show the strongest alteration among ail holes and are more intensively silicified than the
focks of No.3,



iii) Discussion of geology and alteration in holes

The geology of the holes accords with the susface geology. The same rocks and rock
facies occur in the underground and a distribution to the depths does not conflict with a
geological structure in the surrounding area,

Alteration of rocks in the holes are generally weak, simitar (o alteralion in the sur-
face, The alteration is confined in the vicinity of the geothermal manifestations, and
deceeases sharply ils intensily toward the outside. This may be of the characiesistic of the
geolhermal sysfems in the investigation area,

{2} Relation between geology and temperature in holes

An equilibrium temperature and a geothermal gradient of a2 5 m section are atiached
in Fig. 4-2-3_ The dotied line in the figure denofes the geothermal gradient used in calculation
of heat flow.

Eleven holes were drilled to the depths of 100 m and the shallow parts among these
five hokes (Nos. 5, 7, 9, 10 and 11) showed the gecothermal gradient at zero refllecting the
effect of surfzce water and the migration of ground water. The geological succession in which
the geothermal gradient stands al zero, consist of dacilic Javaseof the Tertiary, welded tuffs and
pumice tuffs of Tertiary o Quatemnary in age. Pumice tuffs may obviously be permeable.
Pacitic lavas and welded (ulfs vary from 2 to 12% in the elfective porosily and, in the ficld
these rocks may or may not be permeable depending on their locality.

The Tertiary and underlying beds were penetrated jn fous holes. A change in the
geothermal gradient is noticed even within the same bed, indicating movability of Muids in
these beds. Among these rocks, andesitic Tavas gave a rather constant geothermal gradient
(e.g. andesitic favas of Terijary age in the hole No. 12 and andesitic Iavas of Tertiary age in
holes Nos. 9 and 14), bul cannot necessarilly be deemed to be impievious due o the
Limitation of 2 number of drill holes which penetrated the andesitic lavas.

(3)‘ Temf;era{ule in the drilled hotes (Fig. 4-2-4)

Generally, the geothermal gradient of the supeificial parts remains low, probably
due to cooling by swface water depending on the high pesmeability of the stralum.
Especially, no increase of lemperature was recorded in the hole No. 7. At the depth of 100
m, seven holes out of eleven exceeded 30°C in temperature and within these seven, three
holes recorded anomalons values beyond 50°C

~ For réfe[:n_ce, an annua} average of temperature on the surface is estimated al some
8°C from the curve of ground temperature.

(4) Temperature at the 100 m depth (Fig. 4-2-5)

The area which exceeds 30°C in temperature lies belween the A® Manchana Covunco
and ihe A® Covunco and extends easlwards. An anomalons values beyond 50°C are located -
around the drill holes Nos. 1 and 2 at the certral parl and around the diill holes Nos. 4 and 9
at the eastern parl of the surveyed area.



{3) Geothermal gradient (Fig. 4-2-6)

The anomalous values exceeding 40°C/100m were secorded in five holes. The
maximum gradient of 119°C/100 m was observed in the hole No. 2.

{6} {eat flow (Fig. 4-227)

The values, exceeding 10 HFU (x107% calfcm?+sec), seven linics larger the world
average of 1.5 HEU, are tocated in the central and the eastern parls extending towards easl
between the A® Manchana Cowunco and the A° Covunco. The zone of anomaly which
exceeds 15 HFU, trends northwest-westerly. The maximum value of 34.3 HEFU, more than
twenty times of the world average was observed at the site of No. 2. In the area of some 40
Km?2, surrounded by the holes Nos. 6, 10, 9 and 12, the amount of heat discharge by heat
conduction is calcutaled 16 be4.5 x 10% calfsec and the heat flow to average 11.3 HFU.

4.2.6 Summary on Heat Flow Survey

a) Three holes gave the anomalies above the 50 degrees and seven holes cut of eleven
gave the high values beyond 30°C, at the depihs of 100 nieters. '

b) The area of high values, above 30°C in tenperature at 100 m depth and 10 HFU of
heat flow, lies belween the A® Manchana Covunco and the A® Covunco aad exteads fo the
east.

¢) In the area of some 40 Km?, the amount of heat discharge by heat conduction is 4.5

x 10° calfsec and the value of heat flow averages 1 1.3 HFU, indicating the presence ofahlgh
gcolhermal potential.

4.3 KElecisical Prospecling

4.3.1 Puspose of Electrical Prospecling

Rocks have the specified electrical resistivities depending on their poméity and the wales
contents. The resistivity method makes use of these properties to clarify a geological
structure of an area under investigation. The method is broadly used to detect an anomalous
area where rocks are genesally conductive due to the existence ofg'e'mhenh’al fiuid in a field
of geothermal exploration. -

In the second phase of the present study, the Zones of alteration and the pteup:lates of
hot springs were investigated. This was followed by the mlplemenlahon of the electrical
resistivily survey in the thind phase using the Schlumberger array to delineate the structure of
geothermal fluids and the refated zones of geothermat alteration in the depihs.

4.3.2 Method of Electrical Prospecting
(1) Line selting
The lines surveyed were almost the same of the seismic prospecting and an extension
of the lines was set using a compass, The arrangement of the lines is shown in Fig. 4-1.



{2) Measurement
On a Jine, the survey points are spaced af an intesval of 500 m cach and a distance of
cugeent electrodes A & B is increased to the maximum of 1,000 to 4,000 m. At the points of
Nos. 230, 250 and 270 on the Line E, the separation of 200 m was adopted. ‘The delails are
given in Table 4-3-1. The theory, instruments and artangements of field procedures are
attached in Appendix A3.

Table43-1  Scheme of electrical prospecting

) Miaximum distance of cursent elecirode
Line lm(ekl;r;glh No. of station AB(m)
: : 1,000 2,000 3,000 4,000
A 90 7 2 2 2 13
B 40 7 2 2 2 1
C 40 ? 2 2 2 1
D 45 8 2 2 2 2
E 50 10 2 2 2 5
Total 265 SQ 10 10 i0 20

4.3.3 Analyses of Feclrical Prospecting
(1) Physical propesties

The Figure 4-3-§ gives the resistivily and the effeclive porosity of the rock specimens
obtained in thé 2nd and the 3rd phase surveys.

Basement rocks are highest in the resistivily and are followed by volcanic rocks.
Sedimeats and pyroclastic rocks are cefatively less resistive. Bascment rocks are of above
T0052-m, and the most récks relain the sather higher resistivities being of above 2509-m,
except the cases of scoria fufls, andesitic breccia tufis of the Tesliary to Quaternary and
andesites and andesitic breccia tuf¥s of the Tertiary, in which the rocks range from 35 to
15052-m in resistivily.

The effective porosity has the regalive correlation with the sesistivity, and ranges
from less than 3% in the basement rocks to more than 20% in scoria-tufls and andesitic
breé¢cia tufls of Terliary to Quatemnary in age.

Measurements of physical properties were conducted with fiesh fock specimen or
drilled cores. If an extremiely lower value than in the laboratory is oblained ia the ficld, such
a value may indicate an effect of geothermal alteration or a state of a high temperature.

(2) Cross-section of apparent resistivily
A briel explanation of Figs. 4-3-2(i) ~ 4-3-2(ii) and 4-3-3 are given herealter.
a) Lline A
Between the points Nos. 50 and 550, the equi-resistivily lines run in parallel with a
topography, indicating a stable layered struclure, the shallow layer having a moderate fo
higher resistivity of 100 to 50082-m, the middle Jayer being of a low resistivity of less than



2552-m and the lower tayer having a moderate resistivily of 25 to 10052-m.

