A

PR BT RS CIAL B A B SN INE

m | tH |,q ‘ 1.1 ] i _|; Ll tg.f .f;’g::,"-;f_i"j .

AR e

. M e l}.'-" v - : ' ) . :

- Do _ P T B T S TN SRR P I

} ) . . eeh R B R S O T SR T :-i..'l o i i
|







LA PRIMAVERA GEOTHERMAL DEVELOPMENT PROJECT

IN UNITED MEXICAN STATES
INTERIM REPORT

Jli@l?l\ LIBRARY

L

102993861
S e A

SEPTEMBER. (986

JAPAN INTERNATIONAL COOPERATION AGENCY



[BRiEs e
&N g7.1.20 | 615

a}:i!"i _.
PN_.

S 15405




RESUMEN

' ﬁés'fracﬁﬁf;s ekiéﬁentéS'haéta.una profundidéd de
'1a§roximadaménte lOOO'm:éonsisten principalmente en el
siSﬁémﬁ de‘failas normalés de rumbo NE - SW, en con -
cofdéhcia_conﬂié.orientacién estructural NE - SW en -~
cqntfédé péf_1os“éstudios-de'alteracién-hidrotermal'de
'las roéaé,.cbncenfraciSn de mercurio eﬁ.el_suelo, Yy
'pféspé¢Ci6n graﬁimétri§a, Por el COntrario,_el_modelo_
.de_ffagtdfacién_a profundidédés superiores a 1000 m se
cfee formado por.fracturaS'extensionales de alto &ngu -
lé;_cﬁanirecéién NW.—'SE, ébﬁfofme al_anélisis es -
£rﬁctura1.de las.roéas del basamento y.de series.tef -
ciarias; v a lé oriehééciéﬁ de la éona de baja resis -
tividadrrevglada p0r'1a prdspéccién eléctrica mediante

el metodo magnetotelérico.

A jqzéar'pdr los gesultadés dé:las medidas de tem -
pérétﬁra eﬁ'él iﬁférior_dé sOhdeos, témperatura minima
de homqgeneizacién de las inclusiones fluidas y com -
posiéiéﬁ Qﬁimiéa'del fluido de sondeos, en las'proxi -
Imidédes de PR-1 y’PR-Q existe una zona de flujo'ascen -

fdente-de'alta_tempeiétura.

w"El_campo geotérmico de Sierra La Primavera se carac -
teriza por un yacimiento vertical, cuya parte elevada

‘coincide précticamente con la zona de flujo ascendente.



En la eleccién de objetivos geélégicos para 1a per -
foracién de sondeos de exploracién destinados a evaluar
el yacimiento geotérmico, C. F. E. tiende a poner énfa -
sis exclusivamente en la géélogia de supetficie. Sin
embargo, el comporﬁamiento de las fraéturaé varfia fa -
cilmente en profundidad a altas temperaturas y presio -
nes, asi como en yacimientos éomefidos a movimienfos
tecténicos distintos de 1os detectables médiahte geo -

logia de superficie.

En el caso de un yacimiento vertical,_tanto la tem -
peratura como el grado de fracturaciéh diéminuyen con
la distancia a la zona de flujo ascendente. Por lo tan -
to, es indispensable perforar a través del sistema de
fracturacién profundo, que se estiﬁa oriehtado en di -

reccidén NW - SE.

En la primera fase de la exploracidn se proponia lé
perforacién de 3 pozos térmicos de 750 m de profundidad
durante el ano fiscal 1986. Sin embargo, dado que de los
estudios llevados a cabo en él ano fiscal 1985 se ha
obtenido suficiente informacién sobre la extensién del
vacimiento geotérmico y la distribucidn de.temperétura
en el subsuelo, es preferible modificar el plan de tra f.
bajo en el ano fiscal 1986 de 1la siguiente manera :
perforaciédn de un sondeo de exploraciéﬁ de apfoximada -

mente 2000 m en lugar de ios tres POZOS térmicos.



INTRODUCTION

The full-scale survey by JICA study team has been carried
out during the period from June 1985 to February 1986 on the site
in Sierra La Primavera Geothermal Area in United Mexican States.
From thé results of data analyéis of surveys, it has beccome clear
the structure and extent of the geothermal reservoir in this
area.  Moreover, the targets of drilling for exploration wells
were selected on the basis of the results ultimately.

The survey results were made a report.and discussed with
C.F.E. from the 21th of July to the 3rd of August in 1986,
including selection of target point.on the site.

This report describes the full-scale sur#ey implemented in
detéil and evaluates the structure and extent of the reservoir by
means of a compfehensive analysis. In addition, it refers to the
proposal for the work plan of next stage and also the targets of
drilling for exploration wells.

Essential support for these investigations comes from C.F.E.
and associated people. We are sincerely grateful to them for all

cooperations,
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I. GENERAL REMARKS
I-I. The purpose of survey
The purpose of survey on La Primavera geothermal develop—
ment project is to evaluate the geothermal reservoir in this area
and to determine the possible development output of planned power
station.by analyzing the data obtained from both the wells drill-
ed by C.F.E, and the results done by JICA study team.
The survey includes the following items:
(1) Detailed geological survey including core and cutting
analyses of the.wells drilied by C.F.E.
{2) Geochemical analyses of mercury in go0il and wellbore £fluid
(3) Gravimetric survey
(4) Electrical survey (MT method)
{5) Well test under the condition of steam production

(6) Comprehensive analysis on geothermal reservoir



(1)

(2)

(3)

(4)

(5)

- The term of survey on the site in FY 1985

Geoldgical éurvey by 4 geologists:- ffdm.the_12£h-of Juné.
to the 9th of August. | :

The first geochemical'survey.by.2”géochemiS£s and gravi-
metriglsﬁfvey-by 2 ge@physiéists ;. from thé 24£hfof July
to the 20th of Septeﬁber; _. . ) o |
Electrical survey by 3 geOphysicists :  from 27th of
November to thé 31th of January in 1986. | l

The second geochemiéai-survey by_a.geochemiéﬁ : froﬁ 21th
of January to the 14th'o£ February; “

Well test by 2 :eservbir.eﬁgineers : from'21th.of.JHUUafy

to the 27th of February.



”I—B.ASummary 0f-the results of survey

I.chaiity.map of the survef.area is shown in Fig. L.
'summaty of the results of.survey in 1985 is given as follows:
(i}..Stratigraphy in the*éur?ey érea_

The basement rocks composed of granodiorite and quartzmonzo-
nite  are recbgnized in the depth from 2,840m.to 2,986m of the
'bbtfém_:ofIPR¥9'Well. Béééltic andésite, rhyolite and rhyolitic
tﬁff=bé10nging-to_the CbrdilleranVVOlcanics are ﬁnderlain by the
-bééémeht with about Z,SOOm.in thickness, and overlain by the Tala
Tuff which is pyroclastie flow extfuded with the formation of
.Siefra La Primavera Caldera. - Average thickhess of Tala Tuff is
about. 500m. f.Tala Tuff.ié.covered.by the lake deposits distri-
buted in the caldera lake formed-by depression,

The fhyolifes " related to caldera domes are distributed in
rthe lower and ﬁpper portiop df the - lake deposits in the northern
half‘of this.afeé; |
(2)’Distributién of fractures

:.The:geological structure neaf the surface is characterized by
normal fapits.With NE-SW direction. Distributions of hydrother-
mal iock_éiteratidn and also high concentration spots of mercury
in'Soil'édihcide with the NE—SW faults.

Judging.'from the result of core analysis showing stress
field was-ﬁut ﬁnder”thé same condition as that near the surface,
it_was_underSto§d that thé uppér Cordilleran Volcanics, namely to
the ”dgpth:Of'l,Ooom,froﬁ the surface, and cut by_the fracturés
with'_NE—QW- diiection. As to the'fraéture_system in the lower

Cordilleran ~Volcanics which is regarded as the main geothermal



reSérvoir, the fractures with NW—SE direction are induced to be
preaominant on the basis of géological.survéy:in'the outside afea.
of Caldera where the same formation is expéséd-at the grouhd
outcrop. The fact that the fractures take NW-SE direction is_
supported by the result of electrical survey (MT method), shdwing
fhat the deep Seated'low-resistivity zone has NW-S5SE diréction at
south side of PR-8. )
As conclusion, thé fracture systém is charactetiﬁed_by frac—
"tures with NW-SE direction at the'deepér than l,QOOm. ‘The frac-
tures are high angle extensional, because the influence of resur-
gent uplift after caldera forming_is nore sigﬂifiéant in this
place. The faults with NW-SE direction_whiéh ié fecognized. at
the surface have a different character, but it is not_ clear
whether the faults connect with the déep'seétéd fracture with NW-
SE direction, |
{3} Lost circulation points in the béreholes
Drill holes mainly encountered lost ciicuiatiops during
drilling of the Tala Tuffland the lower 'paft-'of Cordilleran
Volcanics. Lost circulations of the Tala Tuff indicate.tensional
fractures which have random directions and.inciude_that of ther-
mal stress origin during cooling stage of pyroclastics. Lost
circulations of the lower part of Cordilleran Volcanics are
caused. by encounter to the deeper seated fractures with NW-SE
direction. | | |
The fractures which vield excellent sfeam correspond'to ﬁhe

complete losses of Cordilleran Volcanics at 1,800m level.



