1.3 Gravimetric survey

1.3.1 Summary of gravimetric survey

Gravimetric survey was carried out to make clear the subsurface structure of the Sierra La
Primavera Caldera. A La Coste & Romberg type gravimeter (G-type) was used for the gravi-
metric survey. Analyses were made on not only the regional Bouguer analysis but also the
two-dimensional analysis of the cross section. The results of the analyses are summariezed
as follows:

@ The Bouguer anomaly within the Sierra La Primavera Caldera is characterized by a
Jow gravity anomaly as a whole. Some high gravity anomaly was observed locally. A
two-dimentional analysis reveals that the high anomaly was formed with the uplift
of this caldera and exhibits an ellipse or a rectangle having the apse line of NE-SW
trend.

@ The north and west rims of the Caldera have clear borders showing a steep gravity
gradient, whereas the south rim, judged from gravity gradient, is located to the south
of caldera wall in geological map. The local low anomaly probably corresponds to
a portion of the Tala Tuff and thick lake sediments.

@ The regional Bouguner anomaly map shows that the region occupied by the “basement
rocks™ and Tertiary system is typified by a dominance of the NW-SE or N-S trending
structure. Therefore, this structural trend is inferred to be dominant in the Cor
dilleran Volcanics and basement rocks beneath the geothermal manifestation area.
This trend does not harmonize with the NE-SW trend previously mentioned (@).
The NE-SW trend depends upon the shallow vock facies or upon the insurgence and
is formed recently (several ten thousands years age).

1.3.2 Result of gravimetric survey

(1) Measurement of gravity

@ Measuring station: Gravily values were measured at a total of 306 stations over
238 km? in the Sierra La Primavera Caldera. One hundred fifty eight stations of
306 points were arranged at 400 m inlervals in the geothermal manifestation area
to analyze the gravity in detail, and the rest were set up at 800 m intervals in and
around the manifestation area.

Besides, a regional gravity survey was carried out within the extent of 14,000 km?
with 156 mcasuring stations to make clear a regional structure. Measuring stations
are shown in Figs. [1.1-26 and 35.

@ Base valug: The base value for the gravity measurement is 977,927.15 mgal at the
international gravity base station No. 04669E in the Meteorological Agency, Mexico
City. The base station, No. 1000, was established at the Guadalajara office of CFE
for the survey work. The gravily value at the base station was set to 978,188.034
megal.

@ Fixed point observation of gravity: To check the in-day change of gravity, a fixed
point observation of gravity was carried out every 30 minutes on the 27th of August



from 6.00 a.m. to 24.00 in Rio Caliente to the west of this area. The gravity values
fiuctuate from ~165 to +85 mgal in the fixed point. On the basis of a curve matching
of observed values with a theoretical curve, the value 1.15 was accepted as the tidal
correction constant (Fig. 11.1-24).

@ Leveling
Elevation was decided from leveling at 291 stations and from measurements by

Paulin’s precision aitimeter at the rest.

(2) Data processing

The data processing began with the m gal-conversion which converts the read-out values
of the gravimeter to the gravity unit. Subsequently, the gravity values were calculated by
various corrections such as the altitude correction (caused by the difference between
measuring and leveling pointé), the tidal correction, the drift correction, the latitude correc-
tion, the free-air reduction, the Bouguer correction and the topographical correction. The
topographical correction of this area has been based on the cross section map of site sketch
within a radius of 20 m and on the altitude read out of topographical map within a radius
of 20 m to 60 km of the measuring point. Moreover, the topographical correction for the
regional gravity survey was carried cut by the altitude read out using two charts on a area
ranging from the measuring point to 36 km.

An example of gravity values after the correction is shown in Table 11.1-12.

(3) Density for gravity correction and Bouguer anomaly

The density of rock samples, which were taken in and around the surveyed arca, were
measured to determine the density for gravity correction. Fig. [1.1-25 shows the results of
measurements which are divided into 7 geological groups, containing 47 sampies of which
12 samples are cores. As shown in this Table, the density increases as the rock becomes
older, and a clear density boundary is found between tuff and andesite in the Cordilleran
Voleanics. The average density of the Quaternary, which forms the topography of this area,
is 2.12 gfem® and that of the lake sediments is lower than 2.12 gfcm?®. Therefore, it had
better select out p = 2.00 gfcm® (the density for gravity correction) to analyze the gravity
anomaly among the Bouguer anomaly maps of p = 1.90 gfem?® (Fig. 11.1-26), p = 2.00 g/fcm?
(Fig. 11.1-27) and p = 2.20 gfem?® (Fig. 11.1-28).

1.3.3 Subsurface structure based on gravity analysis

(1) Bouguer anomaly and its trend surface analysis

Fip. 11.1-27 indicates that the Bouguer anomaly values in this area range from —109 mgal
to —126 megal, and the maximum value is located in the northwest end, while the minimum
value is located near the station No. 112 at the center. Low gravity area with less than —120
m gal occupies a wide area including the central part of this area, Taking a wide view of
points, a large-scale low gravity anomaly of the central part is a circularly or elliptically
shaped.

The contours of iso-gravity anomaly are crowded and the Bouguer anomaly values show
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a remarkable variation at the northern, western and southern ends of these gravity anomaly.
In contrast, the Bouguer anomaly varies gradually at the eastern end.

As described above, the Bouguer anomaly within the Sierra La Primavera Caldera is
characterized by low gravity anomaly as a whole. Some high gravity anomaly was observed
locally. The inside of the low gravity anomaly has a fairly complicated structure. To remove
this local anomaly, the 2nd- and 3rd-order trend surface analyses were made against Fig. I1.1-
11.1-27. A trend surface and a residual surface were prepared in Figs. I11.1-29~32. These
figures show that the center of the Caldera is situated in the vicinity of stations No. 87, 89
and 121, and the north and west rims of the Caldera have clear borders showing steep gravity
gradient.

(2) Two-dimentional gravity analysis of cross section

A two-dimentional analysis was carried ouf in cross sections A-A’, B-B' and C-C’ in
Fig. 11.1-27 to investigate a cause of local high gravity anomalies. The results are shown
in Fig. H.1-33. The calculation was based on the Talwani’s equation. The three layered-
structures of gravity were assumed in this analysis defined as follows:

The Istlayer p=2.20g/cm® Rhyolite, Tala Tuff

the upper Cordilleran Volcanics

The 2nd layer p=2.40gfcm® the lower Cordilleran Volcanics consisting mainly of

andesite

The 3rd layer p=2.27 gfem®  “basement rocks”

Further, the lake sediments {p = 1.60 gfcm?®), Rhyolite (p = 2.00 gfcm?) and the Tala
Tuff (u 2.00 gfecm®) were partially added to the Ist layer as a local low density part. The
control points of the boundary between two layers were settled in PR-2 for line A-A’, in
PR-9 for line B-B' and in PR-5 for line C-C’ respectively. Since the upper boundary of the
3rd layer was only confirmed in PR-9, the conirol point of that boundary was set at the
same depth in three profiles. The results of analysis include a step-like structure (real line)
and a fairly smooth structure (broken line}). These two structures indicate nearly equal
pgravily anomalies.

When the throw of the Caldera wall is estimated to be 500 ~ 600 m, the observed values
are consistent with the calculated values as shown in Fig. I1.1-33. The estimated throw is
in general conformed with the collapse-throw which was determined by the geological survey
and the well data. The local high gravity anomaly at the central part (Cerritos Colorados)
can be interpreted by the uplift of 400 m of a high density layer. Because the 260 m
difference is a minimum estimate of uplift of the Caldera on the basis of MAHoén (1980)’s
estimate, the high gravily anomaly seems {o be caused by the Caldera resurgence or insur-
gence. The shape of the uplift would be rectangular or ellipitical with its apse line of the
NE-SW trend as shown in Fig. 11.1-27. ,

Subsequently, a consideration on the local low gravity anomaly is followed by the above
mentioned high anomaly. The low gravity anomalies near the stations No. 39, No. 69 and
No. 112 coincide with the area of elevated topography and the lake sediments by corre-
spondence of Figs. I1.1-27 and 1-33 with the geological map. Fig. 11.1-33 indicates that the
over-correction occurred in the area of the lake sediments, of which density p = 1.60 gfcm? is
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markedly less than the density of the 1st layer (p = 2.20 g/fcm®). Therefore, the low gravity
anomaly corresponds to the thick lake sediments.

However, the low anaomaly by No. 286 is located in the area where the lake sediments
are not distributed, showing a low elevation. The origin of this anomaly is not clear, but it
might be attributed to the thick Tala Tuff (p = 2.00 g/fcm?). A structural analysis shown in
Fig. 11.1-34 can be obfained from the summarizing the above interpretation. The south
margin of the caldera wall is characteristically located in more southern position compared
with a conventional geological map.

The uplift and its orientation was clarified by the gravimetric survey, offering useful

information for geothermal surveys as a result,

(3) Regional Bouguer anomaly distribution

It is difficult to correlate the gravity anomaly with Tertiary formations because the
area of Sierra La Primavera is widely covered by the Quaternary. Consequently, the gravi-
metric survey has been extended as far as the region containing *‘basement rock™ and the
Tertiary, followed by a study on the validity of correlation between the geology and the
gravity anomaly applied for a two-dimentional analysis.