A zone of low resistivily of fess than 102-m was focated in a shallow depth between
Nos. 100 and 150 at the western end of the Line. At the eastein end, two zones of a low
resistivity of less than 258%-m were delected in a depth between Nos. 650 and 750, under a
thick succession of high resistivities. Due to the fact that a zone of a tow resistivity remains in
a shallow depth between Nos. 800 and 850, a section between Nos. 650 and 750 scems (o
have been reimarkably sunk to a depth.

b) Line B

Similaily to the Line A, a layered struclure is obseived between Nos. 100 and 200,
being of a moderate to high resistivily of 100 (o 2502-m in a shallow, less resistive in a
middle and of a higher resistivity in a deep zone. At the inlesseciion with the Line A, a zone
of a low resislivity was detected between Nos. 150 and 200, being of less than 1082-m,
sintitarly to the Line A. Belween Nos. 200 and 250, an existence of a fault was assumed
because the northern side had a narmower zone of a low resistivity, and being mose than
5052-m in 2 middie deplh, in con{rast with the south side.

c¢) Line C _

A zone of a low sesistivily was found in a middle depth between Nos. 100 and 200,
being of less than 2552-m. The zone incieases its resistivily towards north. Between the Nos.
50 and $00, a faull is assumed o exisl, due to an abrupt change of resistivity. At the point of
No. 50, the measurements consistently recorded the values of more than 10092-m.

d) Line D ’ ;

The southern half of the line, belweea Nos. 50 and 200, provides a thick sequence
of high resistivity of more than 50082-m in a shallow depth which is underlain by a2 zone of a
Tow resistivity. A distinct difference in geological structures were assumed between the points
No. 200 and No. 250, because a zone of a low resistivity less than 2582-m was defected ina
shallow depth, to the north of No. 250.

€¢) Line E

A complicated palleen was delineated in the Line E, compared with the othess. .

A Tow-resistivity zone in the depths between Nos. 230 and 250 indicales a local
subsidence and retated hydrothermal alteration. The zone becomes shallower eastwards and
Jess resistive being below the 2558-m near the surface beiween Nos. 400 and 450.

{3) Distribition of apparent resistivily
The apparent resistivily is shown in Figs. 4-3-4() ~ 4-34(v) over the different
electrode intenvals (ABf2 = 250, 500, 1,000, 1,500 m).
a) AB/2=250m
The zones of a low resistivity below S082-m were found in
i} the westemn to ceniral area at the western halves of the Lines A and B.

ii) the north-eastem arca surcounding the hole No.4, and
iii) the south-caslern area near the easl end of the Line A. 7 .
The altered zones which were located on the surface were situated within these



areas. From this, the shallow depths of these areas are supposed to have undergone a
hydrothesmal alteration.
The moderale (o high sesistive zone above 25051-m is centered by the hole No. 8 at
the south-eastern area and extends towards the holes Nos. 4 and 3.
The teends of tectonic lines assumed by resistivily were E — W af the southwest, N —
S at the southeast and NW — SE at the northwest of the areas.
b) AB/2=500m )
* The westesn to c¢entral area becomes less resistive. The zones of a low resistivity at
the northeast and the southeast areas seem Lo join each other.
¢) AB2=1,000 m
The zone of a low resistivity below 50%%-m dominates and the zones below 2582-m
are noled at the western to ¢entral area and in the vicinily of holes Nos. 8 and 3.
d) AB/2=1,500m
The zongs below 530082-m were recognized al the wesl and the area between the
holes Nos. 3 and 8.

A compli¢ated structure is presumable on the Line E, due to intense changes of
resistivity.

{4) Cross-section of resistivily
The resulls of the VES cinve analysis are given in Fig. A-3-4 and the sections are
shown in Figs. 4-3-5(i), 4-3-5(ii). The method 1s described in Appendix A3 4.
a) Line A

‘The subsuiface of the Line A is roughly divided into three layers as follows

The upper layer of a modetate to high resistivity. — The thickness of the layer sanges
from 10’s to 100 m at the west of point No. 600, and increases to some 200 m between Nos.
650 and 750. The values of the resistivily sanges from 100 to 6,00092-m, being 1,000 to
6,5008-m near the surface between No. 650 and No. 750.

The layer is comrelated with dacites of the Quatemary at the east of No. 150 and
with welded tuffs of the Testiary (o Quaternary at the west of No. 100.

. The middle layes of a low resistivily from 2-t0_ 1582-m. — To the west of No. 700,
the tayer can be correlated with pumice- and scosia-{ulfs of the Testiary {o Quaternary in
age. An effect of hydrothermal alteration throughout the field is possibly appareat, because
being less resistive than the values obtained in the laboralory. The very low resistivity was
recorded being al 2 o 682-m in the vicinity of No. 150 where the hot spring of Aguas
Calientes gushes out. The zones of 2 low resistivity are probably formed by a hydrothermal
alteration in places of tuffs, overlying and underlying dacites, welded tuffs and the basement
of grandiorites. The layes of a low resistivity situated to the east of No. 750 is assumed fo be
correfative with andesitic breecia tuffs which underwent a hydrothemmal altesation.

The deep layer of a high resistivily. — The layer is correlative with the basement of
granodiorites at the west of No. 750. Several faulls are assumed from the difference in
allitudes of basements being at 100 to 200 m below the surface belween Nos. 100 and 150,
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and being at 600 to 800 m below the susface between No. 650 and 700 and on the No. 250.
b) Line B

The shaltow layer of a moderate o high resistivity ranges from 30 to 80 m in
thickness and is correlated with dacites of the Quaternary and welded tuf(s, andesites and a
patl of pumice (uffs of Tertiary age. Outcroping on the susface and being dry, pumice tuffs
seem to be resistive, though these rocks are gencsally more conductive in a depth.

The layer of low resistivily in a middle depth is made up of scoria tulfs with
overlying and underlying beds.

The basemenls on this line are shallow in depths being of some 300 m, except at the
point No. 50 where the basemenls were probably sunk to a depth which exceeded an
effective penetration of the method. '

¢) Line C )

Between the point Nos. 150 and 300, the shallow layer of moderate to high
resistivity corresponds fo the Quaternary dacite, the middie layer of a low fesistivity to the
Testiary to Quaternary pumice [ulls and the deep layer of a high resistivity [o the basements
of granodiorites. The highly tesistive basemenls increase their depth to thé north. At the both
ends of the line, the Jayer of a low resistivity has not been detected indicating a lack of

hydrothermal alteration, although the separation of the electrodes was nol wide ¢nough to
confuirm the phenomenon.

d) Line D

Two different patterns of a resistivily sfructure are noted being separated between
Nos. 200 and 250. _

At the south, the subsuface is divided into three layess similarly with ihe Line A.

Al the north, the resistivily remains within alow range throvghout the suecession in
which it reaches to a value of 40 fo 20052-m at the bottom. The low tésis{i\'iiy at the shallow
depth probably represents the effect of hydsothermal alteration in the Tertiary andesites and
the Mesozoic sediments. The idea is supported by the existence of anomalies in témperatuse
at a depth of 1 m, and of the aliered zones on the surface. The underlying zone of 49 lo
6092-m is assumed [0 be cosrelative with the lower-Jurassic beds, probably being altered and
of a high temperature, of which an assumption is drawn from the physical propesties
observed in the laboratory.

e) Line E

The most complicated straclure in resistivily is seen on this tine.

Al the points Nos. 230 and 250, the depths of the basements exceed more than
1,000 m. The resistivily at the middle depth ranges from 10 to 20§t-m and mdncate the
existence of alieration. The faults of large thiows seem to exist.