{(4) Permeability of formations

Transmissibility around the wells can be calculated from the
result of pressure measurement in the wells at different flowing
state, 'Showing. Kh=7.6x16" #’ in PR-1 and 2.lx16q3ﬂ? in PR-8.
The values are smaller than 1 darcy.-m (1072 mw3®), namely meaning
nét high permeability. Nevertheless, the both wells have high
Pfoduction of_géothermal fluid. This is due to the reason that
iniﬁial temperatUre.is remarkably high.
(5) 'Distribution of sﬁbéurface temperature

The upflow zone of high temperature {about 306°C) is recog-
nized_near PR-1 ana PR-8, judging from the results of downhole
temperaturé measurements for Qells and minimum homogenizatibn
températufe détermination of fluid in cuttings. Geothermal
fluid in this area is ascending from subsurface deéper portion
throhgh the channel near PR-1 and PR-8. The resulté of well test
in PR—l and PR-8 shoﬁ_that the flow conditionrin both wellbores
is a flashed two-phase throughoutrthe whole depth after flaéhing
in the formation surrounding the wells.
~(6)  Chemistry and movement of geothermal f£luid

TIn order to detect the movement of geothermal fluid in the
underground, the relafion between Cl concentration and enthalpy
of deep hot water was checked. The relation shows that deep hot
wéter existin§ neér PR-1 is diluted by low C1 concentration and
low'enthalpy underground water in flowing from PR-1 to PR-8, PR-5
and PR-4.

Hot water of PR-2 is considered to be derived from another

separated reservoir.
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II. RESULTS OF SURVEY
I1-1 Geological survey

Geological survey includes two types of sufvey, namely field
and core and cuttings surveys. Fracture analysis, vrock altera-
tion. survey and sedimentary analysis of the lake deposits have
been carried out in the field based on making of route map of
1:2,000 in scale. Moreover, geological survey of Tertiary
System which is main reservoir in this area has been also done at
the outside of Caldera to make clear the structure and  rock
facies of Tertiary System.

Measurements were made on the physical properties of rock
cores including density, porosity and thermal conductivity and on
the various characteristics of cutting such as magnetic sus-
ceptibility, chemical concentration of Hg and As, mineral
identification by X-ray and fluid inclusion. Cores and cuttings
were collected from the wells existed (PR-1,2,5,8 and RC-1).

{1} Geology in the geothermal manifestation area

Granodiorite and Quartz-Monzonite are observed in Well PR-9
(2,840 - 2,986m). They appear to be correlated in the granitic
rocks of the Mesozoic to Neogene which are widely distributed on
the Pacific Coast to the SE of the area. Volcanics of 2,500 m in
Thickness are underlain by these "basement". The Volcanics be-
long to "Sierra Madre Occidental” consisting of basaltic ande-
site, rhyolite lava or rhyolitic tuff. Lithic tuff in PR-1 at ca
900m is very similar to.the weakly welded pyroclastics of the
Cordilleran Volcanics {CLOUGH, 1981) which is distributed in the

north of Guadulajara City. Therefore, they probably belong to a



same formation. The Tala'Tuff.is:pyroclastios originating from
SierrarLa Primavera Caldera.formation.oa.BS,GOO Years ago, and is-
pilded up with ca.500m thickness on tne' Cordilleran Volcanics
(Fig. 2). The Tala Tuff could be lelded into more than 11 flow
units according to the present 1nvest1gat10n and the well data.
It is assumed.that the collapse of Caldera dld not occur. at .a
single sgstroke and that the exp1051on ‘and the collapse proceedeau
on simultaneously. The Tala Tuff contalns a denser part in- the
niddle and non-welded part in both upper and-lower zones: Stratl—
fications were observed in thelnonfwelded parts.containing surge=
like sediments. Furthermore,.Punice Fall ie found.atlthe bottom.
In the northern half of this area, rhyolite laVa is dis-
tributed - under Lake deposites and'above_the Tala.Tuff. The dis-
tribution of the leva is localized with thiokness-of 0 - 100m
(thicker in the East). The Rhyolite is older than that of Older
“Ring Domes (MAHCOD, 1980) and assumed to be orlginated in the
Lava Dome which came up at the collapse Center. This is'called
the Cerritos Colorados Rhyolite in Fig{_é and 3.'ﬁnyolite:is also
located above the Lake deposites. It belongs to Older.Ring DOmes.
which was supplied by Mesa El Nejahuete, ' and is diStributed '
widely in the northern part of the area. The Lake deposites is
depoeited on the Tala Tuff within the Caldera 1ake -whicht Qas-
formed by the collapse. The Dep051ts are malnly coﬁposed“ of
sand, pumic tuff and conglomerate; and they can be_divided to:an
upper part which shows remarkable“lateral facies change and to.a
lower part which shows more llthOldal feature con31st1ng of. glant :

pumice, siltstone and sandstone. _Thlckness of the upper_part_ls-



ovér 50m and that of the lower part is 5 ~ 30m. A partial Para-
cohformity is obServed.in their boundary. Existence of the para-
coﬁformity sﬁggests the Lava dome forming and the land making
movements of the lake which are connected with upheavals, while
the lateral facies change does the volcanism and the movements
associdted with upheaval and collapse during sedimentation on the
Lake. The'Lake-deposites'are.called the Arrovo El Caracol Forma-
tion in Fig. 2 and 3.
(2)._F£acture survey

.'Fig.' 3 shows mappable faults based on a route map (1:2,000
iﬁ scale). NE-SE oriented normal faults are dominant and are
intersectea ‘with lateral separation faults which have NW-SE
trend) Fﬁrthermore, reverse faults are observed near PR-2. Since
.thesé faults systems cut Meéa El Nejahuete Rhyolife, they appear
to be formed lates than dome up -(50-60 thousands years ago).
” How to extend fractures observed on the surface into deep
subsurface Would be important. Thus, the paleo-stress field was
first restored using conjugate minor faults, slicken sides and
tensional fradtures which were observed at outcrops (for restora-
tion method, see RAGAN, 1968). Fig. 4 shows a paleo-stress field
in the geothermal manifestatidn area. According to the Figure,
the.maXimum principal compressive stress'(al) is nearly vertical,
whilé"the mipimgm principal compressive sfress {¢; ) 1is nearly
_horizontal in the NW-SE direction. It suggests that normal faults
can develop easily to the NE-SW'difection in this Area, Under
cohsidération of the behdiﬁg by means of dip direction,

anticlines and synclines can be drawn to the NW-SE direction. Tt

—11—



means that minor faults wés connected with upheavals and
collapées, and its axis of movement had a NW-S8F Trend.

Fractures with slickensides and veins are observed in the
core taken from the wells. Since thercofe can not be taken along
a :definite‘direction, general discussibn_on the orientatibn of
fractures is impossible.; However, in case of recent rocks which
have nearly samé geomagnetic fields as that of the presént.time,
the orientation of fractures can be studied by'ﬁeans meésuring
the remanent magnetization{ Accordingly, a temporary .magnetic
north about 8 cores Qas defined and sampled'f:om the geothermal
wells. The real north has been ﬁhen detérminéd_by measuring the
rémanent magnetization using astatic magnefometér. Table 1 and
Fig. 2 show fracture stress fieldé which were'restored on fhe
basis of this real north. As shown in Table 1 and Fig. 2, the
main stress directions, ~except for PR—2, 1,360m, are harmonized
with that obtained on the surface. It suggests  that fractures
which were found from surface survey would be extended up to the
upper part of_the Cordilleran Volcanics.(see-Appendix)

Now, since the main geothermal reservoir in ﬁhis_areé cohf 
sists of fractures which constitute the lower part of Cordilleran
- Volcanics, it is the most important to know the characteristics
of those fractures., However, the Cordilleran Volcanics are not
distributed in this Area; Analyses have been therefore made to
interpolate the characteristicé and structure of the Volcanics
located around Sierra La Primavera Céldera. To the NE of Caldera
along Santiago River, the Volcanics COntain.many fractures with

NW-SE, NNE-SSW and ENE-WSW trends, while fractures with NW-SE are

~ 12



dominanﬁ ‘near Santa Rosa Dam in the NW of this area. On the
other hand, fractures with NW-SE, N-S and E-W trends are fre-
quéntly observed to the S and SW of Caldera. Consequently,
frécfures which are dominant over the entire area have a NW-SE
trend. in addition, cdnsidering that strikes and dip of Mesozoic
located in the W of La Vega have N65-70 W and 50 N trends, .and
fhat the arrangement of the Quaternary volcances such as Tequila,
Tepétiltic and Sierra La Primavera Caldera is in NW-SE direction.
Volcanisﬁ in the area ié asgumed to be provided through fractures
with NW-SE trend in deep subsurface.