Fig. 11.1-35 shows a regional Bouguer anomaly map with the density for gravity
correction of p = 2.20 gfcm®. Higher Bouguer anomalies more than —110 mgal are distributed
in the southern and southwestern region of Sierra La Primavera Caldera, extending partially
from the north of Ameca to Lake La Vega as shown in Fig. 1-35. It can be found that the
Creteceous sedimentary rocks and granitic rocks, which are the oldest rocks in this area, are
exposed in the high gravity anomaly area, based on the geological map (1:100,000 in scale)
prepared by C.F.E. The Paleogene and the Miocene both consisting of igneous rocks are
also confirmed with the local high gravity anomaly. The Pliocene and the Quaternary
correspond in general to the low gravity anomaly except for Tequila Volcano and Cerro
Grande to the east. _

The above results are harmonized with the density classification shown in Fig. 11.1-25
and with the layer dividing obtained from the two-dimentional analysis. Futhermore, the
shape of gravity anomaly indicates the NW-SE and N-8 trending structures. They are
coincided with the Tepic-Chapala structural trend (NW-SE) and the Colima structural trend
(N-8) respectivily. Thus, the orientation of “basement rocks’ and the Tertiary trends NW-SE
or N-S, whereas the local high gravity anomaly within the Caldera indicates the NE-SW
trending uplift,

The discordance of the upheavai trend against the deep-seated structure is ascribed to the
foliowing two reasons:

@ The local high gravity anomaly is governed by the rock facies of comparatively

shallow depth (ex. rhyolite).

@ The insurgence by the magma intrusion took place in the deeper part of the uplift

zone having a NE-SW trend.
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1.4 Magnetotelluric survey

1.4.1 Summary of Magnetotelluric survey (MT survey)

The Remote-Reference Magentotelluric method was carried out as a deep electrical
survey in order to obtain the information about the geothermal reservoir through the resis-
tivity structure and to corrclate with the deep-seated formation in the geothermal mani-
festation area.

The results are summarized as follows:

@ The noise-free signals were recorded and the resistivity-depth curves by inversion
analysis were clear in this MT survey. This is due to the fact that the resistivity
structure consists of a one-dimensional horizontal three-layers (that is, high resistivity,
low resistivity and high resistivity from the surface to the deeper formation). The
one-dimensional structure is supporfed by the structure index analysis with a few
exceptions.

@ The main reservoir is characterized by the low resistivity with 5 ~ 20 £2+m, judging
from the horizontal resistivity distribution map drawn using the resistivity-depth
curves after inversion, In particular, a lower resistivity anomaly due to up-flow can be
identified to the south of PR-]1 and PR-8 showing vertical extension.

@ The NW-SW trending resistivity structure is dominant as the depth increases. There-
fore, the presence of geothermal fluids is mainly controlled by the NW-SE trend.

@ The upflow zone is made clear by a one-dimensional model profile, which is made
by connecting the resistivity-thickness solution obtained from inversion, and a two-
dimentionai model profile. Moreover, it can be found that the wells offering excellent
steam production were drilled in the low resistivity zone. Thus, the low resistivity
zone at intermediate depths is localized as the fracture dominant geothermal
TESeryoir.

1.4.2 Result of Magnetotelluric survey (MT survey)

(1) Field work procedure for MT survey

@ Measuring station: Fifty four sounding stations were selected around the geothermal
manifestation area as given in Fig. 11.1-36. Among 54 stations, eight stations were
tried resounding to verify the data quality. These sounding sfations were arranged
at intervals of about 300 m in and around the wells and of about 500 m in other
arca. Measurements in the area of steep topography were carried out by the remove
of equipments.

@ Field measurement: The Remotfe Reference Magnetoteliuric method (i.e. simul-
taneous measuring at two points) was adopted to improve the data quality. Three
components of magnetic field (Hx, Hy and Hz) and two components of electric
field (Ex and Ev) naturally induced in the earth were measured in the MT method.
Figs. 11.1-37~38 show the field measurement procedure of these components.

@ Recording band width and duration: Recording was based upon three band
widths of frequency, that is, high frequency (125Hz ~ 3Hz), middle frequency



(I5Hz ~ 10 second) and low frequency {0.5Hz ~ 200 second) for each components.
The recording duration and other parameters of MT survey is given in Table 1L.1-13.

@ Data acquisition system: The data acquisition system is composed mainly of signal

conditionor, quartz clock, magnetic sensor, telluric sensor and field processor as
shown in Fig. 11.1-39. The apparatus for MT survey was movable by the power of
men, and was worked by the batteries. The signals of each component in time are
recorded in the field processor through sensors and signal conditionor. The field
processor includes three CPUS, CRT of 5 inch and a hard disk drive of 5 M byte, re-
sulting in the possibility of data processing in real time. The data acquisition and
processing systems were operated by the keyboard connected to the field processor.
The accuracy of quartz in clock was 107% second per second and 107 second per
cycle.
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Fig. I1. 1-37  Positioning of Sounding Station of No.27

Table I1. 1-13  Recording Band Width, Parament and Duration of MT Survey

Band Sampling Length | Segment | Recording . Sampling
; of each | number | duration File number
width of channel - Q value
frequenc rate recording for for number for
aueney segrent 1 file 1file FFT
125Hz each about
HE 3Hz soonz | 212 64 min | 375 512 6
15Hz cach about ]
ME |10 second 60Hz 512 64 9 min. 3~5 512 6
0.5Hz each 30 ~ 130 ~ ,
LE 200 second 2Hz 512 40 176 min. 1 1024 4




(2} Data processing
The field processor can calculate apparent resistivity, impedence phase, impedence
strike and tipper strike in real time during acquiring the MT signals (Fig. {[.1-40). This
calculation aims at the data improvement by quality control of the data.
The final data processing is as follows:
@ Compilation of data in time
@ First Fourier Transform
@ Single data processing and Remote Reference data processing
@ Calculation and indication of the following MT parameters:
i) apparent resistivity (oxv, Pyx)
ii) phase (®xy, Pyx)
iii) impedance strike
iv) tipper magnitude
v) skew
@ Automatic elimination of low quality data by the coherency check which is the
correlation of electric field with magnetic field.
An example of comparison the field processing in real time with the final data processing
at station 07 is shown in Fig. I1.1-41. Both the Single data processing and the Remote
Reference data processing are used for the final data processing.

(3) Model inversion analysis and structure index

@ Mode! inversion analysis: The MT data obtained in the field indicates the relation
between apparent resistivity (p,) and period (1). Model inversion analysis is required
for the conversion to resistivity (p) in depth (thickness, h). At first, an one-
dimensional model inversion analysis was carried out under the assumption of hori-
zontal multi-layered resistivity structure in the subsurface to calculate the under-
ground apparent resistivity. The analysis procedure is given in Fig. 11.1-42. As shown
in Fig. 11.1-42, the important point of the analysis is fo put various assumpiive
resistivities in depth against the apparent resistivity-period curves obtained from
measurement, after that to find an adequate resistivity value.

Rig. 11.1-43 shows an example of the inversion analysis at station 07. The
resistivity-depth curves in bottom right of Fig. II-1-43 and Fig. 11.1-44 are obtained
from the inversion analysis after coherency check which is shown in bottom left of
Fig. 11.1-41. The curves are based on the final RRMT data processing.

All results of one-dimensional model inversion are appended in the last of this
report.

@ Selection of TE mode and TM mode: A problem of adaptability is present for such
model] inversion analysis when the subsurface structure does not exhibit horizontal
multi-layer. If the subsurface has two- or three-dimensional structure, it must be
taken into consideration of adaptability of the one-dimensional analysis. Two mode
types can be generally considered in case of two-dimensional resistivity structure,
because of the existence of two different apparent resistivities (pxy, Pyx) as follows:

TE mode: the direction of electric field is parallel to the structure axis.



T™M mode: the direction of magnetic field is parallel to the structure axis.

The magnetic field is changeable easily depending upon surrounding geological
situations (rock magnetism, rock alteration etc.) and upon lateral influence. So that,
the analysis by TM mode is not suitable for one-dimensional analysis. Accordingly,
TE mode was selected out for the present analysis.

Angles of the tipper strike indicating the TE direction and of the impedance strike
indicating the pxy direction were checked for determining TE mode out of pxy and
pyx- If the angle is smaller than n/4, pxy is TE mode. If the angle is bigger than 7/4,
pyx becomes TE mode.

@ Structure index

The tipper nrlagnctude (T) and the skew (S) were used to judge the dimension

of underground resistivity structure:
one-dimensional structure: T=0and 8= 0
fwo-dimensional structure;: T2 O0and S =0
three-dimensional structure: T2 0and S » 0

Figs. 1.145 and 46 show the distribution maps of tipper magnitude and skew
respectivity. The surveyed area shows the one-dimensional structure as a whole,
except for some two-dimensional structures by stations of 01 and 46, Three dimen-
sional structure was not recognized in this area.

1.4.3 Resistivity structure by Magnetotelluric method

(1) Horizontal resistivity distribution

Apparent resistivity maps with TE mode were prepared on three periods (0.01 second, 1
second and 30 second) to determine apparent resistivity in horizontal profile. These charac-
teristics are as follows:

@ A period of 0.01 second — High apparent resistivity with more than 508+m is
observed all over the surveyed area. In particular, high apparent resistivities with more
than 20082-m are recognized in the north (stations No. {4, 20, 29 and 54) and in
the east (stations 41, 49 and 52) of this area.

@ A period of I second — Low apparent resistivity of about 1082 m is distributed over
the whole surveyed area, and the contrast in resistivity is not clear.

@ A period of 30 second — The connecting line with PR-2 and PR-5 separates resistivity
value, namely comparatively high apparent resistivity is present in the northeast,
while comparatively low apparent resistivity is present in the southwest of this arca.
The apparent resistivity has a tendency to trend NW-SE. A marked low apparent
resistivity zone is found near the stations No. 10, 18 and 22 (near PR-{ and PR-8),
showing a striking contrast in resistivity. Fig. I1.1-47 shows a distribution drawing on
a period of 30 second with TE mode which represents the characteristics of reservoir
in this area.