The eastern past of No. 300 has not a zone of a high fc&isti&'ity and consists of a

shallow layer of 10 to 2052-m and an underlying layer of 30 to 15082-in, similarly with the
north of the Line D.

(5) Struclure of the resistivity basement



The Fig. 4-3-6 shows the depths of the upper surface of the highly resistive bed and
faults infeired from the ¢lectrical prospecting.
i) The depth of the resistivity basemenlt ranges dominantly from 200 to 600 m.
ii} Found are the places where the depths of the high!y resistive basement exceed 800
m, between No. 650 and No. 700 of the Line A. Nos. $0 and 200 of the Line D and Nos. 230
and 270 of the Line E ai the south of El Humazo.

iii) The highly resistive basement has not been delineated at the intersection of the
Lines D and E.

4.3.4 Summary on Electrical Prospecting

a) The subsurface generally consisis of the shallow layer of a moderate fo high
resistivity, the middle layer of a low resistivity and the highly resistive basements at the
depth, except some places such as the vicinily of the intersection of the Lines D and E or the
easfern end of the Line A.

b) The shallow layer of a moderate to high resistivily ranges from 20 to 200 m in
thickness and is ¢orrelative with dacites of the Quaternary and welded tufi's and andesites of
the Teddiary t0 Quaternary in age.

¢) The middle layer of a fow resistivity is comelated mainly with scoria (uffs and pumice
tufls of the Teitiary to Quaternary, being presumably hydrothermally altered or in the state
of a high temperature as indicated by the valucs of less than 2082-m.

Af the intersection of the Lines A and B, a low value of 2 to 4 €3-m al the shallow
depth is correlative with a source of hol spring at Aguas Calientes.

d) The high resistivity of more than S00St-m at the depths of deeper than 200 m is
cosrelative mainly with granodiorites in the basements. The geological structures seem to be
deeper in the vicinily of No. 200, in the section between Nos. 650 and 700 of the Line A and
in the section between Nos. 230 and 270 on the Line E.

e) In the vicinity of intersection of the Lines D and E and at the eastern end of the Line
A, the subsusface consists of the layer of a low resistivify at a shallow depth and of the layer
of a low to moderate yesistivity al the deep. Both of the layers may be correlative with the
Mesozoic sediments which undetwent 2 hydrothermal alteration or are possibly in a state of
high temperatuce at the depths.

) The faulis or tectonic lines are dominated in the vicinity of No. 200 of the Line A, at
the intersection of the Lines A and D, and in the vicinity between Nos. 230 and 250 of the
Line E. These areas can be deemed fo be promising for a development of geothermal energy,

from the point of view of the themiostruciure where the basements are fauited to the
depths.

4.4 Scismic Prospecting

4.4.1 Purpose of Seismi Prospecting
Duzing a course of geothermal investigalion, it is essential to find out a geothermat



reservoir or a possible passage of fluid which is indicated by a fraciure system or a crushed
zone. The general concepls of the basement structure and the fracture systent have been
obtained from the previous surveys, such as the gravily method, eic. In the third phase
survey, the seismic prospecting was employed (o disclose the details ¢f the structures which
migh{ exist in the Mesozoic sediments or the basements under the coverings of volcanic rocks
of later ages. As the depihs of the basements are estimated lo remain in a shallow range, the
Mini-Sosie method, an effective seismic reflection prospecting, was introduced.

4.4.2 Field Proceduse of Seismic Prospecting
(1) Point selting

The most of the lines are in common with the lines taid for the electrical prospecting.
The base points were surveyed by the Argentine parly using the tellurometer CA 1,000 and
the transit Wild T-2, and intermediate points were traversed by the Japanese parly using a
pockel compass. The lines were pegged by every 10 m of horizontal distance.

‘The asrangement of the lines are shown in Fig. 4-1. :

The altitude of the bench mark, 300 m west of the base camps at 1,874 m A'S.1.; was
reduced by 67 m, similarly (0 the case of gravity survey in the second phase survey. From this
point, the leveling was implemented by the Japanese parly using the automatic fevel,
Sokkisha Autolevel B-2, with an accuracy of D £ 100/S, whese 1) is an enor in mm in a
closed [raverse and S is a horizontal distance of the fravesse expressed in Xm.

(2) Measurement

Prior to the data acquisition, field parameters were chosen as _gi\'en in Table 44-1
from the noise, filter and number of pops tests between the points Nos. 400 and 450 on the
Line A at the central area. The methods of the test and méasurement with the specifications
of instruments are described in Appendix A 4.2 ~A44.

Table 44-§  Seismic ficld parametess
Number of pops 2,000 pops
" Number of channgls 24 channel
Shooling interval 20m
Statioa interval 20m
Number of fold 12-fold
Spiead Inline-oflset
Cllset 30~490m
Record kength 10
Sample rate i msee
Grouping Wm(1.2mx 183}
Filter Low cul 30 Hz 24dB’act. Notchout
iigh cut 250 Hz 24 dBjoct.
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The scheme of seismic prospecting is given in Table 4-4-2.

Table 4-4-2  Scheme of seismic prospecting

. ‘ Co Number of Geophone .

Lina Shooting points shooting stalions Lme.length
A Nos. 146~.900 : 318 Nos. 97~897 8020 m
B Nos. 0~188, 192366 183 Nos. 3 ~399 3,980
c Nos. 8~.62, 62, 14~318 IS'Z Nos_ 11~.351 _ 3420
D Nos. 20~240 - 1m © Nos. 23~289 2,680
E Nos. 56400 176 Nos. 1~397 3980

Total 1,000 22080 m

4.4.3 Data Piacessing of Seismic Prospecting

The processing of the seismic dala reQUIres the speciat processors and programmes. The
data were processed by Horizon Interstate Co., Ltd. During the processing, a spe-nahsl was
dispatched to the processing center to examine, the method and gesults of pracessing. “The

results ate illustrated in a form of récord seclion. A method of data processing is attached in
Appendix A4.5.

4.4.4. Analyses of Seumic Prospectmg
(1) Method
On the time sections of the fecord, reﬂechons are dlscnmmaled and possible faults

are delected A phaniom horizon can be traced with a continuation of a group of reflections.
The indications of l‘aultmg are
i) abrupl discontinuity of reflections
1) time lags within reflections
fii} sharp change of gradient of reflections.
~ The lime séctions are then converled to the depth sections (see Figs. 4-4-1 and
4-4-2(i)y to 4-4-2G0))-

The relationships between two way time and depth on the eachlineareshownin Fig.
A46

(2) Results.
- A series of clear rel'le-.hons was, delected ihrough the area ranging from 100 to 600 m
in deplhc, e\ccept a place in the vicinity of the drilled hole No. 8 where two lines of A and D
inteisect cach other. The phantom horizon delineated by reflections is correlative with the
apper faces of lower Mesozoic sediments or the basements in which the elastic wave velocily
is higher. )
(a) Deplh sechons (Flgs 44-‘2{1} 44-2(;1})
a) Line A
An existence of a faull, dipping to the west with a throw of more than 200 m, is



assumed in the vicinily of No. 470. To the wesl, a series of clear reflections is nofed in the
depths of 300 to 500 m. Several discontinuilies in the series indicate the existence of faults
with small throws

FFrom No. 600 to No. 750, only weak reflections of poos continuily are observed to
a depth of 1,200 m.

To the cast of No. 800, a serics of clear refleclions is located in a shallow depth.
b} Line B ‘

A series of clear reflections is recognized in a depth ranging from 300 to 600 m.
Upheavals afe delineated belween Nos. 50 and 180, and to the north of No. 350, with
possible faults at the boundaries of blocks.