MAHOODf.(lQQO) has pointed out that the center of the area
has the highest structural contour line of the lowest horizon of
the giant pumice, suggesting that the summit.éf the resurgent
uplift'afferlcaldera forming is located in some where near here.
By.éssuming that anticlinal bending restored by stress field were
formed from this uplift, conjugate shear faults might be easily
built near the surface wheré the iﬁfluence of uplift is less
significant,  while high angle extensional fractures- might be
easily built in the deep subsurface where the influence is more
significant. Large scale lost circulations in Wells PR-1, 5 and 8
are caused by these extensional fractures. Some conjugate shéar
faults with geothermal manifestation such as hot spriﬁg and
fumarole are supﬁosed to be connected with these extensional
fractﬁres.

Fig. 5 - shows tensional fracture distributions on the sur-
faée; - They. are well develbped between PR-1 and PR-8, conforming

with the anticlinal bend structure assumed by minor fault analy-
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sis, Fig 6.indicates the orientation of tensional fracture.in the
Tala Tuff with random direction. So that, the fractﬁre also
includes that of thérmai stress origin which was_acéused by
cooling stage of pyroclastics.
(3) Surface alteration survey

This survey was maiﬁly carried out on'the"fumarole site.
Following the observation of fumarole diétributions'and raiterau'
tion characteristics in thé.site, .82-saﬁples as re?resentative
aliered rock have been analysed by means ofrpowder X-xray diffrac—
tion method to identify fhe alteration miﬁerals, ,and the altera- -
tion zones were defined af the samé time. - |

The jdentified alteration minerals areIQuafﬁz, Cristobalite,
Tridymite;. Kaoiinite, Halloysité, .MOntmolrillonite, Sericite,
Alunite, Gibbsite and Pyrite. Of these minera;s, the.zone ére
called Kaolinite zone and Alunite zbne:reépecti§ely where these 2
minerals recognize{_ | . | | |

As shown in Fig. 7 most of aéid.alteratibns_wifh_ fhﬁarole
are 1in the Kaolinite zones. They are maiﬁly'diétributed iﬁ thé
vicinity of PR-5 and PR-8, shbwinq NE—SW-tfend. The:Alunite zones
show very limited distributions with occurence enclgsed by the
Kaolinite zone in ca.150m NW of PR-8 and in E ca.éOOm_of PR-2.
{(4) Study on cores and cuﬁtings |

Fig. 8-11 show the study results on céres and cuttings from
existing wells. The following are some impoffant'poiﬁts;

First of all chemical anélysis of Hg and As from the cutt-
ings sampled at more than 1,000m in Wells PR;lj PR-2 and PR-8 :

shows that these elements significantly affect the subsurfaée
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-fractures, i.e. in case of PR-1 high Hg and_As concehtration at
1,630m'corresponds to a lost circulation at ca.l,GZOm; Also'high
concentratiOn of Hg and As at 1,490m reflects probably a complete
lost circulation at 1,445m. In PR-2, Hg concentration increases
Wifh the-dépth over ca.l,950m and that of as over ca.lQSOOm. Such
.concentfatioh trends reflect small continuous lost circulation
which appeared §t~more than 1,822m. Hg and.As concentrations in
fR—S shdw a similar tendency. Peaks are observed at 1,340m,
1,46ﬁm, 1,560m;.1,610—l,690m, 1,740m and 1,810—1,850m. These cor-
reépond to .the lost circulation at 1,328m, 1,436m, 1,564-1,569m,
l,640~l,643ﬁ; 1,752m and 1,790~1,793m respectively. Furthermore,
as high concentratién at ca. 1,130m seems to reflect the lost
circulation  at ca. 1,100m. As mentioned above, Hg and As were
especially wuseful for fracture assessment. The reason of it is
that Hg and as originated in volcanism are concentrated and
stored in thé fractures.

When the hot water penetrates into'igneous rocks, the Mag-
netite transforms easily -into the Pyrité. Accordingly, under the
~ assumption that the magnetic susceptivity decreases with higher
permeability, the magnetic susceptiVity was measured at the depth
-more than.l;OOOm in Wells PR~1, PR-2, PR-8 and RC-1. The results
show a good.conformity of the low susceptivity with lost cir-
culations during drilling of Well PR-8., However, in case of
other wells, it is corelated with the lithology, i.e. new.rocks
show 'é higher susceptivity, while white clay alteration =zones
show a loWer_one._“

. Subsequently, Quartz, Calcite and Amkerite were selected out



from cuttings in PR-1, - PR-2,_'PR—5; PR-8 and RC-1, because thesé
ninerals are suitable to determine the homogénizétiOn température
of fluid inclusion. Results of the measurement using heating
microscopy for each well are as foliows:'

PR~1: The minimum homogenization teﬁperature'at the depth
less than 1,100m is nearly same as the'sﬁatic downhole tempera-
ture (Standing time ST:408 hr.), whereas the homogenization tem-
perature becomes. lower by 42~45°C,_ than ddwnhole tempe;atﬁre
indicating a value of 260—284‘t1as'£he minimﬂh  hdmogénization 
temperature at the depth more than 1,500m. A-coekisténce of both
gaseous 1inclusions and liQuid incluSions was dbserved; re-
sulting in an assumption that a part_of ge@thérmal fluids pro-~
duced a boiling in the initiation phase of inclﬁéions.

PR-2: The minimum homogenization temperature increases wiﬁh
the depth, slowly i.e. from 118 ° at 680m to 150 C at 1,780m. But
the increase  in temperature becomes abruptly at thé depth more
than 1,780m, showing 24d<t at 1,985m near_the-béttom.

PR-5: Cuttingé were missing at the depth'more'_than 8§5m,
méasﬁrement was thus carried out'up_to this &epth; The minimum
homogenization temperature increaéed draétically from 104 € at
350m to 144 C at 580m. Then some decrease trend was bbserved up
to 750m, followed by a steep increase from 750m to éOOm.

PR—S: At the_depth of ca. 1,800m where.is a main feed poihti
downhole temperature decrease was. observed. Except for:this dépth
and 1,250m, both the borehole temperature'cu;ve.and'thé minimum-
homogenization temperature curve for fluid inclﬁéion shqw a'saﬁe-'

phase. TFurther, the both values are fairly similar-at 1;636m{ It

~ 16—



is concluded from the above observation that the distribution of
the minimum homogehiéation temperature would be close the that of
subsurface témperature béfore.drilling. The highest value of the
minimum _homdgeniZation temperature is 292 C at 1,790m. It 1is
asSumed; _as in case of PR-1, that this Well alsc encountered a
partial boiling of the geothermal fluid in the initiation phase
of indlusionso.

"RC-1: The minimum homogenization temperature increases slow-
ly from 78°C at 890m to 122 °C at 1,855m. The highest value
amouﬁts only 122‘b at 1,855m. From the analysis results of cores
sectional distribution of the minimum:homogénization temperature
for the _wells, it is very probable that the geothermal fluid
upflows aldng deep-seated fractures in PR-1, PR—B and PR-5 zones

(Fig. 12).