Then, a resistivity-depth curve was drawn by appling the Bostic inversion to the initial

apparent resistivity-period curve. A horizontal resistivity map was prepared by the resistivity-
depth curve with TE mode. The map is obtained from extracting resistivity value on each



sounding station at optional depth. A total of 7 horizons (6 horizons with 500 m interval

from 1

, 500 m to —1,000 m above sea level together with & -3,000 m horizon) was selected

for preparing horizontal resistivity distribution. Among them, the following are representative
characteristics of resistivity:
@ 1,500 m above sea level (Fig, 11.1-48) — High resistivity with more than 5082-m

©)

®

®

surrounds the geothermal manifestation area showing a contrast for low resistivity,

-Lower resistivity with iess than 582-m is observed locaily. The resistivity vaiue is

considered to be affected by the degree of alteration and water saturation in rocks
rather than rock facies, although varicus rock facies such as the Tala Tuff, lithic
tuff and rhyolite ave distributed in this level.

1,000 m above sea level (Fig. 11.1-49) — Low resistivity of about 10§2+m is found
all over the surveyed area showing a obsure contrast in resistivity. This level belongs
to the upper part of the Cordilleran Volcanics, so that low resistivity depends upon
the density of fractures per unit area.

Seal level (Fig. I1.1-50) — Low resistivity ranging from 5 to 208-m is widely
distributed over the whole area. A lower resistivity anomaly with fess than 2 to 5{2'm
exists to the south of PR-1 and PR-8 near the station No. 18. The low resistivity zone
over the whole area is ascribed to the presence of geothermal fluids, since this level
belongs to the main geothermal reservoir.

500 m below sea level (Fig. 1L 1-51) — The resistivity pattern of this level show the
same pattern as sca level. A lower resistivity anomaly located to the south of PR-1
and PR-8 continues vertically from this levei to 3,000 m below sea level. This fact
emphasizes that the anomaly is consistent with the uplift zone confirmed by the
geological survej and with the up-flow zone discovered by the fluid inclusion study
and the downhole temperature measurements.

3,000 m below sea level (Fig. 11.1-52) —- High resistivity with more than 50Q-m is
dominant all over the area with the exception of lower anomaly located to the south
of PR-1 and PR-8. In particular, the eastern portion of this area are occupied by the
high resistivity. The above facts suggest that the presence of fractures is restricted to
comparatively small areas and no fracture (that is, the absence of geothermal fluids)
exists in the high resistivity zone.

The following conclusions are reached from the above resistivity distribution:

iy

ii)

iii)

The resistivity structure is not NE-SW trend but NW-SE trend.

The above tendency is emphasized as the depth increases.

The presence of geothermal fluids is not controlled by the NE-SW irending fauits
found in the surface, but controlled by the NW-SE trending fractures in the deep-
seated formation.

(2) Vertical profile analysis

The relationships between apparent resistivity versus period and resistivity versus depth

are shown in Figs. 11.1-53~54 respectively. They are vertical profiles along survey line 3. Low

apparent resistivity zone exhibits a wide-spread feature upward and sideward in Fig. IT.1-53.

On the contrary, low resistivity zone indicates a funncl-shaped feature and an existence of



up-flow in Fig. I1.1-54 which is vertical profile applied the Bostic inversion.

A one-dimensional vertical profile can be made by connecting the resistivity-thickness
solution obtained from inversion along the survey line. Profiles were prepared for nine
survey lines. Line B and line 3, as a representation, have been used to make the model profiles
shown in Figs. 11.1-55 and 56. The figures show a typical three layer structure consisting
of high resistivity layer, low resistivity layer and high resistivity layer from the surface to the
deeper formation. The shallow high resistivity seems to reflect a dry formation of the Tala
Tuff. The thought is supported by the fact that the geothermal fluids from PR-1 and PR-8
flash in the formation (i.e. water shortage in shallow formation).

In the intermediate horizon, low resistivity values are found uniformly for line 3, while
different resistivity values are recognized for line B depending on the position of the line. By
plotting the tracks of existing wells into Fig. 11.1-55, it has been made clear that the wells
offering excellent steam production are drilled in the low resistivity zone. Therefore,
attention should be paid to this low resistivity zone in the intermediate horizon as a prospec- -
tive geothermal reservoir with dominating fractures. A low resistivity anomaly is present at
the deeper part of station No. 18 showing a different type from neighborhoods.

It appear to have a relation with the up-flow.

High resistivity zone occupies the stations 20, 21 and 40 in Fig. I1.1-56, resulting in the
limited extension of geothermal reservoir. It cannot refer to such consideration in Fig. IL1-55.
The results of one-dimensional vertical profile reflect obviously the extent of geothermal
TEServoit.

Finally, a two-dimensional mode! analysis also has been tried for line B and 3. The
resulft of this analysis shows similar resistivity distribution and structure compared with
the one-dimensional profile. However, the horizontal multi layered structure and the contrast
in resistivity are emphasized in the two-dimensional profile. =

That is to say, the two-dimensional profile in Fig. 11.1-57 shows a concentrated low
resistivity anomaly with less than 5822-m near PR-1 and PR-8, and a continuocusly horozontal
distribution of low resistivity layer with 5 to 50£2-m. On the contrary, the one-dimensional
profile in Fig. 11.1-55 shows a locally divergent distribution of low resistivity layer in the
intermediate depth, _

On the other hand, the two-dimensional profile in Fig. I1.1-58 indicates more narrow
distribution of low resistivity with less than 5§2+m in comparison with the one-dimensional
profile in Fig. IL.1-56. Moreover, the value of low resistivity anomaly in the vicinity of
station No. 18 in Fig. 11.1-58 is lower (less than 1§2+m) than the value in Fig. 11.1.56 showing
vertical continuity from the shallow part to the deeper part.

High resistivity zone in the deeper formation has horizontal continuity in Fig. I1.1-58 in
spite of a scattered distribution in Fig. 11.1-56.
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{1) Setting of magnetometers

HZ

HX, HY

7 Magnetometer /)

%

/IJ’/III[iJ:

7

IR rd

Magnetometer

‘.

(2) Setting of electrode

______
.......

electrode mud and bentonite

(3} Example of cable setting
(Example of good setting)

Rock Cable ' Cable
- wold PR S
EARTH ' electrodes
(Example of bad setting)
Grass Cable Cable
T S C N
EARTH electrodes

(1) Setting of magnetometers
3 magnetometers were buried in the earth completely.
(2) Setting of electrode
2 or 3 electrodes were buried in each hole (4 holes for 2 lines) with bentonite and mud.
(3) Setting of cables
Cables were setted on the earth not to move. And sometimes cables were buried in the earth.

Fig. 11, 1-38  An Example of Setting of Magnetometers, Electrodes and Cables
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Data Processing Results

Appafent Resistivity (p,-T)

K v

Calculation of Apparent Resistivity Curve

Smothing by Spline Function

'

Modeling of Bostick Inversion for Initial Model
Initial Model

Resistivity — Depth Analysis

Y

Modeling of Holizontally multi-lai'eréd structure

Resistivity, Thickness {p,, h;}

T 1

Calculation of Initial Model

Kunetz’s Regression Function

:

1-D Model Inversion of multi-layered Structure model
Inversion with method of non-linear least squares

Check fitness between processing data and model

NO

Fit?

YES

Optimum multi-layered model (p, h)

Fig. II. 1-42  Fiowchart of 1-D Model Inversion’
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1.5 Well tests

1.5.1 Summary of well tests

Downhole temperature and pressure under the dynamic state, namely the condition of
producing fluids from the wells, were measured on welis PR-1 and PR-8 from which steam
is blowi.ng out. The purpose of measurement is fo grasp the condition of the inside of the
borehole and to calculate the tormation permeabiiity around the borehoie. The resuiis of
measurements were as follows:

@ The value of permeability-thickness (kh) around PR-1 is 7.6 x 107'* which is
calculated from the downhole pressure measurements under the changed producing
conditions of two stages. The kh value is not as high as that of other geothermal area.
However, fluid temperature researches a very high value of 299°C at 1,800 m in
depth. From these facts, the geothermal fluids are flashing in the formation and are
flowing under the condition of two-phase flash flow in PR-1.

(@) The value of kh around PR-8 is 2.1 x 107!* which is calculated from the downhole
pressure measurenients under static and dynamic conditions. The value of down-
hole temperature is 231°C at 1,750 m in depth. The geothermal fluids emitted from
PR-8 are also two-phase flash flows on the inside of borehole.

@ In PR-1, the change in pressure gradient is observed between 1,400 m and 1,450 m.
Whereas, in PR-8, the downhole equipment could not go down beyond 1,750 m.
The phenomena are probably ascribed to the anomalies on the inside of boreholes,
for instance, the effect of pierced casing pipe and the collapse of formation.

1.5.2 Result of PR-1 test

(1) Method of measurement

The well test conducted on PR-1 was to measure downhole temperature and pressure
under the producing condition in the borehole. Each flow rate was set by adjusting wellhead
valve. Because the test must be done under pressurized condition of wellhead, the work of
insertion and removal of equipment should be carried out through a lnbricator (Fig. 1.1-59).

The equipment used is Kuster type connected with stainless wire of 5 mm in diameter.
The downhole values are recorded in a metallic plate of recording parts, and can be red out
after retrieval of equipment from borelhole.

(2) Process of measurement

In case of PR-1, judging from the discharge condition on a value of 3 inch in diameter,
both permeability and fluid temperature were expected to be very high. As a result, measure-
ments were carried out under the changed producing condition of three stages as given in
Table IL.1-14, taking into consideration of insertion possibility of equipment. The first test
was done under the flow adjustment by 3¢ orifice and full opening of 2nd valve. At that
test, the fluid velocity in 4''% casing became too high to insert the equipment because of
voluminous flow rate and high quality. So that, measurement stopped at 1,150 m in depth.

The second test was a simultaneous measurement of temperature and pressure by using
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2"¢ orifice.
The third test was a pressure measurement with orifice of 2’2 in opening diameter.