¢) Line C

A series of clear reflections is seen in a depth of 300 to 600 m, similarly to the
Line B. ) ’

The general stiucture of the line comprises upheavals in the middle and downthrows
al the both ends. A patlern with a downthiow between Nos. 10 and 47 and with a upheaval
in the vicinity of No. 60 at the south end of the line is similar with a patiem observed at the
south end of the Line B, indicaling a sfructusal continuity of geology with in the both lines. -

d} Line D

Sporadically clear reflections in a shallow depth to the north of No. 210 and Jess
conlinuous reflections in the depths of 1,000 to 1,500 m were recorded.

To the south of No. 210, a pattcin of downthrows resembles 6ne of the section
belween Nos. GO0 and 750 of the intersecting Line A. Within these depressions, an existence
of laults ¥s possible, although it has not been confirmed due 10 poor reflections. Thé_ clear

reflections at the shallow depth to the north of No. 210 is correfalive with the upper face of
the lowe-Mesozoic sediments. '

e) Line E
A series of clear reflections is noticed at the depths of 100 10’600 m, which déepens
to the wesl. A loval depression exists in the vicinity of No. 240 with an association of
possible faults.
A serics of clear reflections in the east of No. 290 is presumably correlative with the
upper boundary of the lower Mesozoic sediments.
{b) Structure of the basements {Fig. 4-4-3)

The Fig. 443 shows the depibs of the phantom horizon which is dedned to be the
upper boundary of the Mesozoic sediments or the basemenls, and the projections of faults
infested within these sediments and the basements.

The undutations in the cential and the \\gslem parts ol‘ the area are small, bemg of
300 to 600 m deep.

In the eastern asea, a depression of a large scale is assumed around the intessection of

Lines A and D. Apart from this depression, the throws of I‘aulhng fangé in géneral I‘mm 50to
200 m.



4.4.5 Summary on Seismic Prospecting

a) A series of clear reflections was obsesved at the depths of 100 to 600 m, and assumed
fo be the responses of the upper boundarics of the fower Mesozoic sediments or the
basements.

b) A decp depression is infesred to exist in the vicinity of the drilted hole No. 8 at the
interseciion of Lines A and D, where tess conlinuous reflections of low amplitude were
recorded at the depths of 1,000 to 1,500 m.

¢) The local displacements of the reflections indicale the existence of faulls with throws
of some 200 m, except the faults around the depression mentioned above.

4.5 [sotopic Investigation

4.5.1 Isotopic Characteristics of Hydrogen and Oxygen in Hot Spring Water

The chemical components of the hydrogen isotope and the oxygen isotope in waler
from hot springs and a spring in {hé survey area are shown on the Hoefs {(1980) diagram in
Figs. 4-5-1 and 4-5-2.

" The measured values fall info the category of meleoric water origin as indicated by the

value of % O.

The cosrelation diag:arﬁ of oxygen and hydrogen isotopes is shownin Fig. 4-5-3. In the

. diagram, the line 6? Meteoric Waler is expressed in the formula,

8D = 8 - §'*0+ 10, precipitation of the Pacific side (Craigi 1961).
Water from hol springs in the area is plotted in the vicinily of the Meteosic Water line and is
assumed to be of meteoric origin with reference to Figs. 4-5-1 and 4-5-2. The most samples
indicate the slight isotope exchanges which ook place wilth oxygen in rocks when water was
healed during the circufation. The values of the Ssmple (?) from La Bramadora and the
Sampté B of spring water in the Verlicnte Fria Los Tachos lie on the line of Meteoric Water.

The amount of dissolved chlorine ion {(mgfl) in hot spring waler is correlated with the
isbtopic component of oxygen in Fig. 4-5-4. Water from La Bramadora (?)is low in chlorine
contents and resembles to meteoric water in the area, as illustrated in Fig. 4-5-3_ Spsing waler
of Verliénte Friz Los Tachos (3) has also a simitar chasacler. Hol spring water from Los
Tachos Grandes (D), Aguas Calientes (@) and Lincon de Las Papas (8) varies in chlorine content
from 780 to 970 mgfl and in §'%0 from—13 to —15%w.Water from Los Tachos Chicos @,
Las Olletas () and E} Humazo is high in temperafure and in salinily and ranges in C1~
content from 1,500 to 2,000 mgfl. The value of §"%0is about —14 %o Although a number
of samples is limited and the value flucleates, the positive correlation relationship between
the concentration of CF and the value of §**0 indicates that hol spring watles is common in
origin and is differentiated in the course of common process.

4.5.2 Isolopic Chafacleristics of Sulphur in 1ot Spring Water
~ The chemical com ponents of sulphus in hol springs in the investigated area are shown on
the Hoefs diagram in Fig. 4-5-5.
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The conlents of 5% S are constant in seawaler being about +20%oin general. It varies in
rocks ranging from 0 to 10%w0 in granite of magnétiie series (Sakai & Ishitara, £979) from
—10 to 0%o in granite of ilmenite series and being at +4.4 1 2.1%» (Ueda & Sakai) in
Qualernary volcanic rocks. The value in volcanic gas is being eslimated (o be of less than
several Yoo to 10%0, atthough the value varies depending on each voleano. The value of 53s.
in hot spring walers of the area is comparatively sfable ranging from 11.9 to 14.9%». No
difference is discriminated in origin of sulphur. The hot spring waler was probably formied of

underground water which was meleoric in origin and heated by wates steam with hydrogen
sulphide gas

4.5.3. Isolopic Characteristics of Carbon in Hof Spring Water _

The isolopic components of carbon in water from hol springs and 2 spring in the
investigated azea are shown on the Hoefs diagram in Fig. 4-5-6.

The vatue of 8'*C ranges broadly from —5.0 to —24.0 %o and a small difference in
origin of carbon is indicated. If such a difference is intespreted to represent a difference of
rocks from which spa water flows out or a difference of rocks which form a geothermal .
resesvoir, the following explanation can be made. The high value fanging from —5.910
—5.0%0 in water from the Linedn de Las Papas (8) and La Bramadora () suggests that the
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water derived from Jurassic limestones has experienced an isotope exchange of carbon with
geothérmat water. . : _

On the other hand, the low value ranging ftom —24.0 to —28.2% in water from Los
Tachos Grandes (@ and E! Humazo (®indicates that carbon is originated from organic
sediments. Bul the geology of Los Tachos Grandes (1) consists of, from the depth fo the
sutface, granites, Jurassic andesitic tufl breccias and Quaternary dacific {uff breccias. The site
of El Humazo (D) is underlain by granites in deep and hornfels on top. Among hol springs
wilh an intermediate value of 8*3C ranging from —13.2 to —18.6%0, the geology of Los
Tachas Chicos @ is similar (o the geology of Los Tachos Grandes (1), and the site of Aguas
Catientes (#) and Las Olletas () are undcdtain by granites which are covesed by Quaternary
andesites and associated scorias. These phenomena suggest that a difference in conlenis of
isotopic carbon cannot be éxplained simply by a difference of geological condition.

The variation in contents of 8'3C depends not only on the difference of geology but
also on the mechanism, by which water of hot springs is yielded. Water from Los Tachos
Grandes (@) and €1 Humazo is not almost free from an effect of decp geothermal water,
and is created by healing of undesground water with steam and accompanicd hydrogen
sulphide gas. The contents of §"3C are low at —24.0 to —23.2%0. Wates from Los Tachos
Chicos (2), Aguas Calicntes @ and Las Ollctas (6) reMects the effect of deep geothermal water
and has relatively high contents of §! ’C ranging from —13.2 to —18.6%o The highest values
of §'3C oblained from Lincén de Las Papas (® and La Bramadora (3) indicate, on the
contrary, the geological conditions sather than the mechanism of genesation.