17—









Y ~1800

PR-9 o
€l Caracol
ormation
. ~1800
Cerritos Colorados
Rhyolite
-1700
- 1600
—1500
la Tuff
Tala Tu 400
- 1300
-1200
: B . .
ST . A
L _wwﬂ A A A A A A A A A A _A A . .
Andesite &4 A 4 4 o L 4 A oAoA AL A_A A — I Snr s way S A NP N ~ HoQ
/N 7 N TN T N NN N AN N N SN N N
NSNS N AN NN N SN s Ny NN SN N — 1000
/\/\/\)\|/\z\/\/\/\"/\/\'/-\/\/
N N Y AN, BN SN 4N SN 2N N N ‘!'S‘r‘ 900
SN 2N NN NN N N N N NN N y
Y 2 N 2 W N N \_/\/\/\,/\/\;\/\ij;,\,—é- - RO
W v v v v v v vl v v v vy v v v v v Vv vy vvvy ¥V
Yy VYV VYV VYV VY Yy . VvVvy vy V v v v v oy ¥ V¥ ¥ Y.¥ v oy : ;o : . o . - 100
YV ¥ YV v v Yy v vy ¥ ¥V ¥V ¥Y.¥ Y. ¥ vV ¥ vov v ¥ ¥
¥y v ¥ v ¥ ¥ v ¥ v ¥ v Vv ¥ ¥ ¥ vy ¥y v Vv v ¥ ¥y ¥ V ¥ v ¥ - 800
vvvvvvvwvvvvvvvvvvvavvyvavvvvvvavvvvvil/vb_vvvva.,v.,v
vy ¥ Y ¥ Vv ¥ v M ¥ v y ¥ ¥ ¥ v v v ¥ ¥ v ¥ v v v Y ¥ vV ¥V VY vy Y ¥ Y v ¥y vy v lr vy o vov v v v v v oy _ 500
' [-Tay 4 : : . -
x ¥V Vv v V. ¥ ™ v v v ¥ v v v Y ¥ ¥ OV ¥y ¥ ¥ ¥ ¥ v v V v v v v v|v.v ¥ v v ¥ y ¥ vV v v v ¥ v v ¥ v oy
..... A L . _ _ . ‘ o
v ¥ Y ¥V ¥ v ¢ ¥V v ¥ VvV vy ¥ ¥v ¥y v ¥ ¥v' ¥ v ¥ Vv V V v ¥V ¥V Y v Vv ey v ¥ ¥ v Y v vifrTw v vy v v v vy Andesite — 400
v ¥ v ¥ vy vl v v v v ¥v v v v v ¥ ¥V ¥V V¥V ¥ V. v v v v V v y yv ¥ v ly vy ¥ ¥ ¥ ¥V v v ¥ v ¥ v v y V v vV v
vy ¥ v v v d v.v v v v v v v v VvV ¥ y Vv v v V V v ¥ v v v v v_-J v v v v v v v Ve v v v v v v v v ~300
e . L. . .
vy ¥y v v vy v v v v¥v v v ¥ ¥ ¥v V ¥ VvV ¥ ¥ v v v v Vv vy ¥V v ¥ VvV v v Vv ¥ ¥ v ¥l v v v v v v v ¥
¥y ¥V v v J v v ¥ v ¥ .y ¥ ¥ v v ¥V ¥ v v v v ¥V v Vv ¥V v v V V¥ =y ¥ v v v ¥ T vilr v v v v v v v - 200
L : :
Y oy vV v v Vv ¥V ¥V ¥ ¥ Vv.¥ Y ¥ vV ¥ ¥.v vy v ¥ v v vy ¥ V viv ¥ v V v V¥ viv vl v v v v oy v v
VvV VvV lev v v vy v vy v ¥ ¥ ¥ ¥y ¥Y ¥ Vv VV VYV VYV YV VoYY V.V vV J vilv v v v v v v ~100
. i R
Yy v ¥vly v v v ¥ v v v ¥ ¥ v v ¥V ¢y ¥ Vv v V v ¥ ¥ v v ¥ Vv v ¥ ¥ ¥ ¥ v¥viv v|] v ¥ ¥ ¥ v ¥
Vv ¥ vV vy v vy v ¥ v v v vV VYV VY Voy ¥y v oyvy vy Ligem v v vov e vy R,y — o4 tavel
v v v ov v . ]
1 : Y ' 500
Aiphm .

6— Lost circulation
_ : : & Main Lo )
L ) o ‘ P : ' . ' " . ‘ . _'G‘:ﬁS‘.;_L{,-.Princ.ipa[" stress
Fig. 2. Geological profile and stress trajectory :
T






M
Arrgyo E{ Caracol 3 @
@ Formation ] 5
et { Caldera-lake Sediments) g &
g — 2 2 3
e — - = =
) f{ % ol 2= § E g = 2
Q- = 3] 23 § Eel R <] hiv]
Y a o 83 v &
Fo S X Bv &L £€ & "
o = - 8 e 9 5 = g 3; = =
— > T v wg 5 a3 ¢ i3 &
..... Wg c5 253882 £H 5 5% g
Wi th g = 2 £ &b
ot b e R2EIEE , AP L 24 G -
g §E BELEE G S8 3 338 o
T 22 % owd O = " )
. 2 g
~ PR {Q “\:2‘_ o |
> ' § |“" e
| e [ ¢ *

:

= T el
S IS ey
Ol oarist

S
7N RiRaR) 13 odo sy

PRV o g% ‘\’?‘g
~ ’ :
R //: e - /‘\ﬁ

o
Mesa B Nejghuete

NSNS
AT

N AN SNy

\\f;/\ ’

o

NFAYS
Ay
Fd

Arroyo El Caracol

Fig. 3. Geological map






SeOUE)
L1 a

- siXe ssai4}s |ediouldd wnwiprxew i
Bujl4nseaw yoes Jo sixe s$s241s |edioulid ¢ "84

“juiod

kg
W'y
' N
) 29
L vy
a o
. . B\
£ % .
E
- .°|w - ]
. ,.m.
T iy
5
3
T
g
o

Y

QPEIDIOT - ) .
. . Y N

_....o:..._uu
...c\ . . " L o . \ Zd .
: . (Lot

e..

w9

69







S\"‘M BOLS N
t Cla)"ejf allered zone
: CIgsl!c dyke
: Fumajole
¢ Jointi
: Caldera- lake sediments
: Open crack
: Tala tafr

O =m0

P Strike of tensiona! fracturs
/Q, e Qip .

g —eem Verlical dip
PR-1= 9 : Geothermal wells

1
e ‘ Tributary
=== i Read

ey 1@ 0kOY

]

N

K

RN Sy

m i

Fig. 5. Tensional fracture map
L ' ' —~ 25 —






£2 7~10%

2D 4~T%
1~4%

Fig.®. Orientation of tensional fracture in the
Tala Tuff at 35 measuring points









EXPLANATION

) EHH Atunite zone
=] Kaolinite zone
< o o Sampling point
e Alunite
o Kadolin

vy

~ ™ Ll

Fig. 7. Zoning map of rock alternation

i
]






CIRCULATION
Lgss

a a"TIEr)
SRR T

WELL

MAGNETIC SUSCEPTIILITY Mg . As
(io-'emurg) ’ {ppm) {ppm)
N

PR -1

30 g% Eﬂggﬁmﬁ 3REBE w

MINERAL

TEMPERATURE
(°C)
"0 20

230

DENSITY
{glem®}
0

EFFECTIVE

THERMA
POROSITY  CONDUC
3n 85) % t( cwsm

!ﬁVlW

)

DEPTH LITHOLOGY CASING
{m) PROGRAM
=

= v ovy

E VY Yy

E—-—m VYV Tala
= tuft
w—— Y vVvy

= vy

= vy vy

= VoV Y

e vocas| v
= A0 rhyolite
el ohOAD

E Eﬂ. A oA

— AA A B

= AAA"AAQ Lithic
E— PRy tutf
— aa A A

— 400 4 A

= o % 0 x ¢ | Microlltic,
- XORNOX andesite
— A & A

= As A A

i 4 A A

- Ad 4 A

= A A A

___m' & b oA L

= LN ) .
— A A A A Lithic
— b o tuif
= . 4aAAS '

= A DA

= &84 a8 a4

= PR

— A Db DA

= P

1000 .-

— 5 A A

— A X X

e XX KX

= X RO

— X X R X

:lzﬂﬂ * R XK

- XX XA

—— * AR

— KR XK

1300, nA R

[~ A X XR

— LA 3 3

- Porphyritic
— 1400 X X

[— X% andesile
= LS

n HER TR

=R AR

I AN AR

= X X%

— oo AR

- % RN

= S

= % A X

:_mi XXX A

— R AR

F— % %A R

- AR

_IEN AKX X

E 1900

[— 2000

2000 a5 w o LY 20
T T T

Y ]

EQRER

CH
se
TA
CA
_$D
[l
P
T0
WA

o0

» a.oo

w o sy

COUEDOCO00® D OXTW®

*a

oo D AR

SEMO  sackite/montmori lonite

CHMO  chioritefmontmarilionite

phagloclase
K~1aldspar
quarkz
crisloballle
rontmernilloniie

chlorlla

swericlie

tale

calcite

sldaite

pyrite

clinplllonts or beulardile
obacmorile

wairzkite

dolomite

Abundant
Cormmon

Rare

Yery rare

O
°
2o o000
« e o0

-

oo
e
o

00 Oe Qse e

e
[

-
LN

.
EDALCCOOC B D

o dboo6®st (p op

COO D00 D PO ST 00 OO W see

.°il;ﬂn9mlutbn

¥

temperatwe

T T

f
a
r
l
I
|
|
!
|
I
|
r
|
|
!
|
!
|
i
|
|
I
|
i

H

+—s Duk deasity
o — Dry densily
*~—ao Wel density

Fig. 8. Cblumnar section of weli PR—1






WELL . PR-2 o : |
g TRV : ”'“§Ml : TEMPERATURE HSITY . _ EFFECTIVE  POROSITY THERWAL COMDUCTIVLTY
(ppm) _ppm) " H : : {*C) - ) (grem?) {%) . {10 caliomeac’C)
00 o B0 0 w'm XYERERISRAEL  wo . m o T  xo wuw_  » & 3 o " : 3 4

MAGHETIC ;.uscepuuuw
{10 emuig) -
L] )

T

n n X

Y T s T 4 v

A

3D siderite . [T—

PY . pyeite . ltlrvq-lnf::}m
P ciinoptilordbe or beulandily

O 1sbwmadits

VA, walraklte .
CHMO  chior firnonimanlicnie
Q0 dolymite

Lithic
tuH

500
H
g.

MECOITC o - Very rare

Libhic

4;.
B

1i

* ® 08B
[= I
..