&
Lubricator\F
_L

Reducer

%o separator
G $Smm stainless steel wire
Logging car
Guide sheave |
L8 S >
Main valve = ‘ﬁ 581

| © _©
ol o4 v

-
Kuster—] 4 ] Well

Y

L/

Fig. I1. 1-59¢  Shematic Diagram of Well Test

Table 1. 1-14 Conditions of the Well Test of PR-1

Measurement Well !".:ad Well head Flow rate Quatity a4
condition pressuie atmosphere
{1) temperature 3@ orifice 28 kpfem? G Gs =53 t/h 0.3
2nd valve: Gw= 5t
full open G =104
at atmospherc
(2) temperature 2"¢ orifice 42 kgfcm;G Gs =43 tfh 0.25
pressure Ind vaive: Gw=40
full open G =83
al line press.
{3) pressure 214"¢ orifice 36 kglemG Gs =50t/h 027
2nd valve: Gw= 40
full open G =97
at fine press.

(3) Result of measurement

Table 11.1-15 and Fig. I1.1-60 show downhole temperature and pressure in PR-1. Based

on these results, the condition of the inside of PR-1 borehole is as follows:

@ The relationship between iemperature and pressure indicates a nearly saturated
condition throughout the whole depth, forming two-phase flash flow entirely in the
wellbore.

@ The fluid temperature reaches a very high vaiue of 299°C at 1,800m near the bottom.
Since the formation temperature under a static condition reached 304 ~ 305°C at
the same depth (measured by CFE), the fiuids appear to flow into the wellbore after
flashing in the formation surrounding the well,

@ The change of pressure gradient is observed between 1,400 m and 1,450 m. Con-
cerning this phenomenon, two different interpretations arise.
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The first interpretation is as follows:

i} The fluids are, after flashing in the formation, flow into both the annuius
and the wellbore itself independently. The annulus exists between the wall of
borehole (7"¢) and the pierced casing pipe.

iiy Then, they become one flow at a depth of about 1,400 m above which no
pierced pipe exists any more.

Another thinking is based upon the presence of fracture at i,440 m where iost
circulation occurred during drilling. The fracture seems to be still open even though
it was plugged by cement. So that, the fluids from the fracture at 1,440 m are joined
with the fluids from below.

At the third measurement, the equipment moved smoothly down in the 4%"
casing pipe as far as 1,420 m. However, wire tension was loosened thereafter and
further insertion was impossible cven if the descent velocity was changed. Attemps
were made by throttling the fully opened 2nd valve and increasing the descent
velocity, resulting in success in passing this point. In addition, pierced casing pipes
were installed below 1,440 m. The latter thinking seems to be acceptable from the
above experiences.

@ The main feed point of fluid flow is situated at the bottom where lost circulation
coccuited during drilling, although distinct point was not confirmed by the well test.
There must be a little water column near the bottom, judging from the contamination
of the refrieved equipment.

(4) Calculation of the value of permeability-thickness

The value of permeability-thickness (kh) around PR-1 well is calculated from the result
of downhole pressure measurements. As mentioned above, the fluids from PR-1 are likely
to flash in the formation, namely they are under two-phase flash flow in the wellbore.
However, the volume ratio of steam to water is sufficiently high in the formation. The
pressure loss caused by flow in the formation is mainly related with the voluminal flow.
As a result, an equation of gas-phase flow has been applied for approximative calculation
of kh. Under the assumption of an adiabatic process at phase transformation, an equation of
radial flow of gas-phase can be expressed by the following formula:

2nkh 7, @I —PJ™)

G = (1)
C(14m) py 8%« P
r\V

G : Steam flow rate

k : Permeabiiity

h : Effective thickness

Y«: Specific weight of fiuid

P, : Reservoir pressure at inflow depth
P, Pressure in wellbore at inflow depth
ty: Fluid viscosity

r. : Radius of influence area
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Iy : Wellbore radius
m : Polytrope index (saturated steam = 1.135)
Because the measurements of PR-1 were carried out under the changed producing con-
dition of two stages, an equation (1) can be expressed as follows:
(1+l]‘l) Qn ‘:TE ( Gl w1 P\\!:; G2 w2 P“?%
kh = W . - (2)

A e 1+m ™ 1+m - -~
LW AL w2 =Twi )} A\ Fwil Tw2 i

where, suffix | and 2 indicate the changed flow condition. G means the steam flow rate at
feed point. G is applied under the assumption of iso-enthalpy transformation for the values of
flow condition at wellhead or in-line. Table 11.1-16 gives the terms and result of calculation.
Since the value of kh around PR-1 well is less than 1 darcy.m, it cannot be regarded as better
than the kh of other geohermal fields. However, the excellent steam production from PR-1
well might be attributed to the high fluid temperature in spite of such moderate permeability,

Table II. 1-16  List of Parameters used for Calculation and Result of Calcolation of kh in case

of PR-1
Ist step 2nd step
well head press. well head press.
42 kgfem?G 36 kgfem®’G
total flow rate total flow rate
83 t/h 97 tfh
Pressure at feed gomt 925 24.8
P, kg/em*G
Steam flow rate at
feed point 204 26.5
G tfh
Specific weight of
fluid at feed point 499 45.1
T  kg/m? '
Viscosity coefficient of
fluid at feed point 2.18x 1078 2.15x107%
By kgs/m?
Kh (m*) 76x 10713

1.5.3 Result of PR-8 test

(1) Method of measurement
Method of measurement of PR-8 is all the same as that of PR-1.

{23 Process of measurement
Geothermal fluid from PR-8 was directly discharged into the atmosphere without
separator. Accordingly, measuremen{ was carried out only one flow condition as shown in

Table I1.1-17.
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Table II. 1-17 Conditions of Well Test of PR-8

- Well head Well head . Quality at
Measurement . Flow rate
7 condition pressure atmosphere
(1) dummy 2nd valve: 7 kg/cm? Gs =45 i/h 0.29
temperature full open Gw=60
G =105

at atmosphere

(2) temperature
and pressure

idem. idem. idemn. idem.

(3) Result of measurement _

Table I1.1-18 and Fig. 11.1-61 show the result of downhole measurement of PR-8. The

condition of the inside of PR-8 borehole is as follows:

@ Temperature and pressure at each depth are in a saturated relation from the wellhead
up to 1,750 m beyond which the equipment could not go down. Therefore, the flow
condition in the welibore should be the two-phase flash flow being similar to PR-1.

(@ The fluid temperature is 231°C and the pressure is 30.7 kg/fem®*G at 1,750 m. In a
static condition, the temperature is more than 270°C and the preésure is much higher
than the above value, according to the CFE’s measurement. This suggests that the
fluids flows into the wellbore afier flashing in the formation.

@ Because the downhole equipment could not go down beyond 1,750 m, a burried
layer of about 100 m by collapse might be expected near the bottom in wellbore.

{4) Calculation of the value of permeability-thickness
Because measurement was carried out only one flow condition in PR-8 weli, the equation
{2} can not be used for the calculation of kh around PR-8. Therefore, by using the pressure

value at a static condition, the equation (1) can be converted into as follows:

(14m)Guy & <& B

kh = w . (3)
2W7w P1+m -P 1+m

e W

As shown in Table 11.1-19, the permeability of PR-8 is lower than that of PR-1. The fact
suggests two possibilities about low permeability of PR-8 as follows:
1) The permeability of fracture is originally poor.
2) Although the permeability is originally moderate, a burried layer of about 100 m
plugs the main fracture about 1,790 m inducing lost circulation, and reduces the
permeability of PR-8.
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Table I§. 1-15- Results of Measurement of PR-1

Date 7. Feb. 1986 8. Feb. 1986 10. Feb. 1986
Well depth 1,818 m

Well head condition 3¢ orifice 2"¢ orifice 2%"¢ orifice
Well head pressure 28 kgfem? G 41.5 ~ 43 kg/em®G 36 kglem?G

Depth (m) Temperature (°C) | Temp. | Pressure (kgfcm?®} Press.

20 228 249 42.2 34.1

100 231 251 44.0 350

200 233 253 45.7 36.0

300 235 255 473 37.0

400 237 257 489 381

500 239 259 504 39.1

600 241 261 52.1 40.2

700 243 263 54.2 42.1

800 245 266 56.3 44.2

900 249 268 584 46.3

1,000 252 270 60.7 48.4

1,100 254 273 62.9 504

1,160 257

1,200 277 67.2 553

1,300 281 715 60.5

1,400 285 75.8 65.6

1,500 291 82.7 764

1,600 294 85.9 79.1

1,700 296 89.2 81.8

1,800 299 92.5 84.8

?fﬁ:&?t}ﬁglf e (1) ) 3)
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Fig. II, 1-60  Downhole Temperature and Pressure Curves of PR-1 in the Producing Condition
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Table Il. 1-18 Results of Measurement of PR—8

Date

30. Jan. 1986

31. Jan. 1986

Well depth

1,861 m

Well head condition

2nd valve: full open

2nd valve: full open

Well head pressure 7.0 kgfem® G 7.0
Depth (m) TFemperature (°C) Temp. | Pressure (kgfcm?)