4.5.4 Tsotopic Characteristics of Tritivm in Hot Spring Water

The concentration of (sitivm in precipitation, which is a source of peothermal water,
reflexis a chétacteristic of a mass of air flow and varies by #50%0 of the annual average
depending on a place, 2 ime and a season of precipitation. Since, large quantities of tritium
entered the hydrological cycle as a result of atmospheric testing of thermonuclear bombs. A
half-life period of fritium slands at about 12.3 years and a concentration of tritium in a year
30 ycars before is thus estimated to be of 2.4 fold of thie present concentration. Bul
underground water is of various origins and mined with meteoric water in various ratios. A
method or standard to eslimate the residence times has been proposed as follows:

ay Iif grqund water conlains tritivm at concentration levels of less than 1TR, it must
have originaled prior 16 1953. A large fraction of water hasa 1ong residence time.

b) Measurements of the tritium content rest belween 17R and STR, the co-existence of
g:;mnd waler prior {o 1952 with conlaminated water derived from precipitation is supposad.

€} In case the €ritium conlent exceeds 107R | water originates from precipifation which
contains lrilium'préduted by thermonuclear bombs and has a short residence time.

Based upon these criteria, examination of the tritium concentralion in hot spring water
proves that all water falls in the criterion b). Rain water of fater than the year 1952, has been
mixed in groundwater but a large fraction of hot spring waler comes from ground water,
precipitated prior to 1952 and developed in a ground.



The tritivm content of geothermal wates ranges generally from § fo 2TR in the depth of
about 1,500 m, and is assumed to decrease (0 be of 0.1 to C.4TR in the depth of about 3,000
m. The spring watler in the Vertiente Fria Los Taches (3) includes a laige amount of effluence
of groundwatesr which has a shost sésidence time. The content of tritium stands at 2.3T&,
This is followed by 1.8TR of ka Bramadora (Dand 1.71R of El Humazo (). These examples
account for gencration of groundwaler in relative recent years. Other hot spring water can be

_deemed lo have originated in groundwater of a long residence time.

The mechanism of generation among hot spring waters of a comparatively long residence
time has been discriminated. The isotlopic characteristics of hot spring waters are shown in
Table 4-5-2. : ‘

Waters of Los Tachos Grandes (1) and F} Humazo (8) have been heated by hot steam
with hydrogen sulphide gas. 3ot spsing waters of the Lincon de Las Papas ® and La
Bramadora (7) have experienced the isolope exchange of carbon belween limestones and

geothermal water in the ground. A large amount of groundwaler resembling with hot spring
water.

4.5.5 Summary on Isotepic Investigation

a) The most of hot spring waters investigated is assumed (o be meleoric in origin, and
dusing circulation, a minor isotopic exchange of oxygen between water and rocks took place
when heated. The positive correlation befween the value of 820 and the conceatration of
chlorine indicates that hot spring walers in the area are common in origin and ate developed
in common processes.

b) The value of 53'S in hot spring waters is comparatively stable and no discrimination
in origin of sulphur is rade. Hot spring water is considered to have originated from
piecipitation and have been heated by steam with hydrogen sulphide gas during its circulation
in the ground.

¢) Based on the value of 8'°C, it is assumed that, hol spring waters from Los Tachos
Grandes (D and El Humazo are freé from an effect of decp geothenmal water and ate of
groundwater heated by steam with hydrogen sulphide gas, and thai, on the contrary, walers
" from Los Tachos Chicos (2), Aguas Calientes (8) 2nd Las Ollelas @are fargely alfected by
deep geothermal water.

d) Yhe value of tritium concenttation indicates that lhe nost hot spring waters in the

area are orniginated from groundwater developed from preupxtahon pnor o |95‘2 although
newly gencrated groundwater is mL\ed in.
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5. Integrated Analyses









5. Integrated Analyses

A model of the geothermal system has been presented ai the completion of the second
phase survey over an area of 200 Km?. A combined analysis is made on the area of some

40 Km? in the third phase of the present survey, to select the promising areas for the geo-
thermal exploitation.

The integrated analylical sections are iHustrated in Figs. 5-1(i} and 5-1{ii) on each line
sunveyed by the electrical and the seismic methods. These sections are made up of 1) a
distsibution of the resistivity in the electrical prospecting and faults inferred, 2) the reflec-
tions in the selsmic prospecting and faulls inferred, and 3) an analylic cross-section of a two-
layered structure in the gravily survey based on a batance of density of Ap=04.

The integrated analylical plan illus{rates, 1) a distribution of the Bouguer anomaties
(p=230 glcm?), 2) a distribution of the short-wave Bouguer anomalies, 3) the boundary
between the blocks of the water-vapor-mixed type (Type 11} and of the water-dominated
type (Type 111), these three being from the second phase, and 4) the isotherm at 30°Cin the
depth of 100 m, 3) the localities of the fracture systems infesred from the seismic prospect-
ing, 6)¢he range of the areas where a deplh of the upper surface of the highly resitive layer
in the electrical prospecting exceeds 800 m in deep, those three being from the third siage,
and 7} the locations of hot-springs and fumaroles.

In the gravity profiles of Figs. 5-1(i) and 5-2(ii), the confrol poinls are placed on the
granodiorites which form the basement and crop out in rivers. The correction of the gravily
frend was made to the north and o the east directions, wilh the rate at +H).8 mgalfKm and at
0.4 mgalfKm respectively, on the lines concemned.

The ¢lastic wave velocily, the deasity and the electric resistivily of rocks are illustirated
on the schematic column in Fig. 5-3.

5.1 Geothenmal Systein in the Investigation Area

The geological structure of the area in the second phase survey was devided into two
blocks. In the western block, the basemenls are in a shallow depth and are covered by a suc-
cession of voleanic rocks of Cenozoic age. In the eastern block, the basements are deep-
seated and overlain by a succession of the Mesozoeic, the Terliary formations and volcanic
focks of the Cenozoic. The western block comesponds to a zone of high gravity anomaly (the
area A in Fig. 3-3-3), whereas the eastern block to a zone of low gravity anomaly (the area C).
A fransitional zone {the area B) extends in the north-south direction belween the {wo blocks.

The target arca of the third phase lies belween the A° Manchana Covunco and the A°
Covunco on the western slope of the Co. Domao, and is silvaled in the high and the transi-
tional zones of the gravily survey, being tentatively called as a Domuyo Triangle Zone. The
area of the present interest is subdivided into three zones, namely, the Western, ithe Transi-
tional and the Fastern Zones, owing to the characlesistics in the geothemmal systems
delineated duriag the investigations in the past three years (Table 5-1).

(I} Western Zone



The Western Zone refers to a zone on the western side of a line which connects the
point No. 600 on the Line A with No. 215 on the Line E. The geothermal manifestations
such as hot springs and fumaroles have been known at Las Olletas, Aguas Calientes, Bailos
del Agua Caliente and Los Tachos Chicos, and are dominantly of water-dominated type of a
temperature betow 200°C, with a concomitance of the water-vapoi-mixed type of a peo-
chemical temperature above 200°C. Except at the case of the western end, the temperature
of a depth of 100 m in holes normally excecded 30°C and reached at 76.3°C in the hole
No. 2 on the ceater of the Zone. The most part of the Zone is situated within a zone sur-
rounded by the isogal contour of -135 mgal in Fig. 5-2, corresponding to the area of a local
low in a zone of high gravily anomaly.

The Zone is fusther dividéd inte tweé horizons depending on geology and physical pro-
perties. .