1100 X X x X

T

H[
=
x
®
b}

= x x x |Porshyitic ; :

e *8 e
. -
o]
=]
L}

o &
-
3
<

OO ST %S

& &
Y
.
[»)
.
o

CO 60 o000 0000COCO L0G0 80 0000 ¢ 00

s 8
e .
<
Q
@

&

Oxoudx D
>

CAOIROXD
POXOUGNONONOMNORONOXOND

GXOADRONR OXOUONDROROROR

Xor0XOROXIXOMOx

* 48 0

‘_\'-—F--—h--.-—_‘-—-- A

<
5ETm i

.
8e00 »e 08 0.
Q
o
° 00

Microfilic J
andesile

& Wel densily

¥ OACNOXONGRKORGRORGRCKO
s 0o
L. .
]
L
-2

GXONBAQRDONOROxOR

x
L]

quO_G) (1] O?ODOO QUOO U0 G

LI TE)
B b
o blo
B 0%
- 21+
Eg

[Dee 3000 o

O :;o *o00 e

x
L]
%
[}
b}

[ = vt 1

!

axo X3 Lerditic
andesite -4
prono 82

4

Fig.9. Columnar section of well PR-2

_33_'.






S—Hd

| |@M 10 UO11D28S Jeuwn|on 'OL 814

L]

n

]

L

X

AlSwap 1om e—
WP ANl e e
AIRLGD 4] e

‘

T

asnyelsdwa)y

T

o1 BZ1ueBoWoH @

T

-

wery? ..u_\. 3

WhLb g

2

Mo —— ———— = — = — ==~ — ]

wl?

aysapue
Wk od

vve

4

ok
anunsauds

Hoda0404|q

» 4090490
0Os0a04

> dod0 d0[4

HR 1
LaLAN

0t

EHE. T
SHYEA

llHLLlLIl 1

o

(=]
L=
b=2

2
wehwdvdue bl lual

§L

5

(3

o0z

ol

MJIIIII! IlIl!HII ILUJiIlI IIIE|I[I! !lliilHI Hllhlil llII|IlII IIILI_LUE

- v £
{Do295-U3/0 Ot

noetD

ALIALL
Ve

ELTN

43

S
(%}
ALISOH O
3AlLOE443

0

k4

F£4 4
(2B
ALISNIA

ocz

(Do)
3dNLVdadWZ L

5- dd

a1 o0t

T3 M

{4H11)
S$s01
NOLLYNSHID

)

WO O
- ONISWD

A90T

OHLIT









i

WELL PR-8

DEPTH LITHOLOGY CASING CRCILATION  MAGNETIC - SUSCEPTILITY " Hg As - MINERAL TEMPERATURE
(m) . TROGRAM i (15 emutg) pd M) o e gD e
. L . Bt CP . . 50 1000 0 0s 0 5o puHRISMeSLIL W I %0
5[ Lahe secient] 40 11 T N r ' N HE '
i R ¢ MK : !
i ; i
= el ‘ .
vV oV "B =N ! : .
—~ _ 20 PL  plagioclase
= . b “|KE K-teldspar
= Vo y Q2 quirir
e vvvy b : CS - cristobalite
= v vov Tala ' : : MO mentmorinite |
= Vo i ' | SERMO . saricite/montmioii lonile
= S UL i CH chiorite v
i f : SE sericite
= VUIVIRYS TA lalkc.
[ ’ H CA calcite
= { i S0 siderite
= 400 VvV : ! i . BY pyrile
= : : ! : CP clinoplitorite or heulandite
- VoV VOV s { TO labermorile
— S - WA walrakite
= b CHMO  chloramontmarllonite
el LV VIV s DO doomie |
= ; .
= vV V VeV 13 318"
= soso - ' 1
L Ao ! ol } — . ;
= aoo a0’ #em 1. I ' O Aburigant .
= \ 4 : . O Cominon
= ¢ A0 Riwolite & . . o Rawe
E_ R aoao] - [ . : : . : s Yery rare
= 6 00
—— Ry i [
= i n % x| Andesite |
80 - - A
= AbAH i L
- a6 hn i 1
= sbA : ,
= so| |aaa I g |
— AN A ; 4
— A o A Lithic i 4 >
= Aaa | Wi I |
= 1860 - [ Lk, OO s -
— 6D A . | <'.! r Go e °
— 6b b ! iy , . ) oo » o
b= 1ipe A DO ; 4 I IGO0 L .
E A DA . KoQesos os
— X ¥ X b 00 o oo
= 124s X X X l L b C o o
= | Y ) D O os O
= ) | x x = J -
= " . i 1 i . o O o oo s
= R P : i . ‘ .
1329 : P . . > 0 q- .o .
e X X % e o o
= X X X ‘7 135tm 1. 0o 0 o o
= L : 2200 O
oo 1402 LI P S . . | Koo . © o0
= < % 95/8 ! O*»0 © o
= A Andesite %I m i 0 o °
b N . Q .
E 1m0 xoxX 2 et > . /
[t X X X . 1492 m . 0o o oe
— , T : I deoeo O
= X ®* XK " - . - l D 0. o oo
= 1630 X X X \ : ' : i ' peooe. eeo #Homogenization
— X X X i L . .l : i Keo o oo temperatlure
—— e 2 i : . pDec o o0 e
= X X X 4 ; = o b 6 0 o
= _1roe — : :
= A X X : —— ; ] P oo o.
= ! : T i ! . O o -0 oo
— X K X , j, ! o | , 2 2.8, 90
= 1o £oxox 1' T N () _ _ ‘ . L o 0. o
_:- LA S 4 E : 1 - — i l ) . 0 2 e0 Oss e
= - s [+ J T ] Pio 0o oo
— 1861 m 1850m - - { T
== Fig.11. Columnar section of well PR=-8.
[= 2002 . )

#.37_






o001

SWO00Z-

sinleiaduws]

U0 12Z 1 USZOWOY WNWIUIW JO 9111044 "2L 814

ove




Table 1. Remanent Magnetization of cores

Hell number Demagne- { Strength of - Declination of .Sll‘ikf'), dip and principal slresé axis
Depth of cors | tization | magnetization assumed north slip direction of '
Rock name mT | KA/mx10°3] (Clockwise) | fracture
PR-1 )] 2. 2% 259'. Vein . 01:N82; E. 30° W
93m 10 2. 25 259 N7O" W o2 N82' E. 60° E
20 2. 21 260 32° NE g3 NB'E. O
Welded tuff 30 2. 00 258 o I .
Welded tuff ' : . |OnNGST W, 3T E
30 2. 09 230 80
PR“‘E O 1. 49 1 70‘ S”Cken‘side . U!:NGO. E' 860 W
915m 10 1. 52 170 S4° W GENTT" W, 2° N
Helded tuff - . : .
30 1. 43 168 .87
PR-2 0O 2. 95 108 Slicken-siqe GUN19" W. 60° &
350m} 5y 2. 21 108 30° N| a. '
Heided twff| ) . OHNTO" W. 30° N
30 1. 22 109 g0
0 7. 47 61 | vein
1360m 20 5. 43 65 aQ® |o2:N4A6" E, 38" 8W
Andesite 10 3: 49 70 Ia_teral separation | C:NT18" W, 20* N
) is NBb3" E
PR_4 0 4. 17 19. VEi& . 0.1:N58u W' 85» E
300m 10 3.51 18 N10* E. 02:NB3*E. 5 W.
20 2. 86 18 85° SE G:N27° E. O
Helded tuff | - | *
30 2. 26 17
PR-5 0 4. 17 85" |Sticken-side o1:N 5; W, 70° N
350m ) . 224 . _
Welded tuff . o) .
30 2. 07 85 g0 .
PG 1 0 9. 24 12_8‘ Sticken-side ) OLN3G W. 74° S
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II-2 Geochenical survey

The first geochemical survey is mercury concentration analy-
sis is soil of 272 points within the extent of 9,6 km? including
the well site area existed. The second geochemical survey is
chemical and isofopic analyses of wellbore fluids from PR-1 and
PR-8 which-have-already drilled by C.F.E. Steam and condensed
water of geothermal fluid were collected after separating from .
hot water by using a small-scale separator set up a. line pipe
through the well. Hot water was collected under the atmospheric
condition,

(1) Mercury snrvey in soil

Enclosing the geothermal manifestation area at the center,
272 points were set up within a network f(area: 9.6 km? ) with
borderlines of 3.2 km length to E-W and of 3.0 km to N-S. At each
point, soil sample was iaken from Im depth'to determine the Hg
concentration (Fig. 14}. Table 2 shows the Hg analysis results.
Determination was made on the air dried samples.