20 167 166 7.1
100 171 170 19
200 174 173 8.4
300 177 176 9.4
400 180 179 10.1
500 183 182 10.8
600 185 185 11.5
700 188 188 124
800 191 191 13.3
900 194 194 14.2
1,000 198 197 15.3
1,100 201 200 16.5
1,200 205 - 204 17.8
1,300 208 208 -19.2
1,400 212 211 208
1,500 219 218 23.8
1,600 224 224 26.8
1,760 229 228 292
1,750 231 231 30..7
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Fig. II. 1-61 Downhole Temperature and Pressure Curves of PR-8 in the Producing Condition
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Table II. 1-19  List of Parameters used for Calculation and Result of Calculation of kh in case

of PR-8
Production test
well head press.
Static test 7 kpfem® G
total flow rate
TNE 4k
LS WpEh
Pressure at feed ;;mnt 123 307
Py kefem® G
Steam flow rate at
feed point — 215
G t/h
Specific weight of
fluid at feed point - 15.6
T\\' kg!ma
Viscosity coefficient of
fluid at feed point - 1.82 x 1078
B, kegsfm?
Kh {m?) : 2.1 x 107
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2. Selection of Targets for PR-12 and PR-13 Wells by Exploration at First Stage
2.1 Integrated analysis on geotherinal reservoir by exploration at first stage

2.1.1 Structure of geothermal reservoir

Taking main factors of reservoir into consideration, the structure of the geothermal reservoir
in this area is as follows:
)] Fracturgs

(D The main reservoir in this arca consists of an andesite dominated formation belonging to
the lower part of the Cordilleran Volcanics which is found below about 1,000 m above
2,800 m in depth.

(2 Fracture survey reveals that NE-SW trending normal fauits are dominated in the sur-
face, and are cut by NW-SE trending strike-slip faults. The normal faults were formed
by the uplift preceded by the Caldera collapse. On the basis of the restoration of paleo-
stress field and the observation of tensional fracture, the center of the uplift is considered
to be located near PR-1 and PR-8B. The trends of surface rock alteration, high anomaly
in soil mercury and high gravity anomaly are in accordance with those of the NE-SW
trending faults,

@) An investigation was made on the measurement of remnant magnetization and on the
restoration of stress field by observation of fractures in cores to determine whether the
above mentioned fracture pattern could extend to the deeper part of the subsurface
formation. Because the stress field above about 1,000 m in depth is harmonized with
that of the surface; the fracture system observed in the surface can extend to the upper
part of the Cordilleran Volcanics.

(@) The surface survey in the geothermal manifestation area cannot reveal the fracture char-
acteristics of the lower part of the Cordilleran Volcanics which is the main reservoir of
this area. Resistivity structure in this part provided by the MT survey shows that the low
resistivily zone has a' NW-SE trend. The NW-SE treund is also found in the Bouguer
anomaly by regional gravity survey and in the geological structure of the lower part of
the Cordilleran Volcanics exposed surrounding the Sierra La Primavera Caldera. There-
fore, the main feed points of PR-1 and PR-8 are inferred to be attributed to the NW-SE
trending fractures.

(5) As mentioned above, it could be concluded that the NE-SW trending fractures dominate
above about 1,000 m in depth, while the NW-SE trending fractures exist in the subsur-
face deeper than 1,000 m in depth. Geothermal manifestations including fumaroles and
rock alteration are distributed aldng the fractures having NE-SW direction. On the other
hand, lost circulations during drilling of PR-1 and PR-8 were caused by encounters with
the deép-seated fractures with a NW-SE direction. The NW-SE trending fractures
consist 'mziihl_y of high angle tensional fractures because of the direct influence of the
uplit of the Caldera, :

The NW-SE trending fractures observed in the surface are different in characteristics
from those of the deep-seated formation. It has not been made clear whether both frac-
tures are connected mutually. '
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(2) Temperature _

(1) The up-{low zone of high temperature of about 300°C is recognized in the vicinity of
PR-1 and PR-g, judging from the temperature profile obiained from the downhole tem-
perature measurement and the minimum homogenization of fluid inclusion in cuttings.
Thercfore, geothermal tluids in this area are ascending {rom the deeper part of this
vicinity.

The Na-K-Ca chemical thermometer, which is a suitable thermometer for 1his ares,
indicates about 300°C in PR-1 and about 280°C in PR-8.

(@) The well production tests of PR-1 and PR-8 make clear that both geothermal fluids are
flashing in the formation around these wells and are flowing as two-phase flash condi-
tion in the boreholes. According to the measurement of downhole pressure in different
conditions, the values of permeability-thickness around PR-1 and PR-8 are approxi-
mately 107 m® indicating modecrate permeability. Excellent steam production from
these wells in spite of having moderate permeability is ascribed to the high temperature.

(@) Chemical analyses were made on the relationships of chlorite and enthalpy, chlorite and
boron, gas ratios and isotopic components. The analyses suggest a mechanism that
geothermal fluids with high temperature are ascending from the vicinity of PR-1 and are
flowing to PR-5 through PR-8 toward PR-4, being affected by the ground water gradu-
ally along the NE-SW trending faults.

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

(@) From the fact mentioned above, it could be said that both the uplift zone and the
up-flow zone are present near PR-1 and PR-§, forming a geothermal reservoir of the
vertical fracture type. This was also supported by the resuit of the MT survey in which
the low resistivity zone extends vertically 1o the deep-seated {formation at southern part

of PR-Z (i.e. sounding station {8).

2.1.2 Extent of geothermal reservoir

The geothermal reservoir in this area is characterized by a vertical fracture type having a
NW-SE trend with an up-flow zone that nearly coincided with the uplift zone. Therefore, to
estimate the extent of the geothermal reservoir, it was considered to be important to trace the
extent of NW-SE trending fractures and to draw the map of subsurface temperature profile. The
following information was needed to investigate the extent of geothermal reservoir:

(D) The result of the MT survey shows that the geothermal rescrvoir is inciuded in the low
resistivily zone in the second layer and that the lower resistivity zone with resistivity less
than 5 2-m is contained in an area of 1.5 km along north-south and about | km along
east-west, with the center being near PR-1 and PR-8.

(@) As a result of restoration of paleo-stress field by means of the surface and core surveys,
an anticlinal axis in stress field reflected by the uplift has a NW-SE trend through the
north of PR-I (Fig. 1L,[-20). The axis is about 2 km long with its center being near
PR-I.

(3 Measurement of downhole temperature of PR-10 by CFFE informs us of a maximum
temperature of 144°C at 1,250 m in total depth about 600 m north of PR-8,

(@) Chemical composition of hot water provided from PR-2 is different from that of other
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wells and is derived from a separate reservoir,
Estimate of an arcal extent of geothermal reservoir from (1) to (@) s as follows:
Northern margin: near PR-10 (estimated from () and 3) )
Southern margin: about | km south of PR-§ (estimated from (1) )
Fastern margin: about | ko east of PR-1 {cstimates from @ }
Western margin: near PR-2 (estimated from ) and (@) )

When the four marging are limited by the above mentioned facts and the main direction of
reservolr was considered to be NW-SE, the gross avea of reservoir become about 3 kin? which is
estimated to be about 2 km in the NW-SE direction and about 1.5 km in the NE-SW direction
(Fig. [1.2-2). Howcever, this cstimate should be improved by the results of well drilling and
reservoir simulation.

In any case, the reservoir in this area is characterized as the vertical fracture type whose
center is locates near PR-1 and PR-8. Fractures in the reservoir extend in & NW-SE direction. If
wells are drilied outside of this direction, they will not be able to encounter {ractures and high

temperature.
A coniceptual geothermal reservoir model ts drawn in Fig. 11.2-1,
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2.2 Selection of targets for PR-12 and PR-13 welis

2.2.t Proposal for the work plan of next stage

Geological, geochemical, gravimetric and clectrical (MT method) surveys and well testing, in
addition to review of the data on the exploration wells, have been carried out in 1985, From the
resufts of a comprehensive analysis of the data, it became clear that the geothermal reservoir in
La Primavera is controlled by the focation of an upliited zone which plays a roie as an up-iiow
zonc [or geothermal fluids with high temperature.

According to the scope of work of the project. it was planned that three heat holes of 750 m
in depth would be drilled by CFE in 1986. However, for the following reasons, it became change
the work plan in 1986 to diiil one exploration well of about 2,000 m in depth instead of drilling
three heat holes.

(D According to the investigation in [985, the up-flow zone and the distribution of under-

ground temperature are now clarified.

(@ Seven wells (600~ 3,000 m in depth) had already been drilied by CFE. and the thermal

exlension s already known.

(@) Because of thick sedimentation of Tala Tuff above about 700 m in depth which caused

frequent lost circulations, it would take a tong time to drill through the formation.
Therefore it is more important for collecting useful data for evaluating the geothermal rescrvoir
that a new decp well be drilled toward the up-flow zonc rather than drilling heat holes,

Another exploration well would be driiled by JICA study team in 1987,

2.2.2 Purpose of drilling of exploration wells

At that time, only two exploration wells (PR-1 and PR-8) had been drilled through the
up-flow zone in which fractures develop, but other exploration wells (PR-2, 5, 9 and 10) were
located outside of the up-flow zone. In order to determine the optimunt output of the planned
power station by delineating geothermal reservoir, it was necessary to evaluate the potential of
the up-flow zone, The purpose of drilling of exploration wells (2,000 m in depth) was to collect
usclul data of the up-flow zone and to estimate the geothermal reservoir. For this purpose, two
targets were selected for exploration wells. One cxploration well was as alternative to drilling
three heat holes of 750 m in depth in 1986.

2.2.3 Reasons for selection of targets

Two targets, points A and B shown in Fig. 11.2-2, were selected for exploration wells which
would be drilled on and after 1986. Each target must be at a point necessary for determining the
extent of developing area and the output of the planned geothermal power station by using the
data of two exploration wells in addition to PR-{ and PR-8.

The reason that A and B points were selected is shown as {ollows:
Both points A and B

(D Necessary points to detect the extent of geothermal reservoir

(@ Located of an up-flow zonc

(3 located on possible deep seated fractures
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Point A is o
(D Located on the horst estimated from the distribution of sutface faults (Fig. 11.2-2).
@) Located on a tensional fracture concentrated zone obtained from tensional fracture dis-
tribution map on the suiface (Fig. 11.2-2).
Point B is
(1) Located on the low resistivity zone extending vertically near the station 18 found by MT
- method.