The lower horizon is correlative with granodiorites in the basements, and is of a high
density and of a high resistivity, and has a high elastic wave velocity. Those which coincide
in a shallow depth ranging from 200 to 700 m deep a¢ée an analytic depth of the giavitational
basement on a balance of densily al 2p=04, an altitude of the vppes face of the highly resis-
tive bed in the electrical prospecling, and a depth of the upper face of a series of strong re-
ection, although the cormespondence belween them is not always exact.

The electrical method separates the upper horizon info fwo layers. The layer of the
modeiate 1o high resistivity at a shallow depth of 0 to 150 m is cosrelative with a succession
of welded fuffs and andesites of Tertiary to Qualernary age and dacites of the Quaternary.
The fayer of the low resistivily al a middle depth is correlative with scoria- and pumice-lufTfs,
which are high in lhe effeclive pososity, of Terliary to Qualernary age. The value ranging
several to several 10°€E-m indicates an undesgoing of hydrothermal alteration or a staté of a
high temperalure in rock saturated with water.

Faults inferred from the electrical and seismic prospectings are spaced at an inferval of
300 to 1,000 m and their throws do not exceed a range of 200 m in general.

(2) Transitional Zone
In the Traasitional Zone, a lemperature at a depth of 100 m is usually above 30°C.
The Zona falls in the field of the water-vaporntixed type, being above 200°C of the geo-
chemical geothermomeler. There exist the geotherntal manifestations with aclive fumaroles
at 1 Huomazo and Les Tachos. '

The northesn part, being belween Nos. 215 and 285 of thé Line E; belongs to the area
A-2 of the high gravity where El Humazo is located. The southein pari, being between
Nos. 600 and 750 on the Line A, and between Nos. 100 to 225 on the Line D, is sitvated in
{he area B of the _lransiliomi zone in gravity wheré Los Tachos is located.

Both the northern and the southein parts éf the Zone are divided into two horizons in
common with the Western Zone in view point of rock propesties, but a depth of the base-
ments of the lowers horzen is larger, indicaling an existence of collapses, and varies from 00
to 1,500 m deep in the gravily survey, from $00 to 1,200 m in the electeical prOSpéctiﬁg and

5.2



Table 5-1

Geothermal systiem of Lbhe Domuyo area

Ares The western side of Lhe line connecting the poinis
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from 500 to 1,200 m in the seismic prbs'pecﬁng.

Similarly to the Western Zone, the upper horizon is divided into {wo layers. The low
resistivity in the deep layer indjcates an undesrgoing of hydrothermal alferation or a state of a
high temperature accompanied by geotherniat fluid.

The Zone is covéréd by a sequence oF dacites of the Quaternary to a depth of several
ten’s meters. The zone of the low resistivity in the electrical method at the deep is correlated

with the Jurassic formation in the northem pait and with a succession of Tertiary and pre-
Teitiary fommations in the southern part.

{3) Easlesn Zone 7

The Eastern Zone refers to the east side of the lines connecting the points No. 750 on
the Line A, No. 225 of the Line D and No. 285 of the Line E. The Zone is situated in an area
of the wates-vapor-mixed type, with a geochemical temperature above 200°C, and located
within the transitional zone B of the gravily survey. The temperature in the depth of 100 m
consistently exceeded SO°C and reached at 94°C in a depth of 10 m of the hole No. 4. The
heat potential in the Eastern Zone is assumed fo be high in comparison with the Western and -
Transitional Zones. _ _ :

The Zone is further divided into the northern part where the hole No. 4 is located and
the southern part where the hole No. 9 is situated. Zones of alteration are widespread in the
northern part and aze observed i in places of the southern parl.

The geology of the northern part consists of the Jurassic formallon The southern part is
undeﬂam by a thick sucvession of the pre-Tertiary and the Temary with a cover of dacites of
Quaternary age. In the Zone, the relationship of the responses of the geophysscal prospéclings
is not clear. The analytic depth of the basement in the gravity survey varies from 200 to
700 m in the northern part, and from 1 000 to 1,200 m in the southérn part. The depth of
the reflections in the seismic prospecting ranges from 100 {6 300 m through the Zone. In the
electrical method, the low resistivity in a shallow {50 to 200 m) is assumed to indicale a
regional existence of an allered zone, correlative with a zone of alleration defineated on the
surface. The moderate resistivity in a middle to a deep is supposed (0 indicate an undergoing
of alteration or a state of a high temperature in rocks with the low effective porosily, nol

saturated by an enough amount of geothermal fluid, as suggested by the.values of the
resistivity. :

(4) Summary of the analyses of the geolhermal system
The results of the third phase survey substantiate the results of lhe second phase and
are summarized as follows.
{2) Faults and fracture systems
Aceording o the results of the electrical and seismic prospectings, faults and frac-
tuges in the pre-Tertiary rocks are spaced at an interval of 300 to 1,000 m, and have a throw
which reaches up 1o 200 m at its maxinjum in the Western Zone. A greater throw is assumed
on the boundary of or within the Tsansitional Zone.



{b) Hecat flow struciure
A semi-dome strucfure with an axis frending in the ditection of cast-west was indi-
cated by the distributions of geothermal activity of a hydrothermal alteration, 6f geothermal
manifestations such as hot springs and fumaroles, and of the ground temperature at a depth
of 100 m. The tempeérature inceeases toward east suggesting that the eastern sideé is high in
heal potential and that a heat sousce may be localed in a depth at the east of the area of the
third phase survey.,

{¢) Girculation mechanism of geothermal Tuid

The isolopic study of hol-spring waters shows that waters in the area are common in
meleoric origin and were differentiated and developed in common processes. Most waters
have a life in excess of 30 years originated in prior to 1952 of the thermonuclear explosion.
But waters from Aguas Calientes, Las Olletas and Los Tachds Chicos of the Western Zone
are assunied to have a longer residence time.

The assumed circulation mechanism of the geothermal fluid in lhe area can be
presented as follows. The precipitation to the easl of the transitional zone in the gravily is
infiltrated to a depth and healed by a heat source. The water fraverses in the ground and
comes out through faults or crushed zones (o gush out on the surface.

In the Western Zone, a stight modification of a system is possible. The water in the
fransitional zone of gravily or in the west of the zone, comes up through fractures or ¢rushed
zones and fMlows toward the west in the middle layer, which is represented by a layer of a

low resistivity in the electrical prospecting. Thea, the water and vapor will spout oul or blow
off on the susface.

5.2 The Promising Area

Consequently, the Transitional Zone of the present investigation is selected as the most
promising area for geothermal development.

in the Western Zone, the depths of the basements and of the possible reservoir are
shallow and the heal potential falls behind the above. Although the heat poteatial in the
Fastern Zone is high, the geophysical prospectings indicate that the depth of a fesesvoir '
would be great.

The Transitional Zone forms a local 1ow of gravity anomalies. The depth of the tayer of
a low resistivily exceeds 800 m. Within the Zone, the existence of faults, erushed zones OF
coliapses of the basements is assumed. The tempetatluie at a depth of 100 m stands at the

above of 30°C. The Zone is adjaceat to the geothermal manifestations of hot-springs and
fumaroles of the water. vapor-mixed type.

The Zone is subdivided into {wo parls.
(2) Arca (R
Fhe soulhern part of the Transitional Zone is refessed as the Area () which covers a
space of about 2.5 Km?, being of 2.5 Km noriksouth and 1.0 Km east-wesl, over an afea
betweea the points Nos. 625 and 750 on the Line A and Nos. 100 and 225 on the Line D,

The Area is sitluated on the transitional zone B of gravity where the depth of the
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basemenls increases sharply toward the cast and where the gravity anomaly of local low is
delineated. Within the Area, a Jarge collapse of the basements and overlying beds is assumed
possibly {o exist, in which these rocks, medium (o high in density and low to moderate in
porosily, wese inlensively crushed and hydrothermally altesred to reduce their density.