A distribution diagram of Hg concentration accumulative
frequency (Fig. 13} is propared bésed on the results. According
to the diagram, Hg concentration can be divided into 2 groups
with boundary of 70.ppb.“ in other.words, there are 2 mechanisms
for Hg rise. Of these mechanisms, higher concéntration would he
resulted from ascent through fractures, while the lower one shows
.a_-gradual accumulation through pores in the formation. Finally
the Hg concentration are divided into 5 steps with boundaries of
.18; 32, 70 and 173 ppb according to the above consideration, A

distribution map is‘pfepared in Fig. 14. As shown in Fig. 14, the



points which indicate highef concentfation with 70 ppbg.or more
are mainly located in the eastérn part of the area;_'There are
several zones where significaﬁtly:crowdéd points of high concen—'
tration can be observed. High concentration points in the east of
the area shows a line arfangemént with NE-~SW oriéntétion, él~
though these points are not alwéysf distiibuted cohtinuously._
According to Fig. 14, the distribution of Hg high_cdnéentratidn
.points and that of natural fumarole show a similar NEfSW orienta-
tion with overlapped locations in the eastern paft.of the 'area;
Consequently, it would be presumed that there are fractufes Cof
NE-SW trend producing natural fumarole and highng concentration
in this area, |

On the other hand, natural fumarole and high  Hg "points
surrounding PR-2 show a,discontindus'ahd isolated_ distribution
compared with that of the east, resulting in aSsumption that no
fracture exists in a large scale in this area.

(2) Chemical analyses of wellbore fluid

Steam, condensed water and hot water from PR-1 and PR~8 were
chemically analysed, followed by a consideration on the
geothermal reservoir mechanism based on their chemical charécter—
istics. Table 3 shows the chemical analysis.

On purpose to estimate the femperature of .the geotherﬁal
fluid, the geochemicél temperature ‘has been detérminéd using 4
types geothermometer (Table 4). They are the'solubilify of Quarts.
(adiabatic cooling), 2 types of Na/X ratio propqsed_separately by
2 authors and Ca corrected Na/K ratio. The values from thesge :4

geothermometers are nearly same for PR-1, while those for PR-38



shows a vremarkable dispersion. Taking into account that the
reaction rate of Quaftz dissolution will dincrease above 250;t and
the: réequiiibrium_ will take place during fluid flow—up in the
wellbore, the flﬁid temperature in PR-8 might be more than 274 C.
The value of Na-K—~Ca thermometer seems, therefore, t¢ be reason-
- able.

Accofding to the well test results, the downhole tem-
peratures are 299 °C at 1,800m for PR-1 and 235 C at 1,800m for
PR-8. A finding is already known that in both wells the fluid is
flowing_up under dual phase condition after flashed in the forma-
tion, but a certain water 1éve1 was confirmed near the bottom
of PR-~1. 1In case of PR-8, the difference from the geothermal
temperature seems to be caused by flashing in the formation.

The relation of the enthalpy with Cl-concentration of deep
hot water (values.from Na-K-Ca thermometer with flash correction)
was, then, studied to guess flow conditions of underground (Fig,
15). Data on PR-2, PR-4 and PR~5 were given by the results from
C.F.E. As shbwn in Fig. . 15, the values on PR-1, PR-8, PR-5 and
PR-5 are standing on a line. It suggests that the hot watef
which oriéinates in the deep formation near PR-1 is contaminated
with water whose enthalpy and Cl-concentration are low while
flowing 'throﬁgh PR-8 and PR-5. Since a existence of fractures
wifh ‘NE-SW trend Was confirmed extending from PR-8 and PR-5 to
PR?4 based on.a soil mercury and geological survey results, f£fluid
girculation' via these fractures can be possible. In addition,
PR%é can. be strongly influenced by mixing of surface water be-

cause of it's less depth of 600m. Chemical characteristics of hot



water in PR-2 are different from th@se in other wells. The re-
sults of soil mercury survey‘show no e#istence of high concentra—
tion area between PR-2 and PR-1, Pﬁ—B and PQ—S. Thus, an in-
dependent. hot water reservoir might exist iﬁ case of PR-2.

An isotopic composition diagram waé pfepared to study on the
origin of water and it's flow mechanism, as shown in Fig. 16. A
straight line in thié.diagram shows the value of surface water
expressed by equation SD = 8 x s o + 10 (Craig, 1961). In éadif
tion to the isotopic compositioh.of hot waters from PR-1 énd PR-
8, wvalues of hot spring water surrounding the area. Wére éiven
from the analfsis by C.F.E.-Concer'ni'n_g's18 O values, those of PR—l
and PR-8, in particular of PR-1, Shéw high vélués. It would be
attributed to the "Oxygen Shift" which makes a higher S 0 value
of hot water due to an oxygen isotope exchange with rocks,
leading to a conclusion that the hot water in PR-1 has clearer -
characteristics which is typical for deep subsﬁrface compared
with those in PR-8.

Finally, a verification was made on He, Ar and-NZ_in steam.
Fig. 17 shows clearly that nearly same ratios He/Ar and N, /Ar
were obtained from PR-1 and PR-8. (He/Ar)s/(He/Ar)air and (N,
/Ar)s/ (N, /Ar)air_are normalized values 6f-ratios He/Ar and.NglAr
in the sample by utilizing the atmospheric values.rThe value-from
Hervores de la Vega, a hdt spring in the neigﬁborhdod,:.is close
to the mix-line which consists of the values from PR;l and PR-8
and of the values from surface water balancing with the étmé¥
sphere {(points marked with "diss, air"in the.diagram). According—

iy, the deep gas in this area, after mixing with the atmosphere
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"~ dissolved in the surface in various ratios, is discharged as
geothermal gas. The gas from the wells of La Primavera seems to

be cloéer to the deep gas compared with the hot spring gas.
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Table 3. Chemical composition of well d_ischa'r‘ge sample

(a) Chemical c'ompo.si.tion of steam condensed water (e) Chemical icomposition of hot water.
Component - Unit ' PR-1 R PR—-‘B 'Comﬁonent : . : .U'nit PR-1 PR-8
Electrical - o ' T o Electrical L) RPN
‘conductivity us/em | 2360 3180 o _conductivity uS/f:m 4060 . 4340
: o g ' . Total dissolved .
pH 4.90 6.00 | colids | melt 3830 3670
@ | mg/r | 0.06 | 667 | o PR ] = | 7.80 8.60
M. - L ' _ 0 —
1N | g/l | 19.7 39.3 . | 1 1 wen 1160 929
As mg/l | - 0.03 6.08 | ~ sow | meld 44.4 109
He ng/1 5.4 | 5.7 ' K H2COs 1| mg/l 2.7 1.4
Hcos~ | mg/l | 71.2 227
| cos2~ | mg/l | 0.3 6.9
(b) Gas co_mpositioﬁ of steam, _ o Na ". mg/1 751 834
K 1 mg/l 173 | 136
. ca - | 1 - '
PR-1 | PR=B [ : _mg_/ 2.07 1.07
) - : Mg { mg/l | . 0.35 0.04
Liquid-vapor o : ! _ ' : : ; = ;
separate pressire 4.8 Kg/ema6 7'7_ .Lg/cmZG _ Fe 4o mgll 0.96 0.06
. ) Al | mg/1 | 1.2 0.0
Tota.l gas in stia;z 2,20 | 3.46 : 1 g/1 5 0.08
I o0 AL RSN AU . | 5107 | mesn 1090. 927
HaS (vol%) 0.7 0.1 CLd | mg/l 6.52 6.40
- | o | B /1 17 125
] cos (e 98.6 | 98.9 R . 17
3 T ' - : F | wmg/1 8.4 7.9
§ Ha  (ppm) 1860 3310 : My 1 mg/l 4 3.3 2.8
%‘ N2 (ppm) 1740 2160 As Cmg/l 4.8 | 12.6
o : . ' N R
L - : ' Hg | ng/l 0.23 '0.23
g CHs ( ppm) 3360 4480 DGR
' : ' _ o - D/H %o (SMOW) |~ =49.6 -57.0-
e (Ppm) - . ll.g l!{ -9- ) _. . : . . 130 /150 :u']oo(smw) ) +0.7 . . .—1.6'
Ar. (ppm) 25.2 295 © Tritium r.ou. | <0.23 | <0.21
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1I-3 Gravimetric survey

A La Coste & Romberg £Ype graﬁimeter'(G-type) was.uSed._for
gravimetric suxvey. Elevation was decided from leveliings and
measurements by Paulin's precision altimeter., |
(1) Measurement and data proceséing |

A gravimetric Survey was éafried_out_within Siéfﬁé La Pri-
mavera Area (238 ka) and within a broader a:ea (14}000 kmz )
including the above érea. '306 points for the Primavera area aﬁd
-156 points for the broader area wefe selected out for the éufvey.
Fig. 17 and 22 show the locations of the pdints.