(@ Located on an anticlinical bending axis restored by the stress ficld (Fig. 11.1-5).

€) Located on a maximum upheaval zone of giant pumice bed.

As to the selection of the targets for drilling of exploration wells, CFE has accepted the
method of aiming at specific faults which are only recognized at the surface and has extended to
the subsurface without physical consideration. This method is valid in the case of having a fault
with large throw and a homogeneous formation from the surface to the deeper subsurface.
However in Sierra La Primavera, the subsurface geology is different from the surface geology in
the orientation of fractures and fracture characteristics. Moreover, the fracture behavior is easily
changeable with high temperature and high pressure at the subsurface. Therefore, it was conside-
red that it is better to select the targets by a comprehensive analysis of various survey with a
consideration of deep seated fracture than to make a great point of surface geology only.

Point A is about 200 m distance away from PR-1 and about 250 m from PR-8, while point
B is about 300 m distance away from PR-1 and about 270 m from PR-8. However, it was
considered that it has no problem in scrambling of fluid among production wells because both A
and B points are inside the up-flow zone where excellent geothermal fluids are provided from

the deeper subsurface.

2.2.4 Plan of dnilling of exploration wells
It was planned that point A would be drilled by CFE in 1986 and point B would be drilled
by JICA in 1987. We called point A PR-12 and point B PR-13, showing well layout in Fig.
I1.2-3 and undertaking for wells in Tables 11.2-1 and 2 respectively. After topographical survey,
we decided the following wellhead positions:
PR-12: Because topographical flat plane is located to the south of point A within a little
distance, we decided the center of flat plane to be wellhead PR-12,
PR-13; It becomes clear that point B is situated in a steep slope and has not enough space 1o
construct a drilling rig. Therefore, the following methods are considered;
(D vertical drilling at newly prepared drilling site
(@) side-tracking of PR-5 or PR-9 well
(3) controlled directional drilling from the platform of PR-8 well.
Since the directional drilling was not acceptable in this area, (1) was adopted as a final
decision. Thus, the wellhead of PR-13 was determined in the center of flat place about 150 m
southwest of point B. This place was only satisfied with the low resistivity zone among reasons

for selection of target of point B.
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Table IL. 2-1 Respective Undertaking for an Exploration Well PR-12

JICA

CFE

. Determination of the well position and

completion depth

. Analysis of {luid inclusion, X-ray and Hg, As

concentration of cuttings

. Physicai property and fracture analysis of

cores

. Chemical analysis and geophysical test of

wellbore fluid which will carry out after the
finish of PR-12 well.

1. Drilling works

2. Core sampling at 1,400, 1,700 and 2,000 m
(each 1 ~ 3 m long of core)

3. General gcolbgical survey

4, Downhole temperature and pressure logging

5. Measurement of physical characteristics of
geothermal fluid

Table II. 2-2 Respective Undertaking for an Exploration Well PR-13

JICA

CFE

L B WM

. Determination of the well position-and

completion depth

. Supervision of the drilling work

. Payment of the contract value

. Analysis of cuttings and cores

. Chemical analysis and geophysical test of

wellbore fluid together with PR-11

. Analysis and evaluation of the results

1. Drilling works

2. General geological survey

3. Downhole temperature and pressure logging
4. Measurement of physical characteristics of
geothermal fluid
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3. Exploration at second stage
31 Drifling work and survey of PR-12

3.1.1 Drilling work of PR-12

Drilling works were conducted by the CFE drilling team at the site between PR-1 and PR-8
selected by JICA. The drilling was started on the 13th September, 1986, and finally compieted at
a depth of 2,303 m on |7th January, 1987,

The casing program for PR-12 was as follows:

Bit: 40 inch, 0 — 12 m Casing pipe: 30 inch, 0 — 12 m
26 inch, 12 — 112.50 m 20 inch, 0 — 108 m
17 1/2 inch, 112,50 — 460 m 13 3/8 inch, 0 — 455.92 m
12 1/4 inch, 460 — 1,365 m 95/8 inch, 0 — 1,350.14 m

8 1/2 inch, 1,365 -— 2,303 m

Afier finishing to drill the hole, 7” slotted pipe were inserted at a depth between [,293.58 m
to 2,293 m.

Marked lost circulation occurred at a depth of shallower than 510 m. The lost circulation is
ascribed to encounters with joint or tensional fracture in the Tala Tuff. The depths of total lost
circulation are as follows:

30 m, 90 m, 138 m, 159 m, 160 m, 165 m, 191 m, 194 ~ 204 m, 210~ 214 m, 221 ~ 225 m,
269 m, 406 m, 424 m, 471 m, and 486 m |

Tost circulation was not present in rocks from 510 m to 1,060 m in depth, consisting of
rhyolite, lithic tufl and andesite. Partial lost circulations between 1,182 m to 1,364 m in depth
were caused by enconters with the Los Muertos Fault in andesite layer. Additional lost circula-
tions occurred continuously from 2,015 m to 2,293 m in depth except 2,061 to 2,154 m in depth,
in particular at 2,156 m with a total loss of 35 ki/h.

After completion of hole drilling core was collected from 2,302.50 to 2,302.70 m in depth.

3.1.2 Core and cuttings survey of PR-12

Various geological characteristics were identified by using cores and cuttings taken from
PR-12. Fig. I1.3-1 shows the integrated result of drilling and survey of PR-12 including geology,
logging, core and cuttings survey and lost circulation during drilling. Sixty-one cutting samples
were collected from 1,070 m to 2,290 m in depth, and their result are shown below. The result of
core measurement will be given in Chapter 1l 2.1.3. '

(1) Chemical analysis of Hg and As in cuttings

Hg concentration generally has a very low value of less than 0.02 ppm, but has high values
at depths of 1,070 ~ 1,250 m and 1,370 m. Hg concentration significantly affects the subsurface
fractures. These high concentrations reflect probably small scale fractures occurred in lost circu-
lations at depth of 1,182 ~ 1,364 m. Also peaks are observed at depths of 2,010 ~ 2,070 m, 2,210
~ 2,230 m in Hg concentration and at a depth below 1,970 m in As concentrarion. These
correspond to the fracture zones that are related to lost circulations at depth of 2,015 ~ 2,061 m
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and below 2,154 m.

(2) X-ray diffraction analysis

Samples were taken from the cuttings to conduct X-ray diffraction analysis. Dcteced alicra-
tion minerals are montraorillonite, chlorite-montmorillonite mixed-layer mineral, chlorite, seri-
cite, quartz, calcite, pyrite and lanmontite. '

Kimbara and Sumi (1975) clarificd that montmorillonite disappears above 80 ~ 160°C, but
sericite appears above 180 ~ 250°C. In the well, montmorillonite is widely distributed from
1,070 10 2,290 m in depth where the static borehole temperature (recovery time was 289 days
and measured on the [1th November, 1987) ranges from 291 to 338°C. Also, lanmontite, which
is stable below 200 ~ 240°C, is distributed at a depth of 1,650 m where the static borehole
temperaturc is 313°C. Thesc suggest the geothermal reservoir has increased over about 130°C
from the past alteration stage to present.

K-feldspar distributed at a depth of 1,870 ~ 1,930 m is derived from the phenocryst in

rhyolite.

(3) Homogenization temperature of fluid inclusion

The homogenization temperature was measured in vein minerals from cutting samples.
These are five samples of vein quartz from 670 m, 1,270 m, 1,670 m, 2,250 m in depth and one
of vein anhydrite from 1,970 m in depth.

Homogenization temperatures are distributed in a narrow range of 2 ~ 8°C at three depths,
670 m, 1,270 m, 2,250 m. This shows that fluid inclusion formed simultaneously at the minerali-
zation stage.

The minimum homogenization temperature has a tendency to increase abruptly from 182°C
at a depth of 670 m 1o 284°C at a depth of 1,270 m, and 1o be about constant value of 284 ~
300°C at the deeper parts.

3.1.3 Chemical analysis of wellbore fluids from PR-12
(1) Collecting and analytical methods

Sampling of wellbore fluids from PR-12 was carried out on the 28th, January in 1988.
Steamn and steam condensate are collected by using a small-sized separator that is connected
with a sampling valve on steam line beyond a large separator, Hot water is collected from a
sampling valve under two-phase line at the atmosphere condition. Fig. II. 3-2 shows the outline
of sampling from PR-12.

The unstable components such as pH and HeS are analyzed in field laboratory, while the
rest is analyzed in Japan after the treatment of an annex of acid or alkali and a dilution by
distilled water as to the changeable components in concentration.

{2) Result and discussion of chemical composition
The results of chemical and isotopic composition are listed in Table 11.3-1. Total gaseous

concentration in steam is 2.28 vol% under the condition of 5.3 kg/cm?G at separator pressure.

CO»= gas reaches 98.5 vol% and CHa gas is rich in the rest of gas. These facts resemble the results
of PR-1 and PR-8. The ratio of He/Ar is higher than that of PR-1 and PR-8, and the ratio of
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(He/ Ar)/(N2/ Ar) is much higher than that of the Japanese geothermal fields.

Hot water from PR-12 is rich in Na and Cf, and is poor in SO4 and Ca that show ncutral.
PR-12 well is located in the highest portion of Cl-cnthalpy diagram.

The ratio of B/Cf is the same value as that of PR-1 and PR-8. This means chemically
homogeneous characteristics of reservoir over a wide arca and the same origin,

In the isotopic composition diagram, 6D is ~60.1%, and 880 is -0.8%. The 8D value is
higher than that of PR-] and PR-8 in 1986, while the 830 value is intermediaie beiween PR-1
and PR-8. The tritium concentration is 9.31 TR (1 TR = 1'% = T/H). This value is extremely
lower than that of recent surface water (10 ~ 30 TR). This means few infiltration of the surface
water to the reservoir.