In the holes No. 9 in the southeast and Ne. 14 in the northwest, Tertiary formations
were intersecied al the depths of 68 and 60 m, respectively. The possible reservoir will be in
a succession of andesitic to dacilic {ufis of the Tertiary, which are low to medium in density
and moderate to high in effective porosily.

A circutation mechanism of geothermal fluid is assumed as follows.

The water precipitated to the east of the gravitational transition zone is infiltrated to
a depth where the water is heated. The water comes up and remains in a storage of a depth
ranging from 300 m to 1,200 m. A parl of water spouis out and blows off as the manifesta-
tiens at Los Tachos in the south.

- (b) Arca B

‘The northein part of the Transitional Zone is referred as the Area (B which covers
an area of 0.6 Km? being 1.2 Km nerth-south and 0.5 Km east-west where the points be-
tween Nos. 215 and 285 on the Line E are sitnated.

The Area lies in the south of the geothermal manifestation at Et Humazo and in the
gravity anomaly of local low in a zone of high gravity anomaly. A structural continuation
between the Area and F1 Humazo is supposed te exist.

The lower Mesozoic formations were intersected in the hole No. 3 on the southwest at
a depth of 35 m and in the mouth of the hole No. 4 on the northeast. An expected geother-
mal reservoir will be found in the lower Mesozoic formations or the basements. Being high in
densily and low in effective porosity, these rocks are generally nof able {o be deemed as a
geothermal reservoir. Bul the existence of aclive manifestation at El Humazo, formation of
the gravity anomaly of local low, and the possible existence of many faults and fractures
indicate that the rocks have been crushed and hydrothermally altered to an intensive extent.
Therefore, the geothermal reservoir in the Area is assumed (o have a verlical structure com-
posed mainly of a fraclure system.



- 6. Summary









6. Summary

6.1 Purpose and Circumstances of the Project

The survey on ‘the Geothermal Development Project of the Northein Part of the Pro-
vince of Neuquén, Angentine’ is implemented in conformity to the Scope of Work signed on
the day of 25th,February 1982 belween the Government of Japan and the Government of
the Argeatine Republic.

The first phase survey was carried out in February and March of 19382. It consisis of the
interpretations of the satellite (LANDSAT) images covering an area of 15,000 Km? and the
aerial photographs covering an area of 5,000 Km? in the northern part of the Province of
Neuquén, and the reconnaissance field survey with the analyses and the compilation of exisl-
ing bibliographies. As the resull of the survey, a largel area for geothermal development was
narrowed down fo an extent of 200 K2, which was (o be invesligaled in the second phase.

The second phase survey was iniliated by the topographic mapping prior to the field
investigations during a period from November 1982 to March 1983. The investigations com-
prise surveys of geology, petrology, alteration, geochemisiry and hydrology with a gravily
sunvey. Measurements of the ground temperatuse at a 1-n depth and reseaches on hot-springs
and fumaroles were also implemented in conjunction with the Iaboralory investigation of
rock properiies. In consequence of the ficld investigations, the geology, the geological and the
heat low structures and a circwlation mechanism of geothesmal fluid were elucidaled and
nmodels of a geological structure, an areal and a cross-sectional heat flow structures, genera-
tion and circulation of geothermal fluid, and a geothermal flvid reservoir structure were
presented.

On account of a high potential of geothermal development, the third phase of the
suney was recommended to be implemented and a selection was made over an area of about
40 Km? to be investigated.

The ficld sunvey of the thisd phase was commenced in November 1983 and completed
in March 1984. The scheme of the sunvey consists of elecirical and seismie prospectings,
measurement of a heat Mow in holes of a 100 m depth, and investigations of isotopes and
rock properties.

Consequently, the geothermal system has been clarified and {wo promising areas have
been selecled by an overall analyses in areal and longitudinal examinations of the results
obtained in the study through the first to the third phases.

Recommended are the measures which will be necessilaled in an exptéitalion suney in
the future over the area pointed out.

6.2 Summary of the Third Phase
(1) Heat flow survey
The amount of the heal discharge in the area of 40 Km? in the third phase of the
survey sfands al 4.5 x 10° calfsec, and the value of the heat flow averages 1 1.3 HFU, indicat-
ing that a heat flow potential of the area is extremely high.



A zone of high temperature above 30°C at the depth of 100 m and a zone of high
heat-flow over 10 HFU were delineated between A° Manchana Covunco and A® Covunco,

A semi-dome structure of high temperatuse, with an axis trending east-west and a spread
toward the east, was indicated.

{2) Electrical prospecling
a) Western Zone

The western side of a tine connecting Et Humazo with L.os Tachos can be divided
into three layers. '

The upper layer of the moderate to high resistivity is correlated with welded (ufls,
andesites and dacites. The middle layer Of the low resistivily is correlative with scoria tuffs
and pumice tuffs which are, probably, hydsolhermally altered or in a state of high tempera-
ture with an associalion of water, as indicated by the resistivity (1’s to 10' £2-m) obsesved,
in comparison of physical propertics obfained in the laboratory. Al thes¢ rocks arc of
Cenozoic age. The lower layer is of the high resistivily (beyond 500 £24n) and localed al a
comparalively shallow depth ranging from 200 to 700 m. This layer is correlative with the
basement rocks in the area.

b) Transitional Zone .

The Transitional Zone is siluated at the south of El Humazo and the north of Los
Tachos centered by the hole No. 8. Also, the threelayered structure was inferred, but the
depths of the highly resistive layer exceeds 800 m from the surface, indicaling an existence
of a large collapse in geology.

The middle layer of low resistivily is correlated chiefly with Terliary and Mesozoic
formations which are hydrothermally altered or in a stale of high lempe;’aturé with associat-
ing water.

¢) Fastern Zone
The Eastern Zone covers an area where the holes Nos. 4 and 9 are situated. The zone
is separated inlo two layers, the shatlow fayer being low and the deep layer being moderate
in resistivity. Both of the layers are comrelative with Tertiary and Mesozoic formations. An
intensive hydrothennal alteration is noticed, at least, in a shallow depth as indicated by

occuriences of alteration zones and distributions of the ground temperature al a 1-m depth
and geochemical anomalies.

(3) Seismic prospecling
a) On the west and the middle of the surveyed area, the depth of the basement rocks is
rather smatl, ranging from 100 to 600 m from the surface, ’ ‘
b) In the vicinity of the hole No.8, the depth of the baséments is pmbébly not less
than 1,000 m.
c) Faults and fractures in the basements are spaced at an inlerval of 300 to 1,000 m.

The throws of these fauls are generally fess than 200 m, but in the vicinily of the hole No.8 a
greater throw is forecasted.



(4) [Isotopic investigation .
The most walers of hot-springs and fumaroles are melteosic in origin and are
differentiated and developed in common processes. The residence time of the walers is, at
least, siol 1ess than 30 years.

The hot-spring waters from Aguas Calieates, Las Olletas and Los Tachos Chicos on
the west have probably a longer residence lime.

{5) Synthetic inferpretation
The area of the present interest is divided info three zones.
a) Western Zone

The Zone refers (o an arca wher¢ the geothermal manifestalions of Las Ollelas,
Aguas Calienles, Bafios del Agua Caliente and Los Tachos Chicos, ete. are situated. These are
of the water-dominated type of geothermal systems, being below 200°C in geothermometers
and rarely accompanied with fumarolic gises.