The valué 977,927.15 mgal at the internationai'gréﬁity bésé
point No.04669E in the Meteorological Agehéy, _Mexicbr City,r was
adopted as base value. The value 978,188.034 mgal was then detér—
mined at the base point (No. .iOOO) which was set up in
Guadalajara Office of C.F.E. for the survey work. To chéck the_
in-day change in the gravity, ”measuremeﬁﬁsrof the gravity were
carried out every 30 minutes on 27. August from 6:00 am to 24:00
in Rio Caliente to the West of the area. As a result of that, the.
grévity valﬁes fluctuate between -165 ‘and +85 mgal. 'On_the_basié
of a curve matching with the thedretiéél curve, 1;15 ﬁas- deﬁef—
mined- as the tidal correction constant., ©Of 306 peints iﬁ Sierra
La Pimavera area, levellings were made at 291 points} Othér
points were used for elevation measurement by Paulin;s précision
altimeter. | |

The data processinq begah with the mgal—convérsion Which
converts the read-out values.of the_”gravimeter  diai to fhe

gravity unit. Subsequently, the gravity values We?e'calculated



for every measuring point by various corrections Sth as altitude
correction (correction for instrument altitude) caused by dif-
ference between _measuriﬁg.and levelling points, tidal correc-
tion, drift cofréction, latiiude correction, free—air_reduction,
Bouguer correction and the topograﬁhical correction. The topogra-
phical correction_ of Sierra La Primavera has been carried out
based on a site sketch cross section ma§ (ﬁp to 20m radiﬁs) and
on the altitude read out on the topographical map, 20m~60km, and
that of the measuring_points'for the broad area survey has beeﬁ
cafried out based on the altitude read out by using 2 charts dn a
 area ranging frém the measuring point to 36km.
(2) Feature of Bougﬁer anomaly distribution in Sierra La
 Primavera Area
The deﬁsity of rock samples which were_taken in and around

the investigation area has been measured to determine the cor-

rected denéity. Table 5 'shows the results divided into
geological groups. The table contains 47 samples among which 12
samples are cores. As shown in the Table, the density becomes

.higher as the rock is older and a remarkable density boundary is
‘observed between tuff and andesite in Cordilleran Volcanics. The
éverage denéity of the Quaternary which forms the topography of
ﬁhe. area 1is 2;12g/cm3 according to Table 5. Because of lower
density of fhe Léke_Deposites, the corrected density o= 2.00g/cmd
was selected out for a drawing used as Bouguef anomaly map (Fig.
- 18). |

AcCording to Pig. 18, .Bougner anomaly values in the area

range from - 109 mgal to 126 mgal. The maximum value is located
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in the N.W. end, while the minimum value is_locaﬁed near the
point No. 112 at the center. -.Low gréviﬁy area with iesslthan -
120 mgél occupies a wide range including the middle of'the aféa
as center. From a large vieﬁ point,. a'big'sqaie'low7 gravity
andméiy is observed_to be shaped circularly or elliptiéally with
the center located in the middie of the area. The contours are
crowded and the Bouguer anomaly values show a remarkabie_]ﬁaria~
tion at the northern, western and southern-énds"of thésé.'low
gravity anomalies. In contrast, the Bougner vélués variation is
less.severe at the eastern end. The:Bouguér anomaiy in-the aréa
shows, as described above, a low Qravity'anomaly as.a whoie.
However, some high gravity anomaly'ﬁas ébserVed locally. The
inside of the low gravity anomaly has a fairly compiidatéd stfuc-
ture. To remove this local énomaly, 2nd and 3rd order treﬁd
surface analysis was made against Fig., 18. A trend surfaée_and'a
residual surface were prepared. Fig. 19 and 20 show the results
of 3rd-order analysié. Fig. 19 indicates that the éeﬁter Qf.
Caldera is locate in the vicinity of points No. 87, 89 and 121,
and the north and west the north rim of the Caldera haé clear
borders.
(3} Two dimentional gravity analysis of the cross seéﬁion

A two-dimentional analysis was carriéd out = in _the cfoss
section A-A', B-B' and.C—C' in Fig. 18 tO'investigaﬁe the-cause
of local high gravity anomalies. The results are shown in Fig; 21
The calculation was made based on the Talwani's equaﬁion. Thé 3
layers~structﬁre for the density was assumed in the ﬂanéiysié,

defining the lst layer ( » ='2w20g/cm3).consisting'of Rhyolite, .



-~

Tala'Tuff-and the Uppér Cordilleran Volcanics, the 2nd layer ( p¥
_2.40 g/ém3) of andeéite'of lower Cordilleran Volcanics, and the
3rd_ilayef { 0%2.709/¢ﬁ3) as “basement rocks". Further, Lake
Depésifes (_ﬂ=1.60g/cm3); Rhyolite (¢=2,00g/cm*) and Tala Tuff
(0=2,00g/cm3) were'partially added'to'the lst layer as local low
density part. COntrbl points Qere settled in PR-2 for line A-A',
in: PR-9 ' for line B-B' and in ﬁRfS for line cC~C' raegpectively.
Because:ﬁhe upper surface of 3rd layer was confirmed only in PR-
9, the surféce.-weré_regar&ed as to have equal depth in three
profiies. .The results include a step-like structﬁre {real line)
and a.fairly émooth struCture (broken line). These 2 structures
indicate nearly_equal gravity anomalies.

As.éhown in.Fig. 21,”the measqred anomaly corresponds to the
thrbw .provided ‘that it amounts 500~600m. This wvalue is in
geherql conﬁQrmed with’the'collapse—thrOw which was determined by
géologidal.survey"and well data. The local high gravity anomaly
a£ the center.(by Cerritos-Colorados) can be'infefpretéd by 400m
upheaval of the high density_laYer; Since elevation by resurgence
-amouﬁts 266m.according to MAHOOD (1980), the high gravity anomaly
ét the center.éeems,to be caused by the Caldera resurgence. The
shaﬁe of the resurgénce would be rectangular or elliptical with
ENE~WSW- long éxis, as Fig. 18 shows.

7 SﬁbseQuently,'_a consideration on the local low gravity
énomaly is as foliowS:

By cofteépohdence'of'Fig._18 and 21 with the geological map,
“the Qraﬁity éﬁdmalies aloﬁg'No. 39. No. 63 and No. 112 are con-

formed with the Lake_Deposites, area with elevated topography.



The fact suggests that it occurred in form of over-correction
because of low density (p =1.60 g/cm?) in the-formations which
produce the heights compared with the corrected. dehsity '( s =
2.00g/cm? ). The- aboVe déscribed low gravity ~anomaly 'might,
therefore, correspond to the thick Lake Deposites aﬁéal' Howevér;
the anomaly by No. 286 correspdnds to a area where £he Laké
Deposits is not distributed showinéia low topographj. Thé Origih
of the anomaly is not clear, bﬁt aCcording-to an assdmption fhat
the section analysis would be sudqusful --providéa that
#=2.00g/cm® in Fig. 21, it might be attribﬁted to the thick Tala
Tuff corresponding to s = 2.00g/cm?. .

A structural analizing shown in Fig. 22 éan.be obtainedrby
summaring the above interpretations. - In the drawing, the'soﬁth
rim of Caldera walls is dharacteristicallY' idéated in more
southérn positibn including the broader-area,. Comparéd ﬁith a
conventional geological map. The resurgent and ité orientation
were clarified by a gravimetric survey, offéring useful informa—
tions for geothermal surveys as a result.

(4) Characteristics of the regional Bouguer anomaly disfribtibh

It is difficult to make relationship of.the gfavity anomaly
with the geology in the Sierra La Primavera, being_ widely:
covered by the Quaternary. Consequently, the graﬁimeﬁric'éuryey-
has been exténded as far as the region containing “bééemént

rocks" and the Tertiary, followed by a study on the validity of

correspondence of the anomaly which was applied - _for 2
dimentional with the geology. Fig. 23 shows a regional Bonguer
anomaly map with corrected density #= 2.20g/cm3.'_ According ‘o



the Fié. 23, higher Bouguer anomalies (more than ~-110 mgal) are
distributed in the region ranging from SW to W and extending
partially to Lake La Vega.starting from the north of Ameca.