Table 11.3-2 indicates the chemical thermometers of PR-12. The estimated temperature
ranges from 270°C to 330°C. The Na-K-Ca thermometer shows lower value than other ther-
mometers. The SiOz thermometer is 308°C which exceeds the upper limit of applicable tempera-
ture. Downhole temperature measurement records 318°C at the condition of 96 hour’ recovery
time. Therefore, the Na-K thermometer is suitable for the reservoir temperature of PR-12, show-
ing 320°C ~ 330°C. i

The results of chemical composition suggest that the hot water of high temperature is

Wi

~ascending from the deeper part of PR-12 well.

SpP
i
=1
75 psi E
[ 7]
i *
Hot Wat

6 kglem®G ot water
(85 psi) Steam and steam condensate

Fig. I1. 3-2  Sampling Condition of PR-12

Table 11, 3-2 Estimate of Reservoir Temperatare of PR-12 and PR-13

Well Geothermometer (°C)
Quartz-maximum steam loss | Na/K (Fournier) Na/K (Truesdell) Na-K-Ca
PR-12 308 322 330 270
PR-13 278 269 255 236

PR-12: 28/Jan.f1988
PR-13: 12/Aug./1988
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3.1.4 Well tests of PR-12
(1) Method and process of measurement

The weli test conducted on PR-12 was to measure downhole temperature and pressure
under the producing condition in borehole on each flow rate set by adjusting wellhead valve,
Because the test must be done under pressurized condition of welthead, the work of insertion
and removal of equipment into and from wellbore should be carried out through a lubricator. A
shiemaiic diagram and instiuinents uscd for well iest are shown in Fig. 11.3-3 and Tabie 1i.3-3
respectively.

Measurements were carried out under three stages as given in Table 1.3-4. The first test was
done at 6.2 kg/em? in wellhead pressure under the flow adjustment by. 3¢ orifice and full
opening of 2nd valve. The measurement stopped at a depth of 2,000 m, because the equipment
could not go down beyond 2,020 m in depth in spite of 2,303 m in depth at the bottom of hole.
The second test was the same wellhead condition as the first test, but the wellhead pressure
showed 10.7 kg/em?G. The third test was a simultaneous measurement of temperature and
pressure at [1.1 kg/cm? in wellhead pressure,

Because the well test of PR-12 was carried out just after the production, measurements was
in unstable conditions such as the fluctuation of flow rate and the cmission of sand.

Lubricator

Reducer

Separator Q
Josaem .
Logging car
Winch -%‘
F—H— 0

G,L = o
PITTINNS 7T P IS LSS

Equipment "~ |
{Temperature
Pressure

14

e

Fig. 11. 3-3  Outline of Logging of PR-12

(2) Result of measurement

Tabie 11.3-5 and Fig. 11.3-4 show the results of downhole temperature and pressure. Based

on these results, the condition inside of PR-12 hole is as follows:

(D) The relationship between temperature and pressure indicates a nearly saturated condi-
tion throughout the whole depth, forming thus two-phase flash flow entirely in the
wellbore.

(2) The main feed point is situated near 2,000 m in depth, judging from the distributions of
temperature and pressure.

- 162 —



Table I1. 3-3

Instevments used for Well Test of PR-12 and PR-13

Description Maker Model Specification
Temperature KUSTER o
- .r : ~3
slement (USA) P/N 600-138KT Temp. range: 50~ 350°C
TE] i o e 2
Pressure element KUSTER PN 10200-103KPG Max. pressure: 250 kg/cm”
(USA)
KUSTER 6 Hrs (2 sets)
Clock (USA) P/N 1201-509KPG Temp.: 175 ~ 350°C
. i \ Size: 2B x 5.51 m (total}
Lubricator SEKISAKU Working pressure: 50 kgfem?®
Material: SUS 304
Diameter of rope: 5 mm
Wire rope SHINKO Const. of rope: 7 % 19 ssfo
Spec. B.5.: 1,700 kg
Length: 3300 m
Max. line speed: * 3,000 m/hr
Drum spool size: 210 mmé x 500 mm
Drum SEKISAKU Wire line capacity: Smmg x 3,300 m
Prive system: Roller chain drive
{oil hydraulic)
Depth meter SOKUKIKI Digital display
Tension meter ‘NMB €S8D-801 Digital display

Table H. 3-4 Conditions of Well Test of PR-12

Stage 1 II I
Date 30. Jan. 1988 31.Jan. 1988 2. Feb. 1988
Measurement Temperature Pressure Temperature
& pressure
. 3"¢ orifice idem. Regulated by
Well head condition 2nd valve: full open 2nd valve
Well head pressure
(kg/em?G) 6.2 10.7 11.1
Gs = 30 Gs = 16.1 Gs = 189
Gw= 10 Gw= 204 Gw= 18.1
Flow rate (ifh) G = 40 G = 365 G = 370
at atmosphere at separator at separator
(9.9 kg/em?*G) (10.3 kg/em? G)
Quality at separator 0.441 0.51¢1
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(@) The fluid temperature reaches 200°C at a depth of 2,000 m, and the fluid pressure is 23.1
kg/cm?A at the same point. On the contrary, the formation temperature and pressure
under a static condition is about 330°C and about 150 kgfem?A at the same depth
(measured by CFE). Therefore, the fluids flow into the wellbore after flashing in the
formation surrounding the well,

@) A burried layer of about 300 m by collapse might be expected near the bottom, judging
from the emission of sand and the wire tension,

(3) Calculation of the value of permeability-thickness

The value of permeability-thickness (kh) around PR-12 is calculated from the result of
downhole pressure measurements. As mentioned above, the fluids from PR-12 is likely to flash
in the formation. The volume ratio of steam to water is sufficiently high in the formation and
the pressure loss caused by flow in the formation is mainly related with the voluminal flow. As a
result, an equation of gas-phase flow has been applied for calculation of kh. We use the same
formula as the kh calculation of PR-1 as expressed in (1) and (2) equations of Chapter 11.1.5.
Tables 11.3-6 and 11.3-7 show the parameters used for calculation and the result of calculation
respectively. The value of kh is approximately 0.3 darcy'm. This is not so high as that of other
wells because a burried layer reduces this value. :

Table 11, 3-6 List of Paramerters used for Calculation of kh in case of PR-12

Stage H HH
Well head pressure (kgfem>G) 10.7 1.1
Total flow rate (t/h) 36.5 32.2
Pressure at feed point Pw (kg/cm? abs) 20.5 23.1
Steam flow rate at feed point G (kgfs) 4.00 3.44
Specific weight of fluid at feed point , 10.1 11.4
yw (kg/m*)
Viscosi . . .
iscosity coefficient of {luid of feed point , 1.64 x 108 1.66 x 106
fiw (kgsfm®)

Table I1. 3-7 Resuits of Calculation of kh in case of PR-12

Welt kh (m?)
PR-12 2.7x 10713

3.1.5 Comprehensive evaluation of PR-12
(1) Evaluation of fracture _

Many lost circulations were observed at the Tala Tuff shallower than 520 m in depth. The
static borehole temperature, measured 289 days after drilling, is very low, i.e., below 100°C.
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These features suggést that Tala Tuff is a very permeable zone where the surface water easily
infiltrates.

Production test by JICA on 30th, January ~ 2nd, February, 1988, shows that the initial
single-phase fluids begin to separate into two phase boiling fluids near the feed point at 2,020 m
where the lost circulation occurred. Judging from the transmissibility, ie., 2.7 x 107% m® the
permeability of the fracture at PR-12 is about equal to that at PR-8 and cannot be judged to be
good,

Lost circulation and Hg, As concentration data indicates the existence of fracture at depth
deeper than 2,020 m. Considering that about 280 m in depth of burried layer beyond 2,020 m in
depth might be expected by the production test, we hope to remove the burried layer to obtain
more steam.

An anticlinal axis is recognized at the deeper part of PR-12. The axis is determined by the
shape of the upper boundary of rhyolite in the lower Cordilleran Volcanic’s (see Horizon 3 in
Fig. I11.1-16). The axis means that the center of the uplift is located in this place. So that,
fractures observed at a depth of 2,015 m and 2,156 m is ascribed to vertical fractures at an
anticlinal axis.

Judging from the dip of fault, lost circulation at a depth of 1,182 m is due to the Los
Muertos Fault.

(2) Evaluation of temperature

On the basis of the static borehole temperature measured 289 days after drilling, the reser-
voir temperature below 1,900 m is concluded to be very high temperature, over 330°C. The
temperature increases abruptly from the surface to 1,200 m in depth, and then increases slowly
to 1,700 m. But it increases abruptly by high gradient of 7.5°C/ 100 m from 1,700 m to 1,900 m
in depth. From the profile, it is concluded that the reservoir boundary between the shallow and
the deep reservoirs exists about 1,700 m, and that deep reservoir is high temperature. This
hypothesis is supported by the abrupt increase of mud water at depth of 1,680 m ~ 1,720 m
during drilling.

The homogenization temperature is 10 ~ 50°C lower than the static borchole temperature.
As mentioned above, it was estimated that the reservoir temperature has increased over about
130°C from the past alteration stage up to the present.

Accordingly, these provide us with the following conclusions:

(D) Fluid inclusion had been trapped at quartz, anhydrite mineralization stage.

(2) Reservoir temperature has increased at the successive process: alteration stage, inclusion

trapping stage, present.

(3) Comparison the reasons for selection of target with the result after drilling.
The reasons for selection of target were as follows:
(D) Necessary point to detect the extent of geothermal reservoir
@ Located on an up-flow zone
@ lLocated on possible deep-seated fractures
@ Located on the horst estimated from the distribution of surface faults
(5) Located on a tensional fracture concentrated zone
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After the drilling of PR-12, the resuits for the above reasons are as follows:

(I) PR-12 is located within the geothermal reservoir because the well encounters good frac~
tures and high temperature zone.