The basemenls lies in 2 shallow depth ranging from 200 to 700 m and throws of
Taulis or fractures are within a range less than 200 m.

The middle layer, which is correlative with $coina tuffs and pumice tuffs of Terliary
to Quaternary age, has probably undergone a hydrothermal alteration or is at a high tempera-
ture with an association of wateér.

Fhe Zone is deemed to be rathes far away from a heat source.

b} Transitional Zone

The Transitional Zone covess 2n arca of active geethermal manifestations of emitting
gases at El Humazo and Los Tachos, where the watersvapor-mixed type with a temperature
beyond 200°C in geolhermometers is dominant.

The depth of the basements is in excess of 800 m, indicating the existence of a
collapsed stnwlure with the development of associated fractures. The section between 200
and 800 m in deep is correlative with Tertiary and pre-Teitiary formations accompanied with
faults and fracfures. This section is assumed to be hydrothermally altered and (0 be al a high
tempetature as indicated by geophysical investigations.

¢) Eastern Zone

The highest heat potential is delineated in the Fastern Zone whete the waler-vapor-
mixed type with a geothermometer temperature beyond 200°C predominafes and the
temperatures at the depth of 100 m consistently exceed 50°C. )

The Zone is underlain by a thick succession of Terliary and Mesozoic formations.
The basementls are latent in deep. Hydrothermal alteration in shallow postion of the Zone is
indicated by the disteibutions of altered zone on the susface and of the lempesaturesin the
depth of L-m with the distribution of geochemical anomaties.

6.3 The Promising Areas

Two promising ateas, for the geothermal development, labelled @) and (B, have been
selected in the Transitional Zone, being adjacent to the prominent geothermal manifesta-

6-3



tions. The existence of geothermal fluid at a high temperature beyond 200°C is expected.

Many fracture systems are accompanied and a depth of the basements exceeds more than
800 m in these areas.

a) Area(d
The Area (B is situated on the north of Los Tachos, being 2.5 KXm north-south and
1.0 Km east-west and covesing an area of aboul 2.5 Km?. The andesitic to decitic tuffs of the
Tertiary to upper Mesozoic are expecled to be a layer of the reservoir, on account of alow to
moderate density and a moderate to high effective porosity. The geophysical prospectings
have indicated an existence of a coltapse in the basements and of developed fractures. The
possible geothermat Muid reservoir will extend not only to the lateral directions bul also to
ihe vertical direction.
b) Arca@’ .
The Area (I3 is on the south of Fl Humazo and covers a space of 0.6 Km?, being 1.2
Km in north-south and 0.5 Km in east-west. A struclural continuation befween the Area (i3
and F} Humazo is presumed.
The lower Mesozoic formations and the basement rocks of a high densily and a low
effective porosily, are assumable to have been intensively crushed by many fracture systems.

A vedtical structuare is anticipated to extend o a Jepth as a possible geothemnal fluid reservoir
in the Area.

6.4 Measures for Exploitation Survey in the Future.
(1} The arca of the best prionity

The both Arcas @ and (B offer the potential occurrences of geothermal fluid.
Although an intensive anticipation is held aver these areas, the best priorily is given to the
Arca @'where an investigation well shall be drilled.

In comparison with the Area (B, the Area @ has niore suifable tock assemblages and
a lasger spread in the geothermal struclure for a resemvoir. :

The basements stand at the deépth ranging from 800 to 1,200 m and the oveilying
rocks will have 2 reservoir structure which extends laterally and vertically, and s
accompanied by faults and fraclures, Consequently, a depth of 1,500 m should be covered by
an investigation well.

A selection of the site of the well was made on the bases of dease concentralion of
fractures delincated by the vanous geophysical surveys, the continuation of anomalies in
mercury of soils and the concentrations in gasses which display an active movement of
geothermal fluid. The site has been placad in the vicinily of the boundary of a collapsed
struclure in the present assumption.

After the completion of the field surveys in 1984, a hole was openéd in the Arca (3
to be drilied to a depth of 400 m for the measurements of ground temperature. The hole was
suspended on its way, but has been reported to be re-openad (o provide more detailéd

information. Re-examinations of a site and a depth of the proposed investigation well depénd
on the forthcoming information.



(2) Investigations required in the future

The geothermal investipations and exploitations consist of, in genesal, the following
processin stages: —

I. Stage of Potential Evaluation
I-1  Reconnaissance Survey
I-2  Basic Sunvey

(1) Suslace investigation

{2) Well logging at the first stage
1-3  Pre-feasibility Study

II. Stage of Reservoir Evaluation
11-1  Exploitation Sunvey
(1) Well logging at the second stage
(2) Construction of Test Plant
It-2  Feasibility Study

HI. Stage of Exploitation
I1-1 Sinking of Production Wells

" 1112 Designing of Production Plant
HI-3 Construction of Production Plant

The present survey has resulted in finding of a great interest and completed a step of
surface investigation in the process. If one moves toward the direction of exploitation, a
strong possibility of an occusrence of geolhermal reservoir should be confirmed, in
conjunclion with the evaluations of a geothermal polential, a contribution and an efff¢ct on
the district which will be brought in by 1he introduction of exploitation. In addition, the
- possibilities of compleling the potential evaluation stage and of implementing the coming
stage should be examined. For this purpose, the following investigations by steps are
considered {0 be necessary.
a) Re-opening the hole of a 400 i deep and measuring the temperatures
The hole, which was suspended due to the seasonal and weather conditions, should
be continued to be dritled and the measurement of the ground temperatures should be
peiformed to a depth of a 400 m to provide the dafa in delails, enzbling a deplh of resesvoir
to be forecasted with accuracy.
b) Sinking of an invesligation well of a 1,500 m deep
Sinking of the investigation well of a 1,500 m deep. in proposed to delineate a
reservoir, The results of the present survey have indicated a possibility that the well may
peactrate the reserveir or a layer of a high temperature in a comparatively shallow dépth. A
fell measure should be taken for safely, such as an inslallalion of a prevendes, etc. in the
cousse of a drilling operation. Information required for the measure wifl be provided by the



data oblainable in the 400 m-hole. The schenie of the investigation well is presented as
foltows.

Number of well 1 |

Inclination : vertical

Well diameter : HQ(97.5 m/m) ai the boliom
Method : all coring

Accomplishmert ¢ The hole should be cased with a full hole cementing. Strainers
are installed at necessary positions.
¢} Research of rock propesties - _
The densily, effective porosity, magnelic susceplibility, electric resislivily, thermal
conductivily, ¢lastic wave wvelocily, elc. are measuréd oi the cores oblained in the
investigation well. The X-ray analysis of alteration minerals and the microscopic observation

will be made. These data provide the basie ml‘onnallon reéquiréd for various loggmgs in the
invesiigation well.

d) Loggingsin the investigation well
The temperatvre and the elecircal loggings will dehneale a verlical extent and
physical conditions of the reservoir and provide the data for re-analysis of the project in
conjunction with the data so far oblained.
e) Blowout test
The blowout characteristics are dehuealed and anzlysed through the static and the
dynamic lests, for \enfymg the produchon capacity of the geothermal reseivoir.,
© ) Owerall re-analysis
Re-assessmient of the promising area will be performed and the accuracy of the
presumed structure of the geothermal reservoir will be increased through an overall analysis
of the data mealioned above. .
g) Pre-feasibility study of economic and soctal potential .
An economic and a social confribution and effects on the northern part of the
Province of Neuquén, which is one of the under-developed and less-populated area in the
country, should be assessed. The overall evaluation of the project will determine the disection
and the measures of the exploitation investigation at the next stage.
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