' Eased on the geology map (1:100,000) prepared by C.F.E., it
can.be_fOund the Cretaceous sedimentary rocks and granitic rocks
which 1is the oldest in the area are consistent with the high
gravity ahdmaly; The Paleogene and the Miocene ({all consisting of
igneous rocks) are also conformed with the local hiéh gravity
anomaly. The Pliocéné and the Quaternary correspond in general
to the low gravity anomaiy, except for Tequila Volcano and Cerxrro
Grénde to_the east.

The above results are harmonized with the density dividing
shown in Téble 5 and with the layer dividing estimated by the 2
dimentioﬁal—analysis. Furthermore, the orientations of NW-SE and
' N-S trend can be read out from the shape of the gravity anomaly.
These are coincided with those_of Tepic¢~Chapala structufal trend
(NW-SE) and Colima structural trend (N-S) respectively clarified

by a geological survey.
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II-4 Electrical survey (MT method)‘

The Remote Reference Magnetotelluric method Was carriéd out
as electrical sufvey in this area. The sounding  points were
arranged with'intervél of about.300m in and around £he geothermal
wells and of about 500m in other area.'  Meaéureménts in the area
of steep Sopography were made by fem0ve of.equipmenté according
to topographiéal situation.

(1} measurement and déta broceséihg.

54 sounding 'station.were selected 'éréund the fééofherﬁal'
manifestation area (Fig._.24)'to.im§lemeht:the Remote {Reference
MagnetotellUric Method, Amoﬂq'54 points 8 were.triéd'resounding
to verify the data quality and get'faif data files as  possible.
Table 6 shows recording band width, parameters and ;duration._
Fig. 25 shows the data acquisition system. Becasue the field
processor was able to process data in real time while acquiring,
apparent resistivity éurves (Fig. 26), phase curﬁés etc.could be
calculéted and displayed on the field. For the purpose of data
improvement by gquality control of the aata, both 'the " Remote
Reference (simultaneous measuring at 2 points). - Processing and
the Single Data Pfocessing have been implemented on . each point.

During final data processing, cérrélation of the eiéctfic
field with the magnetic field (coherenéy_check) was check, 'énd'
after removing autématically ranges of low :data qﬁalify, FET
{First Fouries Transfprm) processing was made to calculate and
indicate the following.parameters:

(1) apparent resistivity ( exy, pyx).

(2) phase (oxy, p¥yx)
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(3) impedance strike
(4) tipper strike
(5) tipper magnitude

{6). skew

{2) médel inversion aﬁalySis_and structure index

At.first, to calculate the underground appafent resistivity,
an Qne—diméntional mbdel invérsion analysis was carried out under
the assumption'éf horizontal mﬁltilayer structure in underground.
.Fig; 27 shows the analysis procedure. As shown in Fig. 27, the
important point of fhe analysis is to put the resistivity of and
fhe'_thickness the horizontal multi-layer into the apparent re-
sistivity—frequency curves by Various.value assumption for obtai-
ning an adequate reéistivitf value. Fig. 28 shows an example of
the inversion analysis.

_.For. Suéh .model inﬁersion analysis,' there is.a problem of
'adapﬁabiiitj .when the subsurface has no horizontal multi~layer
strucstuﬁe. 1£, for éxample the structure is 2 or 3 dimensional,
how _COuld be adopted'the_l demensional analyéis? In case of 2
dimensional resistivity of subsurface, 2 mode types can be gen-

erally considered based on the apparent resistivities o xy, »yx

obtained:
7 TE mode : direction of the electric field is parallel to
the structure axis.
™ modé: direcfibn. df the magnetic field is.pafallel to

the structure axis.
The  magnetic field changes easily'dependiﬁg on surrounding

gevlogical situations (rock magnetism; alteration etc.) and on
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the lateral influence. So, it iéinot suitabie'for-1_dimensidnal
analysis. Accordingly, TE mode was selected oﬁt for the.pfesent
analysis.

For determining TE mode out of »xy and »yx, angles ot thé
tipper strike (indicating the TE diréctiOn) and of the imbedance'
strike {indicating the XY directidn). were checked, . If _thé
angle is smaller than = /4, lpx y is'TE mode . If the ahgle is
bigger than = /4, »syx becbﬁés.TE‘modegi ‘ |

Tipper magnitude (T) and skew (S) were used to judge the
dimension of undeiground resistivity étructuré:

1 dimentional structurets T b;O-aﬁd S=%0

2 dimentional.structure: T >>d and S=0

3 dimentional structure: T >?0 and S>>0

Fig. 29 and 30 show distribution dréwings for tipper’magni»
tude and skew respectively. This area shows'as a whbie.the _17
'dimensional structure excebt for some 2 dimenSiohal sfructures.by
points (1 and 46. No 3rdimensionél étruéture was observed in
this area. |
(3) horizontal profile analysis

Apparent resistiﬁity distribution arawings with TE.mode wéie
prépared on 3 periods (0.0lé, 1ls, BOQf.tb detérmine apbérént
resistivity in the horizontal profile. Fig. 31.shoWs.a distribﬁ-.
tion drawing on 30s period bése. As Qhown in Fig,rjl, thére is a
low apparent resistivity zone to the South of PR-1 aﬁd:PRﬂS in a
deep subsurface of this area. NW-SE trend of the zone éoﬁld- be _
found. “

Then, applying the Bostic inversion to the initiél apparent_



réSiétiviﬁy—périod curve,.'a fesistivity—depth curve was drawn.
A hqfizontal?profile was prepared.on TE mode by extracting
resistivity _valué on each sounding point at optional depth. 6
1evelé.with 500m interval from 1,500m to —l,OOOm{above sea level)
tégefher with -a ~3,000m level, totally 7 depth levels  were
selécted for pfeparing horizontal profiles. Among them, Fig. 32-
‘33 show  horizontal profile of Om and-500m altitude (1,800. and
2,300m .depth)' which is Qonsidered as a main reservior in this
area. .According td:the Figures, low resistivity zones with less
than 5 m .are localized in fhe South of PR-8, PR~2 and in the
south of_tﬁe area. In addition, the low resistivity zone in the
south .of FrR~8 occurs also on'the -3,000m horizontal plan and is
conformed with both uplift zone found by geological survey and
.upfléw zone found by well -temperéture and fluid inclusion
measurement,-This'is wortﬁy of attention.
(4) vertical profilé analysis

..Survey line B (section E-W) and 3 (section S-N) were .used
for preparing  apparent resistivity-period drawing to know the
apparent résistivitytin vértical profile (see Fig. 34 for line 3
profile). For position of the survey 1ine,.refer to Fig. 24.

In case of line B, high apparent resistivity zones with more
than ISOmV are nearly conﬁinuously distributed at the short
peribd raﬁge,' while both high and lbw apparent resistivity zones
occur altetnﬁtely_at'the long period range.

In  case of line 3, . on. the other hand, a low apparent're-
siétivity éone' ogcurs éﬁclosihg the sounding point 18, and it

“shows -~ an: expanding shape from the deep bottom to the top and



éide.

" subsequently, similar to the horizbntal'profi;e ahélyéis, a
resistivity-depth section drawing was prepafed after " Bostic
inversion. The resistivity pattern for line B is.fairLy3same as
that o¢of the above mentioned apparent _resistiﬁity, _while' the
pattefn for line 3 is different from that of Fig. 34. The low
resistivity zone enclosing Point 18 is distributed vertically and
continuously from deep to shallow positidn and sééms to  suggest
an existence of upfloﬁ in this region (FiQ.IBS)ﬁ |

A l-dimentional model profile cén'be made by connecting the
values of resistivity and layer thickness.obtained from inﬁersion
each other along the survey line. Profile weré prepared for 9
survey lines of which line B and 3 as a_représéntation have been
used to make model profile shown in Fig. 36 and 37. Thé Fiéures
show a typical 3 layer structure consisting'of high resistivify
layer in the shallow part low resistivity iaYér in the middle
part and of high resistivity layér in the deep parﬁ. The first
layer seems to reflect a dry Tala Tuff Formation. ~ This is
harmonized with the fact that the geothermal £luid flashes in the
fqrmation according to the well tests.of PR-1 -and PR-8 .(i.e,
water shortage in shallow formation). Low resistivity values in
the middle are homogeneous for Line 3, while divergent fdrrLiﬁe B
depending on the position on the line. By plotting tracks of
existing wells into Fig .36, it was found that drillihgs _havé
attained to the low resistivity zone in case of wellbore foering
large steam production. |

Therefore, an attention should be paid to this low re-



sistivity zone in the middle as prospective geothermal reservior
with.dominating fractures. There is a low resistivity occurence
at point 18 in the deep showing a totally different +type from
neighborhoods, It appears to have corelation with the upflow. A
- 2-dimentional model analysis also have been carried out for line
B and 3. The result of this analysis shows the same resistivity
distribution and structure as l-dimensional profile, and em-
phasized the horizontal multilayer structure. For inStance, it
is characteristic that resistivies are lower at the basal part

of line B and point 18 (Fig. 38 and 39).
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