@ The formation temperature by downhole measurement, fluid inclusion and chemical
thermometer indicates move than 300°C.

In particular, judging from chemical analyses such as the ratio of He/Ar and the Ci-
enthalpy, PR-12 is situated in the center of the up-tlow.

@) Lost circulations occurred at a depth of 2,015 m and 2,156 m below 1,700 m. They
ascribed to the deep-seated fractures because Hg and As concentrations in cuttings are
high at that depth and static temperature curve shows so called convection.

(@) Figs. 11L1-10 and Il.1-16 have been made clear that PR-12 is located on the most
upheaval area, namely the center of the uplift.

(5) PR-12is locaied on the area existing vertical tensional fractures at an axis of anticline as
shown in Figs. HIL.1-10 and I.1-18(b)

Therefore, the results give satisfaction to the reasons for selection of target.

(4) Well efficiency of PR-12

The efficiency of PR-12 should be estimated based on the measuring values of well tests as
listed in Table 11.3-4. The efficiency of PR-12 at the welthead was calculated by the assumption
of isentalpic changed fluids.

The result is shown as a reldtlon between flow rate and weilhead pressure ( Flg 11.3-5). Fig.
11.3-5 shows that it can obtain the steam of 25 to 26 ton/hour under the condition of 7 kg/em?G
(8 ata) at the wellhead pressure. However, taking the following conditions into consideration, the
efficiency of PR-12 is estimated at more than 30 ton/hour under the same wellhcad pressure:

(D) Quality of stream increases as a production time elapses as known by Table I1.34. This

indicates that the measurement is carried out during temperature recovery.

(@) Fragments of burried rock are emitted from the well as the production continues, result-

ing in the increase of permeability and temperature,

(3@ PR-12 is located at the highest temperature zone in this area. That is to say, the forma-

tion temperature exceeds 330°C at the feed point, and the original hot water goes up
from the deeper formation of PR-12.

In spite of such good condition, the fluid temperature is 220°C showing low temperature,
This is ascribed {o the reduced permeability by a burried layer in the wellbore,

If a burried layer would be taken way, the efficiency of PR-12 could be expected to mcrease
in high degree of efficiency such as PR-I and PR-9,
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Fig. Il. 3-4  Downhole Temperature and Pressure Curves of PR-12 in the Producing Condition
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Table I, 3-5 Results of Measurement of PR-12

Stage 1 1| 1
Date 30. Jan. 1988 31. Jan, 1988 2. Feb. 1988
Well head condition 3"'¢ orifice 3"¢ orifice
Well head pressure 6.2 kgfem®G 10.7 kgfom® G 11.1 kgfem®G
Depth (m) Temperature (°C) Pressure (kg/cm?abs) Temp. Press.
0 114. 167 - 10.5
100 161 1.1 184 113
200 166 7.6 187 ° i1.9
300 169 8.1 188 12.3
460 171 8.9 189 12.5
500 173 9.3 : 191 129
600 175 ) 100 192 13.0
700 177 10.8 192 13.6
800 178 11.6 195 i4.0
200 180 119 : 197 i43
1,000 182 123 198 14.9
1,100 183 12.8 199 154
1,200 185 136 200 15.9
1,300 i86 13.8 202 16.4
1,400 ) . 190 id.6 205 17.1
1,500 193 15.5 207 17.8
1,600 196 16.4 209 18.5
1,700 199 17.5 211 19.5
1,800 203 18.2 214 . 20.8
1,900 205 192 216 217
2,000 208 20.5 220 231
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3.2 Drilling of PR-13

3.2.1 Drilling plan
Well PR-13 was planned to be drilled in La Primavera geothermal field about 15 km

northeast of Guadalajara city, state of Jalisco, Mexico (Fig. 11.3-6). The projected depth of
the well was 2,000 m with 8% bit, and planned as a straight hole. Well design was to set
20" c.p. (casing pipe), 13%" c.p., and 934" c.p. at the depths of 100 m, 600 m and 1,400 m
from the surface respectively (Fig. 11.3-7). Also 7" slotted pipe was planned to be set from
1,400 m to 2,000 m to protect against formation collapse. Casing strings were planned to be
cemented from surface to the bottom. Two core samples were planned to be taken at depths
of 1,500 m and 2,000 m, and also cutting samples are to be taken every 10 m. Temperature
logs were planned before setling 9% " c.p. and 7" slotted liner, after pumping has been
stopped 18 houss.
The well specifications are as follows:

Depth : 2,000 m, straight

Coring ;1,500 m and 2,000 m

Casing . 207 J-55 94 Ibfft 0—100m
13% " K-55 54.5 Ib/ft 0 — 600 m
9%’ 1-80 47I1b/ft 0 1,400m
7 N-80 291ihfft 1,350 - 1,410 m
7 (slotted pipe) 1,410 — 2,000 m

Logging : Before setting 9% "' casing and 7" liner

3.2.2 Summary of drilling activities

Perfensa’s Drilling Rig No. 2 (IDECO MODEL H-1200) was moved to the location from
on Oct. 5th 1987 and well was spuded on Oct. 6th, with 12%" bit. The 12%" hole was drilled
to the depth of 112m and opened to 20" and then to 26", While drilling 12%" hole to 112 m
total lost circulation of drilling mud was encountered several times and 10 cement plugs were
required to plug fractures. However fractures were not plugged completely, so open hole
section at 20" and then 26" diameter from surface to 108 m were drilled with total lost
circulation and no returns. ’

20" c.p. was run and cemented on Oct. 13th. Cement slurry (27,500 kg cement, 40%
Si0,, SG 1.85) was pumped but it did not return to the surface, so additional cement slurry,
17,200 kg cement total, was pumped into the annulus. After rigging up the blowout pre-
ventor (BOP) and flow line to the shale shaker, 12%" hole was drilted from 112 m to 612 m.
It took 18 days to reach 612 m, because of many lost circulation zones. Thirteen cement
plugs, the 12th fo 34th counting from the beginning, were set during those days. The hole
was then opened from 12%" to 17%2". Seven cement plugs were set for the 17%" hole, but
circulation was not obtained, so the hole opening operation from 12%" to 17%" from 248 m
to 416 m was drilled without circulation of mud to the surface. After the depth of 404 m,
the first stuck pipe occured, but one oil spot did free the pipe. The 2nd stuck pipe occured
at 416 m. About 30 days were required to free the pipe and to remove the fish. During
those days, three oil spots, cleaning of the annulus with 13% " washover shoe and then with



17%: " washover shoe operations were performed from just above the 17%" open hole, but
the fish was not removed from hole. So finally, on Nov. 24th operations with 8% ' hole-
opener started from just below the 20" c.p. to the top of the fish (355.93 m) and then

’

continued in the open hole with 18%s ' washover shoe to below the 17%" openhole at
417.20 m. The fish was finally out of hole on Dec. 6th. After the fish was out of hole,
15 cement plugs (43th to 57th) were set from the bottom of the 17%" hole to above the
shoe of 20" c.p. to solve the lost circuiation probiems. The water level was measured gach
time before pumping the cement slurry and indicated fractures below 200 m caused a water
level below 150 m and the ones above 200 m had levels at about 100 m, From the results
of the cementing, it appeared that many fractures existed in the depth interval from 430 m
to 100 m. Six days were spent for these cement plugs and another seven days were spent
drilling out them. Circulation was only obtained during drilling out of cement to 190 m,
below 190 m the cement plugs were drilled without circulation, down to a depth of 402 m.
Another nine cement plugs (58th to 66th} were set, but did not plug the fractures completly
and the hole opening from 12%' to 17%"" was done without circulation to 612 m.

After hole was conditioned, 13% " c.p. was set at 609.94 m and cemented using the
two plug method, on Dec. 30th. A slurry volume about 60% excess of the annulus voluine
was pumped, but did nof result in returns to the surface. So another 17 k2 (kiloliters) cement
slurry was pumped into the annulus from the surface in order to fill the annulus back to the
surface.

After the wellhead equipment was changed out, the hole was drilled with a 12%" bit
from on Jan. 2nd with full circulation of the drilling fluid. An interval of 642 m was drilled in
5 days with only perfial lost circulation of drilling fluid. At 1,254 m the amount of lost
circulation increased to 40 k&/h and 15 cement plugs (67th to 81th counting from the
beginning) were set during 8 days.

On Jan. 16th the well was drilled to 1,415.40 m where 9% ' c.p. was planned to be run
and cemented. But while bottom hole assembly (BHA) was begun pulled cut of the hole,
stuck pipe occured at 711 m. While (rying to free the drill pipe, the drill string was dis-
connected by accident and a 138.3 m length of BHA (including 12%" bit, 5 joints stabilizers
and I5 joinis 8" dsill collars) dropped down to the bottom of the hole. Three days were
spent to retrieve all of the fish out of the hole. During those fishing operations, 2 oil spots
were run. After the fishing job, the well was reamed and conditioned with mud, and then
temperature logs were-tun 6, 10 and 14 hours after pumping was stopped. Maximum
temperature recorded was 186.90°C at 1,406 m after 14 hours. Using those data it was
calculated that the temperature would go up to 201°C at static conditions (without the
influence of the mud circulation) at 1 406m.

After hole was washed to the bottom of casing point with the true gauge assembly,
9% "’ casing was run in the hole on Jan. 22nd. But mud circulation was not obtained at
937.24 m and all the casing was pulled out of the hole. Mud was circulated and conditioned
with 2 k®/h lost circulation and gauging assembly was run again. The 9% '’ casing was rerun
and cemented on Jan, 24th and 25th. The two stage cementing method was employed for
- the job. The casing was run to 1,407.24 m. A casing shoe, float collar and stage cementer
were placed at the bottom, 2 joints above the shoe and at 775.84 m respectively. Also
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